
 Biom
ass Processing for Biofuels, Bioenergy and Chem

icals   •   W
ei-H

sin Chen, H
w

ai Chyuan O
ng and Thallada Bhaskar

Biomass Processing 
for Biofuels, 
Bioenergy and 
Chemicals

Printed Edition of the Special Issue Published in Energies

www.mdpi.com/journal/energies

Wei-Hsin Chen, Hwai Chyuan Ong and Thallada Bhaskar
Edited by



Biomass Processing for Biofuels, 
Bioenergy and Chemicals





Biomass Processing for Biofuels, 
Bioenergy and Chemicals

Special Issue Editors

Wei-Hsin Chen

Hwai Chyuan Ong

Thallada Bhaskar

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Special Issue Editors

Wei-Hsin Chen

National Cheng Kung University

Taiwan

Hwai Chyuan Ong 
University of Malaya 
Malaysia

Thallada Bhaskar

CSIR-Indian Institute of Petroleum (IIP) 
India

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Energies

(ISSN 1996-1073) (available at: https://www.mdpi.com/journal/energies/special issues/biomass

processing).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03928-909-7 (Pbk)

ISBN 978-3-03928-910-3 (PDF)

c© 2020 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Aleta Duque, Paloma Manzanares, Alberto González and Mercedes Ballesteros
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Safflower Biodiesel: Improvement of its Oxidative Stability by Using BHA and TBHQ
Reprinted from: Energies 2019, 12, 1940, doi:10.3390/en12101940 . . . . . . . . . . . . . . . . . . . 203

Spyridon Achinas, Yu Li, Vasileios Achinas and Gerrit Jan Willem Euverink

Biogas Potential from the Anaerobic Digestion of Potato Peels: Process Performance and
Kinetics Evaluation
Reprinted from: Energies 2019, 12, 2311, doi:10.3390/en12122311 . . . . . . . . . . . . . . . . . . . 217

Muhammad Arif Fikri Hamzah, Jamaliah Md Jahim, Peer Mohamed Abdul and 
Ahmad Jaril Asis

Investigation of Temperature Effect on Start-Up Operation from Anaerobic Digestion of 
Acidified Palm Oil Mill Effluent †

Reprinted from: Energies 2019, 12, 2473, doi:10.3390/en12132473 . . . . . . . . . . . . . . . . . . . 233

Lithnes Kalaivani Palniandy, Li Wan Yoon, Wai Yin Wong, Siek-Ting Yong and 
Ming Meng Pang

Application of Biochar Derived from Different Types of Biomass and Treatment Methods as a 
Fuel Source for Direct Carbon Fuel Cells
Reprinted from: Energies 2019, 12, 2477, doi:10.3390/en12132477 5 . . . . . . . . . . . . . . . . . . 249

Norhidayah Mat Taib, Mohd Radzi Abu Mansor and Wan Mohd Faizal Wan Mahmood

Modification of a Direct Injection Diesel Engine in Improving the Ignitability and Emissions of
Diesel–Ethanol–Palm Oil Methyl Ester Blends
Reprinted from: Energies 2019, 12, 2644, doi:10.3390/en12142644 . . . . . . . . . . . . . . . . . . . 265

Yi-Kai Chih, Wei-Hsin Chen, Hwai Chyuan Ong and Pau Loke Show

Product Characteristics of Torrefied Wood Sawdust in Normal and Vacuum Environments
Reprinted from: Energies 2019, 12, 3844, doi:10.3390/en12203844 . . . . . . . . . . . . . . . . . . . 287

M. Mofijur, T.M.I. Mahlia, J. Logeswaran, M. Anwar, A.S. Silitonga, S.M. Ashrafur Rahman

and A.H. Shamsuddin

Potential of Rice Industry Biomass as a Renewable Energy Source
Reprinted from: Energies 2019, 12, 4116, doi:10.3390/en122141165 . . . . . . . . . . . . . . . . . . 305

Inam Ullah Khan, Zhenhua Yan and Jun Chen

Optimization, Transesterification and Analytical Study of Rhus typhina Non-Edible Seed Oil as
Biodiesel Production
Reprinted from: Energies 2019, 12, 4290, doi:10.3390/en12224290 . . . . . . . . . . . . . . . . . . . 327

Wen Yi Chia, Kuan Shiong Khoo, Shir Reen Chia, Kit Wayne Chew, Guo Yong Yew,

Yeek-Chia Ho, Pau Loke Show and Wei-Hsin Chen

Factors Affecting the Performance of Membrane Osmotic Processes for Bioenergy Development
Reprinted from: Energies 2020, 13, 481, doi:10.3390/en13020481 . . . . . . . . . . . . . . . . . . . . 349

Kuan Shiong Khoo, Wen Yi Chia, Doris Ying Ying Tang, Pau Loke Show, Kit Wayne Chew

and Wei-Hsin Chen

Nanomaterials Utilization in Biomass for Biofuel and Bioenergy Production
Reprinted from: Energies 2020, 13, 892, doi:10.3390/en13040892 . . . . . . . . . . . . . . . . . . . . 371

vi



Saifuddin Nomanbhay, Mei Yin Ong, Kit Wayne Chew, Pau-Loke Show, Man Kee Lam and

Wei-Hsin Chen

Organic Carbonate Production Utilizing Crude GlycerolDerived as By-Product of Biodiesel
Production: A Review
Reprinted from: Energies 2020, 13, 1483, doi:10.3390/en13061483 . . . . . . . . . . . . . . . . . . . 391

vii





About the Special Issue Editors

Wei-Hsin Chen, Distinguished Professor. He received a B.S. from the Department of Chemical 
Engineering, Tunghai University, in 1988, and he completed his Ph.D. at the Institute of Aeronautics 
and Astronautics, National Cheng Kung University, in 1993. After receiving his Ph.D., Dr. Chen 
worked in an iron and steel corporation as a process engineer for one and a half years (1994–1995). 
He joined the Department of Environmental Engineering and Science, Fooyin University, in 1995 
and was promoted to a full professor in 2001. In 2005, he moved to the Department of Marine 
Engineering, National Taiwan Ocean University. Two years later (2007), he moved to the Department 
of Greenergy, National University of Tainan. Currently, he is a faculty member and distinguished 
professor in the Department of Aeronautics and Astronautics, National Cheng Kung University. 
Professor Chen served as a visiting professor and invited lecturer at Princeton University, USA, 
from 2004 to 2005; the University of New South Wales, Australia, in 2007; the University of 
Edinburgh, UK, in 2009; the University of British Columbia, Canada, from 2012 to 2013; and the 
University of Lorraine, France, in 2017, 2019, and 2020. His teaching courses at the National Cheng 
Kung University include Bioenergy, Materials Engineering and Science; Energy Experiments; and 
Engineering Mathematics. His research topics include bioenergy, hydrogen energy, clean energy, 
carbon capture, and aerosol physics. He has published over 550 papers in international and 
domestic journals and conferences. He is an editor, associate editor, guest editor, and editorial 
member of a number of international journals, including Applied Energy; Energy Conversion and 
Management; International Journal of Hydrogen Energy; International Journal of Energy Research; Energies; 
and Sustainability. He is also the author of several books on energy science and air pollution. He 
has received several prestigious awards, including the 2015 and 2018 Outstanding Research Award 
(Ministry of Science and Technology, Taiwan), 2015 Highly Cited Paper Award (Applied Energy, 
Elsevier), 2017 Outstanding Engineering Professor Award (Chinese Institute of Engineers, 
Taiwan), 2019 Highly Cited Review Article Award (Bioresource Technology, Elsevier), as well 
as 2016, 2017, 2018, and 2019 Highly Cited Researcher Award (Web of Science).

Hwai Chyuan Ong obtained his B.Eng. (Hons.) in Mechanical Engineering from the Faculty of 
Engineering, University of Malaya, with distinction. Then, he obtained his Ph.D. in Mechanical 
Engineering from the same university in December 2012. His research interests are wide-ranging 
under the general umbrella of renewable energy. In particular, these include biofuel and bioenergy, 
solar thermal energy, green technology, and environmental engineering. He is currently appointed 
as a Senior Lecturer at the Department of Mechanical Engineering, University of Malaya. He is also 
a Chartered Engineer of Engineering Council (CEng) for the Institution of Mechanical Engineers 
(IMechE), United Kingdom. He has published more than 100 high-impact SCI journal papers with an 
H-index of 30 (WOS). He has received several awards, including the 2019 Highly Cited Researcher 
Award (Engineering) by Web of Science, Malaysia’s Research Star Award (frontier researcher) in 2018 
and 2017, and Malaysia’s Rising Star Award (young researcher) in 2016 from the Ministry of Higher 
Education and Clarivate Analytics. In 2018, he also received the Outstanding Research Award and 
the Most Highly Cited Paper Award during the University of Malaya Excellence Awards. Currently, 
he is an associate editor of Alexandria Engineering Journal, Journal of Renewable and Sustainable Energy, 
and Energies and a guest editor of Biomass Conversion and Biorefinery and Energies.

ix



Thallada Bhaskar (http://thalladabhaskar.weebly.com), Senior Principal Scientist, is currently 
heading the Material Resource Efficiency Division (MRED) at CSIR-Indian Institute of Petroleum, 
Dehradun, India, and the Biomass Conversion Area (BCA). He received a Ph.D. for his work at 
CSIR-Indian Institute of Chemical Technology (IICT), Hyderabad. He carried out postdoctoral 
research at Okayama University, Okayama, Japan, which he subsequently joined as Assistant 
Professor for 5 years. He has authored 150 publications in SCI journals of international repute with 
an h-index of 45 and more than 6050 citations; he has contributed 32 book chapters to renowned 
publishers (Elsevier, ACS, John Wiley, Woodhead Publishing, CRC Press, Asiatech, etc.) and 
produced 14 patents in his field of expertise, in addition to 300 national and international symposia 
presentations. He has received the Distinguished Researcher Award from AIST (2013), Japan, and 
the Most Progressive Researcher Award from FSRJ, Japan (2008). He was also a JSPS Visiting 
Scientist at Tokyo Institute of Technology, Japan, in 2009. He is also a Fellow of Royal Society 
of Chemistry (FRSC in 2016), UK; Fellow of Biotech Research Society of India (FBRS in 2012); 
Fellow of International Society of Environment, Engineering and Sustainability (FISEES in 2017) and 
Scientist of the Year Award (2016) from National Environmental Science Academy (NESA); Fellow 
of International Bioprocessing Association (FIBA in 2017); Fellow of Telangana Academy of 
Sciences (2017); and a member of the Board of Directors (BRSI) and General Secretary, Management 
Council of BRSI (2017–2019). He received the Raman Research Fellowship for the period 2013–2014. 
Dr. Bhaskar has received the CAS Presidential Award for Foreign Fellows in 2016 and worked as a 
visiting professor (Visiting Scientist at SINTEF, Norway, from 2013 Dec to 2014 Feb). He is a member 
of the scientific and organizing committee of several national/international symposia in India and 
abroad, and he has visited several countries to deliver invited/plenary lectures and technical 
conferences.

x







energies

Article

Study of the Application of Alkaline Extrusion to the
Pretreatment of Eucalyptus Biomass as First Step in a
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Abstract: Eucalyptus biomass was studied as a feedstock for sugars release using an alkaline extrusion
plus a neutralization-based pretreatment. This approach would be a first step in a bioconversion
process aimed at obtaining fuel bioethanol from eucalyptus biomass. The best operation conditions
of extrusion (screw speed, temperature, liquid to solid ratio and NaOH amount) that lead to an
effective destructuration of lignocellulose and enhanced sugar release were investigated. Two process
configurations, with and without filtration inside the extruder, were tested. In the case without
filtration, washed and not washed extrudates were compared. It was demonstrated that filtration
step was convenient to remove inorganic salts resulting from neutralization and to promote the
mechanical effect of extrusion, but limitations in the machine used in the work prevented testing of
temperatures above 100 ◦C using this configuration. In the no filtration strategy, a temperature of
150 ◦C allowed attaining the highest glucan and xylan conversion rates by enzymatic hydrolysis of
extruded biomass, almost 40% and 75%, respectively, of the maximum yield that could be attained if
all carbohydrates contained in raw eucalyptus were converted to sugars. Some of the mechanisms
and individual effects underlying alkaline extrusion of eucalyptus were figured out in this work,
providing guidelines for a successful pretreatment design that needs to be further studied.

Keywords: lignocellulose; pretreatment; hardwood; extrusion; enzymatic digestibility; bioethanol

1. Introduction

Two of the biggest problems the world faces today are climate change and depletion of natural
resources caused by increasing consumption of fossil fuels. In this context, renewable energies play a
key role in relevant sectors as electricity, heat energy and transport by contributing to alleviate the
harmful effects of such global tendency. Particularly for the transport sector, bioenergy in the form
of liquid biofuels constitutes the major part (90%) of the renewables energy contribution, which has
been recently estimated at 3.1% by Renewable Energy Policy Network organization [1]. According to
this report, 65% of liquid biofuels input is bioethanol, 29% is biodiesel and 6% is hydrobiodiesel,
mainly derived from used vegetable oils and animal fats. Bioethanol is predominantly produced at
global level from feedstocks that can also be consumed as human food such as sugar and starch, but
concerns about the impact of biofuels on food security have focused the attention to advanced or
second generation bioethanol produced from lignocellulosic type feedstocks to avoid food competition,
continue renewable transport fuel supply and move towards a more sustainable scenario for biofuels
production and use.

Among different lignocellulosic biomass sources, bioenergy crops and cropping systems are well
positioned to produce second generation feedstocks provided that they are grown in land unsuitable
for agriculture and show positive energy and carbon balances [2]. Tree species such as eucalyptus
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have received much attention in the last years due to several positive features such as capability
of rapid growth in a wide range of climates and poor soils that make it a valuable candidate for
bioenergy production.

Lignocellulosic biomass, such as eucalyptus wood, is composed of cellulose, a linear glucose
polymer; hemicellulose, a heterogeneous polymer of pentoses and hexoses with certain amounts
of uronic acids and acetyl substitutions; and lignin, a polymer of phenyl propane units that wraps
the ensemble [3]. The amount of each component varies depending on the type of biomass, for
instance, herbaceous biomass typically has 25–40% cellulose, 35–50% hemicellulose and 15–30% lignin.
On the other hand, woods are composed of 40–55% cellulose, 24–40% hemicellulose and 18–35% lignin
(softwood having higher lignin content than hardwood) [4]. Specifically, xylose is the most abundant
sugar in hemicelluloses of grasses and hardwood, while mannose is the predominant component of
softwood hemicellulose.

Lignocellulosic biomass is designed to resist degradation by ambient conditions or biological
agents, which complicates the process of obtaining fermentable sugars to be converted to ethanol.
However, by using a suitable method, lignocellulose can be altered and rendered more accessible to
biological catalyst such as hydrolytic enzymes. Several pretreatment technologies have been proposed
and studied [5,6], each having their own strengths and weaknesses. For instance, steam explosion has
been proved to be an effective method to pretreat wood residues, especially hardwood type, since
softwoods are more recalcitrant and typically require higher pretreatment severity and possibly the
addition of an acid catalyst [7]. Several references can be found in the literature about eucalyptus
pretreatment for sugar release. For example, very high cellulose recovery and enzymatic hydrolysis
yield were obtained by pretreating Eucalyptus globulus at 195 ◦C for 6 min [8]. Furthermore, dilute
acid pretreatment aided by microwave cooking of eucalyptus wood chips resulted in maximum
glucose hydrolysis yield of 74% of theoretical, although severe conditions that involved some xylose
degradation were used [9]. After testing several methods and conditions for the pretreatment
of eucalyptus bark, including hot water extraction, acid pretreatment, alkali pretreatment and a
combination of both, Lima et al. [10] reported that autoclaving of this biomass with NaOH 4% at 1.05
bar for 1 h gave the best results in terms of glucose release (59–65%). This result indicates that the use
of an alkaline catalyst is a possibility worth exploring.

On the other hand, extrusion has been reported as a versatile pretreatment with promising
features [7] that single it out as an interesting option for treating eucalyptus to obtain enhanced
enzymatic digestibility while avoiding sugar degradation. Although preferred for the treatment of
herbaceous biomasses, some woody type materials have also been successfully processed by extrusion.
For instance, pine wood chips were pretreated in a single-screw extruder at optimal conditions
of 180 ◦C, 150 rpm and 25% moisture, obtaining sugar recoveries over 65% [11]. Nevertheless,
Lee et al. [12] alleged a limited effect of mechanical kneading with addition of only water for the
fibrillation of Douglas fir, and so they proposed an extrusion in a twin-screw extruder aided by
ethylene glycol [13], or a combination of hot-compressed water followed by extrusion [14]. The latter
combination was tested by the authors also for eucalyptus, resulting in a glucose release yield over 30%
(of original wood weight) and xylose release around 4%. The addition of chemicals to the extrusion
process has been reported in several papers. Extrusion of poplar sawdust under acidic conditions
(4% wt. H2SO4) and high temperature of 185 ◦C resulted in saccharification yields of cellulose over
65% [15]. Moreover, Senturk-Ozer et al. [16] proved that a good flowability of hard-wood type biomass
could be achieved inside a twin-screw extruder within a context of alkaline pretreatment. Alkaline
extrusion was used to pretreat Eucalyptus Forest Residues, among other biomasses, in a configuration
that included the alkaline pretreatment, followed by neutralization with H3PO4, filtration and addition
of hydrolytic enzymes inside the extruder [17]. In that work, the amount of NaOH employed was 8%
and the temperature and screw speed were set to 75 ◦C and 200 rpm, respectively. The saccharification
yield of cellulose obtained was 14 g/100 g raw material. However, only one set of conditions were
tested and thus, limited conclusions can be drawn about extrusion performance on eucalyptus biomass.
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One of the difficulties of working with extrusion is the complex inter-relations among the
operation variables [7]. In this exploratory work about extrusion of eucalyptus, the effect of the
screw speed, the temperature, the liquid to solid (L/S) ratio and the proportion of NaOH to dry
biomass (NaOH/DM) were investigated separately to better understand their individual effects on the
mechanical energy requirements of the pretreatment (Specific Mechanical Energy, SME), composition
of the extrudates and their enzymatic digestibility when submitted to incubation with hydrolytic
enzymes. This approach was tested in an extrusion process strategy that includes a filtration step to
remove part of the liquid added into the extruder, that the authors had previously tested on other
biomasses [18]. Moreover, an extrusion strategy without filtration and a process scheme where the
pretreated material is washed with water outside the extruder were also studied aimed at testing the
effect of extrusion process strategy for sugar release by enzymatic hydrolysis of extrudates.

2. Materials and Methods

2.1. Raw Material

Eucalyptus grandis, de-barked trunk portion of diameter between 190 and 60 mm, was provided
by the National Institute of Agricultural Research (INIA, Uruguay). Eucalyptus trees were harvested
during October and November, 2017, from two different stands located in the Department of Rivera
(Uruguay). They were cut into logs, debarked on site, and moved to the research station where they
were stored for two months to be air-dried. Afterwards, logs diameter was measured with tree calipers
and portions between 60 and 190 mm in diameter were selected as feedstock for this work. Logs were
chipped and stored again until moist was around 20%. Finally, chips were milled to 2 mm and kept
until use (11.9% moisture).

The composition of eucalyptus biomass was close to 60% carbohydrates (46.9% cellulose, 12.9%
hemicellulose), 31.1% lignin and <1% ash (see Section 2.3).

2.2. Extrusion Pretreatment

Eucalyptus biomass was pretreated by alkaline extrusion in a co-rotating twin-screw extruder
(Clextral Processing Platform Evolum® 25 A110, Clextral, Firminy, France) with 6 barrels and length to
diameter ratio (L/D) equal to 24. The configuration used was one conceived for the alkaline extrusion
with filtration inside the extruder, adapted from [18]. In this configuration, the alkaline solution
(diluted NaOH) is introduced in barrel #2, the acid solution entered in barrel #4 and barrel #5 is a filter
to separate the liquid and solid after neutralization. The exact screw configuration used for the present
work is presented in Figure 1 and discussed in detail later in Section 3.1.

A first control sample was run with addition of water instead of chemical catalyst to assess the
mechanichal-thermal and chemical effects separately. Afterwards, the influence of four operation
variables: Screw speed (SS), temperature (T), L/S ratio in the reaction zone and NaOH/DM, in the
pretreatment performance was tested. Table 1 shows the different experiments carried out to determine
the singular effect of each of the variables. The objective was to vary one of the variables while
keeping the rest of the variables constant. All deviations from this principle were directed towards the
achievement of a regular flow inside the extruder and the adjustment of the parameters was made
upon observation of the course of extrusion experiments.

3
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Figure 1. Barrel and screw configuration for the alkaline extrusion of eucalyptus with neutralization
and filtration in a twin-screw extruder.

Table 1. List of extrusion experiments carried out, values of operation variables and information about
the processing of the samples.

Experiment Assays R (%w/w) L/S (w/w) T (◦C) SS (rpm) Filter Washed

W Control - 1.2 75 200 Yes No

SS
1 8.5 1.2 75 100 Yes No
2 8.5 1.2 75 200 Yes No
3 8.5 1.2 75 300 Yes No

T
4 8.5 1.2 100 200 Yes No
5 8.5 1.2 125 200 [1] [1]

L/S
6 8.5 0.6 75 200 Yes No
7 8.5 1.5 75 200 Yes No

NaOH
8 5 0.7 100 150 Yes No
9 10 1.2 100 150 Yes No
10 20 1.2 100 250 Yes No

NF
11 8.5 1.2 125 300 No No
12 8.5 1.2 150 300 No No

NFW
13 8.5 1.2 125 300 No Yes
14 8.5 1.2 150 300 No Yes

W—extrusion with water; SS—screw speed; T—temperature; L/S—liquid to solid ratio; NaOH—amount of alkali;
NF—without filtration; NFW—washing of extrudates without filtration; [1] Failed run.

In another set of experiments the process configuration was changed due to the pretreatment
needs, as it will be explained later in Section 3.4.1.

2.3. Materials Characterization

Untreated eucalyptus and pretreated materials (extrudates) were analyzed according to the
National Renewable Energy Laboratory (NREL, Golden, CO, USA) laboratory analytical procedures
(LAP) for biomass analysis [19].

2.4. Evaluation of the Enzymatic Digestibility

Enzymatic hydrolysis of untreated and alkaline extruded eucalyptus was carried out by triplicate
in Erlenmeyer flasks at 5% w/w solids load with a total volume of 50 mL. 15 FPU/g dry matter of a
commercial cellulolytic cocktail Cellic® CTec2, kindly provided by Novozymes A/S (Copenhagen,
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Denmark), were added to each flask. The hydrolysis tests were done in citrate buffer 50 mM, pH 4.8,
and with the addition of 1% v/v of sodium azide. The Erlenmeyer flasks were agitated in an orbital
shaker at 50 ◦C and 150 rpm for 72 h. Samples were taken each 24 h and glucose and xylose were
analyzed by HPLC as explained below.

The sugar release yield was calculated as the amount of glucose (GR) or xylose (XR) measured in
the hydrolysis media divided per 100 g of dry extrudate. Alternatively, glucan and xylan conversions
(GC and XC) values were obtained by dividing the corresponding sugar release by the glucose or
xylose content of the extrudate and expressed as percentage.

2.5. Analytical Methods

Monomeric sugars were analyzed by high-performance liquid chromatography (HPLC) in a
Waters 2695 liquid chromatograph with refractive index detector. A CARBOSep CHO-782 LEAD
column (Transgenomic, Omaha, NE, USA) was used, operating at 70 ◦C with Milli-Q water (Millipore)
as mobile-phase (0.5 mL/min).

Acetic acid was analyzed by HPLC in a Waters 2414 liquid chromatograph with refractive index
detector. An ionic exclusion column Aminex HPX-87H (BioRAd Labs, Hercules, CA, USA) was
operated at 65 ◦C with sulphuric acid 0.05 M as mobile-phase (0.6 mL/min).

Furfural and HMF in the filtrates were analyzed by HPLC (Hewlett Packard, Palo Alto, CA, USA),
using an Aminex ion exclusion HPX-87H cation-exchange column (Bio-Rad Labs, Hercules, CA, USA)
at 65 ◦C. Mobile phase was 89% 5 mM H2SO4 and 11% acetonitrile at a flow rate of 0.7 mL/min.
Column eluent was detected with a 1040A Photodiode-Array detector (Agilent, Waldbronn, Germany).

3. Results and Discussion

3.1. Screw Configuration

One of the features that make extrusion such a versatile pretreatment is the possibility to change
the screw elements that, arranged one after another, constitute the screw configuration. These elements
have different shapes and effects on the biomass and the way they are placed helps creating and
separating different zones along the extrusion machine. The screw configuration has not only a big
influence on the severity of the pretreatment, but it also determines in first instance the flow inside the
extruder, this is, the feasibility or not of the pretreatment. Thus, the first approach to the extrusion of a
new biomass is to study a configuration in which it can be operated.

The screw configuration was designed to be divided into several zones to perform the alkaline
extrusion, neutralization and filtration of the biomass all inside the extruder (Figure 1). The first zone
was dedicated to the feeding, where conveying screws were used, and it comprised barrels #1 and
#2. NaOH solution entered at the end of barrel #2 and it was mixed with the eucalyptus biomass and
heated along barrels #3 and part of #4; this was the reaction zone, terminated with a reverse kneading
block. The acid solution was pumped at the end of barrel #4 and the neutralization plus filtration took
place in barrel #5. After the reverse kneading block placed at the beginning of barrel #6, the discharge
zone started. The proposed configuration is based in a similar one reported by Duque et al. [18] for the
extrusion of barley straw. In that screw profile, reverse flow screws were placed instead of reverse
kneading blocks. The exact configuration was tested in a first trail with eucalyptus with no success.
The different characteristics of eucalyptus with respect to barley straw (more hardness and lower water
retention) caused blockage of the reverse screws, leading to full stop of the machine. To soften the
screw profile, while maintaining the neutralization and filtration zone separated inside the extruder,
the reverse flow screws were replaced by the above-mentioned reverse kneading blocks as depicted in
Figure 1.

Many authors have established the importance of constraint elements in extrusion for the
fibrillation of lignocellulosic biomass and improvement of the enzymatic digestibility [16,20–22].
Furthermore, Vandenbossche et al. [23] observed that insufficient backpressure caused unstable flow
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inside the extruder and prevented a good filtration of dehydrated sweet corn co-products treated inside
the machine, first with NaOH and then neutralized with H3PO4. Following the same pretreatment
concept of alkaline extrusion plus neutralization and filtration, Brault [17] had to adapt the screw
profile used for the pretreatment of sweet corn co-products to the extrusion of Eucalyptus residues,
by placing an additional reverse flow element in the reaction zone to increase destructuration and by
removing one constraint element after the filter to ensure the formation of a stable dynamic plug.

Therefore, the configuration for the extrusion of eucalyptus in the present paper was designed to
provide high shearing and mixing, while keeping a continuous flow and four separated zones with
different temperatures: Feeding, reaction zone, neutralization and filtration zone, and discharge.

3.2. Extrusion with Water

A control run was carried out by pumping water instead of alkali and acid solutions to determine
the effect of extrusion alone on eucalyptus biomass. Some authors have emphasized the importance of
adding a rheological modifier to help the flow inside the extruder [16,24–26]. In agreement with this
idea, Lamsal et al. [25] reported problems in the extrusion of soybean hulls at low moisture (<35%) in a
twin-screw extruder. In the present work, flow constraints were also observed during the extrusion
trial with water, but a representative sample could be obtained to be used as a control for the study.
The difficulty in the flow is revealed by the SME value, presented in Figure 2, which is the highest of
all the extrusion trials. In alkaline extrusion, NaOH acts as a flux modifier for the biomass suspension,
increasing the viscosity and reducing the shear strength, in comparison to extrusion with only water,
which requires a higher energy input.

Figure 2. Glucose (GR) and xylose (XR) release (in g per 100 g) of raw biomass and eucalyptus
extruded with water (control) and with NaOH at varying screw speed, temperature, liquid to solid
ratio and catalyst ratio (experiments 1 to 10). Specifical mechanical energy (SME) of each experiment
(in Wh kg−1). Experiment #1, 2 & 3—study of SS; Experiment #2 & 4—study of T; Experiment #2,
6 & 7—study of L/S; Experiment #8, 9 & 10—study of NaOH/DM; Experiment #11 & 12—without
filtration; Experiment #13 & 14—washing of extrudates without filtration.

The control sample extruded with water was submitted to EH to check the effect of the
mechanical-thermal effects of extrusion (excluding the chemical pretreatment) on the enzymatic
digestibility of eucalyptus and the results can be seen in the third and fourth columns of Figure 2.
Glucose and xylose release (GR and XR) from control extrudate are 7.1 and 1.5 g/100 g extrudate,
respectively, which means 5- and 7-fold times more glucose and xylose produced than by hydrolysis
of the untreated eucalyptus. Nevertheless, the glucan and xylan conversions were still under 15% of
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theoretical levels. These low yields were highly improved by the combination of alkaline pretreatment
with extrusion in the next trials, particularly in the case of xylan, as will be discussed later.

Control extrudate composition was not significantly affected with respect to the raw material
(Table 2, rows 1 and 2). In absence of a chemical catalyst, and at the mild temperature tested (75 ◦C),
there was no sugar solubilization or degradation. This is confirmed by the composition of the filtrate
reported in Table 3, where only traces (<0.1%) of glucose, xylose and acetic acid were found in control
sample, indicating again the low effect of the water-based pretreatment on lignocellulose fractionation.
Moreover, eucalyptus is a biomass with a very low content of ash (<1%) and extractives (2.4%, data
not shown), so there is not a concentration effect from the partial solubilization of those compounds,
as was the case for barley straw [27]. The efficiency of the filtration, defined as the weight of filtrate in
the total output weight (filtrate and extrudate), compiled in Table 3, was only 19%, which is a result of
the bad flowability of the mixture, so contributing to a low sugar extraction.

Table 2. Main components (in dwb) of raw eucalyptus and extrudates, with standard deviation.

Experiment Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)

Raw EU 46.90 ± 1.21 a 12.87 ± 0.35 a,b,c,d 31.15 ± 0.40 a,b 0.86 ± 0.00 a

Control 44.90 ± 1.86 a,b,c 13.71 ± 0.32 a,c,d,e 32.97 ± 0.86 c,d 0.57 ± 0.05 a

1 42.56 ± 3.51 b,c 12.13 ± 0.94 a,b,c 32.03 ± 1.00 a,c 3.78 ± 0.37 b

2 42.56 ± 1.19 b,c 11.76 ± 1.51 a,b 31.22 ± 0.41 a,b 7.35 ± 0.15 c

3 41.79 ± 0.88 c 12.16 ± 0.20 a,b,c 28.86 ± 0.10 e 9.28 ± 0.01 d

4 43.14 ± 1.54 a,b 11.47 ± 0.68 d,e 29.67 ± 0.65 f 7.01 ± 0.10 c

6 41.71 ± 0.56 b,c 12.04 ± 0.43 c,d,e 30.43 ± 0.67 d 7.37 ± 0.06 e

7 46.97 ± 1.21 a 15.59 ± 2.61 e 31.21 ± 0.31 a,b 5.65 ± 0.10 f

8 45.66 ± 0.10 a,b 14.95 ± 1.70 d,e 32.90 ± 0.61 c,d 4.16 ± 0.07 g

9 45.48 ± 0.82 a,b,c 11.36 ± 0.21 a,b 31.70 ± 0.18 a 5.22 ± 0.03 h

10 44.60 ± 1.77 a,b,c 11.02 ± 1.26 b 30.32 ± 0.22 b,f 11.17 ± 0.08 i

11 39.23 ± 2.31 a,b,c 11.78 ± 0.47 a,b 27.69 ± 0.45 g 14.91 ± 0.12 j

12 38.76 ± 0.36 b,c 11.24 ± 0.16 b 27.99 ± 0.22 g 14.54 ± 0.10 j

13 50.05 ± 0.38 d 12.72 ± 0.13 a,b,c 32.60 ± 0.15 e,f 2.04 ± 0.02 k

14 49.33 ± 0.71 d 11.55 ± 0.23 a,b 31.98 ± 0.20 e 2.62 ± 0.07 l

Values followed by the same letters are not significantly different at p = 0.05.

Table 3. Filtration parameters and sugar and acetyl groups recovery yields in the filtrates and washing
liquid of the different extrusion experiments.

Experiment
Filtration
Efficiency

L/S Filtration Total Glucose Total Xylose Acetic Acid

g Filtrate/100 g
Total Output

% of Gluc in
Raw EU

% of xyl in
Raw EU

% of ac Acid in
Raw EU

Control 19.0 3.9 0.0 0.3 0.8
1 69.6 3.9 0.4 8.0 27.3
2 55.1 3.9 0.1 5.9 30.8
3 58.2 3.9 0.1 5.6 27.3
4 59.2 3.9 0.2 8.0 24.0
6 48.3 3.4 0.2 5.3 36.0
7 50.8 4.2 0.3 6.9 35.5
8 43.0 2.9 0.3 2.0 36.0
9 68.8 4.8 0.4 8.7 64.5
10 64.6 5.0 0.3 11.1 58.5
13 Washing liquid 0.0 2.2 42.6
14 Washing liquid 0.1 3.2 33.4
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Thus, there is a certain contribution of extrusion alone to the destructuration of eucalyptus
biomass structure, resulting in a small increase of GC value, but a chemical catalyst (in the present
study, NaOH) is proposed to further open the fiber and boost the enzymatic digestibility.

3.3. Alkaline Extrusion with Filtration

3.3.1. Effect of Screw Speed

The screw speed is a parameter with a complex influence on the performance of the pretreatment.
On the one hand, it is inversely proportional to the duration of the pretreatment; the higher the screw
speed, the shorter the residence time inside the extruder. On the other hand, higher motor speeds
correspond to higher torque values [7].

In the present work, three SS were tested: 100, 200 and 300 rpm. The results depicted in
Figure 2 (columns 1, 2 and 3), show that lower screw speeds favor the release of sugars by EH.
Specifically, at 100 rpm, 14.6 g glucose and 7.1 g of xylose per 100 g extrudate were released after 72 h
of incubation with enzymes (which is 29.6% and 55.1% of theoretical glucan and xylan, respectively).
These values are in agreement with the ones reported by Brault [17], working in a similar configuration.
A statistical analysis following the ANOVA methodology confirmed that the differences in the
enzymatic digestibility of the extrudates between the lower and the highest SS values were significant
(p ≤ 0.05).

The screw speed had also a remarkable effect on the performance of the filtration barrel.
At 100 rpm, the filtration efficiency is much higher than at 200 or 300 rpm, as can be seen in Table 3.
However, the amount of sugars solubilized is very similar in all three conditions and negligible
in the case of glucose. The xylose found in the filtrates is ≤8% of the xylose contained in the raw
material, which means about 1% of the weight of the dry eucalyptus. In spite of the low amount of
sugars solubilized in the filtrate, the filtration step is necessary, since there is a significant amount of
liquid coming from the neutralization inside the extruder that needs to be removed before processing
the material.

The fact that the EH works better with a material extruded at low screw speed shown in the
present work is in contrast with the results of Karunanithy et al. [11], who obtained a better digestibility
of extruded pine wood chips, as the screw speed increased from 100 to 200 rpm. The authors attribute
this improvement of the EH yield to the higher energy exerted at higher SS, which would result in
shortening of the fibers. However, they also pointed out that the shear forces responsible for this
fiber length reduction are relatively low in the single-extrusion process that they used, compared to
the intermeshing co-rotating twin-screw extrusion, as the one employed in the present work. This
means that higher speeds could be needed in a single-screw extrusion to reach the level of shear
displayed at 100 rpm in the twin-screw extrusion. Zhang et al. [28] extruded corn stover with water in
a twin-screw extruder at speeds ranging from 40 to 140 rpm, and the SS was found to have a significant
effect on the release of glucose by EH, increasing the yields as the speed increased up to 80 rpm and
beyond that point having a negative effect. Similar trends were observed by Yoo et al. [24] on soybean
hulls and Karunanithy et al. [29] on switchgrass, although the optimum SS were different, 350 and
100 rpm, respectively. Interestingly, the prairie cord grass extruded by Karunanithy et al. [29] showed
a similar behavior to the one of eucalyptus in the present work, and the glucose yield increased as
the SS decreased. The effect of SS (70 and 150 rpm) on the EH yield of alkali-extruded olive tree
pruning was not significant according to the work of Negro et al. [30]. The biomass used, the type of
extruder and the presence or not of a catalyst seem to have a certain influence on the effect of the screw
speed, therefore, the results have to be interpreted within the conditions at which the experiments are
carried out. In the case of eucalyptus, a hardwood, lower speed seems to be necessary to reinforce the
destructuration of the fibers.
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3.3.2. Effect of Temperature

Temperature is not constant along the barrels of the extruder; instead, a temperature profile is
set to accompany the material flow through the different zones. The key elements in this work were
barrels #3 and 4 (Figure 1), where the alkaline reaction took place. The temperature profile beyond
those barrels was set aiming at achieving a proper flow inside the machine. The effect of temperature
of the reaction zone on the extrusion performance was evaluated at 75, 100 and 125 ◦C. At the highest
temperature backflow problems appeared, making it impossible to get a representative sample from
trial #5. These problems can be attributed to the high temperature reached at the filtration barrel.
Due to the limited length of the twin-screw extruder used in the present work, the temperature in barrel
#5 is close to 100 ◦C, causing evaporation and affecting the formation of a dynamic plug necessary for
the correct running of the machine [23].

Comparing the results from extrusion at 75 ◦C and 100 ◦C (trials #2 and #4) shown in Figure 2
and Table 2, there are no significant differences in terms of enzymatic digestibility or composition
between both samples. Both filtrates are also comparable, as can be concluded from data in Table 3.
The glucose and xylose release at these values were close to 11.5 and 6.5 g/100 g extrudate, respectively,
corresponding to 23% and 43% of hydrolysis of the potential glucan and xylan of the extrudate.
In addition, it was observed that the energy input required for the extrusion at 100 ◦C (trial #4) was
lower than the one at 75 ◦C (trial #2), which is due to the thermal softening of the eucalyptus and
subsequent decrease of the viscosity of the biomass suspension [31].

The somehow contradictory effects of temperature on extrusion depending on the type of biomass
and configuration of the pretreatment have been discussed elsewhere [7]. In general, there is a positive
effect of the increase of temperature on the enzymatic digestibility of extrudates [11], but in some cases
a threshold is reached, beyond which the further increase of temperature is detrimental [27,29,32]. The
interval of temperature tested in this work seems to be too narrow to see any effect of this variable
on any of the studied categories. A woody biomass as eucalyptus may need higher temperatures
to effectively disrupt the lignocellulosic matrix. In the scientific literature, pine wood chips were
successfully extruded at temperatures as high as 180 ◦C [11]. Douglas fir and eucalyptus previously
pretreated by autohydrolysis were submitted to extrusion at 170 and 180 ◦C, respectively [14].
Furthermore, acid extrusion of poplar sawdust was carried out at 185 ◦C [15], while extrusion of
hardwood with the help of flux modifiers (CMC, black liquor) was possible at temperatures up to
120 ◦C [16]. Thus, temperature above 100 ◦C seems to be a constant for the extrusion (alone or with a
chemical catalyst) of woody biomass. The increase of temperature could not be addressed with this
first process configuration, so it was contemplated in a next set of trials (see Section 3.4).

3.3.3. Effect of L/S Ratio in the Reaction Zone

As the biomass moves forward inside the extruder, and the liquids (in this case, alkaline and acidic
solutions) are pumped into it, the proportion between liquid and solid varies in the proposed working
configuration (Figure 1). The L/S ratio in the reaction zone (barrels #3 and 4) is the most important
for the pretreatment, since it influences the rate of shear developed during the alkaline contact time.
Meanwhile, the L/S ratio in the neutralization zone affects the performance of the filtration, and
consequently, the effectiveness of the separation and extraction of soluble compounds in the liquid
fraction, and hence, the solids content in the extrudate.

For the purpose of this work, the L/S ratio studied is the one in the reaction zone. Since it is a
variable closely related to the amount of catalyst added, to keep the NaOH/DM constant, while testing
different L/S ratios, the concentration of the alkaline solution was varied accordingly. The values
tested were 0.6, 1.2 and 1.5, corresponding to trials #6, 2 and 7.

Looking at the results presented in Figure 2, the increase in the L/S ratio seems to have a positive
effect on the release of glucose by EH. This is confirmed by the statistical analysis of the data, which
found significant differences between trials #2 and 6 and trial #7. Nevertheless, no significant effect
was observed for xylose release. The maximum GR was, then, 14.2 g/100 g extrudate, equivalent to
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27.5% of glucan conversion, and was obtained with the extrudate produced with 1.5 L/S (experiment
#7). At this condition, the XR was close to 7 g/100 g extrudate (44% xylan conversion). The increase of
GR found at the highest L/S ratio tested could be related to the better impregnation of the eucalyptus
with the NaOH solution when the amount of liquid is high. Silva et al. [32] also obtained better results
at high L/S ratios for the extrusion of sugarcane bagasse with an ionic liquid.

At the same time, the recorded SME values clearly decrease as the L/S ratio increases from 0.6 to
1.2 and 1.5. Low amounts of liquids have been correlated to higher friction forces, thus explaining the
high energy input necessary at 0.6 L/S [16,24].

Concerning the extrudate composition shown in Table 2, the effect of the increase of the L/S
ratio reflects on a certain increase of the glucose and xylose content of the extrudate #7 compared to
#2 and 6. Moreover, the filtration efficiency (see Table 3) was lower when L/S was 0.6 (experiment
#6) with respect to 1.2 (experiment #2). This can be due to a lower amount of liquid which would
imply lower filtration flow in the case of trial #6. The amount of sugars recovered in the filtrate is in
any case the same. Supporting these findings, Choi et al. [33] found that the glucan content in the
extrudate increased and the lignin content decreased as the L/S ratio increased from 4 to 8 for the
alkaline pretreatment of empty fruit bunches, especially at high NaOH loadings (>5% NaOH/DM).

Flow considerations aside, the results indicate that the L/S parameter should be kept as high
as possible to obtain the better glucan digestibility, which would result as well in a lower energy
consumption of the machine.

3.3.4. Effect of NaOH/DM Ratio

Three NaOH/DM ratios were tested: 5%, 10% and 20%. Taking into account the previous results,
the evaluation of the amount of catalyst was made at 100 ◦C, the highest temperature that allows the
operation of the machine in the proposed configuration. Some adjustments were made to the operation
values with respect to the previous results, in order to favor flowability inside the extruder. Thus, the
SS was 150 rpm in trials #8 and 9, and 250 rpm in trial #10. Moreover, the L/S ratio was kept at the
intermediate value of 1.2, except for trial #8, where it was 0.7 to be able to reach a stable production.

As can be seen in Figure 2, in these experiments (#8, 9 and 10) the glucose release leveled up with
the increase of the NaOH/DM ratio and so the GR value at 20% was statistically significant. Although
it appeared to be a certain decrease of the XR as the amount of catalyst increased, the differences turned
out to be non-significant. The best results were then 12 g of glucose and 5.8 g xylose/100 g extrudate,
which means 24.5% of glucan conversion and 56.5% of xylan conversion. In which concerns the
extrudate composition presented in Table 2, cellulose is not affected by the amount of alkali; however,
there are significant differences between the hemicellulose and lignin composition at 5% and 10% or
20% NaOH/DM. This is confirmed by a higher solubilization of xylose in the filtrate (see Table 3).
Deacetylation is also higher at high NaOH/DM ratios. As expected, the values shown in Table 2 for the
amount of ash increase as the amount of alkali added increases, due to the greater amount of H2SO4

needed to neutralize the mixture and the subsequently formation of salts. The greater flow of acid
added also influences the efficiency of the filtrate reported in Table 3.

Sodium hydroxide is responsible for the cleavage of the ether and ester bonds between lignin
and hemicellulose and also affects the ether and carbon to carbon bonds intra-lignin, resulting
in deacetylation and delignification of the biomass and solubilization of hemicelluloses [34]. The
results from the present work support the deacetylation phenomena that occurred during alkaline
extrusion, based on significant acetic acid recovery yields in the filtrates and washing liquid shown
in Table 3. However, no furfural neither HMF were found and monomeric phenols such as vainillin
or syringaldehyde were neither detected (data not shown). The presence of acetic acid in the filtrate
implies that the extrudates, which in this strategy are not washed out of the extruder, also contain
certain amounts of this compound that may affect enzymes performance [35], but the dilution up to
the desired consistency (in this work, 5% (w/w)) makes the acetic acid concentration to decrease, so
alleviating the potential inhibition effect.
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Other authors have reported deacetylation and/or delignification in alkaline extrusion of different
biomasses. For example, Choi et al. [33] extruded empty fruit bunches at high temperature (170 ◦C)
and low screw speed (5 rpm) and found that, as the amount of catalyst increased from 5% to
20% NaOH/DM, the glucan content in the extrudate increases, corresponding to a decrease of the
hemicellulosic sugars and lignin due to solubilization. Similar behavior was reported by Han et al. [35]
and Duque et al. [27] on alkali-extruded barley straw. Xylan solubilization related to the increase of
NaOH was also reported by Liu et al. [36] and Um et al. [37] working with corn stover and rape straw,
respectively. Nevertheless, delignification due to alkaline extrusion did not always occurred, as noted
by Liu et al. [36], Duque et al. [18] and Kang et al. [38] on different herbaceous biomasses.

To sum up the results from this part of the work with eucalyptus, extrusion with filtration was
successfully carried out and some favorable operation conditions have been identified: Lowest possible
SS, high L/S ratios (>1) and moderate to high NaOH/DM ratios (≥8%). The effect of increasing the
temperature over 100 ◦C was not possible to investigate in the present configuration, therefore, a new
concept was tested, aiming at achieving good flowability at high temperature.

3.4. Alkaline Extrusion without Filtration

3.4.1. Modification of the Screw Configuration

As can be seen in Figure 3, for the purpose of testing high temperatures, the problematic zone
(i.e., filtration) was removed from the process configuration. Two reverse flow mixing screws were
placed in barrel #3 and at the end of barrel #5 to delimit the high temperature zone by the formation
of dynamic plugs. Other mixing screws along the profile helped the mixture of the biomass with the
alkaline and acid solutions. A profile temperature was set with increasing values, reaching its highest
point in barrels #4 and 5.

Figure 3. Barrel and screw configuration for the alkaline extrusion of eucalyptus with neutralization in
a twin-screw extruder. Without filtration.

With the removal of the filter, only one material output is left. The resulting pretreated material
will be called hereafter complete extrudate. With this configuration, temperatures of 125 and 150 ◦C
could be attained (Table 1, experiments 11 and 12).

3.4.2. Performance of Complete Extrudates

No significant differences were found between the compositions of the two complete extrudates
(see Table 2, rows 11 and 12), but in comparison to the previous experiments, some aspects differed.
The absence of filtration had a clear consequence in the form of increase of the amount of ash up to
almost 15% of the weight of extrudate. This also affected the concentration of cellulose and lignin,
which decreased by 10% and 6%, compared, for example, to experiment #4.
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In spite of being associated to a SME comparable to those of the experiments with filtration
(114 Wh kg−1), the sugar release of the complete extrudate at 125 ◦C (see Figure 2, column 11) was
very low, particularly in the case of glucose: GR was only 6.8 g/100 g extrudate (equivalent to 15% of
glucan conversion), whereas XR was 5.7 g/100 g dry extrudate, more in the line of previous trials. This
indicates that there is a mechanical effect associated to the filtration step that is necessary to obtain a
good pretreatment of eucalyptus. Moreover, this mechanical effect seems to be more important for
cellulose, since in its absence, the glucose release drops to levels even below to the ones of the control
extrudate with water and filtration. The xyloserelease, nevertheless, seems to be more affected by the
chemical action of NaOH, as it reaches similar values for all the trials with chemical catalysts.

At 150 ◦C (experiment #12), a much higher torque than in trial #11 is developed, greater than
any of the NaOH-extrusion with filtration trials (experiment 1 to 10). This resulted in a significant
increase of the glucose and xylose release, which reached 16 and 8.4 g/100 g extrudate, respectively,
corresponding to 37.6% and 74.6% of glucan and xylan conversion. This means that the GR of the
extrusion at 150 ◦C (trial #12) more than doubled the one of the experiment at 125 ◦C (trial #11).

The enzymatic digestibility of complete extrudates was not as good as expected, especially in the
case of 125 ◦C (trial #11). The high amount of ash in the extrudates produced in this configuration may
be hindering the performance of enzymes. It has been demonstrated that the washing of the extrudates
removes chemical residues and enzyme inhibitors and is beneficial for the enzymatic hydrolysis
step [25,39]. Therefore, the complete extrudates were washed with ten times the weight of distillate
water and the resulting cake was submitted to EH as usual.

3.4.3. Performance of Washed Extrudates

The washing of the extrudates removed most of the inorganic salts formed during the
neutralization step, as can be seen by the content of ash measured in extrudates 13 and 14 shown
in Table 2. This resulted in a concentration of cellulose and lignin, mainly. Comparing both washed
extrudates, there seem to be a small loss of hemicellulosic sugars at 150 ◦C (trial #14) compared to
125 ◦C (trial #13). In fact, as can be seen in Table 3 (rows 13 and 14), almost all glucose remained in
the extrudate after washing, however, there was some xylose solubilized in the liquid (more in trial
#14), which could account for the difference in the hemicellulose content between both extrudates. The
deacetylation effect of the pretreatment at 125 and 150 ◦C was in the line of the results from previous
experiments with filtration.

Thanks to the washing, the glucose release by EH was increased 1.2-fold for both extrudates,
attaining 19.4 g/100 g extrudate in trial #14 and 8.3 g/100 g extrudate in the case of experiment #13
(see Figure 2), which, in terms of GC, would be 35.8% and 15%, respectively. Nevertheless, the washing
had no noticeable effect on the xylose release.

Results show that washing improved the glucose release compared to complete extrudates, and
also a positive effect of increasing extrusion temperature from 125 to 150 ◦C. However, when talking
about the glucan and xylan conversion, the yield is slightly lower in the case of the washed extrudates
with respect to the complete ones and no clear effect of washing in the enzymatic digestibility of the
substrates can be concluded. Thus, the increase in the sugar release found in washed substrates can be
mostly attributed to the concentration of cellulose in the washing step.

4. Conclusions

Eucalyptus wood valorization through an extrusion pretreatment requires a careful planning of
the configuration and setting of the operation conditions. In the present work, low screw speed, high
L/S ratio inside the extruder, NaOH/DM concentrations ≥8% and high temperature (>100 ◦C) have
been demonstrated to favor the glucose and xylose release by EH of the resulting substrates from the
alkaline extrusion with neutralization and filtration inside the extruder.

The best results were obtained in the configuration without filtration at 150 ◦C and with a posterior
washing of the extrudate obtained. In spite of this, the improvement in the glucose release does not
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lead to an equal rise of the glucan conversion. Therefore, the convenience of the washing step must
be addressed in an overall assessment of the downstream processing operations on the pretreatment,
since the benefits are not so clear and this adds complexity and cost to the process.

Filtration, however, has been proved to have a beneficial effect not only by the removal of
inorganic salts from the extrudate, but also at a mechanical pretreatment level. Taking this into account,
the ideal extrusion pretreatment process for eucalyptus biomass would comprehend a configuration
with filtration and temperature around 150 ◦C. Such a process cannot be developed in the extrusion
pilot plant used in this work, but could be investigated in a bigger facility.
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Abstract: Biomass is a promising sustainable and renewable energy source, due to its high diversity
of sources, and as it is profusely obtainable everywhere in the world. It is the third most important
fuel source used to generate electricity and for thermal applications, as 50% of the global population
depends on biomass. The increase in availability and technological developments of recent years
allow the use of biomass as a renewable energy source with low levels of emissions and environmental
impacts. Biomass energy can be in the forms of biogas, bio-liquid, and bio-solid fuels. It can be used
to replace fossil fuels in the power and transportation sectors. This paper critically reviews the facts
and prospects of biomass, the pyrolysis process to obtain bio-oil, the impact of different pyrolysis
technology (for example, temperature and speed of pyrolysis process), and the impact of various
reactors. The paper also discusses different pyrolysis products, their yields, and factors affecting
biomass products, including the present status of the pyrolysis process and future challenges. This
study concluded that the characteristics of pyrolysis products depend on the biomass used, and what
the pyrolysis product, such as bio-oil, can contribute to the local economy. Finally, more research,
along with government subsidies and technology transfer, is needed to tackle the future challenges of
the development of pyrolysis technology.

Keywords: renewable energy; biofuel; environment; technology development

1. Introduction

Nowadays, energy usage is prodigious, and a significant key factor for the advancement of a
nation, and the scarcity of energy has become an economic threat for the development of nations
around the world [1,2]. It is said that “Energy is a critical component of our lives. Without energy,
we can’t even dream of economic growth. But despite its central role, not everyone has access to
modern energy services” [3,4]. Today’s energy requirement is increasing in trend, due to population
growth and ongoing economic and technological advancement around the world [4]. Currently, fossil
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fuels are the main source of energy because of their high calorific values, good anti-knocking properties,
and high heating values; meanwhile, reserves are limited. Therefore, the development of alternative
energy resources can lower the depletion of fossil fuel by reducing their consumption [5–7]. On the
other hand, the world’s heating condition is increasing every day. The atmospheric CO2 level has
crossed the risky level that was forecast to happen in another 10 years [8]. Furthermore, the depletion
of fossil fuels and extreme change of climate have driven the search for alternative energies and
renewable energy sources that can meet the world’s energy demand, reduce greenhouse gas emissions,
curb pollution, and maintain the planet’s temperature at a stable level [9–11].

Among the alternative energy sources, biomass can become a promising sustainable energy source,
due to its high diversity and availability [12]. Biomass can be defined as all biodegradable organic
material derived from animals, plants, or microorganisms. This definition also includes products,
by-products, waste originating in agricultural activities, as well as non-fossil organic waste produced
by industrial and municipal waste [13]. Biomass is the third most important source used to generate
electricity and thermal applications [14,15]. The most common biomass feedstocks are banana peel, rice
and coffee husks, sugarcane bagasse, palm oil processing residues, and the waste of animals [16,17].
Biomass can be considered as a blend of organic resources and minor amounts of minerals, which also
contains carbon, oxygen, hydrogen, nitrogen, sulphur, and chlorine [18].

Different types of energy can be produced through the thermal conversion of biomass, such as
combustion, pyrolysis, gasification, fermentation, and anaerobic decomposition. Combustion is a
thermochemical process used for the production of heat, which consists of a chemical reaction in which
a fuel is oxidised, and a large amount of energy is released in the form of heat (exothermic reaction).
Pyrolysis is a thermal decomposition process which takes place in the absence of oxygen [19,20].
In combustion and gasification processes, the first step is pyrolysis, followed by total or partial
oxidation of primary products. Gasification is the process of generating electricity by applying heat to
organic material in the presence of less oxygen. In the fermentation process, organic materials are used
to produce alcohol, with the help of yeast, to generate power in automobiles. Anaerobic decomposition
is the process of producing biogas, and generates electricity.

Among all the conversion techniques of biomass conversion, the pyrolysis process offers a number
of benefits, including less emissions and that all the by-products can be reused. In addition, during the
process, pyrolysis produces solid or carbonised products, liquid products (bio-oils, tars, and water) and
a gas mixture composed mainly of CO2, CO, H2, and CH4 [21–23]. The oil resulting from the pyrolysis
of biomass, usually referred to as bio-oil, is a renewable liquid fuel, which is the main advantage
over petroleum products. It can be used for the production of various chemical substances [24].
The pyrolysis process has three stages: the dosing and feeding of the raw material, the transformation
of the organic mass and, finally, the obtaining and separation of the products (coke, bio-oil, and gas).
The factors that influence the distribution of the products are the heating rate, final temperature,
composition of the raw material, and pressure [25].

The pyrolysis process has great market potential; in this process, biomass is used as raw
material in order to produce energy. Therefore, intense research is taking place around the world to
improve this method of energy production. Among the technologies, such as digestion, fermentation,
and mechanical conversion, thermo-conversion for producing energy from biomass is relatively newer
from a commercial perspective, and gaining more attention because of its technical and strategical
advantages. In addition, the production of waste is constantly increasing, and the economic activity
linked to it is becoming increasingly important. The elimination or attenuation of environmental
problems and obtaining profitability in the process of managing them is a very favourable step.
Therefore, pyrolysis could be an alternative means of energy recovery, obtaining different fractions
that are also recoverable not only from the energy point of view.

Though the research into pyrolysis technology indicated that pyrolysis is a more promising option
to the sustainable development, pyrolysis technology still needs further improvement, and several
challenges need to be tackled to gain its full potential benefits. Furthermore, several types of research
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have been carried out recently, focusing on the use of pyrolysis technology, but only a few papers have
been analysed and reviewed by the researchers. Thus, the main aims of this study are to present a
brief review of the development of pyrolysis technology, including their present status and future
challenges, to provide information to the researchers who are interested in pyrolysis technology.
A number of studies from highly rated journals in scientific indexes are reviewed, including the most
recent publications.

2. Biomass Pyrolysis

Biomass is a renewable source for the production of energy, and it is profusely obtainable
everywhere in the world [26,27]. The sustainable use of biomass energy is an alternative to partially
replace the use of fossil fuels and nuclear energy. Rural people in developing countries, representing
about 50% of the global population, depend on biomass energy [9]. Biomass assists the world in
meeting greenhouse gas reduction goals [9,28,29]. The increase in availability and technological
developments of recent years allow the use of biomass as a renewable energy source with low levels
of emissions and environmental impacts. Biomass energy can be in the forms of biogas, bio-liquid,
and bio-solid fuels. It can be used to replace fossil fuels in power and transportation. It is considered
as a renewable energy source because the energy mainly comes from the sun and, also, it needs a short
time period to re-grow.

Pyrolysis process is mainly characterised by solid fuel thermal degradation, which involves
the rupture of carbon–carbon bonds and the formation of carbon–oxygen bonds. Pyrolysis requires
temperatures of up to 400–550 ◦C, although it can be done at temperatures even higher [30–33]. Figure 1
shows the percentage yield during the pyrolysis of biomass.

Figure 1. The % yield of the end products the pyrolysis of biomass [9].

One part of the biomass is reduced to carbon, while the remaining part is oxidised and hydrolysed
to carbohydrates, phenols, aldehydes, ketones, alcohols, and carboxylic acids, which combine to
form more complex molecules such as esters, polymer products, and others [34–36]. Pyrolysis can be
achieved by the complete absence of the oxidising agent. The practice of using air to perform pyrolysis
is achieved by feeding air in an amount below stoichiometric; combustion occurs in only a small part
of the biomass and, thus, the heat released in the combustion is used to keep the temperature of the
reactor constant, while processing the reactions related to pyrolysis [37].

The products formed during pyrolysis, namely, coal fines, gases, acid extract, and bio-oil, have
high calorific value, and have had several applications in both the chemical and power generation
industries. In ancient Egyptian times, the pyrolysis process was used to generate tar for sealing
boats [16], and the ancient Egyptians performed wood decontamination by assembling tars and
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pyrolignous acid for use in their mummifying industry [38,39]. Pyrolysis has gained more attention as
an effective and practical method in converting biomass into bio-fuel recent years [40]. Pyrolysis is
not only part of the combustion and gasification processes, but it is also the first stage of both of these
processes. The gas is composed of carbon monoxide, carbon dioxide, and light hydrocarbons. This
dark-coloured liquid is called bio-oil and charcoal solid. The yields and quality of the products are
influenced by the operating conditions. Pyrolysis receives different denominations depending on the
conditions used. In slow pyrolysis or carbonisation, low temperatures and long residence times are
employed, favouring the production of charcoal. High temperatures and long residence times favour
the formation of gases. Whereas moderate temperatures and low residence time of the gases favour
the production of liquids (bio-oil). Figure 2 shows the chemical reaction during the pyrolysis process.

Figure 2. Representation of the reaction paths for wood pyrolysis [41].

3. Mechanism of Pyrolysis Process

The biomass pyrolysis can be divided into two categories, such as primary and secondary
mechanisms [41]. Figure 3 shows the detailed mechanism of the pyrolysis process. In the primary
mechanism, volatile compounds are released, while the chemical bonds within the polymers are
broken during biomass heating process [42,43]. Furthermore, rearrangement reactions within the
matrix of the residue take place. Some of the volatile compounds which are unstable further undergo
additional reactions, which are defined as a secondary mechanism.

The primary mechanism can be described using three different approaches, namely char formation,
depolymerisation, and fragmentation. In the char formation process, initially, benzene rings are
formed, and these rings combine into a solid residue known as char, which is an aromatic polycyclic
structure [44]. During this process, water or incondensable gas is also released [45,46]. In the
depolymerisation process, the polymers are broken into monomer units, which reduce the degree
of polymerisation. This process continues until the volatile molecules are produced [47]. Finally,
in fragmentation, incondensable gas and small chain organic compounds are formed through the
linkage of many covalent bonds of the polymer, even within the monomer units [42].

The secondary mechanism consists of cracking, recombination, and others [42,48]. In cracking,
lower molecular weight molecules are formed by breaking volatile compounds [49]. By contrast, in the
recombination process, volatile compounds combine into high molecular weight compounds, which
may or may not be volatile [43,50]. In some cases, a secondary mechanism leads to the formation of
secondary char [48,51].
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Figure 3. The detailed mechanism of the pyrolysis process.

4. Sources of Biomass and Their Properties

Biomass energy is currently recognised as the third largest global energy source. In many
developing countries which have significantly large forest and agricultural land, 40–50% of energy
usage is based on biomass. Green plants can directly/indirectly produce biomass using the
photosynthesis process, by transforming sunlight into plant material [29,52]. The resources of
biomass include various natural and derived materials, such as agricultural crops and residues,
forest wood and leaf residues, municipal solid wastes (MSW), forest and mill residues, animal residues,
and sewage. Agricultural crops and wastage (sugarcane, cassava, and corn) provide carbohydrate and
starch. Roughly, the biomass species contain woody biomass, straw, beech wood, seedcakes, bagasse,
and municipal solid waste (MSW) [53–59]. The available sources of biomass are shown in Figure 4.

Biomass is a very versatile feedstock in its morphology and physical characteristics. It can be
quite wet or dry dense or fluffy, high or low ash containing, small in shape or large, homogeneous
or inhomogeneous, and so on. This makes the use of biomass fuels in dedicated gasifier reactors
quite difficult and, in most cases, some pre-treatment of the biomass is needed. The feedstocks used
for pyrolysis and their physical and chemical properties are more important. The highest bio-char
yields are achieved when feedstocks with high lignin content are pyrolysed at moderate temperatures
(approx. 500 ◦C). Furthermore, some other indicators of pyrolysis product yields are the ratios of
fixed carbon, moisture, volatile matter, and ash content. Generally, biomass containing significant
volatile matter offers a large amount of syngas and bio-oil, while fixed carbon raises the production
of biochar. Moisture content in biomass influences the heat transfer process, as well as significantly
affects product distribution. Tables 1 and 2 show the physical and chemical properties of biomass.
Biomass consists of elements such as carbon, hydrogen, oxygen, and nitrogen. Sulphur is present in
smaller proportions, and some types of biomass also contain significant portions in inorganic species.
The chemicals obtained from co-products and residues can improve the biomass production chains,
due to the strategic participation of the chemical industry in the supply of inputs and final products
to various economic sectors, for example, agribusiness, petrochemical, automotive, pharmaceutical,
cosmetics, civil construction, and so on [60].
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Table 1. Physical characteristics of biomass [9].

Feedstock
Density
(kg/m3)

Moisture
Content (%)

Ash Content
(%)

Volatile Matter
(%)

Fixed Carbon
(%)

Wood 380 20 0.4–1 82 17
Bituminous coal 700 11 8–11 35 45

Wheat straw 18 16 4 59 21
Barley straw 210 30 6 46 18

Pine 124 17 0.03 - 16
Polar 120 16.8 0.007 - -

Switchgrass 108 13–15 4.5–5.8 - -

Table 2. Chemical characteristics of biomass [9].

Feedstock Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) Ash (%)

Wood 51.6 6.3 41.5 0.1 1
Bituminous coal 73.1 5.5 8.7 1.4 9

Wheat straw 48.5 5.5 3.9 0.3 4
Barley straw 45.7 6.1 38.3 0.4 6

Pine 45.7 7 47 0.1 0.03
Polar 48.1 5.30 46.10 0.14 0.007

Switchgrass 44.77 5.79 49.13 0.31 4.30

Figure 4. Available sources of biomass [61].

5. Pyrolysis Technology

Pyrolysis technology is the decomposition of heated organic matter in the absence of atmospheric
oxygen, where heating is controlled by temperature ranges and provides the energy needed to break
down the structures of the macromolecules present in biomass [62]. In the process of pyrolysis,
biomass degradation occurs through heating, in which the formation of three products occurs: coal,
oil, and pyrolytic gas, and, depending on the conditions in the reactor, one of these products can be
maximised [63,64]. Currently, there are basically three pyrolysis processes in the world: slow pyrolysis,
fast pyrolysis, and ultrafast pyrolysis. Biomass is first put into the reactor feed system, usually an
endless screw. Then, the biomass enters the reactor and undergoes thermal degradation. Any gas that
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does not condense and has no energetic ends returns to the process and is used as entrainment gas in
the reactor.

5.1. Slow Pyrolysis

Slow or conventional pyrolysis consists of systems known as “charcoal” or continuous systems,
with slow biomass heating above 400 ◦C in the absence of oxygen [65]. In this process, the biomass is
pyrolysed with low heating rates, around 5 to 7 ◦C/minimum, where the liquid and gaseous products
are minimal, and the coal production is maximised [66,67]. Slow pyrolysis of wood, with a 24 h
endurance, was a very common technology in industries until the early 1900s, where coal, acetic acid,
methanol, and ethanol were obtained from wood [68,69]. Slow pyrolysis is characterised by small
heating rates and a maximum temperature range of around 600 ◦C, and the biomass time in the reactor
is between 5 and 30 min. The main products are bio-oil, coal, and gases [68].

5.2. Rapid Pyrolysis

Rapid pyrolysis is a promising method for conversion of biomass into a liquid product.
The produced pyrolysis oil (bio-oil) is an intermediate dense energy fuel, which is possible to upgrade
to hydrocarbons in diesel and gasoline [70]. In rapid pyrolysis, the biomass decomposes very quickly,
generating mainly vapours and aerosols, and a small amount of coal and gas. After cooling and
condensation, a homogeneous mobile dark brown liquid is formed, which has a calorific value
corresponding to half of the conventional fuel oil [71]. Rapid pyrolysis technology is used globally,
in large scale, for the production of liquids (bio-oils), and there is a lot of interest regarding this
technology among biofuel researchers. Several reactors are used in the rapid pyrolysis process. Among
them are the dragged-flow reactor, vacuum furnace reactor, vortex reactor, rotary reactor, bubbling
fluidised bed reactor, and others; many researchers have contributed in the field of pyrolysis using one
of these reactors [67].

5.3. Ultrafast Pyrolysis

The ultrafast pyrolysis has, as its main characteristics, very high heating rates and very low
residence time of the biomass in the reactor. These characteristics favour the production of vapours,
and make the process very similar to gasification. Due to the high heating rate, where biomass
residence times are only a few seconds, reactors are needed to meet these heating needs [67]. These
reactors have a fluidised bed and are flow-dragged. The fluidised bed reactor is used in the execution
of multiphase chemical reactions, where a catalyst, usually sand, is used, working the same as with
a fluid inside [72,73]. According to Laird et al. [65], ultrafast pyrolysis for coal production involves
heating the biomass, under moderate to high pressure, in a reactor. In this particular case, the coal
yield reaches 60%, and is volatile (bio-oil and synthesis gas) to 40%; this technology is more likely to
use heat recovery equipment. Table 3, below, demonstrates some operating parameters of the three
types of pyrolysis process [72,73].

Table 3. Operating parameters of different pyrolysis processes.

Process Time (s) Rate (K/s) Size (mm) Temp. (K) Oil Yield
Char
Yield

Gas Yield

Slow 450–550 0.1–1 5–50 550–950 30 35 35
Fast 0.5–10 10–200 <1 850–1250 50 20 30

Flash <0.5 >1000 <0.2 1050–1300 75 12 13

5.4. Flash Pyrolysis

This process is also known as fast pyrolysis, due to the high speed of the process. However, in this
process, not only kinetics play an important role, but heat and mass transfer processes, such as phase
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change phenomena, are also important. In this process, the biomass decomposes to generate mainly
vapours, aerosols, and a certain amount of coke. After cooling and condensation, a dark brown liquid
(bio-oil) is formed, with a calorific value that is half the value corresponding to that of diesel. Unlike
traditional processes, this is an advanced process with carefully controlled parameters to obtain high
liquid yields [74]. In order to carry out this process, the following must be observed: (a) subjecting the
biomass particles to an optimum temperature so that they react, and (b) minimising their exposure to
low intermediate temperatures that stimulate coke formation. One method to achieve these objectives
is to use small particles, for example, those that are present in fluidised bed processes (a fluidised
bed is a packed bed with a fine-grained solid). Another possibility is to transfer heat quickly, only
to the surface of the particles that are in contact with the heat source, which is applied in ablation
processes [75,76].

6. The Products of Pyrolysis Process

The pyrolysis of biomass produces three primary products, namely char, permanent gases,
and vapours which condense to a viscous liquid (dark brown in colour) at ambient temperature.
Biomass pyrolysis product yields can be improved as follows: (1) charcoal—less temperature and lower
heating rate procedure, (2) liquid products—lower temperature but higher heating rate procedure,
and (3) fuel gas—higher temperature and lower heating rate procedure. Table 4 shows the pyrolysis
processes at different temperatures.

Table 4. Pyrolysis processes at different temperature.

Condition Processes Products

<350 ◦C Free radical formation, water elimination,
and depolymerisation

Formation of carbonyl and carboxyl,
the evolution of CO and CO2, and mainly a

charred residue

350–450 ◦C The split of glycosidic connections of
polysaccharide by substitution

A combination of levoglucosan, anhydrides,
and oligosaccharides as a tar segment

450–500 ◦C Dehydration, rearrangement, and fission of
sugar units Formation of carbonyl compounds

>500 ◦C A combination of all the above processes A combination of all the above products

Condensation Unsaturated products shrink and split to
the char

A highly reactive char remainder
comprising trapped free radicals

6.1. Bio-Oil

Bio-oil, also known as pyrolysis oil, crude bio-oil, pyrolytic tar, pyrolignous tar, pyrolignous
liquor, wood liquid, wood oil, smoke condensate, and distilled from wood, is a dark brown-coloured
liquid, almost black, with a characteristic odour of smoke, and an elemental composition similar to
the biomass. It is a complex mixture, containing oxygenated compounds and a high volume of water,
which originates from the moisture of the biomass and the reactions. It might also contain some
amount of coal particles and dissolved alkali metals from the ash. The composition of the total mixture
depends on the type of biomass, process conditions, equipment, and the efficiency in the separation of
the coal and the condensation.

The bio-oil can be considered as a micro emulsion, in which the continuous phase is an
aqueous solution of the products of cellulose and hemicellulose fragmentation which stabilises the
discontinuous phase of the pyrolytic lignin macromolecules [71]. There is a very current and praising
demand to convert biomass into liquid fuels in order to use in ships, trains, and aeroplanes, to
substitute petrol and diesel [77,78].

Bio-oil is the main product from the pyrolysis process. Several types of research around the
world, in order to maximise and improve the quantity and quality of bio-oil produced, are currently
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being carried out. Reactor designs are the primary target of researchers to achieve a better-quality
bio-oil. As shown in Figure 5, the bio-oil product has a number of applications: it can be improved
to be used as a transport fuel or used as a chemical, and it can also be used in turbines and electric
power generation engines, or in boilers to generate heat. In summary, the bio-oil product has many
applications and deserves large investments in research.

Figure 5. Various applications of pyrolysis bio-oil [77,78].

6.2. Biochar

The production of biochar is an emerging technology which can improve countries’ food security
and mitigate climate change [79]. In the literature, the potential benefits of applying biochar as soil
enrichment have been highlighted heavily, addressing issues such as waste management, bioenergy
production, increased soil fertility through alteration of soil pH, retention of nutrients through cation
adsorption, reduction of emissions of nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2),
adsorption of organic pollutants, and improvements in productivity [80]. As a promising modifier to
soil, biochar attracts the attention of policymakers in developed countries, such as the United States,
Japan, Europe, and some developing countries. Sustainable biochar is one of the few technologies that
is relatively cheap, widely applicable, and rapidly scalable. These benefits are confirmed by many
investigations [79,81,82], including:

• Reduced nitrogen leaching in groundwater
• Possible reduced emissions of nitrous oxide
• Increased cation exchange capacity resulting in better soil fertility
• Moderation of soil acidity
• Greater water retention
• Increase in the number of beneficial soil microbes

6.3. Syngas

In slow pyrolysis processes, around 10–35% of biogas is produced which is similar to char.
Syngas produced from biomass pyrolysis can be used as an alternative renewable source of fuel for
industrial combustion processes, as well as for internal combustion (IC) engines. In power generation,
transportation, and other sectors, gaseous fuel can be used in converted commercial petrol and diesel
engines [83], which was quite common between 1901 and 1920 and, after that, due to the availability of
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cheap liquid fuels, the usage of gaseous fuels in IC engines. However, in recent years, as the focus has
moved towards renewable fuels for engines, the use of syngas in IC engines has, once again, gained
interest [84].

Syngas yield is highly influenced by the pyrolysis temperature, and it is possible to achieve a
higher yield in flash pyrolysis with high temperatures. He et al. [85] investigated syngas production
in a bench-scale downstream fixed-bed reactor from pyrolysis of MSW over a temperature range of
750–900 ◦C [86]. The researchers used calcined dolomite as a catalyst, and reported a 78.87% gas yield
at 900 ◦C. In another study, Tang and Huang reported 76.64% syngas yield in a radio frequency plasma
pyrolysis reactor [87].

Another factor that greatly influences pyrolysis processes and the resulting product distribution is
the reactor temperature. With the increase of pyrolysis temperature, the inner moisture of the biomass
evaporates first, followed by thermal degradation and devolatilisation of the dried particle portion.
Simultaneously, tar is produced, and volatile species are slowly released from the particles’ surface,
which then undergoes a series of secondary reactions, such as decarboxylation, dehydrogenation,
deoxygenation, and cracking, to form components of syngas. Thus, higher temperatures favour tar
decomposition and the thermal cracking of tar to increase the proportion of syngas, which reduces
oil and char yields [85]. Some researchers have also reported that when the reactor temperature is
increased, the syngas flow rate also increases; however, this lasts for a short time, and then dramatically
reduces [88].

Syngas mainly consists of hydrogen (H2) and carbon monoxide (CO). It may also contain a small
volume of nitrogen (N2), water, carbon dioxide (CO2), hydrocarbons such as C2H4, CH4, C2H6, ash,
tar, and so on, which depend on biomass feedstock and pyrolysis conditions [89]. These components
are obtained during several endothermic reactions at high pyrolysis temperatures.

7. Reactors Employed in the Pyrolysis Process

The heart of the pyrolysis process is the reactor. This is the place where all reactions occur [90–93].
However, to perform flash pyrolysis, it is necessary to have special reactors. For this process, an
oxygen-free atmosphere is required in the reactor, and a temperature range between 475 and 550 ◦C.
When the gas flows through the bed, the solid behaves like a liquid [94,95].

The reactor is at the core of any sort of pyrolysis procedure that has been the content of invention,
significant research, and advancement, to expand the indispensable physiognomies [96–98]. In the
beginning, the developers of the pyrolysis reactor presumed that a minor biomass particle size and
very short residence time could obtain prominent bio-oil yields, but further research has found
divergent consequences. Component part size and vapour residence time have a slight impact on
bio-oil yield, while the parameters significantly trace bio-oil composition [99,100]. The pyrolytic
reactor is undoubtedly the most important equipment in the pyrolysis process. Currently, several
types of reactors have been designed, most with the aim of maximising the main product of pyrolysis,
the bio-oil. There are many pyrolytic reactors used lately, the main ones being those of fluidised bed
(bubbling and circulating). Besides these, we also find the fixed bed, jet bed, rotary cylinder, cyclonic
reactor, rotary cone, and others. The reactors can be classified into two general systems, either a batch
system or a continuous system (continuous flow of biomass occurs, and continuous collection of the
products generated). Table 5 shows the comparison of different pyrolysis reactors. The summary of
previous research using different reactors and outcomes is listed in Table 6.
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Table 5. Comparison of various biomass pyrolysis reactors based on overall performance and
efficiency [96].

Pyrolyser Status (units)
Bio-Oil

Yield (wt %)
Operational
Complexity

Particle
Size

Biomass
Variability

Scale-Up
The Inert Gas

Flow Rate

Fixed bed Pilot (single),
lab (multiple) 75 Medium Large High Hard Low

Fluidised bed
Demo

(multiple),
lab (multiple)

75 Medium Small Low Easy High

Recirculating
bed

Pilot (multiple),
lab (multiple) 75 High Medium Low Hard High

Rotating cone Demo (single) 70 Medium Medium High Medium Low

Ablative Pilot (single),
lab (multiple) 75 High Large High Hard Low

Screw/auger
reactor

Pilot (multiple),
lab (multiple) 70 Low Medium High Easy Low

Vacuum Pilot (single),
lab (few) 60 High Large Medium Hard Low

7.1. Fixed Bed Reactor

The fixed bed pyrolysis system is simple, reliable, and proven for fuels that are relatively uniform
in size and have a low content of coal fines which consist of a reactor with a gas cooling and cleaning
system, and it was customarily used to produce charcoal [101,102]. The fixed bed reactors generally
function with high carbon preservation, low gas velocity, and low residue conveyed over a long
solid residence time. A major problem of fixed bed reactors is the formation of tar, although
the recent evolution in thermal and catalytic conversion of tar has given feasible opportunities
for confiscating tar [103,104]. Figure 6 shows the fixed bed reactor, which is considered simple,
and includes the following basic units: drying, granulation, heating, and cooling. In the fixed bed
pyrolysis process, the “temperature” ensures that the variables, such as temperature program, heating
rates, and residence time in the temperatures, remain within the limits established by the operator and
final pyrolysis temperatures between 450 and 750 ◦C, with heating rates fluctuating between 5 and
100 ◦C min/min [105].

Figure 6. Fixed bed reactor.
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7.2. Fluidised Bed Reactor

The fluidised bed reactors (bubbling and circulating) have a well-known technology, and they have
a series of industrial applications, where they present themselves as advantageous on a commercial
scale, unlike other technologies that are still in the process of improvement [106]. There are several
reactors that employ the principle of the fluidised bed, among them, the vortex reactor and the
abrasive reactor [105]. Fluidised bed reactors are used in many projects to maximise the liquid product
(bio-oil) produced, and several projects demonstrate their real ability to produce good quality bio-oil.
As biomass has a very low density, it is common in fluidised bed reactors to use an inert element,
usually sand, to give fluid dynamic stability to the process and help biomass heating [107].

The fluidised bed reactor comprises a fluid–solid blend that shows similar properties to the
fluid [108]. Fluidised bed reactors seem to be widespread and popular because they offer rapid
reaction and heat transfer, a wide and high shallow area of contact between the fluid and solid,
and high comparative velocity [108,109]. Different types of fluidised bed reactors are available include
bubbling fluidised bed reactors and circulating fluidised bed reactors.

7.2.1. Bubbling Fluidised Beds

Bubbling fluidised bed gasifier is categorised as having high reaction rates, well-understood
technology, simple construction and operation, virtuous temperature control, efficient heat transfer
to biomass particles, and it has superior lenience to particle size range [110,111]. It is very prevalent,
since it generates high quality bio-oil from a dry source. A significant feature of bubble fluidising bed
reactors is they require small biomass particle sizes to attain high biomass heating rates [112].

7.2.2. Circulating Fluidised Bed (CFB) Reactors

CFB reactors are comparable with bubbling fluidised bed reactors, and this type of reactor is
suitable for large quantities [113]. There are two types of CFB reactors: single circulating and double
circulating. The CFB gasifier is considered by all features of the bubbling fluidised bed reactors,
along with a higher charge at a lower volume. The CFB pyrolyser is notable for a decent temperature
regulator in the reactor [114,115]. Figure 7 shows the circulating fluidised bed reactor.

Figure 7. Circulating fluid bed reactor.
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7.3. Ablative Reactor

Ablative pyrolysis is primarily dissimilar from fluid bed procedures in the absence of a fluidising
gas. Material connected to the wall fundamentally melts, and the residual oil evaporates as pyrolysis
vapours. The ablative pyrolysis reactors have good heat transfer with high heating rates and a relatively
small contact surface. They also have high energy and cost efficiency, as no heating and cooling of
fluidising gases is required, furthermore, they tolerate fixing of condensation units with a small volume
in requiring less space at lower costs [116–118].

7.4. Vacuum Pyrolysis Reactor

Vacuum reactors represent a sluggish pyrolysis process with lower heat transfer rates conveyed
with the fluidised bed technologies. An induction and burner heater is used with molten salts [80].
For this reactor, the vapours formed are quickly detached from the vacuum. This reactor is categorised
by lengthier residence time; it is known to produce larger particles than most fast pyrolysis reactors.
There is also no requirement for carrier gas, and the process is mechanically complicated; it needs
high investment costs. Consistent operation of vacuum pyrolyser entails a superior feedstock input
apparatus which discourages latent investors [116–118].

7.5. Rotating Cone Reactor

The rotating cone reactor is an innovative reactor for flash pyrolysis with tiny char formation.
Biomass ingredients, like rice husks, wood, palm kernel, coffee husk, and so on, can be milled in the
rotating cone reactor. There is no big scale of commercial implementation for a rotating cone reactor.
Nonetheless, high-speed rotation provokes dynamic mixing of biomass that sequentially proceeds to
fast heat transfer [114,115,119]. Figure 8 shows the rotating cone reactor.

Figure 8. Rotating cone reactor.
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Table 6. Summary of previous researches on biomass conversion.

Feedstock Reactor Type
Temperature

(◦C)

Yields (wt %)
References

Char Bio-Oil Gas

Corn stover Fluidised bed 450–600 28–46 35–50 11–14 [120]
Rice husk Fluidised bed 450 29 56 15 [121]
Corn cob Fluidised bed 500 20 62 17 [121]

Sugarcane bagasse Fluidised bed 500 23 73 4 [122]
Switchgrass Fluidised bed 480 13 61 11 [123]
Miscanthus Fluidised bed 505 29 51 12 [124]
Wheat straw Fluidised bed 550 24 54 24 [125]

Sunflower hulls Fluidised bed 500 23 57 20 [125]
Rice husk Fixed bed 100–500 42–48 28–35 - [126]

Sugarcane bagasse Vacuum 530 26 51 22 [127]
Rice straw Vacuum 500 35 47 18 [128]
Douglas fir Fixed bed 500 22 66 8 [129]

Pine Vacuum 500 20 50 30 [130]
Wood Ablative 650 6 60 34 [131]

Barley straw Ablative 549 32 50 12 [128]
Rice straw Auger 500 45 26 13 [120]
Hardwood Auger 500 15 66 18 [132]
Eucalyptus Conical spouted 500 18 75 6 [133]
Rice husk Conical spouted 450 26 70 4 [134]
Pine chips Fixed bed 500 31 15 18 [135]
Softwood Auger 500 15 69 16 [132]

Olive stone Rotary kilns 500 26 38 55 [136]

7.6. Auger Reactor

Auger reactors are used to interchange biomass feedstock over an oxygen-free cylindrical tube.
In this reactor, vapour residence time could be altered by fluctuating the heated zone. Auger reactors
are getting more consideration from many mid-size industries. Challenges for the auger reactor include
stirring parts in the hot precinct and temperature transmission on a large scale [114,115]. Figure 9
shows the Auger pyrolysis reactor.

Figure 9. Auger pyrolysis reactor [96].

8. Current Status of Pyrolysis Technology

The deteriorating reserves of fossil fuels have posed a great threat and challenge to the quality of
life, the world economy, and the environment [137–139]. Biomass pyrolysis possibly will help reduce
CO2 and the world’s dependence on oil production [137,140,141]. These bio-oils have the potential to
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lower CO2 discharges; they are derived from plants which use CO2 for growing. An amalgamation
of technologies is required to assimilate reactor design and operational procedure to recover the
efficiency of biomass [142,143]. Fast pyrolysis systems process small elements to maximise bio-oil yield,
whereas low pyrolysis technologies use wood to produce char chunks [138,139,141]. The recognition
of the environmental matters are allied with the use of carbonisation technologies and the technical
difficulties of operating fast pyrolysis reactors. Intermediate pyrolysis reactors propose prospects
for the extensive balanced production of bio-oil and char [144,145]. Presently, the foremost interests
in pyrolysis technology are for CO2 mitigation, electricity generation from biomass, and energy
independence. The pyrolysis technologies can be considered as slow, intermediate, fast, and flash
pyrolysis [146–149] but, then again, the most frequently used systems, meanwhile, are the fast and slow
pyrolysis processes. Biochar is the key product of the slow pyrolysis, and transpires with moderate
temperature, longer residence time, and small heating system rate [150]. Dissimilarly, bio-oil is the key
product of fast pyrolysis which formed with a fast heating rate within short residence time [151,152].

Fast pyrolysis produces a higher quality and quantity of bio-oil than the slow pyrolysis [76,153].
It is expected that environmental and economic performance will increase the effectiveness of the
pyrolysis process. Various actions are needed to overcome the technical challenges, including
plummeting parasitic energy losses, improving pyrolysis reactor outlines, improving feedstock logistics,
and enhancing biomass heating rate [9]. Biomass feedstocks are most important to increase the
pyrolysis products on a large scale [154,155]. This can be attained by producing energy-condensed
products from biomass. Accumulation of metal and ash in reactor bed materials impedes pyrolysis
which can reduce bio-oil yields [156,157]. Controlling pyrolysis temperature and heating rate,
and using smaller particle sizes can reduce accumulation [158–160]. Recently, a study revealed
that an ablative reactor can convert entire wood chips and produce more energy [161,162]. To conclude,
cohesive pyrolysis systems that associate gasification or fast pyrolysis are one more important approach
for making pyrolysis commercially viable and improving environmental performance [163–167].
Table 7 shows the available pyrolysis plants worldwide.

Table 7. Current pyrolysis plants worldwide [9,168–174].

Reactor Technology Organisation/Location Capacity (kg/h) Desired Product

Fixed bed Bio-alternative, USA 2000 Char

Bubbling fluidised bed

THEE 500 Gas
Dyna Motive, Canada 400 Oil

BEST Energy, Australia 300 Oil
Wellman, UK 250 Oil

Union Fenosa, Spain 200 Oil
Zhejiang University, China 20 Oil

RTI, Canada 20 Oil
Waterloo University 3 Oil

Zhejiang University, China 3 Oil

Circulating fluidised bed

Red Arrow, WI; Ensyn 1700 Chemicals
Red Arrow, WI; Ensyn 1500 Chemicals

Ensyn Engineering 30 Oil
VTT, Finland, Ensyn 20 Oil

Rotating cone BTG, Netherlands 200 Oil
University Twente 10 Oil

Vacuum
Pyrovac, Canada 350 Oil
Laval University 30 Oil

Ablative
PYTEC, Germany 250 Oil

BBC, Canada 10–15 Char
PYTEC, Germany 15 Oil

Vortex Solar energy research Ins. 30 Oil

Another type
Fortum, Finland 350 Oil

University Zaragoza 100 Gas
Georgia Tech. Research Ins. 50 Oil
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9. Future Challenges

To gain the full potential of biomass pyrolysis technology, such as to enable improved
understanding and successful commercialisation, additional research and development are needed.
In addition, a couple of issues must be overcome, including the lack of markets for pyrolysis oils
and lack of biochar-derived products with well-defined performance characteristics. Also, it is
recommended to speed up the improvement and deployment of bio-oil refineries. The improvement of
flexible designs for pyrolysis units for producing higher yields of the product is a technical challenge.
This review clearly indicates that different pyrolysis technologies have different ranges of product
yields. Thus, the selection of pyrolysis technologies, feedstocks, and their operating parameters should
be based on the economic trade-offs. However, in addition to the fundamental challenges, a few more
important challenges for future biomass pyrolysis research are listed below:

• Understanding the proper working of pyrolysis reactors and processes
• Development of a new reactor that is cost-effective and highly efficient
• Development of catalysts for bio-oil upgrading
• Development of proper solar system reactors
• Post-pyrolysis processing to improve product bio-oil properties
• Understanding the limitations and potential for improvements of the quality of products obtained

by biomass pyrolysis
• Development of both fast pyrolysis and bio-oil upgrading, ensuring these are focused on

delivering useful and valuable products

For the full implementation of pyrolysis technology, more research is needed to determine designs
that will remove oxygen in the gas phase from pyrolysis oil. Pyrolysis technology has the potential
to be applied in a vast diversity of situations and, through this process, diversity of products can be
obtained. Hence, it is quite difficult to explore a sustainable design for all prospective applications.
In addition, balanced financial investments to create new knowledge, technology, and markets for the
purpose of building a united vision for the utilisation of pyrolysis technologies is crucial.

10. Conclusions

Biomass is a renewable source for the production of energy which is profusely obtainable globally.
The sustainable use of biomass energy can be a supplement for fossil fuels and nuclear energy. Biomass
consists of elements, such as carbon, hydrogen, oxygen, and nitrogen. Sulphur is present in smaller
proportions, and some types of biomass also contain significant portions of inorganic species. There
are several types of pyrolysis processes, namely slow, rapid, ultrafast, and flash pyrolysis which
can be used to convert the biomass, which depends upon the process used and also depends on
the temperature of the pyrolysis. The main products of the pyrolysis of biomass are bio-oil, biochar,
and syngas. The physical and chemical properties of these pyrolysis products depend on the quality
of biomass. The bio-oil product has a number of applications; it can be improved to be used as a
transport fuel or used as a chemical. Reactor designs are the primary target of researchers to achieve
a better-quality bio-oil. For example, fluidised bed reactors are used in many projects to maximise
the liquid product (bio-oil) produced, and several projects demonstrate their real ability to produce
good quality bio-oil. Auger reactors have the potential to be used in small-scale production. Bio-char
is considered as a promising addition to the soil. It can be concluded that the development of biomass
pyrolysis technology offers more sustainable products compared to the other available technologies.
Finally, in order to gain the full potential of biomass pyrolysis technology and address future challenges,
additional research and development are needed.
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Abstract: Co-combustion technology can be a gateway to sewage sludge valorization and net
CO2 reduction. In this study, combustion characteristics of sewage sludge, Australian black coal,
shiitake substrate, and their blends were analyzed via thermogravimetric analysis (TGA) coupled
with Fourier transform infrared spectroscopy. The ignition temperature, burnout temperature,
flammability index (C), and combustion characteristics index (S) of the fuels and their respective
blends were estimated. Kinetic parameters were also estimated using the Coats-Redfern method.
The results showed that the oxidation of the blends had two distinct stages. Synergistic effects existed
for all the blends, with negative ones occurring at temperatures between 300 and 500 ◦C and positive
ones during the char oxidation period. In the first oxidation stage, both C and S indexes increased with
sludge addition to the coal. However, they decreased with sludge addition in the final oxidation stage.
The catalytic effect of the sludge and the shiitake was pronounced in the final oxidation stage and it
resulted in a decrease of activation energy. As for the pollutant emissions, the results showed that NOx

and SO2 emissions decreased for 25 wt.% sludge addition to the coal. For the sludge-shiitake blends,
NOx and SO2 emissions decreased with increasing shiitake addition. The single-pellet combustion
results showed that ignition delay time reduced with increasing sludge/coal ratio but increased with
increasing sludge/shiitake ratio. The volatile combustion duration decreased with the addition of
sludge and total combustion time decreased sharply with increasing sludge ratio.

Keywords: co-combustion; sewage sludge; thermogravimetric analysis; Fourier transform infrared
spectroscopy; synergistic effect; single-pellet combustion

1. Introduction

Sewage sludge is a common by-product resulting from the treatment processes of industrial or
municipal wastewaters. Its global production has increased considerably in the past years. This increase
is expected to continue in the coming years as more and more people move to urban areas. In 2012,
around 2.37 million tons of sludge were produced in Taiwan [1]. If not properly disposed of, sewage
sludge can be a threat to the environment and human health because of the high presence of heavy
metals and pathogens [2,3].

Prior to disposal, sewage sludge is usually processed in order to reduce smell, the quantity of
organic solids, water content, and to eliminate some disease-causing bacteria. Therefore, at the wastewater
treatment plant, the sludge goes through different processes such stabilization, conditioning and
dewatering [4]. Traditionally, sewage sludge is disposed of through landfilling at sanitary sites and
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agricultural use (directly or indirectly). Currently, most of the sludge produced in Taiwan is disposed
of through landfilling [1]. In the future, with the scarcity of available land, stricter environmental
regulations, rising concerns regarding health and safety, and willingness to build and promote a
circular economy model, it is expected that these practices will change. Sewage sludge can also be
disposed of through incineration or thermally processed to recover its energy content.

Sewage sludge has been classified as biomass [5] due to its high calorific value and as
semi-biomass [6] in the literature. It is even sometimes compared to low-rank coals such as lignite
in terms of energy content [7,8]. However, sewage sludge differs from plant biomass in many aspects,
which might pose technical challenges to its combustion. Describing the combustion process of sewage
sludge is not an easy task due to the large heterogeneity in the physical and chemical properties.
Cui et al. [9] studied the combustion process of pelletized raw sewage sludge and found that,
as with biomass particle, sewage sludge combustion comprises different stages, such as drying,
devolatilization, volatiles combustion, and char combustion. Each stage of combustion may last
for a specific time depending on the fuel physical and chemical characteristics and some external
parameters, such as the combustor configuration, heat and mass transfer with the surroundings,
heating rate, and particle size [9,10]. At a relatively low heating rate and for a small particle, there is a
clear distinction between the stages. However, at higher heating rates and for larger particles, there is
a certain degree of overlap between the stages [11]. High inorganic matter contents in sludge might
pose some challenges to its combustion process. Slagging (alkali-induced or silica-melt induced),
ash accumulation in the furnace (fouling), corrosion, ash handling, heavy metals and emission levels
are potential major issues for sludge combustion.

From a waste minimization viewpoint, sewage sludge incineration has the advantage that sludge
with a wider range of water content may be used, and therefore requires less pretreatment. However,
for sludge energetic valorization, such a process can be energy-deficient as supplementary fuel
might be required to handle the wet sludge. Therefore, co-utilization of sludge with other fuels
may be more feasible from an energy perspective. Sludge co-combustion also offers some economic
advantages as there is no need to hire new experienced personnel and existing facilities and devices
for gaseous emissions control can be used; consequently, no additional investments are needed for a
new processing plant [12]. From an environmental viewpoint, co-combustion of sewage sludge and
coal can help reduce net CO2 emissions. Currently, sewage sludge is co-fired with coal in power plants,
with other biomass, with municipal solid waste in incinerators, and in clay brick manufacture and
cement kilns [13,14].

During co-combustion, dried sewage sludge replaces only a small fraction of the plant’s feedstock.
Werther and Ogada [4] reported that sludge should be milled and dried, leaving a water content of less
than 10%, when co-fired with bituminous coal in pulverized coal power stations. Otero et al. [15] stated
that dried sludge can be co-fired at a percentage of up to 50% with no major consequences regarding
gaseous emissions. Thermogravimetric analysis (TGA) is widely used in studies on the thermal
degradation of sludge co-combustion. Nimoya et al. [16] showed that sludge co-combustion with
coal has better performance than sludge mono-combustion. An investigation by Folgueras et al. [17]
using TGA of sewage sludge and bituminous coal blends revealed that blends with a sludge content
of 10% behave similarly to coal, whereas blends of 50% clearly show two combustion stages (a clear
volatile matter and more reactive structures stage and a second thermal decomposition stage of more
complex structures).

However, few studies have elaborated on sludge co-combustion with plant biomass.
Kijo-Kleczkowska et al. [18] studied the co-combustion of pelletized sewage sludge with coal
and biomass, and reported that adding sludge to biomass (willow Salix viminalix) increases the
fuel ignition temperatures, whereas increasing the sludge percentage in sludge-coal (lignite) blends
decreases the ignition temperature due to the presence of volatiles. It is expected that mixing low-grade
biomass with higher-quality biomass may reduce flame stability problems while minimizing corrosion
due to the deposition of ash, which contains low-melting-point salts.
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Although there are many studies on sludge co-combustion in the literature, further study is still
essential to research the co-combustion behavior and interaction due to the complicated composition
of sludge and the diversity of biomass species. Therefore, this study investigates sludge co-combustion
with coal and biomass by means of TGA and single-pellet combustion experiments. The selected
biomass is a mushroom growing substrate, which is one of the major agricultural wastes in Taiwan.
Subsequently, the kinetic parameters and the emission characteristics are also investigated using
the Coats-Redfern integral method and Fourier transform infrared spectroscopy (FTIR), respectively.
The existence of synergistic effects with addition of sludge to the blends is also taken into account.

2. Materials and Methodology

2.1. Sample Pretreatment

Original sewage sludge was obtained from a WWTP in Tainan City, Taiwan (R.O.C.). In the
as-received (ar) basis (Figure 1a), the sludge had a water content of more than 50%. Prior to composition
analysis, the sludge was sun-dried to reduce its moisture content; the process is shown in Figure 1b.
The final sun-dried sewage sludge is referred to as dried sewage sludge (DSS) and is considered as the
as-received sludge in this study.

 
Figure 1. Photographs of different fuels: (a) original sewage sludge; (b) sun-drying process; (c) shiitake
growing substrate.

Shiitake mushrooms, originally grown at high altitudes, are now widely grown throughout many
areas in Taiwan. They are commonly grown in cultivation bottles or plastic bags, called “space bags”
by farmers, filled with mushroom growing substrate (Figure 1c). Sawdust from the lumber industry
and most recently chopped dried rice straw chips are used as the mushroom growing substrate [19].
Each year in Taiwan, an estimated 29.6 million bags and 7.5 million bottles are emptied of substrate [20].
The majority is reused to grow other types of mushrooms and eventually become agricultural waste.
Shiitake substrate was obtained from a company that recycles agricultural waste. In this study, the term
shiitake is used interchangeably with shiitake substrate. As for the coal used in this study (Australian
black coal), it is a sub-bituminous coal and is often used for power generation in Taiwan. It was ground
and provided by the Industrial Technology Research Institute.

43



Energies 2018, 11, 3436

To ensure homogeneity of the fuels, all the samples were crushed and sieved to a particle size
of less than or equal to 96 μm (Mesh #160), and then dried in an oven at 103 ◦C for 10 h, in order
to minimize water content, before composition analysis. To study the co-combustion behavior of
sewage sludge mixed with coal and the shiitake substrate, two different blending ratios were defined;
a biomass blending ratio (BBR) and a sludge-shiitake ratio (SSR). The two ratios were varied from 0%
to 100% in increments of 25%. BBR = 0% represents the case of pure Australian black coal, SSR = 0%
represents the case of a pure shiitake substrate, and BBR = SSR = 100% represents the case of pure
sewage sludge. To prepare a mixture, a 10 g sample was prepared in a glass cylindrical container and
well stirred using spherical steel balls for each case.

2.2. Fuel Properties

The ultimate analysis and proximate analysis of the samples in their as-received (ar) basis
was determined through an elemental analyzer (Elementar vario EL III) and a thermal analyzer
(PerkinElmer STA 8000), respectively. The proximate was obtained in accordance with the ASTM
methods (ASTM D3302-12, ASTM D3175-11, ASTM D3174-11, and ASTM D7582-10e1) [21]. A bomb
calorimeter (Parr 6200 Isoperibol Calorimeter) was used according to standardized procedures to
estimate the gross calorific value of the samples and their blends. The proximate analysis results and
heating values of the oven-dried sewage sludge and shiitake were used to calculate the values on a
dry and ash-free (daf) basis.

2.3. Thermogravimetric Analysis

The weight loss history and exothermic phenomenon of the individual fuels and their blends in a
linearly heated environment were studied using a thermal analyzer (PerkinElmer STA 8000) which
was coupled with a differential scanning calorimetry (DSC) to measure the heat flow into or out of
the sample over time. For each experiment, a sample weighing of about 9–10 mg was placed in a
small crucible, and then put in a thermal analyzer to study its thermal degradation. The sample was
heated from 30 ◦C to 1000 ◦C at a heating rate of 20 ◦C·min−1. Air was used as a carrier gas at a
flow rate of 50 mL·min−1. Each experiment was repeated at least twice to ensure reproducibility.
The recorded weight loss, namely, the TG curve, of the samples and its first derivative (DTG) were
obtained using Pyris Manager software.

2.4. Synergistic Effect Analysis

In order to study whether there existed a coupling synergistic effect [22] between the samples,
the calculated weight curves of the mixtures were estimated as the sum of the TGA curves of
each individual sample. The calculated weight is denoted as Wcal, defined by the linear additive
rule expressed by Equations (1) and (2) for the sludge-coal mixture and the blend of sludge
and shiitake, respectively.

Wcal =
(

1 − γsludge

)
Wcoal + γsludgeWsludge (1)

Wcal =
(

1 − γsludge

)
Wshiitake + γsludgeWsludge (2)

where γsludge represents the weight proportion of sewage sludge in the mixture, and Wcoal, Wsludge,
and Wshiitake are the TG curves, at 20 ◦C·min−1, of Australian black coal, sewage sludge, and shiitake,
respectively. A positive synergistic effect may exist when the values of the experiment curves, Wexp,
are lower than that of Wcal in the temperature range of the experiment. Equation (3) expresses the
deviation between the experimental and the calculated curves, namely, ΔW, from which the degree of
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the synergistic effects was evaluated. Sadhukhan et al. [23] used the root mean square (RMS) values of
the deviation to measure whether synergistic effects existed.

ΔW = Wexp − Wcal (3)

2.5. Combustion Characteristics Parameters

The intersection method was used in this study to estimate the ignition temperature (Ti) from the
TGA results. For further readings regarding this method, one can refer to the studies of Lu et al. [24].
The burnout temperature (Tb) was estimated by the conversion method [24,25], where Tb is defined as
the temperature at which the conversion of the fuel reaches 99%.

Knowing both Ti and Tb, two combustion characteristic parameters, namely, the combustion
characteristics index (S) [25] and the flammability index (C) [26], were calculated. Typically, a fuel with a
larger value of S and C has an improved combustion performance and combustion stability, respectively.

2.6. Kinetic Parameters Analysis

Kinetic parameters, obtained using the Coats and Redfern integral method [27], were estimated
from the TGA results to further study the combustion characteristics of the samples. The fundamental
rate equation of a heterogeneous solid phase reaction can be described by the following equation:

dα

dt
= k(T) f (α) (4)

where α is the conversion degree, expressed as:

α =
Ws − W
Ws − We

(5)

The temperature dependence of k is expressed by the Arrhenius equation:

k(T) = Aexp
(
− E

RT

)
(6)

where A is the pre-exponential factor (min−1), E is the apparent activation energy (kJ·mol−1), T is the
reaction temperature (K), and R is the gas constant (8.314 × 10−3 kJ·mol−1·K−1). For non-isothermal
and heterogeneous solid phase reactions at a constant heating rate, the temperature increasing rate
could be described as β = dT/dt. Therefore, Equations (4) and (6) can be combined to become:

dα

dT
=

1
β

dα

dt
=

1
β

Aexp
(
− E

RT

)
f (α) (7)

The specific form of f (α) represents the hypothetical model of the reaction mechanism or
“model function”, and can be written as f (α) = (1 − α)n, in the form of an nth-order reaction. It is
assumed that the conversion function, f (α), depends on the rate of weight loss.

Integration of Equation (7) yields:
For n = 1

ln
[−ln(1 − α)

T2(1 − n)

]
= ln

[
AR
βE

(
1 − 2RT

E

)]
− E

RT
(8)

For n �= 1

ln

[
1 − (1 − α)1−n

T2(1 − n)

]
= ln

[
AR
βE

(
1 − 2RT

E

)]
− E

RT
(9)
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For the tested temperature ranges and most values of E, E
RT ≥ 1 and 1− 2RT

E ≈ 1. Thus, Equations (8)
and (9) can be further simplified as:

ln
[−ln(1 − α)

T2(1 − n)

]
= ln

(
AR
βE

)
− E

RT
; (n = 1) (10)

ln

[
1 − (1 − α)1−n

T2(1 − n)

]
= ln

(
AR
βE

)
− E

RT
; (n �= 1) (11)

The activation energy (E) and the pre-exponential factor (A) can be obtained from the slope,
−E/R, and the intercept of the regression line, respectively, by plotting ln

[−ln(1−α)
T2(1−n)

]
versus 1/T and

ln
[

1−(1−α)1−n

T2(1−n)

]
versus 1/T. E and A can be used to evaluate the difficulty and intensity of combustion

reactions of the fuels, respectively. Different regression lines are plotted for different values of reaction
order (n = 0.3, 0.6, 0.9, 1, 1.2, 1.5, 2, and 3). The best fitting ones are used to estimate the activation
energy and the pre-exponential factor.

2.7. Fourier Transform Infrared Spectroscopy

Evolved gas products in the TGA experiments were analyzed using a Fourier transform infrared
spectrometer (PerkinElmer Spectrum Two FT-IR). To prevent the condensation of less-volatile products,
the gas cell and the transfer line were both heated at 280 ◦C. The FTIR spectra were obtained in
the scanning range of 4000 to 600 cm−1, in terms of wavenumber. The resolution and number of
accumulations were set to 1 cm−1 and 1, respectively. FTIR spectra of the gaseous products were
collected continuously. The evolved gas products were obtained and analyzed using the software
Spectrum TimeBase. In the study, the studied gases (CH4, CO, CO2, NOx, SO2) and their wavenumber
intervals are listed in Table 1 [28–33]. Finally, the yields of gaseous products are an important indicator
to understand the evolved gas from the combustion experiments. Because absorbance varies with
species concentration during FTIR quantitative analysis, a normalized value of the gas yield was
calculated for better comparison purpose. The gas yield was defined as the ratio of the integral values
under the evolution curves of the different gaseous products and the sample initial weight; and is
expressed as follow [34]:

Gas yield =
integral value of gaseous product

initial sample weight
(12)

Table 1. Wavenumber intervals of different gaseous species.

Gas Species Wavenumber Range (cm−1) Functional Groups Ref.

CH4 3000–2700 C-H [28]
CO2 2400–2240 C=O [29–31]
CO 2240–2060 C-O [29–31]

NOx 1795–1520 -NO2 and -NO [32,33]
SO2 1374–1342 S=O [29,33]

2.8. Single-Pellet Combustion

A dry pressing die set with a diameter of 12.7 mm was used to make the pellets. About 1 g of
the sample powder was poured into a steel sleeve and compacted, using a load of about two tons on
the pushing rod, with a hydraulic press. This technique was used to make the pure fuels and their
respective blended pellets prior to the single-pellet combustion experiments.

Detailed measurement of the behavior of individual pellets of the different fuels might be useful
for improving of the modeling and design of a boiler plant. In order to understand the combustion
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behavior of different biomass blends and to simulate real furnace conditions, each pellet was burned
in a single-pellet free-drop furnace. Figure 2 shows a diagram of the single-pellet combustion system.
Two electrically heated plates, controlled by a proportional-integral-derivative controller, provide heat
to the furnace and a K-type thermocouple that sends feedback temperature measurements to
the controller. Three temperatures (600, 700, and 800 ◦C) were used in this study. Air was used as the
carrier gas for all experiments and the flow was controlled by an electronic flowmeter at 3.5 SLPM.
Before entering the combustion chamber, the carrier gas was heated by a preheater. In the experiment,
the pellet was dropped through the transmission tube toward the stainless mesh platform, which was
connected to a quartz holder. Real-time weight measurements (one data point per second) of the
pellet were recorded using an electronic scale with 0.001 g precision. A Sony FDR-AX100 4K camera
(30 fps) was used to record video of the pellet combustion process through the observation window.
Post-analysis of the video was performed using standard software that allows frame-by-frame viewing.

Figure 2. Single-pellet combustion system.

The moment when the scale showed the approximate recorded measurement after the pellet
fell on the platform was taken as t = 0 s for the weight measurement data. The ignition delay time
(tid) was estimated from an analysis of recorded images. tid is the time that it takes for the pellet
to ignite after falling into the hot environment. Generally, volatile matter, flammability of volatiles,
and transport from the particle determine how ignition of a particle occurs, either homogeneously
(gas phase ignition) or heterogeneously. Homogeneous ignition is considered in this study for
determining tid. The first frame showing a glowing flame of the burning volatiles is defined as
the moment of ignition. According to adiabatic thermal explosion theory, the homogeneous ignition
delay time can be estimated as [35]:

tid =

cv,g

(
T2

0
Ta

)

qcYF,0Bexp
(−Ta

T0

) (13)

where cv,g is the specific heat of the background gas (constant volume), T0 is the initial temperature of
the local volatiles and oxidizer mixture, qc is the heat released by combustion per mass of volatiles,
YF,0 is the initial mass fraction of the volatiles and Bexp(−Ta/T0) is the reactivity of the mixture
of volatiles and oxidizer. The released volatiles act like a shield, preventing O2 from diffusing to
the sludge particle surface. They ignite and burn in gas phase. After the pellet bursts into flame,
the volatiles released are burned homogeneously until extinction. This length of time is demarcated as
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the volatile combustion duration tf in this study. Then, the char keeps burning heterogeneously until
the sample weight does not change. Finally, the end of the single-pellet combustion, namely ttot was
defined as the time when the measured weight showed no change in a period of 60 s. Each experiment
was repeated five times. The average value of the parameters was calculated and reported in this study.

3. Results and Discussion

3.1. Fuel Properties

The ultimate analysis and the proximate analysis results of the samples used in this study are
shown in Table 2. The ultimate analysis results of the fuels in their “ar” basis show that sewage sludge
was 28.4 wt.% carbon, 5.29 wt.% hydrogen, and 25.58 wt.% oxygen. Compared to Australian coal
(73.1 wt.% carbon) and shiitake (40.49 wt.% carbon), sewage sludge has the lowest carbon content.
The oxygen content of Australian black coal and shiitake is 5.27 wt.% and 29.03 wt.%, respectively.
The results also show that the nitrogen content, 4.65 wt.%, and the sulfur content, 2.66 wt.%, are the
highest for sewage sludge. Consequently, the combustion of sludge should receive attention with
respect to some pollution and corrosion issues.

Table 2. Ultimate analysis and proximate analysis of sewage sludge, shiitake, and Australian coal.

Sample
Ultimate Analysis (wt.%)

C H O N S

DSSar 28.40 5.29 25.58 4.65 2.66
Shiitakear 40.49 5.95 29.03 3.23 0.38

Australian coal 73.10 4.30 5.27 1.65 0.48

Sample
Proximate Analysis (wt.%) HHV

(MJ·kg−1)
M VM ASH FC *

DSSar 8.07 48.90 39.61 3.42 11.37
DSSdaf - 91.50 - 8.50 21.67

Shiitakear 13.28 69.05 13.52 4.15 15.48
Shiitakedaf - 92.83 - 7.17 21.66

Australian coal 1.96 30.77 17.18 50.09 26.10

* Calculated from the difference. ar: as-received basis. daf: dry and ash-free basis.

From the proximate analysis results of the samples, the sun-dried sewage sludge (DSS) was
8.07 wt.% moisture, 48.9 wt.% volatile matter, 39.61 wt.% ash, and 3.42 wt.% fixed carbon. However,
drying the sludge and estimating its proximate analysis on an ash-free basis yields 91.5 wt.% and
8.5 wt.% for volatile matter and fixed carbon content, respectively. Shiitake and Australian black
coal’s volatile matter content on an as-received basis is 69.05 wt.% and 30.77 wt.%, respectively.
The fixed carbon content of the shiitake substrate and Australian black coal is 4.15 wt.% and 50.09 wt.%,
respectively. The amount of volatiles strongly influences the thermal decomposition and combustion
behavior of solid fuels, while the amount of fixed carbon influences the char oxidation process.
Australian black coal has the lowest moisture and ash content of the samples; with sewage sludge
ash content, 39.61 wt.%, being the highest because of its high inorganic content.

The measured heating value of the individual fuels are also shown in Table 2. Sewage sludge,
with a heating value of 11.37 MJ·kg−1, has the lowest HHV of the studied fuels. Such low HHV
is perhaps due to the fact that sewage sludge has high inorganic matter and low carbon content.
However, taken on an ash-free basis, its HHV increased to 21.67 MJ·kg−1, similar to that of shiitake,
21.66 MJ·kg−1. The HHV of Australian black coal is 26.1 MJ·kg−1. The heating value of the sewage
sludge and the shiitake is almost 80% of that of Australian black coal.
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3.2. Thermogravimetric Analysis

The combustion profile of sewage sludge is shown in Figure 3. Sludge oxidation occurred in
three stages. A dehydration stage, where moisture in the fuel is released, and a combustion stage that
can be divided into main and final oxidation stages. The main oxidation stage is referred to as stage 1
in this study, and has a temperature range of 192.60 to 370.78 ◦C. It might be attributed to the reaction
of air with the volatiles and some reactive structures in the sludge. During this stage, the volatiles
released did not burn intensely, as shown by the heat flow curve. The maximum oxidation rate in this
stage occurs at 286.61 ◦C. The weight loss during stage 1 is about 24.89 wt.%. The final oxidation stage,
stage 2, started at about 370.78 ◦C, and showed a total weight loss of 25.86 wt.% at 800 ◦C. It might
be attributed to the reaction of air with the heavier components or more complex structures and
char oxidation. The maximum oxidation rate occurs at 481.55 ◦C. Stage 2 is associated with intense
heat release, as shown by the DSC curve. Comparing the weight loss rates of the two stages, it is found
that the burning rate (−4.80 wt.%·min−1) of stage 1 was faster than that of stage 2 (−3.93 wt.%·min−1),
which is due to the high porosity [4] and high surface area [29] of the sludge.

 
Figure 3. Thermogravimetric analysis results of sewage sludge under combustion condition.

The TGA results of Australian black coal are shown in Figure 4, and display a typical combustion
profile of sub-bituminous coal with one-stage thermal decomposition, as shown by the DTG curve.
The peak (−6.33 wt.%·min−1) of the burning rate was at 580.73 ◦C and corresponded to intense
heat release, as shown by the DSC curve. This stage is referred to as stage 2 in this study, and it is the
result of the devolatilization process as well as char oxidation of the coal. The total weight loss of the
oxidation stage at 800 ◦C is approximately 80.24 wt.%.

Shiitake oxidation occurred in two stages, as shown in Figure 5. Stage 1 showed one peak between
200 and 407 ◦C with a maximum value of −14.86 wt.%·min−1 at 317.54 ◦C. This peak can be attributed
to the release and oxidation of the holocellulose (hemicellulose + cellulose) and a small amount of the
lignin in the substrate, showing a total weight loss of about 51.77 wt.%. Further decomposition of the
lignin and char oxidation occurred in the final oxidation stage, which showed a burning rate peak,
at 439.13 ◦C, of −6.48 wt.%·min−1. The total weight observed in the final oxidation stages at 800 ◦C is
27.89 wt.%. At higher temperatures (620–720 ◦C), a small weight loss can be observed. As this was
not associated with any significant heat release, it is not considered as a stage itself and therefore is
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included in stage 2. It might be related to an intrinsic characteristic of the substrate, which is beyond
the scope of this study.

 
Figure 4. Thermogravimetric analysis results of Australian black coal under combustion condition.

 
Figure 5. Thermogravimetric analysis results of shiitake substrate under combustion condition.

3.3. Synergistic Effect Analysis

The prediction of the TG curves in Figures 6 and 7 for the blends using Equations (1) and (2)
revealed that they are non-additive and therefore might show some synergistic effects. A comparison
of the weight loss from the experimental TGA curves for various BBRs to that calculated from the linear
additive rule is shown in Figure 8 for the sludge-coal blends. The figure shows the various trends
of Wexp and Wcal for the different blends for β = 20 ◦C·min−1. For the BBR = 25% blend, the residual
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values of the experimental curve were lower than those of the calculated curve between 600 and 800 ◦C.
This suggests that a positive synergistic effect may exist between coal and sludge for this blend in this
temperature range. A similar tendency can be seen in Figure 9 for all sludge-shiitake blends at higher
temperatures. In contrast, the residual values of the experimental curve for BBR = 50% and 75% were
greater than the calculated values, implying negative synergy.

Figure 6. Synergistic effect for various sludge-coal ratios.

Figure 7. Synergistic effect for various sludge-shiitake ratios.
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Figure 8. Degree of synergistic effect for various sludge-coal ratios.

 
Figure 9. Degree of synergistic effect for various sludge-shiitake ratios.

Plots of the deviation between the experimental and calculated curves are shown in Figures 8
and 9. Those two figures clearly show that synergistic effects exist in the blends to a certain extent.
For the BBR blends, positive synergy occurred during char oxidation. The catalytic effects of the sludge
char might promote reactions at high temperature. However, at low temperature, the large quantity of
released volatiles from the sludge may hinder the release of volatiles from the coal, which explains
the negative synergistic effect. For the SSR blends, the addition of shiitake to the blends promoted
reactions in the blend at both high and low temperatures. For all the blends, negative or low synergistic
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effects existed for temperatures between 300 and 500 ◦C. The values of the root mean square (RMS) of
ΔW were all between 1.06 and 1.57 for the blends, higher than those used to measure synergistic effects
and reported in previous studies [23,30], indicating that there were synergistic effects in the blends.

3.4. Combustion Characteristics Parameters

The combustion characteristics for the sludge-coal blends are shown in Table 3. Sludge high
porosity and high surface area can explain why its devolatilization started at a lower temperature
compared to the other fuels, and this led to a decrease in the ignition temperature with sludge addition
to the blends in stage 1. Increasing sludge content in the blends resulted in an increase in burnout
temperature in stage 1. Sewage sludge having higher devolatilization rate than Australian coal can
explain why both the maximum and mean burning rates increased for the blends in the main oxidation
stage (stage 1) with increasing sludge ratio, which also explained the increase in the values calculated
for both the flammability index and the combustion characteristics index. The highest values for C
and S in stage 1 for the blend were observed for BBR = 75% (C1 = 5.72 × 10−5 and S1 = 3.91 × 10−7,
respectively). Sludge, having less material in the final decomposition stage (stage 2), showed the
lowest maximum and mean burning rate values, and thus had the lowest values for both indexes.
Positive synergistic effects in the blends decreased their burnout temperature. Although Tb2 decreased
with sludge addition to the blends, the flammability index and combustion characteristics index values
decreased due to the decrease of the maximum and mean burning rates. The lowest values for both
indexes in stage 2 were observed for BBR = 75%, and they are C2 = 2.15 × 10−5 and S2 = 1.01 × 10−7,
respectively. On the other hand, sludge addition to the blends resulted in an increase in the ignition
temperature, up to BBR = 50%, which then decreased with further sludge addition in stage 2.

The combustion characteristics for the sludge-shiitake blends are also shown in Table 3. As
shown, the ignition and burnout temperatures of the blends both increased with shiitake addition
in stage 1. The results also show that the flammability index and combustion characteristics index
of the shiitake substrate have the highest values among SSRs for the main oxidation stage, namely,
C1 = 19.30 × 10−5 and S1 = 33.56 × 10−7, respectively. The Shiitake high devolatilization rate may
explain why both the maximum and mean burning rates of the blends in the main decomposition
stage were higher for the blends with lower sludge ratio. As a result, both the flammability index and
the combustion characteristics index in stage 1 decreased with increasing sludge ratio in the blends.
C and S values increased from C1 = 9.12 × 10−5 and S1 = 10.39 × 10−7 for SSR = 25% to C1 = 14.61
× 10−5 and S1 = 19.42 × 10−7 for SSR = 75%. In the final oxidation stage (stage 2), the flammability
index and the combustion characteristics index values of shitake are C2 = 3.56 × 10−5 and S2 = 0.96 ×
10−7, respectively. A 25 wt.% addition of shiitake to the blend (SSR = 75%) increased both indexes of
pure sludge, resulting from increases in the values of the maximum and mean burning rates of the
blend. The values of C and S both decreased for SSR = 50%, with further shiitake addition, due to
the synergistic effects between shiitake and sludge at higher temperatures. The highest value for the
flammability index of the blends, C2 = 2.29 × 10−5, was found for SSR = 25%. The highest values for
the combustion characteristics index, S2 = 0.66 × 10−7, was found for SSR = 75%.
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3.5. Kinetic Parameters Analysis

According to the fitting results of linear regression using various kinetic mechanism equations,
reaction orders of 1.2 and 1.5 were found to be the best model functions for stage 1 and stage 2,
respectively; with corresponding correlation coefficients ranging from 0.950 to 0.994. The results of the
calculated activation energy and frequency factor are shown in Table 4. As shown, the calculated E and
A for stage 1 of sewage sludge are 80.42 kJ·mol−1 and 6.18 × 1012 s−1, respectively. Those for shiitake
are 97.07 kJ·mol−1 and 1.46 × 1014 s−1, respectively. This shows that more energy is needed for the
combustion of the volatiles in the shiitake substrate during stage 1. The kinetic parameters of the
blends are non-additive, and therefore their values could not be predicted. BBR = 25% could be divided
into two oxidation stages, and the calculated activation energy and frequency factor for stage 1 are
85.68 kJ·mol−1 and 2.80 × 1012·s−1, respectively. The addition of 50 wt.% sludge resulted in a decrease
of both parameters due to the catalytic effect of sludge addition to the blend. Further sludge addition
to the blend resulted in increases in both the activation energy and the frequency factor. This might be
due to the occurrence of secondary reactions in the main oxidation stage. The activation energy and the
pre-exponential factor are E1 = 80.90 kJ·mol−1 and A1 = 3.83 × 1012 s−1, respectively, for BBR = 75%.
For the sludge-shiitake blends, increases in both the activation energy and the frequency factor were
observed in stage 1 with shiitake addition to the blends, except when 50 wt.% shiitake was added to
the sludge, as shown in Table 4.

Table 4. Kinetic parameters for various sludge-coal ratios and sludge-shiitake ratios calculated using
Coats-Redfern method (BBR = SSR = 100%: pure sludge).

BBR % Temperature Range (◦C) E (kJ·mol−1) A (s−1) N R2

0
- - - - -

278–730 105.74 1.06 × 1013 1.20 0.971

25
210–308 85.68 2.80 × 1012 1.50 0.991
309–714 59.27 4.93 × 109 1.20 0.994

50
203–359 75.18 4.83 × 1011 1.50 0.969
360–692 54.70 3.48 × 109 1.20 0.993

75
202–369 80.90 3.83 × 1012 1.50 0.950
370–673 70.89 1.66 × 1011 1.20 0.964

100
200–370 80.42 6.18 × 1012 1.50 0.960
371–624 64.89 1.07 × 1011 1.20 0.981

SSR % Temperature Range (◦C) E (kJ·mol−1) A (s−1) N R2

0
206–408 97.07 1.46 × 1014 1.50 0.972
408–579 62.93 8.23 × 1010 1.20 0.989

25
206–432 87.00 1.55 × 1013 1.50 0.956
432–562 75.30 5.97 × 1011 1.20 0.980

50
200–417 79.25 2.98 × 1012 1.50 0.977
417–632 61.80 4.38 × 1010 1.20 0.983

75
194–382 84.33 1.25 × 1013 1.50 0.982
383–648 61.83 6.05 × 1010 1.20 0.994

100
200–370 80.42 6.18 × 1012 1.50 0.960
371–624 64.89 1.07 × 1011 1.20 0.981

A comparison of the activation energy values of the individual fuels in the final oxidation
stage shows that Australian black coal has the highest value for E (105.74 kJ·mol−1), as expected.
The values for sludge and shiitake are 64.89 and 62.93 kJ·mol−1, respectively. The catalytic effect of
sludge addition to the blends was also noticed in the final oxidation stage. The activation energy
and the pre-exponential factor both decreased with sludge addition, except for BBR = 75%, due to
the occurrence of secondary reactions. The inorganic materials in the sludge catalytically promoted
char formation and tar-cracking reactions in the sludge-coal blends, and the lignin in the substrate
produced the same effect to the sludge-shiitake blends, which is shown by a decrease in the calculated
E values for the sludge-shiitake blends. A previous study found that the presence of alkaline salts in
biomass may lower the apparent activation energy of thermal reactions and promote the formation of
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char [36]. However, the opposite effect was observed with further addition of sludge and shiitake to
the sludge-coal and sludge-shitake blends, respectively, due to further reactions between the heavier
and complex compounds in the fuels.

3.6. Fourier Transform Infrared Spectroscopy

Figure 10 shows the CH4 emission profiles for the sludge, the Australian black coal and
their blends. The curve for sewage sludge shows two peaks, one at 280 ◦C and the other one at
474 ◦C, corresponding to two burning regions involving volatiles and fixed carbon. The release of
CH4 during the final decomposition stage was much lower than that in the main decomposition stage.
The release of CH4 in stage 1 is due to the primary pyrolysis of the volatiles and the cellulose in
the sludge. A significant amount of the cellulose is converted into tar during the primary pyrolysis,
and then some residual parts of the tar are converted into gases during the secondary reaction,
which explains the occurrence of the second peak. The Australian coal, having low amount of volatile
and one thermal decomposition stage, has one main peak around 471 ◦C. Adding sludge to the blends
increased the amount of CH4 released in the main decomposition stage, but decreased that of stage 2.
The peaks for 25 wt.% sludge appeared to be the lowest. This was confirmed by taking the integral
area under the curves and evaluating the gas yield using Equation (13). The results are shown in
Table 5. They reveal that BBR = 25% yielded the lowest amount of CH4. Figure 10 also shows the
CH4 emission profiles for the sludge-shiitake blends. Shiitake, having higher volatile and fixed carbon
content than that of sludge, released a higher amount of CH4 in both the main and final decomposition
stages compared to that released by sludge. Adding shiitake to the blends reduced both peaks to
approximately the same absorbance range, with SSR = 50% having the lowest peak for both stages.
As shown in Table 5, adding sludge to the blends increased the amount of CH4 emitted, and SSR = 25%
showed the lowest methane emission.

The CO emission profiles for the individual fuels and their blends are shown in Figure 11. Only
one absorption peak was observed for coal and the sludge-coal blends. In contrast, all profiles of
the sludge-shiitake blends showed two peaks, in the temperature ranges of 275–400 ◦C and 425–575
◦C, respectively. The first CO peak for sludge was observed at about 341 ◦C and the second one was
observed at about 495 ◦C. The CO generation of stage 1 and stage 2 was attributed to the decomposition
of the volatiles and decarbonylation reaction, respectively. Adding sludge to the blends reduced the
absorption value of their peak, which is consistent with the results in Table 5. BBR = 75% yielded
the lowest value (0.078). However, adding shiitake to the sludge-shiitake blends increased the CO
emission in stage 1, which was compensated with a reduction in CO in stage 2. Overall, CO emission
of the blends decreased with shiitake addition to the blends, with SSR = 25% having the lowest gas
yield value (0.049).

Figure 10. Evolution of CH4 for various sludge-coal and sludge-shiitake ratios in TGA-FTIR.

56



Energies 2018, 11, 3436

Table 5. Evolved gas production rates of different sludge-coal ratios (BBR) and sludge-shiitake ratios
(SSR) (BBR = SSR = 100%: pure sludge).

BBR % CH4 CO CO2 NOx SO2

0% 0.010 0.186 5.035 0.275 0.180
25% 0.009 0.146 4.114 0.228 0.150
50% 0.010 0.124 3.757 0.271 0.180
75% 0.013 0.078 2.324 0.268 0.180

100% 0.017 0.052 2.042 0.337 0.227

SSR % CH4 CO CO2 NOx SO2

0% 0.023 0.060 3.492 0.259 0.166
25% 0.018 0.049 2.466 0.203 0.131
50% 0.019 0.055 2.598 0.240 0.152
75% 0.021 0.061 2.639 0.296 0.195

100% 0.017 0.052 2.042 0.337 0.227

 
Figure 11. Evolution of CO for various sludge-coal and sludge-shiitake ratios in TGA-FTIR.

Figure 12 shows the CO2 emission profiles of the respective fuels and their blends. All profiles
displayed only one peak. The peak of the sludge-coal blends occurred at higher temperature,
425–700 ◦C, compared to that of the sludge-shiitake blends, which was observed between 300–600 ◦C.
As shown in Figure 12, sludge addition to the blends decreased the amount of CO2 emitted. BBR = 75%
showed the lowest value of the yielded CO2 of the blends, as shown in Table 5. In contrast, an addition
of 25 wt.% shiitake to sludge led to an increase of about 30% for CO2 emissions, as shown in Table 5.
However, CO2 emission decreased with further shiitake addition to the blends.

NOx formation during fuel combustion arises from three possible routes, thermal-NOx,
prompt-NOx and fuel-NOx [35]. Generally, thermal-NOx is generated from thermal oxidation of
nitrogen at high temperature (>1500 ◦C). Although its emission increases with increasing oxygen
concentration and combustion temperature, its role is negligible at temperatures below 1500 ◦C,
as is the case in this study. The formation of prompt-NOx is more complex, involving CH radical
intermediates that react with the nitrogen in air to form HCN, which further reacts to generate NO.
The fuel-NOx formation mechanism is even more complicated. It is formed from the nitrogen content
in the fuel via two routes: (1) by homogeneous reactions of the nitrogenous compounds of the volatiles
and (2) via heterogeneous reactions of the nitrogen components bound to the char. For the experiments
conditions in this study, most of the NOx came from fuel-NOx. Figure 13 shows the NOx emission
profiles of the individual fuels and their blends, showing one peak between 250 ◦C and 375 ◦C,
which indicates significant NO emission produced by the volatile-N oxidation, for all the blends.
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Sewage sludge, having the highest nitrogen content yielded the highest NOx of the fuels. The yielded
values of NOx emission in Table 5 are all lower than that of pure coal, with NOx emissions of BBR = 25%
being the lowest. A similar observation was made for the yielded NOx values for the sludge-shiitake
blends in Table 5, with a decrease in NOx emissions found with increasing shiitake ratio. The oxides in
the char/ash play an active role in NOx reduction. Lower oxygen concentration in the oxidizer was
beneficial for reducing NOx. As the volatiles in the blends increased, their combustion consumed the
oxygen near the char particles, and therefore decreased the oxygen concentration around the char.

 
Figure 12. Evolution of CO2 for various sludge-coal and sludge-shiitake ratios in TGA-FTIR.

 
Figure 13. Evolution of NOx for various sludge-coal and sludge-shiitake ratios in TGA-FTIR.

Figure 14 shows the SO2 emission profiles for the individual fuels and their blends. As shown,
all curves have smooth peaks, except the shiitake one. SO2 generation was closely related to the
sulfur content in the fuels, as shown by the results of Table 5. Sewage sludge, having the highest
sludge content, showed the highest values of yielded SO2. An addition of 25 wt.% sludge to the
sludge-coal blends reduced the amount of yielded SO2. An increase of SO2 emission was observed
with sludge further addition. The alkali and alkaline earth metal oxides in the sludge might act
as a desulfurizing catalyst for such blends. However, further sludge addition of sludge increased
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the amount of yielded SO2. For the sludge-shiitake blends, increasing the shiitake ratio decreased
SO2 emissions.

 
Figure 14. Evolution of SO2 for various sludge-coal and sludge-shiitake ratios in TGA-FTIR.

In summary, BBR = 25% showed the lowest CH4, NOx and SO2 emissions. The values of emitted
CO and CO2 decreased with addition of sludge to the blends. NOx and SO2 emissions both decreased
with shiitake addition to the sludge-shiitake blends. An addition of 25 wt.% shiitake to the sludge
increased the amount of CH4, CO and CO2. However, further shiitake addition decreased their
respective yields.

3.7. Single-Pellet Combustion

The combustion process of a pure sludge pellet and the way used to demarcate some of the
parameters are shown in Figure 15 for ambient temperatures of 700 ◦C. They show the volatiles,
from the pellet, burning in the gas phase after the pellet fell into the hot environment before
extinguishing. Then, char oxidation occurs homogeneously until burnout. The results of the studied
parameters for the blends, i.e., ignition delay time (tid), volatile combustion duration (tf), and total
combustion time (ttot) for the single-pellet combustion experiments at 600 ◦C, 700 ◦C and 800 ◦C are
shown in Tables 6 and 7. The weight loss history and its first derivative for pure sewage sludge pellet at
700 ◦C are presented in Figure 16 for illustration. Different temperatures have similar trends. An abrupt
change in the pellet weight could be noticed during the devolatilization and volatiles combustion stage,
whereas char combustion occurred at an almost constant weight loss rate until burnout.

Figure 15. Graphic of stages in pure sewage sludge pellet combustion process.
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Table 6. Single-pellet combustion characterization for various sludge-coal ratios (BBR = SSR = 100%:
pure sludge).

BBR %
Single Pellet Combustion Characterization at 600 ◦C

HHV (MJ·kg−1)
tid (s) tf (s) ttot (s) Ash (wt.%)

0 Indistinct Indistinct 1611 ± 44.69 19.63 ± 0.87 26.10 ± 0.05
25 Indistinct Indistinct 1371.80 ± 38.71 24.01 ± 0.79 22.48 ± 0.06
50 Indistinct Indistinct 1174.20 ± 41.67 30.53 ± 0.19 18.64 ± 0.18
75 Indistinct Indistinct 904.50 ± 27.93 36.46 ± 0.32 15.17 ± 0.03
100 26.27 ± 4.82 73.92 ± 2.07 615.6 ± 39.60 41.86 ± 0.82 11.91 ± 0.05

BBR %
Single Pellet Combustion Characterization at 700 ◦C

HHV (MJ·kg−1)
tid (s) tf (s) ttot (s) Ash (wt.%)

0 9.04 ± 0.66 75.94 ± 1.83 1634.80 ± 41.89 18.23 ± 1.22 26.10 ± 0.05
25 7.22 ± 0.49 83.89 ± 2.38 1517.40 ± 100.34 23.94 ± 0.23 22.48 ± 0.06
50 6.71 ± 0.28 82.23 ± 0.10 1179.80 ± 82.01 30.19 ± 0.58 18.64 ± 0.18
75 7.14 ± 0.42 80.62 ± 2.06 894 ± 22.77 34.96 ± 0.94 15.17 ± 0.03
100 7.60 ± 0.39 69.03 ± 0.48 519.40 ± 19.70 41.76 ± 1.14 11.91 ± 0.05

BBR %
Single Pellet Combustion Characterization at 800 ◦C

HHV (MJ·kg−1)
tid (s) tf (s) ttot (s) Ash (wt.%)

0 3.67 ± 0.32 73.30 ± 1.20 1534.60 ± 29.12 17.58 ± 0.51 26.10 ± 0.05
25 2.75 ± 0.21 76.88 ± 1.59 1223.40 ± 36.59 23.28 ± 0.46 22.48 ± 0.06
50 2.47 ± 0.18 75.88 ± 0.96 1031.80 ± 27.68 29.12 ± 1.08 18.64 ± 0.18
75 3.04 ± 0.19 68.47 ± 0.54 783.60 ± 41.21 34.39 ± 0.44 15.17 ± 0.03
100 3.47 ± 0.07 61.49 ± 2.09 458 ± 21.62 40.90 ± 1.15 11.91 ± 0.05

Table 7. Single-pellet combustion characterization for various sludge-shiitake ratios.

SSR %
Single Pellet Combustion Characterization at 600 ◦C

HHV (MJ·kg−1)
tid (s) tf (s) ttot (s) Ash (wt.%)

0 19.52 ± 3.61 86.89 ± 3.01 689.6 ± 12.92 13.43 ± 1.06 16.65 ± 0.06
25 27.10 ± 0.96 77.64 ± 0.65 646.40 ± 19.74 22.95 ± 0.49 15.20 ± 0.01
50 34.94 ± 0.51 68.53 ± 1.00 618.40 ± 22.42 29.82 ± 0.63 14.03 ± 0.06
75 33.47 ± 6.22 67.12 ± 5.53 597.40 ± 29.21 37.40 ± 0.28 12.69 ± 0.02
100 26.27 ± 4.82 73.92 ± 2.07 615.6 ± 39.60 41.86 ± 0.82 11.91 ± 0.05

SSR %
Single Pellet Combustion Characterization at 700 ◦C

HHV (MJ·kg−1)
tid (s) tf (s) tid (s) Ash (wt.%)

0 5.36 ± 0.59 84.91 ± 1.65 602.20 ± 21.01 13.70 ± 0.61 16.65 ± 0.06
25 5.48 ± 0.44 79.88 ± 2.43 599.40 ± 33.28 22 ± 0.43 15.20 ± 0.01
50 6.69 ± 0.54 78.76 ± 1.06 578.20 ± 30.72 28.53 ± 1.08 14.03 ± 0.06
75 7.54 ± 0.51 73.72 ± 1.06 572.80 ±13.14 36.42 ± 1.10 12.69 ± 0.02
100 7.60 ± 0.39 69.03 ± 0.48 519.40 ± 19.70 41.76 ± 1.14 11.91 ± 0.05

SSR %
Single Pellet Combustion Characterization at 800 ◦C HHV (MJ·kg−1)

tf (s)tid (s) tf (s) ttot (s) tid (s)

0 2.16 ± 0.18 77.53 ± 1.20 0 2.16 ± 0.18 77.53 ± 1.20
25 2.27 ± 0.50 76.60 ± 1.21 25 2.27 ± 0.50 76.60 ± 1.21
50 3.00 ± 0.04 72.41 ± 0.07 50 3.00 ± 0.04 72.41 ± 0.07
75 3.03 ± 0.34 67.17 ± 1.25 75 3.03 ± 0.34 67.17 ± 1.25

100 3.47 ± 0.07 61.49 ± 2.03 100 3.47 ± 0.07 61.49 ± 2.03
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Figure 16. Weight loss history of pure sewage sludge pellet combustion process at 700 ◦C.

At 600 ◦C, the pure sludge pellets (BBR = 100%) took on average 26.27 s to ignite. No gas-phase
ignition occurred for pure coal pellets and sludge-coal blends pellets with BBR = 25–75%. This might be
because the volatiles released from Australian coal and the blends have an auto-ignition temperature
that is higher than 600 ◦C. As shown from the FTIR experiments, the hydrocarbons released from
the devolatilization process of the blends with BBR= 25–75% (peaks at 225–425 and 425–550 ◦C)
turned into CO at higher temperature (peak between 550–650 ◦C), which then oxidized. Methane and
carbon monoxide auto-ignition temperature was reported to be higher than 600 ◦C [37,38]. However,
in contrast to the sludge-coal pellets, all the sludge-shiitake pellets ignited at 600 ◦C. This is consistent
with the FTIR results, which shows that the hydrocarbons released from the devolatilization process of
the blends with SSR= 25–75% (peaks at 200–400 and 400–500 ◦C) turned into CO at lower temperature
(peaks between 250–475 and 475–575 ◦C) than those in sludge-coal blends, which then oxidized.

All the BBR pellets ignited in the gas phase at 700 ◦C. It took on average 7.60 s for the pellets
made of sewage sludge to ignite, and pure coal pellets ignited after 9.04 s. Sludge pellets, having more
volatiles content, took less time to ignite compared to pure coal ones; as predicted by Equation (15).
The ignition delay time decreased for BBR = 25% and 50%. The addition of sludge to the blends
increased their volatiles content, resulting in a decrease of their ignition delay time. The slight
increase in ignition delay time, might be due to the endothermic evaporation of moisture delayed
volatiles evolution. Adding more sludge to the blend might increase the required drying time. A similar
trend was observed at 800 ◦C. Higher volatile content of shiitake explains why pellets made of pure
shiitake took the lowest amount of time to ignite, as shown in Table 7. Adding shiitake to the blends
decreased their ignition delay time.

The combustion of volatiles, tf, is an important step in the combustion process of solid fuels, as the
maximum weight loss takes place in this stage. Although the sludge volatile content is higher than
that of coal, the pure coal pellet flame lasted longer than that of pure sludge pellets. A majority of
the volatiles in the sludge pellet vaporized before homogeneous gas phase combustion took place.
Adding 25 wt.% sludge to the blend increased the volatile combustion duration from 75.94 to 83.89 s
at 700 ◦C, which is due to the increased volatiles content of the blend. A decrease in the volatile
combustion duration was observed for blends with sludge content greater than or equal to 50 wt.%.
Pellets with a higher sludge ratio have more volatiles and, in theory, should have a longer volatile
combustion duration. However, conducting TGA experiments of sewage sludge under pyrolysis
conditions shows that volatiles in sludge escape at a higher rate in sludge than in coal. Therefore,
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the volatile combustion duration reduced for BBR = 50–75% pellets. Moreover, the pure sludge pellet
volatile flame lasted 69.03 s on average, the shortest time. On average, volatile combustion took about
13.36% of the total combustion time for the pure sludge pellets; for pure coal pellet, volatile combustion
took about 4.71% of the total combustion time at 700 and 800 ◦C. Single-pellet combustion experiments
conducted at 800 ◦C showed similar patterns to those observed at 700 ◦C. For the sludge-shiitake blends,
tf increased with shiitake addition to the blends. On average, volatile combustion took about 14.10% of
the total combustion time for the pure shiitake pellets, 13.29% for the pure sludge pellets, and 4.65%
for the pure coal pellets.

The total combustion (ttot) time for various BBR pellets is also shown in Table 6. As expected,
the total combustion time of the coal pellet was much greater than that of the sludge pellet. Since coal
has more fixed carbon content than does sewage sludge, its char oxidation takes longer than that of
sludge at the same ambient temperature, which explains why pure coal pellets had the longest total
combustion time. A linear decrease in the total combustion time was observed with the addition
of sludge to the blends, with the pure sludge pellets having the shortest total combustion time.
Char formed from sludge is more reactive than that of coal and possesses more pores and thus takes
less time to burnout. This explains why the addition of sewage sludge to the blends significantly
decreased their total combustion time for all ambient temperatures. As shown in Table 7, the char of
the shiitake pellets, having more fixed carbon, took more time to burnout than that of the sludge pellet.
A linear increase in the total combustion time was observed with shiitake addition to the blend, due to
the increase in fixed carbon content in the blends. Shiitake addition to the sludge can help with the
issues related to ash, such as de-ashing, ash transport, storage, and disposal. Shiitake addition to the
sludge may also minimize fouling, as the blend deposited ash might retain the low-melting-point salts
in sludge.

Sewage sludge, having higher inorganic content than coal, left on average more residues after
the pellet combustion experiments. About 41.50% of the initial weight of the sludge pellet was left
on the stainless mesh platform. The pure coal pellets left, on average, a residual weight of about
18.48%. As shown in Table 6, ash formed in the single-pellet combustion experiments increased with
the addition of sewage sludge to the blends. Experiments conducted at higher temperatures showed
that a high temperature in the combustor enhanced the volatilization of some of the ash-forming heavy
metals resulting in lower residues. However, it should be mentioned that such a decrease in bottom
ash might cause an increase in the amount of fly ash carried with the flue gas. Shiitake addition to the
sludge can help with the issues related to ash, such as de-ashing, ash transport, storage, and disposal.
Shiitake addition to the sludge may also minimize fouling, as the blend deposited ash might retain
the low-melting-point salts in sludge. The results in Table 7 show that shiitake addition to the blends
decreased the amount of ash formed in the single-pellet combustion experiments.

The heating values of the blended fuels were measured, and the results are shown in the last
column in Tables 6 and 7 for reference. As shown, adding sludge to the blends decreased their HHV,
with the HHV for BBR = 25% and 75% being 22.48 and 15.17 MJ·kg−1, respectively. Adding shiitake to
the sludge also had a positive effect on the heating values of the blended fuels. As the heating value of
the blended fuels increased with shiitake addition. The heating values for SSR = 75% and 25% being
12.69 and 15.20 MJ·kg−1, respectively.

4. Conclusions

In this study, the combustion behavior of sewage sludge, Australian black coal, a shiitake substrate,
and their blends was analyzed via thermogravimetric analysis and FTIR analysis. The findings can be
summarized as follow:

1. Compared to both the shiitake substrate and Australian coal, dried sewage sludge has the lowest
carbon content and the highest nitrogen and sulfur content. Furthermore, the sludge hydrogen
and oxygen content levels are higher than those of Australian black coal, but lower than those of
the shiitake substrate. Sewage sludge has the lowest HHV. However, on a dry and ash-free basis,
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its HHV is similar to that of shiitake. The proximate analysis results show that sewage sludge has
the lowest fixed carbon content and the highest ash content on an as-received basis of the fuels.
The shiitake substrate has the highest amount of volatiles.

2. Both pure sludge and shiitake have higher flammability index and combustion characteristics
index in the main decomposition stage compared to those of coal. Sludge addition to coal
increased both indexes in stage 1 and a similar observation was made for the sludge-shiitake
blends with shiitake addition to the sludge. In the final oxidation stage, adding sludge to
the blends decreased their flammability index and combustion characteristics index, due to
the low decomposition rate of the heavier and complex compounds in the sludge. For the
sludge-shiitake blends, a 25 wt.% sludge addition to the sludge increases both indexes.
The flammability index and the combustion characteristics index both decreased for SSR = 50%;
and then increased with 75 wt.% shiitake addition to the sludge.

3. Synergistic effects occurred for both the sludge-coal blends and sludge-shiitake blends. For all
the blends, negative or low synergistic effects existed in the temperature range of 300 and 500 ◦C.
For higher temperature, during the char oxidation stage, positive synergistic effects occurred.
The addition of shiitake to the blends had positive synergy for all the blending ratios. However,
when the BBR ≥ 50 wt.%, negative synergy occurred at high temperature.

4. The results of the kinetic parameters showed that a reduction in both parameters occurred
for BBR = 50% during the main oxidation stage. A similar observation was made for the
sludge-shiitake blends. The catalytic effect of the sludge and the shiitake is pronounced in
the final oxidation stage. A decrease in both the activation energy and the frequency factor
occurred with sludge addition to the coal due to the catalytic effect of the inorganic materials in
the sludge. A similar observation was made for the sludge-shiitake blends, as the lignin in the
substrate catalytically promoted the reactions in the final oxidation stage. However, due to further
reactions between the heavier and complex compounds in the samples, both the activation energy
and the frequency factor increased with further sludge or shiitake addition to their respective
blends (BBR = 75% and SSR = 25%).

5. The FTIR results show that adding sludge to the sludge-coal blends decreased both CO2 and
CO emissions. A decrease in the emitted CH4, NOx and SO2 was found for BBR = 25%.
However, further addition of sludge to the blends increased their respective emissions. For the
sludge-shiitake blends, both yielded values of NOx and SO2 decreased with shiitake addition.
A 25 wt.% shiitake addition to the sludge (SSR = 75%) increased the amount of emitted CH4,
CO and CO2. However, further shiitake addition decreased their respective yields.

6. For single-pellet combustion experiments, adding sludge to coal decreased the ignition delay
time of the pellet to a certain extent. However, adding sludge to shiitake increased the
ignition delay time. Volatile combustion durations of the blends were longer than those of
the individual fuels, with BBR = 25%. For other cases, they decreased with sludge addition to
the blends. The volatile burning duration decreased with further sludge addition. Increasing
the sludge ratio sharply decreased the total combustion time and increased the percentage of
residual weight (ash) in the single-pellet combustion experiments.
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Abstract: Oxidation of biodiesel (BD) obtained from the decomposition of biomass can damage
the fuel injection and engine parts during its use as a fuel. The excess heating of vegetable oils
can also cause polymerization of the biodiesel. The extent of BD oxidation depends on its fatty
acid composition. In this study, an accelerated oxidation test of BDs at 95 ◦C was investigated
according to ASTM D 2274 by applying a long-term storage test for 16 weeks. The density, viscosity,
and total acid number (TAN) of BDs increased because of the accelerated oxidation. Furthermore,
the contents of unsaturated fatty acid methyl esters (FAMEs), C18:2 ME, and C18:3 ME in BDs
decreased due to the accelerated oxidation. The 1H-nuclear magnetic resonance spectrum of BDs that
were obtained from the accelerated high temperature oxidation at 180 ◦C for 72 h differed from that
of fresh BDs. The mass spectrum obtained from the analysis of the model FAME, linoleic acid (C18:2)
methyl ester, which was oxidized at high temperature, indicated the formation of dimers and epoxy
dimers of linoleic acid (C18:2) methyl ester by a Diels-Alder reaction.

Keywords: biodiesel; fatty acid methyl ester; free fatty acids; oxidation stability; antioxidant

1. Introduction

The use of biomass for the production of biofuels has been encouraged because of the severe
global issues that are related to climate change and energy security [1,2]. Biodiesel (BD), a mixture of
fatty acid methyl esters (FAMEs) extracted from vegetables or animal fats, is a renewable fuel that can
be used for diesel engines [3–5]. BD can be used directly or after blending with petroleum diesel (PD)
without the need to significantly modify conventional diesel engines. The emissions of particulate
matter and exhaust gas, such as hydrocarbons, sulfur dioxide, and carbon monoxide, can also be
reduced by blending PD with BD with the decrease of smoke opacity [6–9].

Bai et al. [10] reported the relationship between the blending ratio of BDs in diesel fuel and their
effects in engine and environmental aspects and recommended to mix 20–50% of BDs to provide the
environmental and technical advantages. High pressure (e.g., 180 MPa) pumping is applied to modern
light duty diesel engines to provide short injection, good spray, and air mixing of diesel fuels [11].
The excess fuel is returned to the fuel tank by the recirculation system, which houses the fuel injectors.
Owing to fuel recirculation, the oil can be partially oxidized and mixed with fresh oil in the tank after
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it cools the fuel injection system. The temperature of the recirculating oil can rise to 60–150 ◦C, while it
cools the hot injection system and makes contact with high temperature air [12–16].

BD, obtained from common biomass feedstocks, is a mixture of FAMEs consisting of fatty acid
chains having different numbers of carbon atoms (16 or 18) and double bonds (0~3). The oxidation
of FAMEs forms peroxy radicals and it is initiated by the formation of free radicals at the allylic
position and the reaction with oxygen [17–19]. The peroxy radicals formed are converted to
hydroperoxides and alkyl radicals via intramolecular isomerization or by the extraction of hydrogen
from other fatty acid chains. The hydroperoxides can be converted to hydroxyl and alkoxy radicals,
which can decompose to alkyl aldehydes and alkyl radicals, produce acids via oxidation, or undergo
polymerization by reacting with other alkenes [20–25].

The content of unsaturated fatty acids in BD is directly related to the extent of oxidation of BD,
because the rate of oxidation increases with the number of double bonds in fatty acid chains [26].
Owing to the importance of fuel stability during its use as a fuel [23], the use of BD with high contents
of double bonds (e.g., linolenic acid (C18:3) or linoleic acid (C18:2); Figure 1) in FAMEs is being limited,
even though they can provide excellent cold flow properties.

Figure 1. Common unsaturated C18 methyl esters in biodiesel: C18:1 ME, oleic acid methyl ester,
C18:2 ME, linoleic acid methyl ester, and C18:3 ME, linolenic acid methyl ester, with (a) allylic positions
and (b) bis-allylic positions.

In addition, the presence of oxygenates (e.g., acids, alcohols, aldehydes, and peroxides) in
BD causes the accumulation of deposits and gum, as well as an increase in the fuel darkness,
which decreases BD stability during long-term storage [27,28]. The presence of air, moisture, heat,
and other contaminants can also decrease the stability of BD, because they can cause air oxidation,
thermal oxidation, wet hydrolysis, microbial degradation, etc. [11–13], which can drastically change
fuel properties [29,30]. Among various kinds of reactions, oxidation is considered to be the most
significant contributor to the instability of BD, because of the ease with which it occurs during long-term
storage of BD. Excessive degradation of BD can increase the contents of high molecular insoluble
polymers, which can not only have negative effects (e.g., coking, clogging, and contamination deposits)
on many vehicle parts (e.g., injector, fuel filter, fuel lines, and the engine), but also cause incomplete
combustion [17,31].

Biodiesel stability tests can be classified by their purpose into the thermal stability test
(ASTM D6468-08), storage stability test (ASTM D4625-16, ASTM D5304-15 and EN 15751),
and oxidation stability tests (ASTM D2274, ASTM D7545-14, and EN 14112) [20,28–30,32].

In this study, the oxidation stability of commercial grade BDs was examined using ASTM D2274
by applying accelerated oxidation conditions normally at 95 ◦C during long-term storage for 16 weeks
to provide the handling guidelines on the production, use, and storage of BDs. The accelerated high
temperature oxidation at 180 ◦C for 72 h was also investigated to know the polymerization of fresh
and oxidized unsaturated FAMEs.
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2. Materials and Methods

Figure 2 shows the experimental procedure for the accelerated oxidation and polymerization
of BD and linoleic acid methyl esters and product analysis methods. The change in total acid
number (TAN), density, kinematic viscosity, and C18 FAME content during the accelerated oxidation
were measured to evaluate the BD quality. Linoleic acid (C18:2) methyl ester was also used as a
model FAME, because it can be polymerized at high temperatures. After polymerization at 180 ◦C
(72 h), the polymerized linoleic acid methyl ester and the oxidized BDs were purified by flash
chromatography to the polymerized FAME products and were evaluated using 1H-nuclear magnetic
resonance (NMR, Bruker, Billerica, MA, USA) spectroscopy and normal phase high performance
liquid chromatography-atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI MS,
Thermo Fisher Scientific, Bannockburn, IL, USA).

Figure 2. Experimental procedure for the accelerated oxidation and polymerization of biodiesel (BD)
and linoleic acid methyl esters and product analysis methods.

2.1. Materials

Five kinds of commercial grade BD having no antioxidant, namely soybean oil, waste cooking oil,
rapeseed oil, cottonseed oil, and palm oil, extracted from different types of biomass were purchased
from Dansuck Co., Ltd. In Korea to give the guidelines on the production, use, and storage of
commercialized BDs with their oxidation characteristics. High-purity linoleic acid methyl ester
(C18:2 ME) was purchased from Sigma-Aldrich Co.

2.2. Fuel Properties of Biodiesels

Table 1 shows the properties of the BDs that were analyzed in this study before the
accelerated oxidation. The physical and chemical properties of the fresh BDs, except oxidation
stability, satisfy Korean and European standards for fuels that can be used for compression-ignition
diesel engines [33]. The lower oxidation stability of the BDs can be explained by the absence of
antioxidants [34,35]. Among the five BDs analyzed in this study, the BD that was extracted from
palm revealed the longest oxidation stability time (4.48 h), followed by that from soybean (3.16 h),
rapeseed (3.05 h), waste cooking oil (1.24 h), and cottonseed (1.03 h). The FAME compositions of
five BDs are enumerated in Table 2. All BDs had FAMEs consisting of C18 as the main component.
However, the unsaturated FAME contents differed depending on the biomass species. Rapeseed BD
revealed the highest unsaturated FAME content (89.39%), followed by soybean BD (83.23%), waste
cooking BD (79.02%), cottonseed BD (70.03%), and palm BD (49.16%). Owing to the high content of
palmitic acid (16:0) methyl ester, palm BD had the lowest unsaturated FAME content.
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Table 1. Physicochemical characteristics of BD samples.

Item Korean Limit
EN 14214

Limit
Soybean

Waste
Cooking

Rapeseed Cottonseed Palm

FAME content (wt. %) 96.5 min. 96.5 min. 98.20 97.59 97.35 98.56 97.68
Kinematic viscosity

(40 ◦C, mm2/S) 1.9~5.0 3.5~5.0 4.03 4.16 4.43 4.04 4.53

Sulfur content
(mg/kg) 10 max. 10 max. 0.7 1.5 2.0 1.1 1.1

Flash point
(◦C) 120 min. 120 min. 177 177 183 173 171

Carbon residue (wt. %) 0.1 max. 0.3 max. 0.02 0.03 0.02 0.02 0.03
Total contamination (mg/kg) a 24 max. 24 max. 5.1 13.0 7.6 10.0 8.9

Density (15 ◦C, kg/m3) 860~900 860~900 886 884 885 882 876
Water content (mg/kg) 500 max. 500 max. 133 105 183 80 272

Oxidation stability
(110 ◦C, h) b 6 min. 6 min. 3.16 1.24 3.05 1.03 4.48

Total acid number
(mg KOH/g) 0.50 max. 0.50 max. 0.24 0.32 0.36 0.15 0.30

Iodine number - 120 max. 133 113 108 105 50
Total glycerol (wt. %) 0.24 max. 0.25 max. 0.13 0.13 0.11 0.10 0.15

CFPP (◦C) 0 - −3.0 −2.0 −11.0 7.0 >10.0
Cloud point (◦C) - - 0.0 3.0 −3.0 9.0 16.0

Monoglyceride (wt. %) 0.80 max. 0.80 max. 0.45 0.40 0.10 0.24 0.45
Diglyceride (wt. %) 0.20 max. 0.20 max. 0.00 0.00 0.01 0.05 0.18
Triglyceride (wt. %) 0.20 max. 0.20 max. 0.00 0.00 0.00 0.00 0.04
Free glycerol (wt. %) 0.02 max. 0.02 max. 0.01 0.02 0.00 0.02 0.00
Phosphorus content

(mg/kg) 10 max. 10 max. 0.08 0.35 0.07 0.06 0.19

a 10% of sample, b No addition of antioxidant.

Table 2. Fatty acid methyl ester (FAME) compositions of BD samples.

FAME (wt. %) Soybean Waste Cooking Rapeseed Cottonseed Palm

C14:0 0.08 0.31 0.06 0.96 1.01
C14:1 0.01 0.05 - - -
C16:0 10.35 14.22 5.58 25.32 44.39
C16:1 0.12 0.93 0.25 0.59 0.22
C18:0 4.53 4.09 1.94 2.79 4.28
C18:1 21.39 30.37 55.11 15.91 38.48
C18:2 54.20 42.96 26.24 51.94 9.99
C18:3 7.22 4.31 6.76 1.05 0.29
C20:0 0.42 0.44 0.64 0.18 0.39
C20:1 0.21 0.34 1.01 0.10 0.16
C22:0 0.38 0.21 0.32 0.10 0.08
C24:0 0.16 0.09 0.17 0.03 0.09
C24:1 0.08 0.06 0.02 0.44 0.02

Not identified 0.85 1.62 1.9 0.59 0.6
Sat. FAME 15.92 19.36 8.71 29.38 50.24

Unsat. FAME 83.23 79.02 89.39 70.03 49.16

2.3. Accelerated Oxidation

The accelerated oxidation of BDs was performed according to the ASTM D 2274 method using
the heat and aeration that were reported in previous studies [36,37]. For this, 1 L of BD in a brown
glass tube was aerated at 95 ◦C in a thermal oven under 100 mL/min of zero-grade air for 16 weeks.
The temperature of the oil condenser was maintained at 20 ◦C. The sampling of aged BD was performed
once a week, and the sampled BD was kept in a dark container (4 ◦C) in a nitrogen atmosphere
until analysis.

2.4. Property Analysis of Oxidized BD

The quality of the aged BDs was evaluated by measuring their FAME content, density,
kinetic viscosity, and TAN values. The composition of FAMEs in BD was analyzed by a gas
chromatography/flame ionization detector (7890 A, Agilent Technology) using a fused silica capillary
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column (30 m length × 0.25 mm inner diameter × 0.2 μm film thickness; SP-2380, Supelco) for the
separation of FAMEs and methyl heptadecanoate-heptane as an internal standard. The density and
kinematic viscosity of BD were evaluated according to KS M 2014 while using a digital density meter
(DA300, Koto Electronics) and an automated kinematic viscometer (CAV-2100F, Cannon instrument),
respectively. The TAN value of BD was measured according to KS M ISO 6245 using an 809 Titrando
instrument (Brinkman Metrohm).

2.5. FAME Polymerization

Linoleic acid methyl ester (C18:2 ME; 3 g) and 10 g of oxidized soybean and cotton BDs during
16 weeks were heated in a sealed tube in air at 180 ◦C for 72 h. After polymerization, they were purified by
flash chromatography to yield the oxidation product as a brown oil (Rf 0.35, SiO2, 10% MeOH-CH2Cl2).

2.6. Property Analysis of Polymerized Samples

The NMR spectra of polymerized soybean BD were obtained on a Bruker Avance 500
(Billerica, MA, USA) spectrometer operating at 500 MHz with CDCl3 as the solvent. High speed
LC connected to a LTQ orbitrap XL mass spectrometer equipped with APCI ionization (Thermo Fisher
Scientific, Bannockburn, IL, USA) was performed using a HPLC-APCI-MS according to the method
that was developed by Holcapek and Jandera [38,39]. For this, 5 μL of linoleic acid (C18:2) methyl ester
was separated with a Hypersil GOLD (100 mm × 2.1 mm, 1.9 μm) using a mobile phase consisting
of methanol (solvent A) and acetonitrile (Solvent B), pumped at 0.5 mL/min. A mobile phase flow
gradient was applied to provide effective separation (75% A + 25% B to 5 min; 90% A + 15% B to
35 min; and 100% A to 45 min) using isocratic elution.

3. Results and Discussion

3.1. Fuel Properties of Accelerated Oxidation

Figures 3 and 4 show the change in the TAN, density, and kinematic viscosity of BDs during the
accelerated oxidation. Although the TAN values of BDs gradually increased by increasing the oxidation
time, the TAN values were below the threshold specified in the Korean and European standards
(0.5 mg KOH/g until three weeks). Moreover, the TAN values of the BDs increased from four weeks to
16 weeks. After accelerated oxidation for 16 weeks, the TAN value was the highest (5.0 mg KOH/g) for
cottonseed BD and lowest (2.3 mg KOH/g) for soybean BD. The sudden increase in TAN values can
be explained by the oxidation of the FAMEs in the BDs. During the oxidation of FAMEs, free radicals
are formed by the abstraction of hydrogen from the methylene groups in the allylic positions of the
unsaturated FAMEs. By further reaction with atmospheric oxygen, these free radicals can be converted
to hydroperoxides, causing the TAN value of the BDs to increase. Therefore, the rapid increase in
TAN value after four weeks indicates that the rate of hydroperoxide formation is accelerated after
four weeks during the accelerated oxidation test. The density values of BDs also increased gradually
until four weeks; thereafter, they increased rapidly up to 16 weeks. However, except for the density
values of cottonseed BD obtained after oxidation for 14 weeks, the BD density values remained below
the thresholds that were specified in the Korean and European standards (900 kg/m3 at 15 ◦C) after
16 weeks of accelerated oxidation. The kinematic viscosity values of BDs also showed a change trend
that was similar to that of the TAN and density during the accelerated oxidation test, exhibiting the
rapid increase after four weeks. This indicates that the increase in density and kinematic viscosity are
closely related to the change in TAN values during BD oxidation. The presence of unsaturated FAMEs
causes the additional polymerization of BD, producing compounds with higher molecular weights and
increasing the density and kinematic viscosity values of BDs during long-term accelerated oxidation.
Interestingly, the rates of increase of TAN, density, and kinematic viscosity of cottonseed BD were much
higher than those of the other BDs tested in this study. This indicates that the structural properties of
FAMEs in cottonseed BD underwent more profound changes those in other BDs.
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Figure 3. Change in total acid number (TAN) values of BDs during accelerated oxidation.

 
(a) (b) 

Figure 4. Change in (a) density and (b) kinematic viscosity of BDs during accelerated oxidation.

Figure 5 shows the change in contents of typical unsaturated FAMEs, C18:2 ME, and C18:3 ME,
which accounted for the largest fraction of fresh BDs during accelerated oxidation. The contents of
both unsaturated FAMEs decreased as the oxidation time increased, indicating the oxidation and/or
polymerization of unsaturated FAMEs by oxidative aging. The C18:2 ME content in the palm BD,
rapeseed BD, cottonseed BD, waste cooking BD, and soybean BD decreased to 51.6%, 40.7%, 27.7%,
19.9%, and 8.4%, respectively, after 16 weeks of accelerated oxidation. The content of C18:3 ME also
decreased to 5.2% for soybean BD and to values lower than 2% for other BDs. Among the five BDs,
the cottonseed BD, which exhibited the largest increase in TAN, density, and kinematic viscosity
(Figure 5), showed the largest decrease in both unsaturated FAMEs. This confirms that a rapid decrease
in unsaturated FAMEs increases the TAN, density, and kinematic viscosity of BDs by oxidation
and polymerization. Frankel et al. [24] and Cosgrove et al. [40] also indicated that an auto-oxidation
chain reaction is initiated from di-and tri-unsaturated fatty acids due to their high reactivity.
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(a) (b) 

Figure 5. Change in C18 FAMEs contents in BDs during accelerated oxidation. (a) C18:2 ME;
(b) C18:3 ME.

3.2. Polymerization of FAMEs

The FAMEs that are polymerized due to oxidation can be decomposed and they can be
re-polymerized by additional polymerization reactions with other FAMEs and oxidized FAMEs.
Owing to the negative effect of polymerized FAMEs in BD on the vehicle, the polymerization of
BD is being regulated on its use. Although FAMEs can be polymerized by the thermal aging that
accompanies the rapid decrease in unsaturated FAMEs, the thermal polymerization of BDs is difficult
to monitor because they are not stored at high temperatures, which cause changes to the structure
of FAMEs. However, polymerization of BDs in actual vehicles can occur by the repeated heating of the
engine before combustion, which results in instability in the BDs [39].

To identify the chemical properties of polymerized FAMEs, the accelerated oxidation of soybean
and cotton BDs were additionally performed at 180 ◦C for 72 h. For reference, the accelerated oxidation
of linoleic acid (C18:2) methyl ester was also performed under the same condition. After the accelerated
oxidation, the polymerized FAMEs were purified using flash chromatography and identified using
1H-NMR and HPLC-APCI MS because it is difficult to study the polymerized chemicals using GC
technologies. Figure 6 shows the 1H-NMR spectra of purified soybean BD before and after the
accelerated oxidation at 180 ◦C for 72 h. When compared to the non-oxidized BD, the oxidized BD
revealed broader spectra and decreased intensities for the olefinic protons (-CH=CH-) of the double
bonds at 5.45–5.49 ppm, suggesting the polymerization of FAMEs and the decrease in double bonds
in these polymerized FAMEs [41]. Chuck et al. [13] also explained that the oxidation BDs had the
decreased intensities of unsaturated fatty acids by increasing the oxidation temperature and time.

  
(a) (b) 

Figure 6. Change in the 1H-NMR spectrum of soybean BD by accelerated oxidation at 180 ◦C for 72 h.
(a) Fresh BD; (b) Oxidized BD.
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HPLC-APCI MS analysis of the oxidized linoleic acid (C18:2) methyl ester at 180 ◦C for 72 h in
a sealed tube in air was performed to study the polymerization of FAMEs in BDs, because linoleic
acid (C18:2) methyl ester accounts for high fractions in soybean (54.20%) and cottonseed (51.94%) BDs,
and it can be polymerized by the Diels-Alder reaction at high temperatures [32,42,43]. Figure 7 shows
the mass spectra for the fresh and oxidized linoleic acid (C18:2) methyl ester. The fresh linoleic
acid (C18:2) methyl ester, shown in Figure 7a, revealed typical ions, m/z 265.2526 and 297.2788.
However, the oxidized one, as shown in Figure 7b, had large molecular ions, such as m/z 557.49,
587.50, 589.51, and 603.49, indicating its polymerization due to the accelerated oxidation. The possible
structural information for the polymerized linoleic acid (C18:2) methyl ester that was suggested
by the isotopic cluster for these ions (Figure 7c) is shown in Table 3. Figure 8 shows the possible
reaction pathways for the formation of dimers and epoxy-dimers of linoleic acid (C18:2) methyl ester.
For the thermal oxidation process, one of the conjugated diene groups in the chain can react with
the olefinic group from the nearby fatty acid chain and form a substituted cyclo-ring, as part of the
Diels-Alder reaction. The formation of these dimers and oxidized dimers of linoleic acid (C18:2)
methyl ester can be explained by thermal polymerization during the Diels-Alder reaction [30,44].
When linoleic acid (C18:2) methyl ester was oxidized, the epoxy dimer of linoleic acid (C18:2) methyl
ester could be formed by the Diels-Alder reaction between the oxidized and fresh linoleic acid (C18:2)
methyl esters. These results indicate that the high temperature oxidation of BDs increase the contents
of dimers and epoxy dimers of unsaturated FAMEs in BDs via their oxidation and polymerization.

 

(a) (b) 

 

(c) 

Figure 7. High performance liquid chromatography-atmospheric pressure chemical ionization mass
spectrometry (HPLC-APCI MS) spectra for the fresh and polymerized linoleic acid (C18:2) methyl ester.
(a) Fresh linoleic acid (C18:2) methyl ester; (b) Polymerized linoleic acid (C18:2) methyl ester; and,
(c) Expanded spectrum for polymerized linoleic acid (C18:2) methyl ester.
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Table 3. Identification by HPLC-APCI MS detection of FAME polymer from C18:2 ME.

Ion Fragment(m/z) Theo. Mass Elemental Composition Proposed Structure

557.4902 557.4928 C37H65O3 -
587.5007 587.5034 C38H67O4 Dimer
589.5159 589.5190 C38H69O4 Dimer
603.4954 603.4957 C38H67O6 Epoxy-dimer

 

 

 

 

 

 

 

 

 

Figure 8. Diels-Alder reaction from C18:2 ME: (a) dimer of linoleic acid (C18:2) methyl ester;
(b) epoxy-dimer of linoleic acid (C18:2) methyl ester.

4. Conclusions

The oxidation of BDs that were obtained from the decomposition of biomass can damage the
fuel injection and engine parts during its use as a fuel. The excess heating of BDs can also cause
polymerization of the biodiesel. In this study, the stability and polymerization of BDs by the accelerated
oxidation were investigated. High unsaturated FAME contents in BDs led to a reduction in oxidation
stability as compared to that of BDs with high saturated FAME contents. During the 16 week accelerated
oxidation test at 95 ◦C, the TAN, density and kinematic viscosity of BDs decreased gradually until
three weeks, and the decreased rapidly until 16 weeks. The unsaturated FAME contents in BDs
showed similar change trends, decreasing slowly until three weeks and then rapidly until 16 weeks,
indicating the occurrence of structural changes to the unsaturated FAMEs as a result of the oxidation.
The accelerated high temperature oxidation at 180 ◦C for 72 h results in the polymerization of fresh
and oxidized unsaturated FAMEs via the Diels-Alder reaction. The polymerized products that were
obtained by the oxidation of unsaturated FAMEs at high temperature were identified as the dimers
and epoxy dimers of FAMEs through the Diels-Alder reaction between the FAME and oxidized
FAME molecules. The formation of these dimers and oxidized dimers of linoleic acid (C18:2) methyl
ester can be explained by thermal polymerization. This study will provide the important basic data on
the oxidation and polymerization of BDs, which can be used to know their effects on diesel vehicles
and give the guideline on their production, use, and storage.
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Abstract: One of primary issues in the coffee manufacturing industry is the production of
large amounts of undesirable residues, which include the pericarp (outer skin), pulp (outer
mesocarp), parchment (endocarp), silver-skin (epidermis) and mucilage (inner mesocarp) that cause
environmental problems due to toxic molecules contained therein. This study evaluated the optimal
hydrogen production from coffee mucilage combined with organic wastes (wholesale market garbage)
in a dark fermentation process. The supplementation of organic wastes offered appropriate carbon
and nitrogen sources with further nutrients; it was positively effective in achieving cumulative
hydrogen production. Three different ratios of coffee mucilage and organic wastes (8:2, 5:5, and 2:8)
were tested in 30 L bioreactors using two-level factorial design experiments. The highest cumulative
hydrogen volume of 25.9 L was gained for an 8:2 ratio (coffee mucilage: organic wastes) after 72 h,
which corresponded to 1.295 L hydrogen/L substrates (0.248 mol hydrogen/mol hexose). Biochemical
identification of microorganisms found that seven microorganisms were involved in the hydrogen
metabolism. Further studies of anaerobic fermentative digestion with each isolated pure bacterium
under similar experimental conditions reached a lower final hydrogen yield (up to 9.3 L) than the
result from the non-isolated sample (25.9 L). Interestingly, however, co-cultivation of two identified
microorganisms (Kocuria kristinae and Brevibacillus laterosporus), who were relatively highly associated
with hydrogen production, gave a higher yield (14.7 L) than single bacterium inoculum but lower
than that of the non-isolated tests. This work confirms that the re-utilization of coffee mucilage
combined with organic wastes is practical for hydrogen fermentation in anaerobic conditions, and it
would be influenced by the bacterial consortium involved.

Keywords: hydrogen; coffee mucilage; organic wastes; dark fermentation; anaerobic digestion

1. Introduction

Conventional fossil fuels, the main energy sources for industrial/technological development,
have been meeting about 80% of the fundamental energy demand and supply in the world [1–3].
However, this fossil fuel-dependent energy system causes problems of limited resources, greenhouse
gas emissions, and environmental pollution issues [4–6]. Among diverse alternative clean energy
resources, hydrogen has been considered as a prospective future energy source for replacing the
gradual depletion of fossil fuels and addressing the lack of sustainability. Hydrogen energy is not
only unrestricted by greenhouse gas emissions but also produces more than 2.5 times higher energy
than the energy from hydrocarbons [7,8]; this ability of hydrogen energy is proposed for an essential
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renewable and energy source for transportation. The current physico-chemical practice in most
facilities achieves approximately 90% yields of hydrogen through steam refining of methane (40%), and
gasification/partial oxidation of crude oil and coal (48%). However, these are still highly dependent
upon fossil fuels because of cost effectiveness and the lack of a suitable alternative technique [1].
With these concerns about rapid depletion of petroleum stores and environmental problems, biological
processes have been identified as a promising technology for hydrogen production. Its basic concept is
to catalyze water decomposition or digest organic compounds in an environmentally friendly way
using microorganisms, such as algae, Cyanobacteria, or photosynthetic bacteria. Biological methods
can be classified into four groups: (1) direct bio-photolysis, (2) indirect bio-photolysis, (3) photo
fermentation, and (4) dark fermentation. Although photodecomposition methods result in relatively
higher hydrogen yields than the other approaches, the anaerobic fermentative process, in particular,
dark fermentation, is widely thought to be an attractive approach. Since various organic wastes and
wastewater can be used as carbohydrate-rich substrates in the anaerobic digestion process, and it is
capable of transforming organic wastes into value-added molecules without light sources [9–11].

There is no doubt that coffee is one of the most largely consumed beverages along with water
and tea worldwide; millions of people around the globe consume coffee each day, and the number of
coffee-consuming people and nations are increasing. It is known that coffee is ranked number two
as a traded commodity only after crude oils, with a worldwide production of coffee is estimated to
be 152 million 60 kg bags [12]. Over the past decade, coffee production and its associated market
have been rapidly growing with attractive research in functional foods, for example, the cognitive
and physical behavior effects of caffeine. As coffee production and consumption increases, large
amounts of undesirable byproducts (skin, parchment, pericarp, pulp, and mucilage) are also generated
during the coffee separation process. In general, only coffee beans are used for brewed coffee, but
the other components are separated and removed; they constitute more than 50% of an initial coffee
fruit weight [13]. The residual coffee wastes after the wet separation process include 43.2% (w/w) skin
and pulp, 6.1% (w/w) parchment, and 11.8% (w/w) mucilage and solubles [14]. Mussato et al. [15]
reported the generation of residual wastes from the preparation of instant coffee were around 6 million
tons per year worldwide, while more recent work has estimated the coffee residual byproducts would
be approximately 15 million tons per year [16]. Coffee wastes can be utilized in animal feed [17–19],
manure [20], antioxidant polyphenols [21,22], adsorption molecules [23–25], α-amylase [26], and
ethanol production [17,19,27]; however, most coffee wastes are unutilized and dumped into land or
water for economical and/or technical reasons [13,16]. Considering the current facts and issues, further
investigations and practical applications with coffee residue by-products are required.

Coffee mucilage is a colorless thin layer, mainly composed of water, sugars, protein, and pectin
that covers the parchment and outer skin (pericarp), and protects the inner fibrous pulp and endosperm
(coffee bean) components. Due to the high carbohydrate and nitrogen content in mucilage, it is one
of the direct resources for animal feeds after agricultural processing and can be a suitable source of
value-added molecules, such as ethanol, lactic acid, and hydrogen. Previous works identified that the
coffee mucilage contained 85–91% (w/w) water, 6.2–7.4% (w/w) sugars, 4–5% (w/w) protein, and 1%
(w/w) pectin substances [13,20,28,29], which were relatively higher than those obtained from other
coffee by-products such as husks, skin, and pulp [19,30]. Furthermore, the sugars in the coffee mucilage
include a high portion of reducing sugars (63%, w/w) that facilitates the utilization of sugars to other
molecules and commodities [17,31]. Orrego et al. [13,16] reported that coffee mucilage from the wet
separation process had >50 g/L of fermentable sugars (mainly glucose and galactose), acetic acid,
protein, and some minerals (calcium, iron, magnesium, potassium, phosphorus, and sodium), which
could be directly transformed into other molecules (e.g., ethanol), without requiring any pretreatment
and carbon or nitrogen source supplements.

In order to develop the hydrogen process, several research studies have been conducted in the
anaerobic digestion process in the presence of pure culture medium using a specific microorganism
such as Clostridium, Bacillus, and Thermoanaerobacterium [9,32,33]. However, hydrogen production
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under special conditions using defined/pretreated culture medium with a pure microbial inoculum
restricts further understanding of the co-cultivation, substrate changes, biochemical and molecular
interactions of the bacterial population into substrates and their patterns. Various seeding substrates,
rich in carbohydrates, such as wastewater, sludge, compost, manure, and soil, are acceptable sources
for fermentative hydrogen production, while to the best of our knowledge, there has been no work
regarding optimization of hydrogen production from coffee mucilage in the dark fermentation method
with organic wastes. This work reports that the use of coffee mucilage combined with supplemental
organic wastes can be a potential approach for hydrogen production. The main objective of this study
is to determine the effective practical conditions for fermentative digestion of organic compounds into
hydrogen, which are evaluated at 30 L bioreactors for different ratios of coffee mucilage and organic
wastes without inoculating any microorganism. The maximal cumulative hydrogen is achieved at a
two-level factorial experimental design, and further tests are carried out and compared with different
independent factors (ratio of coffee mucilage and organic wastes, chemical oxygen demand, pH, and
temperature). Moreover, the impact of microbial consortiums (bacterial populations) on hydrogen
production are tested with isolated bacteria under similar experimental conditions and those results
were compared to non-isolated fermentation.

2. Materials and Methods

2.1. Raw Materials

Coffee mucilage was supplied by the San Rafael farm (Antioquia, Colombia), located at 1575 m
above sea level with an average temperature of 21 ◦C. Organic wastes were collected from the Central
Mayorista de Antioquia (Antioquia’s Wholesale Market, Medellín, Colombia), any mainly contained
fruit and vegetable wastes (lettuce, orange, guava, mango, and papaya), not suitable for human
consumption (expired products). As soon as the raw materials were obtained, the coffee mucilage
was autoclaved at 121 ◦C for 15 min and stored with intact organic wastes at 4 ◦C. The large solids
in the mucilage sample were sieved over a 20-mesh screen (0.84 mm, Tyler USA standard testing
sieve, VWR, Philadelphia, PA, USA), and the resulting slurry was centrifuged at 8000 rpm at 5 min in
order to separate the remaining solids. Sugars and the acetic acid content of the mucilage liquid was
determined by HPLC in our previous study, including glucose (37.1 g/L), galactose (14.7 g/L), lactose
(0.8 g/L), and acetic acid (1.2 g/L), respectively [13]. All other chemicals and reagents in this study
were purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Experimental Design

Anaerobic fermentative digestion was prepared and evaluated by the Minitab 16 software program
(Minitab 16, Minitab Inc., State College, PA, USA) with a two-level factorial experimental design.
Initially, two prepared coffee mucilage and organic wastes were blended into three different ratios
(w/w) of 8:2, 5:5, and 2:8, which were named level 1, level 2, and level 3, respectively. Two more
levels with only coffee mucilage (level 0) or organic wastes (level 4) were added as control tests.
Each anaerobic batch fermentation was carried out in a 30 L bioreactor with a working volume
of 20 L under given experimental conditions: temperature range of 30–40 ◦C, chemical oxygen
demand (COD) range of 20 g oxygen/L–60 g oxygen/L, and pH range of 5.0–8.0 until the hydrogen
production was completed. The COD was determined by the 5220D Standard Chemical Oxygen
Demand Method [34,35], and the initial pH was adjusted by adding 2 M of NaCl or NaOH. The quantity
of total solids and volatile solids were determined following the previous work [36]. The bioreactor
was operated with a helical ribbon impeller mixing at 100 rpm to avoid deposition of solids and to
enhance the hydrogen turnover to the gas phase. The desirable temperature during the fermentation
was kept by a heating jacket equipped with a main system, which was recorded with an automatic
thermometer of 1 ◦C resolution and an accuracy of ±1 ◦C. The biogas samples from fermentative
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digestion were collected in 1 L gas sampling Tedlar bags (model number: 22,950, Restek, Los Angeles,
CA, USA) every 24 h.

2.3. Isolation, Gram Staining, Biochemical, Sequence Analysis of Microorganisms

In some experiments with high hydrogen production, liquid samples were taken after
fermentation performances for further analyses for microbial identification, biochemical tests, sequence
analysis, acids, and fermentation tests with pure bacterium. The liquid broth samples were bottled
in sterilized jars and stored at 4 ◦C prior to use. Each sample was shaken for 2 min in a shaking
incubator at 200 rpm, and cell concentration was adjusted to a 10−8 (Colony-forming unit) CFU/mL
by a serial dilution with sterilized water. Each diluted aliquot was spread out on nutrient agar
medium (0.5% peptone, 0.3% yeast extract, 1.5% agar, and 0.5% sodium chloride) and cultured at room
temperature for a week. Each grown colony was picked, diluted in 0.5 mL of distilled water, and kept
with 50% glycerol solution at −80 ◦C prior to further use.

In order to a microbial identification, the colorimetric identification card method was prepared
via a compact Vitek2 device (Biomerieux, Lyon, France) equipped with a reactive card for biochemical
tests according to previous work [37]. Briefly, each isolated microorganism was suspended with a
sterilized saline solution (containing 0.5% NaCl, pH 7.0) until turbidity between 0.5 and 0.63 units on
the McFarland scale (approximately cell density between 1 × 108–1.89 × 108). The suspended cells
(3 mL) on the identification card were installed in the Vitek2 device, and each sample was incubated
at 35 ◦C for 12 h. After incubation, biochemical reactions were carried out with the values from the
device’s database, providing appropriate results based on the reactions.

In order to verify unknown microorganisms obtained from the best anaerobic fermentative
digestion, the ribosomal DNA (16S rDNA) of each microorganism was prepared and isolated
by the FastDNA spin kit for soil DNA (VWR catalog number: ICNA116560200, VWR Scientific,
Bridgeport, NJ, USA). The 16S rDNA sequence was amplified through the polymerase chain reaction
(PCR) with two designed primers: forward prime 5′-AGAGTTTGATCCTGGCTCAG-3′ and reverse
prime: 5′-GGTTACCTTGTTACGACTT-3′. The polymerase chain reaction step was conducted in a
Perkin-Elmer thermal cycler (GeneAmp PCR System 9700, Norwalk, CT, USA) 30 times. Each cycle
included the denaturation step at 95 ◦C for 45 s, the annealing step at 56 ◦C for 2 min, and the
extension step at 72 ◦C for 3 min [38]. The amplified PCR products were purified using the Wizard
PCR preps DNA purification system (catalog number: A7231, Promega Corporation, Madison, WI,
USA). The sequences of both directions of the DNA was confirmed via the ABI PROSM 3700 DNA
analyzer (Applied Biosystem, Midland, ON, Canada) and the sequence alignment was carried out
with BLAST at the NCBI.

For further dark fermentation with isolated pure bacterium, each isolated cell was grown
overnight in a 500 mL Erlenmeyer flask (Belloco, Vineland, NJ, USA) in the presence of a YEPD
medium (1% yeast extract, 1% peptone, and 2% glucose) at 30 ◦C with 200 rpm. The cells were
harvested by centrifugation (5 min, 8000 rpm) then were suspended in YEP (no glucose) medium [39].
This liquid was utilized to inoculate the single cell fermentation with an initial cell concentration of 1 g
dry cells/L. Each run was tested in a 30 L bioreactor (20 L working volume) under similar experimental
conditions until the hydrogen production was completed and compared to the results from those from
co-cultivations. All fermentation tests were conducted in duplicate.

2.4. Analysis

Hydrogen gas was analyzed using gas chromatography (3000 MicroGC system, Agilent, San Jose,
CA, USA) equipped with a thermal conductivity detector (TCD) and capillary HP-PLOT U column
(0.32 mm ID × 8 m length × 10 μm film). The temperatures of the injector, column, and detector were
operated at 60 ◦C, 80 ◦C, and 300 ◦C respectively. The pressure was kept at 206.8 kPa. The carrier
gas (argon gas) was utilized with a flow rate of 0.9 mL/min and G 2.5 volumetric gas meter (Metrex,
Popayán, Cauca, Colombia) with a precision of 0.04 m3/h, and a maximum working pressure of 40 kPa
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was used to register the gas. For statistical analysis of hydrogen production in different fermentative
condition, the t-test was performed using the Minitab 16 program, with 95% significant differences.

3. Results and Discussion

3.1. Hydrogen Production by Dark Fermentation

In order to verify whether the supplementation of organic wastes to coffee mucilage is feasible
for hydrogen production and to determine the best operating conditions, a two level factorial design
was applied to different independent factors of organic wastes ratio, chemical oxygen demand,
temperature, and pH. The light independent process (anaerobic dark fermentation) principally occurs
with anaerobic bacteria, which are able to grow on sources abundant in carbohydrates but not requiring
light energy [9]. The Embden-Meyerhof (glycolytic pathway) is a well-known metabolic process for
glucose decomposition converted into pyruvate. In this metabolism, two hydrogen atoms are released
from a glucose molecule by donating electrons in the redox reaction while an oxidized nicotinamide
adenine dinucleotide (NAD+) molecule is converted into a reduced form of nicotinamide adenine
dinucleotide (NADH) by accepting proton from the nicotinamide ring (Equation (1)). Due to the
presence of hexose sugars in coffee mucilage and carbon sources in organic wastes, these are possibly
capable of converting sugars into pyruvate through anaerobic glycolysis and generating two molecules
of hydrogen as by-products:

C6H12O6 + 2 NAD+ → 2 CH3COCOOH + 2 NADH + 2 H+ (1)

The two-level factorial design with IV resolution generated a total of 26 experimental runs,
including two control tests. To prevent lurking variations, all designed experiments were performed
in random order, and a cumulative hydrogen production was measured in each fermentation.
The experiment sets, independent factors, and results of hydrogen yields are summarized in Table 1.
The total cumulative hydrogen from mixed substrates varied to each different ratios; some tests
promoted the formation of hydrogen within 72 h. However, less to no hydrogen yields were observed
in other experiments, associated with experimental parameters of substrate ratio, Chemical Oxygen
Demand (COD), temperature, and pH.

The highest hydrogen concentration of 25.9 L was achieved within 72 h at 30 ◦C, pH 7.0, chemical
oxygen demand 60 g O2/L with level 1 preparation (8 coffee mucilage: 2 organic wastes), which
was equal to 1.295 L hydrogen/L substrate (Run 8 in Table 1). On the other hand, most of the tests
with level 3 (2 coffee mucilage: 8 organic wastes) were not suitable for anaerobic fermentation (Runs
19–25 in Table 1), and results from 2 (5 parts coffee mucilage: 5 parts organic wastes) resulted in
lower hydrogen yields (Runs 10–17 in Table 1). Even though some tests produced hydrogen in level
2 (up to 11.4 L), the fermentative digestion in the presence of 20% (w/w) organic wastes (level 1)
was more effective compared to the other ratios. The control run without organic wastes (level 0,
run 1) and the test with only organic wastes (level 4, test 26) resulted in little to no hydrogen yield,
respectively. Further variance analysis of hydrogen production with the random effects model analysis
of variance (ANOVA), tests showed that the high concentration of chemical oxygen demand, low
temperature, and low temperature considerably influenced the final yields (Figure 1A). To obtain
precise variability response with higher than 0.95 probability worth (>95% coefficient correlation, R2),
the weak multilateral factors were ruled out, and the accurate model was fitted with a >95% two-sided
confidence interval. Individual and interaction effects of each factors were depicted in Figure 1B
(Pareto Chart), presenting the similar data analysis of ANOVA tests that organic wastes, chemical
oxygen demand, and temperatures were the main contributors for anaerobic hydrogen fermentation.
The fitted model was generated with the major parameters in response to the reciprocal interaction of
independent factors at a given condition: hydrogen production (L) = −79.70 + 0.3062 COD + 1.5725
Temperature + 14.175 pH − 0.007375 COD × Temperature + 0.02438 COD × pH − 0.2675 Temperature
× pH. The optimal experimental condition for the maximal anaerobic hydrogen fermentation was
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calculated and obtained though the contour plots in Figure 1C. This condition is used for anaerobic
fermentative digestion for hydrogen production and is applied to fermentation with the isolated
pure bacterium.

Table 1. A two level half-fractional factional factorial design and hydrogen production from waste
substrates (coffee mucilage combined to organic wastes). Anaerobic fermentative digestion was carried
out in 30 L bioreactor (20 L working volume) at provided conditions with a helical ribbon impeller
mixing at 100 rpm until the hydrogen generation was completed. All runs were conducted in duplicate
and provided statistical analysis of hydrogen production with 95% significant differences.

Run Ratio 1 COD
(g O2/L)

Temperature
(◦C)

pH
Total

Solids
(g/L)

Total Volatile
Solids
(g/L)

Hydrogen
Production

(L)

Yield
(L H2/L

Substrate)

Yield
(mol H2/mol

Hexose)

1 10:0 40 35 6.0 12.80 10.76 0 0 0
2 8:2 20 30 5.0 12.52 10.46 2.4 0.12 0.02
3 8:2 20 40 5.0 13.61 11.40 3.2 0.16 0.031
4 8:2 20 30 7.0 18.75 15.70 15.6 0.78 0.149
5 8:2 20 40 7.0 44.62 37.50 11.2 0.56 0.107
6 8:2 60 30 5.0 19.42 16.30 10.6 0.53 0.101
7 8:2 60 40 5.0 40.00 33.60 8.6 0.43 0.082
8 8:2 60 30 7.0 46.02 38.66 25.9 1.295 0.248
9 8:2 60 40 7.0 25.23 21.16 18.4 0.92 0.176
10 5:5 20 30 5.0 41.72 35.00 0 0 0
11 5:5 20 40 5.0 62.31 52.30 0 0 0
12 5:5 20 30 7.0 69.92 58.75 8.3 0.415 0.079
13 5:5 20 40 7.0 68.00 57.13 2.6 0.13 0.025
14 5:5 60 30 5.0 61.91 52.00 11.4 0.57 0.109
15 5:5 60 40 5.0 77.42 65.00 7.0 0.35 0.067
16 5:5 60 30 7.0 84.42 70.90 8.6 0.43 0.082
17 5:5 60 40 7.0 71.02 59.63 6.8 0.34 0.065
18 2:8 20 30 5.0 31.52 26.44 0 0 0
19 2:8 20 40 5.0 26.31 22.12 0 0 0
20 2:8 20 30 6.0 63.52 53.38 0 0 0
21 2:8 20 40 8.0 28.62 24.06 0 0 0
22 2:8 60 30 5.0 51.84 43.50 0 0 0
23 2:8 60 40 5.0 67.57 56.66 0 0 0
24 2:8 60 30 8.0 32.72 27.48 1.9 0.095 0.018
25 2:8 60 40 8.0 76.42 64.14 3.0 0.15 0.029
26 0:10 40 35 6.5 45.42 38.16 0.4 0.02 0.004

1 Substrate ratio (mucilage: organic wastes).

(A) (B)

(C)

Figure 1. (A) The key effect of chemical oxygen demand, temperature, and pH on the hydrogen
production from dark fermentation of complex substrates (level 1). (B) Individual and mutual
interaction effects of chemical oxygen demand, temperature, and pH. A: chemical oxygen demand,
B: temperature, C: pH. (C) Contour plots indicate influence of temperature and chemical oxygen
demand, pH and COD, and pH and temperature, respectively. The different colors denote the different
concentrations of hydrogen from dark fermentation. The dark green indicates a higher hydrogen yield
while a dark blue presents a lower hydrogen yield.
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3.2. Identification of Microorganisms

In order to identify the microorganisms which could dominantly grow and were associated with
hydrogen production in complex waste substrates, a slurry sample from the best hydrogen production
was spread out on a nutrient agar medium and anaerobically cultivated at room temperature.
Each grown colony was suspended with a sterilized saline solution, cultivated, and biochemically
reacted with provided reagents in the Vitek 2 analyzer (Biomérieux, Lyon, France). It is worthwhile to
note that these isolation and identification methods would not provide all potential microorganisms in
the mixed waste substrate. This work has considered isolating and identifying microorganisms that
are able to primarily grow in the chosen agar medium under mesophilic and anaerobic experimental
conditions (similar to bioreactors). The biochemical identification including morphology, gram staining,
and species are summarized in Table 2.

Table 2. Isolation and biochemical analysis of microorganisms from the slurry sample from test 8.

Code Morphology Color Gram Stain Species Certainty (%)

B1 Circular, entire edge, convex Yellow Positive Micrococcus luteus 99
B2 Irregular, irregular edge, flat Beige Positive Kocuria kristinae 87
B3 Circular, entire edge, flat Beige Positive Streptococcus uberis 87
B4 Circular, entire edge, flat Orange Positive Leuconostoc mesenteroides ssp. cremosis 94
B5 Irregular, irregular edge, convex Beige Positive Brevibacillus laterosporus 94
B6 Irregular, entire edge convex, Beige Positive Bacillus farraginis/smithii/fordii 97
B7 Circular, entire edge, convex Beige Positive Staphylococcus epudermidis 95

Biochemical identification found that seven different bacteria existed, and they were involved
in the dark hydrogen fermentation under the given conditions. All identified bacteria were Gram
positive, anaerobic, mesophilic, and prefer to live in soil or organic agricultural wastes such as coffee
mucilage. In particular, Streptococcu uberis (B3) and Leuconostoc mesenteroides ssp. cremosis (B4) are
capable of producing lactic acid through glycolysis (Embden-Meyerhof-Parnas pathway) using glucose.
Other bacteria containing Brevibacillus laterosporus (B5), Bacillus farraginis/smithii/fordii (B6), Micrococcus
luteus (B1), and Kocuria kristinae (B2) are known to metabolize complex substrates by producing
hydrolytic-protease and hydrolytic-glucosidase, which allow them to contribute toward hydrogen
production [40–43]. Previous works observed that they tended to undergo an acetic or butyric pathway
and produce hydrogen by consuming acetic or lactic acid as substrates [44,45]. An increase of lactic
and acetic acid concentration was detected in the beginning of the fermentation (up to 13.76 g/L and
5.32 g/L, respectively) while none and a lower concentration (4.13 g/L) of both acids were determined
at the end of fermentation. This observation supports that these strains possibly utilize intermediate
molecules (lactic acid and acetic acid) for their growth, population, and metabolism that subsequently
produce hydrogen. A similar study done by Hernández et al. [34] observed that the addition of swine
manure content into coffee mucilage improved the hydrogen production and methanogenic process,
which is considered a major limiting factor for the hydrogen metabolic pathway. They suggested
that a high carbon/nitrogen ratio (C/N) contributed toward increasing hydrogen but decreasing the
methane percentage by possibly changing the metabolic pathways through dominant microorganisms
and their activity [34,46,47]. They also confirmed that the C/N ratio of 53.4 had a stable hydrogen
production in the repetitive batch cultivation for 140 days, which may indicate that the methanogenic
pathway was inhibited during the long fermentation times by changes in metabolic routes [32,33,48].
Further 16S rDNA and sequence analysis tests confirmed that B3, B5, and B6 strains were matched
(>98% similarity) with Bacillus firmus (KT720243.1), Bacillus simplex (KT922035.1), and Frigoritolerans
(KT719834.1), respectively. For the other strains it was not possible to match their sequences with the
database from the Gene bank, BLASTN (National Center for Biotechnology Information, Bethesda,
MD, USA).
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3.3. Hydrogen Production from Single Bacterium Inoculum

The effect of single bacterial fermentation on hydrogen production was studied with seven
different isolated bacteria under similar experimental conditions of test 8 in Table 1. All fermentation
runs were completed within 48 h, and the resulting hydrogen yields are summarized in Table 3.
When isolated pure bacteria were used, the final concentration of hydrogen was in the range of 0–9.3 L,
which was significantly lower than the result from the initial test without inoculum (25.9 L) (Table 3).

Table 3. Anaerobic dark fermentation of the complex substrate using single isolated bacteria. All
fermentation was carried out with the complex substrate (8 coffee mucilage: 2 organic wastes) at 30 ◦C,
pH 7.0, chemical oxygen demand 60 g O2/L with a helical ribbon impeller mixing at 100 rpm. All tests
were in duplicate and provided statistical analysis of hydrogen yields with 95% significant differences.

Code Species
H2 Production

(L)
Yield

(L H2/L Substrate)
Yield

(mol H2/mol Hexose)

B1 Micrococcus luteus 3.9 0.195 0.037
B2 Kocuria kristinae 9.3 0.465 0.089
B3 Streptococcus uberis 5.9 0.295 0.056
B4 Leuconostoc mesenteroides ssp. cremosis 0 0 0
B5 Brevibacillus laterosporus 5.6 0.28 0.054
B6 Bacillus farraginis/smithii/fordii 1.8 0.09 0.017
B7 Staphylococcus epudermidis 0.3 0.015 0.003

B2 and B3 Kocuria kristinae, Streptococcus uberis 14.7 0.735 0.14

Although anaerobic fermentative digestion was able to convert carbon sources into hydrogen,
we hypothesized that co-cultivation (bacterial consortium) could be responsible for enhancing
hydrogen production. To prove this hypothesis, two isolated pure bacteria having the highest yield,
(Kocuria kristinae (B2) and Steptococcus uberis (B3)), were inoculated for a co-cultivation fermentation.
As a result, >58% higher hydrogen production (14.7 ± 0.8 L, p-value < 0.05) was observed after 24 h,
which was relatively higher than the results from single batch fermentation (Table 3). This result may
suggest that these bacteria were significantly associated with hydrogen production. This study is
in agreement with other earlier studies that microbial population shifts and enzymatic/metabolic
shifts are critical factors for hydrogen production during dark fermentation, and these two parameters
can independently or simultaneously affect the hydrogen yield [49,50]. For example, microbial
sporulation, particularly in Clostridium sp., can be activated as a protection system when the microbial
faced on un-favorite circumstance such as high temperature (>90 ◦C), low pH, dissolved oxygen
concentration, and limitation of nutrient sources [51]. Addressing previous observations and current
data, other combinations (of two or more bacteria) under different conditions could lead to better
hydrogen yields via synergetic metabolisms and/or changing the pathways affecting different bacterial
growth performances. The current study mainly focused on the utilization of complex substrates
(coffee mucilage plus organic wastes) for hydrogen production and the determination of its optimal
experimental conditions. However, the key outcome in this work is the observation that the bacterial
population has a considerable effect on dark fermentation, and single batch fermentation is not
suitable for efficient hydrogen production at the given conditions. This data indicates the need for
further investigation with respect to the changes in bacterial growth, population, metabolic shift,
microbial/product inhibition, and bioreactor classification, such as a continuously stirred tank reactor,
anaerobic sequencing batch reactor, anaerobic membrane bioreactor, or immobilized bioreactor.

The current work is comparable with previous studies about the anaerobic hydrogen fermentation
from other carbon sources, which include food wastes, apple, domestic wastewater, wastepaper,
glycerol, and glucose; the detailed fermentation conditions and hydrogen yields are summarized in
Table 4.
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Table 4. Comparison of hydrogen yield from different carbon sources (wastes or hexose) in anaerobic
batch fermentation using mixed culture or pure strain.

Organism Carbon Source Reactor Hydrogen Yield Reference

Mesophilic mixed culture Coffee mucilage + organic
wastes (20%, w/w) Batch 0.248 mol H2/mol hexose

(1.295 L/L substrate)
Current

work

Mesophilic mixed culture Food wastes Batch 0.05 mol H2/mol hexose [52]

Mixed culture Apple (9 g COD/L) Batch 0.9 L H2/L substrate [53]

Mixed culture Domestic wastewater Batch 0.01 L H2/L substrate [53]

Ruminococcus albus Wastepaper Batch 2.29 mol H2/mol hexose
(282.76 L/kg dry biomass) [54]

Halanaerobium
saccharolyticum Glycerol Batch 0.58 mol H2/mol glycerol [55]

Escherichia coli BW25113
(engineered) Glucose Batch 1.82 mol H2/mol glucose [56]

When the carbon substrates in waste sources were fermented under mixed batch culture
conditions, the result from the present study was relatively higher than those from food waste (5 times),
apple (1.44 times), and the domestic wastewater (130 times). It is possible that supplementation of
organic wastes is positively effective for the growth and functional activity of hydrogen-producing
bacteria to enhance the yield by providing essential nutrients such as nitrogen, phosphorous, ferrous,
some mineral, and metals. Previous work demonstrated that additional nitrogen from organic
wastes could enhance the hydrogen yield in anaerobic digestion by increasing the C/N ratios [34].
Since nitrogen is one of the vital sources for bacterial growth, the C/N ratio affects cell growth and the
metabolic pathway, which suggests a range of 6.7–47 for optimal bacterial growth [57]. Another study
with phosphorous (P) demonstrated that it was an essential component for adenosinetriphosphate
(ATP) formation and could develop the metabolic pathway and hydrogen production by acting in
enzyme linkage for its functions [57]. On the other hand, pure microbial fermentation in the presence of
waste paper or hexose obtained 2.3–9.2 times higher hydrogen yields. It is assumed that differences in
the composition of substrates and microbial consortium might be highly associated with their pathway
during dark fermentation. Related work of the effect of carbohydrates (mainly glucose, fructose,
sucrose, and cellobiose) elucidated that the hydrogen yield decreased from 1.82 to 1.38 (mol H2/mol
hexose) when the chains of carbohydrates increased due to the microbial population [58]. A similar
study also found that a substrate rich in carbohydrate (sucrose) was more effective in producing
hydrogen when the complex substrates were used under the same experimental conditions [57,59].

It is worthwhile to highlight that the carbohydrate degradation and hydrogen production from
complex substrates like coffee mucilage and organic wastes are feasible without requiring aseptic
condition, nutrients, or pure cell inoculum, suggesting potential and practical application for the real
industrial field. The microbial diversity and its mechanisms for engaged management, however, still
remain to be discovered. The proposed model and hydrogen yield in current study would be improved
with the strategies for microbial population, their gene level resources, or performing conditions
(culture operation, mixing condition, reactor type, engineered strain and others).

4. Conclusions

Anaerobic fermentative digestion enables the hexoses in coffee mucilage combined with organic
waste to be metabolized and generate hydrogen. The optimal dark fermentation conditions determined
via two level factorial designs were 30 ◦C, pH 7.0, chemical oxygen demand 60 g O2/L in the presence
of 20% (w/w) organic waste, which resulted in 25.9 L hydrogen yield. Moreover, this work found
that seven different bacteria were involved in the best hydrogen production test, and their individual
batch fermentations under similar experimental conditions, produced lower levels of hydrogen by the
end of fermentations, suggesting that further knowledge of the microbial interactions with complex
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substrates and efficient anaerobic dark fermentation are required. In summary, hydrogen production
from raw coffee mucilage and organic acid mixtures is feasible without any aseptic process and
supplementation prior to anaerobic digestion. It can be considered a potential sources for practical
hydrogen fermentation, requiring the extension of knowledge of microbial interaction to deal with
complex substrates and efficient anaerobic dark fermentation.
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Abstract: Marine microalgae are a promising feedstock for biofuel production given their high
growth rates and biomass production together with cost reductions due to the use of seawater for
culture preparation. However, different microalgae species produce different families of compounds.
Some compounds could be used directly as fuels, while others require thermochemical processing
to obtain quality biofuels. This work focuses on the characterization of three marine microalgae
strains native in Mexico and reported for the first time. Ultrastructure and phylogenetic analysis,
suggested that they belong to Nannochloropsis sp. (NSRE-1 and NSRE-2) and Nannochloris sp. (NRRE-1).
The composition of their lipid fractions included hydrocarbons, triacylglycerides (TAGs), free fatty
acids (FFAs) and terpenes. Based on theoretical estimations from TAG and FFA composition,
the potential biodiesels were found to comply with six of the seven estimated properties (ASTM
D6751 and EN 14214). On the other hand, hydrocarbons and terpenes synthesized by the strains
have outstanding potential as precursors for the production of other renewable fuels, mainly green
diesel and bio-jet fuel, which are “drop-in” fuels with quality properties similar to fossil fuels.
The validity of this theoretical analysis was demonstrated for the oxygenates of strain NSRE-2,
which were experimentally hydrodeoxygenated, obtaining a high-quality renewable diesel as the
reaction product.

Keywords: biodiesel; bio-jet fuel; triacylglycerides; Fatty Acid Methyl Ester; lipids; hydrodeoxygenation;
drop-in fuel

1. Introduction

Microalgae offer an attractive way of generating renewable and sustainable biofuels [1] capable
of helping to meet the global demand for transport fuels. However, a screening procedure to assess
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microalgae potential is a highly recommended prerequisite for biofuel feedstock production. Marine
microalgae, which are abundant in seawater, are a particularly promising raw material due to the cost
reductions resulting from using seawater for cultivation. The additional salinity level is also one of the
methods of reducing contamination issues [2] in open-pond cultivation. For this reason, a number of
companies currently operate commercial-scale mass cultivation of marine microalgae [3].

Proper characterization and adaptation to culture conditions of isolated native strains are the
first steps in establishing any biotechnological process, including biofuel production. Strategies
for improving microalgae growth include the variation of inoculum size, pH and culture medium
composition. Inoculum size significantly affects microalgae cell growth characteristics, such as lag
phase duration, maximal specific growth rate, biomass accumulation and metabolites production
at the end of culturing [4]. An appropriate inoculum size can reduce cell mortality and increase
biomass production and nutrient recovery [5]. With a proper culture pH, high cell densities and
lipids accumulation can be obtained [6]. Culture medium composition affects the specific growth rate,
biomass production and the biochemical composition of the resulting biomass and lipids [7].

Characterization of marine microalgae must include ultrastructure analysis of organelles and their
disposition inside the cell, as well as light microscopy to elucidate reproduction mode, determination
of the phylogenetic position of the strains under study, and analysis of their carotenoid and chlorophyll
content in order to determine the taxonomic identity of each strain [8,9]. All of these analyses are
particularly important in taxa such as Nannochloropsis sp. (Eustigmatophyceae) and Nannochloris
sp. (Chlorophyceae), both extremely small unicellular marine eukaryotic algae with easily confused
characteristics, which can even be impossible to distinguish due to their tiny cell size and simple
and smooth cell wall morphology [10]. Among the most important marine microalgae for obtaining
biofuels, precisely Nannochloropsis spp. stand out due to their high growth rates and lipid contents in
the form of TAGs [11]. Nannochloris, meanwhile, is a species that has received less study for biofuel
purposes, but has high lipid productivity [12]. To our knowledge, this is the first report on the isolation
and characterization of Nannochloropsis and Nannochloris species in Mexico.

The lipidic fraction of the microalgal biomass is used for biofuel production. Triacylglycerides are
converted to biodiesel, and this procedure has been extensively studied. However, other compounds
produced by microalgae such as hydrocarbons and terpenes can also be used for the production of
bio-jet fuel and green diesel. For example, phytol stands out as a natural diterpene alcohol that can
be used as biofuel in diesel engines [13] or converted to gasoline by catalytic cracking [14]. Another
terpene, neophytadiene, is one of the dominant ones in green microalgae [15] and it could also be
converted to biofuel. Terpenes are hydrocarbons that are already important as bioactive compounds,
with applications as functional compounds due to their broad spectrum of biological activity, such as
antitumor and antiviral activity [16], among others. However, from more than 40,000 reported
structures, specific terpenes (cyclic and acyclic forms) are recognized as special biofuels that can be
used directly or blended with a range of fossil fuels, such as jet fuel, missile propellant, gasoline,
or diesel fuels [17]. On the other hand, hydrocarbons produced from microalgae can be directly used in
mixtures with the diesel fraction (C12–C22), or they can be subjected to a catalytic improvement stage
(hydroisomerization or hydroisomerization plus hydrocracking process), through which paraffins with
better fuel properties can be obtained [18]. The selection of the process will depend on the composition
of the raw material and the type of fuel that is to be produced. For example, if the hydrocarbon fraction
has a high content of paraffins with more than 21 carbon atoms, a hydroisomerization process with
simultaneous hydrocracking would be recommended. This process would permit the formation of
branched hydrocarbons with shorter carbon chains and products in the range of gasoline (bio-gasoline),
jet fuel (bio-jet fuel) and diesel (green diesel).

The vast biodiversity available in Yucatan, Mexico, provides a valuable resource for the
development of indigenous microalgal strains as biofuel feedstock. The objective of this research
was to collect marine strains from coastal waters and analyze morphology, reproduction mode and
organelle disposition by light microscopy and ultrastructure analysis to support phylogenetic studies
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and determine taxonomic identity. Additionally, the fatty acids and organic compounds synthesized
by the strains under study were analyzed to determine their potential for biofuel production, either
through catalytic processes for obtaining drop-in fuels (bio-jet fuel and renewable diesel) or biodiesel,
or even using them without chemical modification in mixtures with fossil fuels. Finally, a catalytic
hydrodeoxigenation reaction was carried out to experimentally demonstrate the potential of the
extracted lipids as raw material to obtain high-quality renewable fuels.

2. Materials and Methods

2.1. Isolation and Cultivation of Microalgae

Marine microalgae were collected from the water column at three different sites in Progreso,
Yucatan, located at 21◦19′01.33′ ′ N, 89◦40′50.05′ ′ W; 21◦17′09.38′ ′ N, 89◦41′50.05′ ′ W and 21◦17′09.36′ ′

N, 89◦41′50.07′ ′ W. Samples were collected at three different depths (0.0, 0.5 and 1 m) from water
bodies during the mornings of May 2014 using a Van Dorn bottle (1120-G45, Wildco, Yulee, FL, USA).
The pH, temperature and salinity values (Extech Stick EC500, Extech instruments, Boston, MA, USA)
were registered [19]. The collected samples were allowed to settle for 3 to 4 h at 4 ◦C. The sedimented
biomass was analyzed to proceed with the isolation of the microalgae species.

2.2. Obtaining Axenic Cultures

Microalgae cells were observed by inverted microscope (Axio Observer-5 ZEISS, Baden-Württemberg,
Oberkoche, Germany) to select individual cells and inoculate in Guillard’s f/2 (G9903, Sigma-Aldrich,
San Luis, MO, USA) and saline BG-11 medium (2% NaCl) (C3061, Sigma). Then microalgae colonies
(500 μL plated in solid Bold’s basal medium (BBM) were transferred to both media for decontamination:
Centrifugation. Microalgae cultures were centrifuged, pellets were washed in sterile seawater and
centrifuged again, and were then inoculated [19]. Serial dilution. Dilutions of microalgae culture
(1:10, 1:100 and 1:1000 (v/v)) were employed. Antibiotic treatment. After proliferation of bacteria in
Müeller-Hinton media, antibiotic susceptibility testing disks (50295; Bio-Rad, Hercules, CA, USA) were
used, giving maximum susceptibility to chloramphenicol, amikacin and streptomycin (100 mg/L) [20].
Acid shock method. Cultures in exponential phase were centrifuged at 2291× g for 7 min at 10 ◦C
(Digicen 21R, OrtoAlresa, Madrid, Spain). The pellet was resuspended three times in 1 mL HCl (1N)
by manual agitation [21] and re-suspended in both media and incubated. The axenic microalgal strains
were cultivated (10 mL) in Guillard’s f/2 (G9903, Sigma) and BG-11 (2% NaCl) (C3061, Sigma) under a
12:12 photoperiod at 25 ± 2 ◦C, 110 μmol m−2s−1 light intensity and 120 rpm agitation. To improve
cell densities, nutrient content (Guillard’s f and f/2 medium) was evaluated at different pH (6, 7 and 8)
and inoculum size (10, 20 and 30%). Cell concentration was determined every 48 h using a Neubauer
hemocytometer [22].

2.3. Morphological Analysis. Light Microscopy and Transmission Electron Microscopy (TEM)

Morphological features (cell shape and reproductive features) observed through optical
microscopy (Eclipse E200, Nikon instruments, Melville, NY, USA) were recorded. For TEM, the strains
were preserved in 2% glutaraldehyde for 4 h and then post-fixed in 1% OsO4 for 30 min, followed by
progressive dehydration in 30 to 100% ethanol at 4 ◦C. The samples were then transferred to 100%
propylene oxide and infiltrated into epon-propylene oxide (1-1) for 48 h, followed by embedding
in epon and polymerization at 60 ◦C for 48 h [23]. Cross sections were performed with a Leica
ultramicrotome (Leica, Wetzlar, Germany) and observed with the 1200-EX II TEM (JEOL, Peabody,
MA, USA) located at the Institute of Cellular Physiology, UNAM.

2.4. DNA Extraction and 18S rRNA Gene Amplification

The microalgae cells were harvested at the stationary growth phase by centrifugation (30 mL) and
washed three times in bidistilled sterile water. The cell (c.a. 200 mg) was stored at −20 ◦C until use.
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For genomic DNA extraction, the Youssef protocol was used with minor modifications [24]. 18S rRNA
gene amplification was implemented using forward primer A (5′-AACCTGGTTGATCCTGCCAG-3′)
and reverse primer SSU-inR1 (5′-CACCAGACTTGCCCTCCA-3′) based on the conserved domain
region of 18S rDNA [25].

18S rRNA region amplification was carried out with a 10 μL reaction mixture containing 1×
PCR Buffer, 2 mM MgCl2, 0.2 mM dNTPs, 1 mM primer, 1 U Taq DNA polymerase (Invitrogen,
Waltman, MA, USA) and 10 ng of DNA. PCR conditions included 1 cycle of 1 min at 94 ◦C for initial
denaturation, followed by 40 cycles of 30 s at 94 ◦C, 30 s at 57.5 ◦C, 1 min at 72 ◦C, and finally
7 min at 72 ◦C. Amplicons were checked by electrophoresis on 1% agarose gel in 1 × TAE buffer.
The amplification products of approximately 500 pb were purified using NucleoSpin® Gel and PCR
Clean-up commercial kit (Macherey-Nagel, Düren, Germany) to remove primer dimers according
to the manufacturer’s instructions. Direct sequencing of the amplification products was carried out
by a two-directional (reverse and forward) procedure (Clemson Sequencing Service, Clemson, South
Caroline, USA).

The 18S rRNA region sequences from DNA of NSRE-1, NRRE-1 and NSRE-2 of 540 pb (approx.)
were used as “queries” in nucleotide Blast tools (NCBI website) to recover the ten best matches for
each input sequence, based on percentage of sequence coverage, E-value and percentage of identity
of 100%. After manual adjustment with MEGA version 2.1, sequences with their homologies in
GenBank were deleted to a final sequence of 536 pb and aligned using CLUSTALX (EMBL, Heidelberg,
Germany). Molecular phylogenetic analyses by the maximum likelihood method based on the Kimura
2-parameter model were conducted using MEGA version 2.1 [26]. One thousand replica samplings
were analyzed for percent bootstrap values in a neighbor-joining tree. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. Evolutionary analyses
were conducted in MEGA 7 [26]. Reference sequences retrieved from GenBank of 18S rRNA region
sequences were: NSRE-1, MH921192; NRRE-1, MH921193; and NSRE-2, MH921194.

2.5. Biomass Production

Algal biomass was produced in a culture system consisting of three serially connected 250 mL
Erlenmeyer flasks with 200 mL of culture medium and a 250 mL Erlenmeyer flask with sterile distilled
water (with the purpose of acting as an air humidifier). The culture system was maintained under
the following conditions: an aeration rate of 3.6 vvm, temperature of 24 ± 2 ◦C, and light intensity
of 81 μmol m−2 s−1 with a 16:8 (light:dark) photoperiod [27]. The biomass was recovered at the
beginning of the stationary phase (15 days of cultivation) by centrifugation at 5057× g for 7 min at
25 ◦C [28]. The pellet was washed with bidistilled sterile water to eliminate minerals and salts from
the culture media. The total biomass was maintained at −80 ◦C for 24 h and freeze dried at 0.1 bar and
−53 ◦C for 72 h [29].

2.6. Total Lipid Extraction

One g of dried biomass was subjected to solvent extraction with 15 mL of a 1:2 (v/v)
chloroform-methanol mixture [30–33] for 3 h at 40 ◦C and 150 rpm (3×). The solvents were then
eliminated by vacuum evaporation.

2.7. Thin Layer Chromatography

It was carried out on TLC Silica gel 60 F254 plates (Merck KGaA, New York, NY, USA). A 9:1:0.1
(v/v) mixture of hexane, ethyl acetate and acetic acid was used as the mobile phase. The plates were
developed using a 10% (w/v) solution of phosphomolybdic acid in sulfuric acid [34].

2.8. Column Chromatography

The lipid extract was fractionated by column chromatography using silica gel (Kieselgel,
70–230 mesh) as the stationary phase. A solvent gradient elution was used to obtain five fractions from
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the lipid extract. The solvent system was hexane, then 9:1, 8:2 and 7:3 mixtures of hexane-ethyl acetate,
and finally methanol [29,34,35].

2.9. Transesterification

The TAG fraction was transesterified with sodium metoxide (6% v/w) in a 25 mL vial with
moderate agitation at 60 ◦C for 90 min. The reaction mixture was passed through silica gel to eliminate
excess catalyst and glycerol. The solvent was then evaporated in a fume hood.

2.10. Lipid Profile Analysis (GC-MS)

The fractions were analyzed by gas chromatography–mass spectrometry (7890B and 5977A series
GC/MSD, Agilent Technologies, Santa Clara, CA, USA), using a DB5-HT column (30 m × 250 μm
ID × 0.25 μm film width) under the following conditions: 3 mL/min of helium flux as carrier gas.
The detector and injector temperatures were set at 300 ◦C. The GC temperature program started at
70 ◦C/5 min, and was then raised to 200 ◦C using a rate of 10 ◦C/min with a 5 min hold at 200 ◦C
and 20 ◦C/min until 290 ◦C, which was held for 22.5 min. The injection volume was 1 μL. The NIST
05 (National Institute of Standards and Technology, Gaithersburg, MD, USA) library was used for
identification of the main peaks [36]. Six main groups of compounds were identified: hydrocarbons,
FAMEs, organic acids, terpenes, sterols and amines.

2.11. Catalytic Hydrodeoxygenation of Oxygenates from Strain NSRE-2

The fraction of oxygenated compounds from strain NSRE-2 was subjected to a catalytic
hydrodeoxygenation treatment (HDO) in a stainless steel (SS-316) fixed bed reactor (Microactivity
Reference, Madrid, Sapin), with a length of 30.5 cm and a 0.9 cm internal diameter. The reaction
mixture (31 mg lipid extract dissolved in 120 mL nonane) was fed using an HPLC pump (model 307
V 3.00, Gilson, Villiers-le-Bel, France) at a constant flow rate of 0.061 mL min-1 to attain a WHSV
of 0.1 h−1. Pt/HZSM-22-γ-Al2O3 synthesized in-house was used as catalyst (0.046 g) and activated
in-situ under H2 flow (50 mL min−1) at 400 ◦C for 2 h with a heating rate of 5 ◦C min−1 and 20 bar
with a pressure rate of 5 bar min−1. The reaction conditions were 300 ◦C at a heating rate of 5 ◦C min−1

and a H2 pressure of 40 bar. H2 was fed at a gas flow rate of 55 mL min−1 and the total reaction time
was 4 h. Samples of the reaction product were collected every hour and analyzed by GC-MS.

2.12. Statistical Analysis

Results of biomass and lipid production are presented as means ± standard deviations (SD)
from three replicates. The statistical analysis was carried out using OriginPro (v 9.0, OriginLab,
Northampton, MA, USA) to determine the degree of significance using one-way analysis of variance
(ANOVA) at a probability level of P < 0.05.

3. Results and Discussion

3.1. Obtaining Axenic Cultures

The three isolated microalgae were named NSRE-1, NRRE-1 and NSRE-2, and placed under
the conditions mentioned. Application of HCl proved to be an effective decontamination technique.
This pH-shock treatment has been applied before for effective control of V. chlorellavorus, a predatory
bacterium that can destroy a Chlorella culture in just a few days [37]. This effective treatment with
high selectivity and low cost can be considered throughout the scale-up and production process [37].
The pH-shock treatment applied in this study is simpler than the one executed by Ganuza et al. [37]
and patented by Ganuza and Tonkovich. Application of antibiotics has been used by other authors to
obtain axenic cultures from freshwater bodies [38]. However, bacterial contamination persisted in all
cultures when amikacin, active against aerobic gram-negative bacilli [19], was applied in this work.
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The culturing of NSRE-1, NRRE-1 and NSRE-2 in Guillard’s f/2 resulted in improved growth
compared to BG-11 medium, as indicated by the cell densities (cell mL−1) of NSRE-1, NRRE-1 and
NSRE-2. In Guillard’s f/2 they were 9.03 × 106, 5.46 × 106 and 6.28 × 106, while in BG-11 they were
1.48 × 106, 2.56 × 105 and 4.50 × 105 respectively. This result could be explained by the fact that
Guillard’s f/2 medium has a ratio of 16N:1P, which promotes higher cell density in shorter cultivation
times [39]. Additionally, vitamins in Guillard’s f/2 medium (cyanocobalamin, thiamine and biotin),
absent in BG-11, contribute to the initial growth of microalgae species [40].

Improving microalgae culture parameters to increase biomass and growth is considered the
most important factor in sustainable product development [41]. This includes the improvement of the
medium composition and physical parameters [42]. In this study, modifications to pH were carried
out to increase cell density (Figure 1). Inoculum size of microalgae is another important factor that
significantly affects microalgae growth, specifically, the lag phase, maximum specific growth rate,
biomass accumulation and the metabolite production at the end of culturing (Richmond 2004). In this
study, an inoculum size of 10% v/v, yielded a higher cell density than 20% or 30%, probably because a
greater availability of nutrients occurs at lower cell densities [43]. In this regard, inoculum size had an
effect on final cell density. Selection of the appropriate inoculum size can help reduce the cell mortality
ratio in microalgae and increase the biomass production and nutrient recovery [5].

The nutrient concentration of Guillard’s medium employed in this study were half strength and
full strength, denoted as f/2 and f respectively. The cell density double increased in all strains under
study by using f Guillard´s f media (Figure 1). Notably in NRRE-1, cell density was ten times greater
than NSRE-1 and NSRE-2. These results are consistent with those obtained by Malakootian et al.
(2015), in Nannochloropsis oculata with Walne medium, the composition of which is similar to Guillard´s
f medium, resulting in a highest cell density than with Guillard’s f/2, Sato and TMRL media.

 

Figure 1. Mean cell density ± SE of NSRE-1, NRRE-1 and NSRE-2 strains at three different pH levels
and inoculum sizes and two nutrient concentrations.

Based on the results obtained, stabilized microalgae strain culture conditions were as follows:
pH 8, inoculum size 10% v/v and Guillard’s f medium.
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The three strains showed a short lag phase (2–4 days), followed by an exponential growth phase of
6 days. The early stationary phase began on day 18 of cultivation (Figure 2). The highest cell density was
registered almost at the end of the stationary phase in NSRE-1 and NRRE-1. In NRRE-1 cell concentration
decreased on day 20 of culture. Cell density was higher in NSRE-1 (2.16 × 107 cells mL−1) than NSRE-2
(1.89 × 107 cells mL−1), whereas NRRE-1 showed the lowest density (1.21 × 107 cells mL−1).

 
Figure 2. Growth curve of strains NSRE-1 (�), NRRE-1 ( ) and NSRE-2 (�).

3.2. Morphological Analysis (Light Microscopy and TEM)

A suite of analyses (morphological, ultrastructural, biochemical and molecular) may be required
for the determination of some taxa [44]. Visualization by light microscopy mainly determines
reproduction mode and other characteristics, while ultrastructure analysis determines the disposition
of organelles and cellular details for taxa differentiation purposes. Under light microscopy (LM),
NSRE-1 showed spherical or oval cells (1.0 to 3.0 μm in diameter) with rounded lobes and a very
thin hyaline mucilage. In adult and young cells, a parietal chloroplast without pyrenoid covered
three quarters of the cells. An eyespot was observed in some cells. Reproduction was asexual by
2 to 4 autospores, released by rupture and gelatinization of the mother cell wall. Mother cell wall
remnants were observed in cell groups. The cells were observed mainly to be solitary vegetative
cells or autospores clustered together. Our ultrastructure study through TEM analysis (Figure 3)
showed lenticular ornamentations on the cell wall, some lipid bodies and the endoplasmic reticulum
attached to the plastid and nuclear membrane. Four membranes were observed covering the plastid,
characteristic of Nannochloropsis sp. (Eustigmatophyceae) [45].

NRRE-1 showed spherical or oval cells (2.0 to 4.0 μm in diameter), most of them clustered together
(many dispersed solitary vegetative cells) or solitary cells of different size and phases. A cup-shaped
parietal chloroplast with pyrenoid was observed. Under TEM, the cells were observed to be rounded
with a multilayer cell wall (Figure 4). The plastid exhibited thylakoid membranes penetrating into
the pyrenoid. Cells in division exhibited an evident cleavage furrow, characteristic of Nannochloris sp.
(Chlorophyta). Under LM, reproduction was observed mainly by the formation of two autospores and
tetrads of aplanospores, which are converted into colonies of sister cells.
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Figure 3. TEM of NSRE-1. (a) General appearance of Nannochloropsis sp. (b) Cell with detail of
endoplasmic reticulum adjacent to the plastid, nucleus, membrane and ornamented wall. (c) Details
of nucleus with chromatin. (d) Cell with lipid accumulation. (e) General aspect of cell in division.
(f) Detail of plastids, thylakoids and lipids in dividing cells. N, nucleus; CM, cell membrane; CW,
cell wall; ER, endoplasmic reticulum; Ps, plastid; Cr, chromatin; LG, lipid granules; Th, thylakoid.

Finally, NSRE-2 exhibited spherical or oval cells (1.4 to 2.8 μm in diameter), with a single parietal
chloroplast, an eyespot, and with the pyrenoid surrounded by reserve substance. Solitary vegetative
cells or cells clustered together were also observed in division into two with the formation of tetrads
of aplanospores. Reproduction mode is mainly by autospores in two tetrads and by rupture of the
autosporangium with the release of aplanospores. NSRE-2 showed large lipid bodies, a smooth cell
wall, and the plastid attached to the endoplasmic reticulum and covered by four membranes, according
to TEM (Figure 5). This characteristic evident in NSRE-1 and NSRE-2 strongly suggests that they
belong to Nannochloropsis sp. (Eustigmatophyceae), in which the chloroplasts occupy most of the cell
and contain a series of parallel lamellae composed of three thylakoids each, without lamella sheath [45].
Of the four membranes covering the chloroplast, the two external ones correspond to the endoplasmic
reticulum, which apparently connects to the nuclear membrane [8].
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Figure 4. TEM of NRRE-1. (a) Cup-shaped plastid with starch granules and very broad, multilayer
cell wall. The thylakoids penetrate the starch furrow and cup-shaped plastids with two membranes.
(b) Detail of cell with nucleus and plastids with starch. (c) Cell in division with an evident furrow
and cup-shaped chloroplast. MI, mitochondria; N, nucleus; Ps, plastid; Th, thylakoid; St, starch; CF,
cleavage furrow; DM, double membrane; Mu, mucilage.

 

Figure 5. TEM of NSRE-2. (a) Detail of cells with reserve granules without the thylakoid membrane.
(b) Cell with plastids, thylakoids, smooth-walled endoplasmic reticulum and chloroplast bounded by
four envelopes. (c) Cell with nucleus, membrane and multilayer cell wall. (d) Dividing cell with large
lipid granules. N, nucleus; Ps, plastid; Th, thylakoid; St, starch; CF, cleavage furrow; ER, endoplasmic
reticulum; LG, lipid granules; CW, cell wall.
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3.3. 18S rRNA Analysis

Morphological traits suggested the strains under study belong to Nannochloropsis (NSRE-1
NSRE-2) and Nannochloris species (NRRE-1). Molecular characterization was executed to support this
classification based on morphological characteristics. The accession numbers, whose sequences showed
homologies with 18S rDNA sequences of the strains under study, correspond to microorganisms with
tiny cell sizes and from coastal marine environments. This confirms that the 18S rDNA lineages
are consistent with the habitat [46]. The phylogenetic tree constructed with 18S rRNA region
sequences supported splitting the strains into two groups (Figure 6), separating NSRE-1 and NRRE-1
from NSRE-2.

Figure 6. Molecular phylogenetic analysis by the maximum likelihood method inferred from 18S rDNA
sequences. The percentage of trees in which the associated taxa clustered together is shown next to
the branches.

Interestingly, NSRE-1 and NRRE-1 showed genetic relations with Nannochloropsis oculata,
Nannochloris sp. and Picochlorum eukaryotum, all marine species [47] from coastal zones.
The phylogenetic nearness of NSRE-1 and NRRE-1 to Nannochloropsis and Nannochloris must be revised
in light of pigment composition as a taxonomic marker for the Eustigmatophyceae; e.g., astaxanthin
and canthaxanthin present in authentic species of Nannochloropsis [48] and chlorophyll-b, to distinguish
Nannochloris from Nannochloropsis [49]. Additionally, a larger fragment of the 18S rDNA, rbcL gene
and ITS region must be considered to confirm their identity [8]. For now, NSRE-1 must be considered
to belong to Nannochloropsis sp. and NRRE-1 to Nannochloris sp. pending further analysis.

On the other hand, NSRE-2 was clustered distantly from the rest of the strains under study.
It falls into a freshwater clade dominated by Oocystis sp., characterized by synthesis of FAMEs
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and essential fatty acids. However, there are many morphologic details to reject this possibility.
Oocystaceae (Trebouxiophyceae) have a characteristic cell wall substructure that is composed of
several cellulose layers with perpendicular fibril orientations [50]. In fact, since the work of Komárek
(1979) the definition of the family has been based upon the ultrastructure of the multilayered cell
wall [51]. The phylogenetic position of the NSRE-2 strain must be revised, including a longer 18S
rDNA fragment, although the morphologic details strongly indicate that it must be considered to be
Nannochloropsis sp. In this context, it is worth mentioning that there are few Nannochloropsis spp. entry
sequences in GenBank.

3.4. Biomass Concentration, Lipid Extraction and Analysis

The dry biomass weight for NSRE-1, NRRE-1 and NSRE-2 strains was 0.82 ± 0.03, 0.58 ± 0.01
and 0.56 ± 0.02 g L−1 respectively (Figure 7), with no significant differences (ANOVA, P < 0.05, n = 3)
between NRRE-1 and NSRE-2 strains, in contrast with the NSRE-1 strain.

 

Figure 7. Dry biomass weight (dark gray bars), lipid extract (light gray bars) and lipid content (dark
bars) of microalgae NSRE-1, NRRE-1 and NSRE-2.

Similar results to NSRE-1 were obtained in Nannochloropsis salina (0.9 g L−1), Nannochloropsis
oleoabundans (1.1 g L−1) and Dunaliella primolecta (0.9 g L−1), all marine microalgae. Meanwhile, for the
NRRE-1 and NSRE-2 strains, dry biomass values were similar to those obtained in Synechocystis salina
(0.6 g L−1), Microcystis aeroginosa (0.8 g L−1) and Pseudokirchneriella subcapitata (0.4 g L−1) [52,53].

Total lipid extracts for NSRE-1, NRRE-1 and NSRE-2 were 307.91 ± 36, 218.02 ± 21 and
171.02 ± 16 mg L−1 (Figure 7) and lipid contents were 37.56, 37.91 and 30.75%, similar to the 25–56%
lipid content found in several marine microalgae [52]. Meanwhile, lipid yields in seven marine isolated
cultures of Nannochloropsis sp. (42.7–23.5% dry weight) [28] were similar to those obtained in this study
from NSRE-1 and NSRE-2 (28.17 and 23.06% dry weight respectively).

Thin layer chromatography analysis indicated the presence of non-polar (terpenes and TAGs) and
polar (fatty acids and phospholipids) lipids in the extracts. Therefore, to carry out their identification,
the partitioning of the extract was executed by polarity gradient using column chromatography to
obtain fractions of the extracts, which are summarized in Table 1.
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Table 1. Fractions of the lipid extracts.

Fraction
% of Total Extract

NSRE-1 NRRE-1 NSRE-2

1 5.8 8.1 20.1
2 8.9 10.7 7.1
3 8.5 6 23.1
4 5.9 16.4 19.6
5 - 10 8.4
6 71 48.8 21.7

3.5. Lipid Profile Analysis (GC-MS)

The identification of the fractions by GC-MS generated numerous compounds grouped into six
main types: hydrocarbons, FAMEs (after transesterification of TAGs), organic acids, terpenes, sterols
and amines (Table 2).

Table 2. Compounds identified by GC-MS in strains NSRE-1, NRRE-1 and NSRE-2.

Compound (IUPAC) Molecular
Formula

% of Total Peak Area (wt % Fractions)

NSRE-1 NRRE-1 NSRE-2

Hydrocarbons
Tetradecane C14H36 5.64 (3.6)
Pentadecane C15H32 4.89 (8.3) 4.35 (4.5)
1-Heptadecene C17H34 23.75 (59.2)
Heptadecane C17H36 6.91 (11.8) 8.48 (5.5) 5.97 (6.1)
Octadecane C18H38 4.86 (8.3) 5.72 (5.9)
Nonadecane C19H40 4.66 (3.0) 4.3 (1.1)
Eicosane C20H42 7.8 (5.0) 8.78
Heneicosane C21H44 7.28 (4.7) 8.31 (2.1)
Tetracosane C24H50 3.95 (6.7) 7.76 (2.0)
Hexacosane C26H54 4.86 (5.0)
Heptacosane C27H56 3.37 (5.7)
Neophytadiene C20H38 64.22 (78.2) 64.98 (61.8)
Total (wt %) 33.8 59.9 46.9
FAMEs (TAG and FFA fractions)
Hexadecanoic acid, methyl ester (Methyl palmitate, C16:0) C17H34O2 13.58 (4.16) 13.85 (28.48) 7.82 (10.82)
9,12-Octadecadienoic acid (Z,Z)-, methyl ester (Methyl
linoleate, C18:2) C19H34O2 4.92 (10.11) 12.34 (26.35)

Octadecenoic acid. Methyl stearate (C18:0) 5.4 (10.4)
(Z)-9-Octadecenoic acid, methyl ester (Methyl oleate, C18:1) C19H36O2 7.37 (15.15)
Total (wt %) 9.5 24.7 23
Oxygenated compounds
3-Hydroxy-butanoic acid C4H8O3 10.78 (2.2)
Bis (2-ethylhexyl) hexadecanoic acid ester C22H42O4 45.19 (12.9) 4.93 (9.14) 39.03 (5.6)
Phytol C20H40O 3.02 (10.0)
6,10,14-Trimethyl-2-pentadecanone C18H36O 10.54 (2.7)
2-Palmitoylglycerol C19H38O4 9.94 (10.19)
Campesterol C28H48O 6.58 (12.20)
Clionasterol C29H50O 26.79 (49.68) 8.25 (2.4)
(Z)-13-Docosenamide C22H43NO 61.35 (40.88)
2,2,4-Trimethyl-1,3-pentanediol 1-isobutyrate C12H24O3 5.01 (9.24)
2,4-Di-t-butylphenol C14H22O 5.73 (18.97)
Total (wt %) 56.8 15.3 30.1
% oxygen 19.2 6 12.5
H/C atomic ratio 1.9 1.7 1.9

3.5.1. Hydrocarbons

The hydrocarbons identified in the strains under study contained 14 to 27 carbon atoms (Table 2).
Most common were even numbers (C12, C16, C18, C22 and C24), both saturated (alkanes) and
unsaturated (alkenes). In all three strains, a higher percentage of saturated straight-chain hydrocarbons
was detected (40, 80 and 90%, respectively). This result agrees with those reported in the literature,
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where e.g., heptadecane represented more than 80% of total hydrocarbons. Heptadecane, pentadecane,
and 7- and 8-heptadecene were detected in several Nannochloropsis species (Eustigmatophyceae).
In marine microalgae, odd-numbered hydrocarbons account for more than 60%, typically C15, C17 or
C21, and are often saturated.

Dry weight percentages of hydrocarbons in all strains yielded 0.055, 0.041 and 0.044% for
NSRE-1, NRRE-1 and NSRE-2 respectively. This result is consistent because the hydrocarbon content
in microalgae is generally low (less than 0.07% in dry weight) and mostly straight-chain alkanes and
alkenes. Alka(e)nes of various chain lengths are important targets for biofuel production because they
are major components of gasoline (mainly C5–C9 hydrocarbons), jet fuels (C5–C16) and diesel fuels
(C12–C20). Microalgae hydrocarbons represent a potential feedstock for fuel development, although
their use is still under development because knowledge of physiological pathways of hydrocarbon
synthesis in microalgae is necessary to improve synthesis yields. Additionally, knowledge is also
required to attain an economically viable scale-up process.

3.5.2. FAMEs

The fatty acid methyl esters (FAMEs) identified correspond to saturated C16 and unsaturated,
mono- and di-, C18 (Table 2). The NSRE-1 extract contained 10% more C16:0 than C18:1. The ratio
of saturated/unsaturated FAMEs was 1:0.89. The NRRE-1 extract contained 11.2% more C16:0
than unsaturated C18:1 and C18:2, resulting in a saturated/unsaturated FAMEs ratio of 1:0.88.
In contrast, the NSRE-2 extract showed 57.8% greater production of C18:2 than C16:0, with a
saturated/unsaturated ratio of 1:1.57. Hexadecanoic fatty acid methyl ester (C16:0) was identified in
all extracts at percentages higher than 15% compared to other fatty acids in marine and freshwater
microalgae strains. In Nannochloropsis strains, C16 to C20 fatty acid chains were identified with a
variable level of unsaturation: e.g., palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid
(18:2) and eicosanoic acid (20:0) [53]. The same compounds were identified in NSRE-1 and NSRE-2,
with additional compounds such as 9,12-octadecadienoic acid methyl ester and 9-octadecenoic acid.
For biodiesel production, a low ratio of saturated to unsaturated fatty acids is preferred (less than 22%
FAMEs by weight), because for high concentrations of saturated FAMEs, the CFPP increases above
0◦C, and the biodiesel obtained cannot be used in cold climates [54].

3.5.3. Organic acids

Free fatty acids and unsaponifiable organic acids were identified in the strain extracts under study
(Table 2). The 3-hydroxy butanoic acid in NSRE-1 is a precursor in the formation of homopolymers in
marine cyanobacteria [55]. n-Hexadecanoic acid (palmitic acid) was more abundant in NSRE-2 (26.01%)
than in NSRE-1 (7.98%). In marine microalgae species, hexadecanoic acid has been identified among
major saturated fatty acids. Hexadecanoic acid bis(2-ethylhexyl) ester or di(2-ethylhexyl)adipate
(DEHA), identified at a high percentage in NSRE-1 and NSRE-2, is a constituent of polymeric flexible
materials (polyvinyl chloride, PVC) and films used in the flexible vinyl industry [53]. Commonly,
this compound is used as a solvent and a component of aviation lubricants, among others uses [56].
DEHA is relatively insoluble in water and therefore it is likely to be distributed in sediment through
biota of aquatic ecosystems or by effluents from plastic-producing plants [53]. Possible contamination
of the sampling site is discarded due to the constant changes of culture and purification treatments
applied in this study. As far as the authors know, this is the first study that reports its identification in
the lipid composition of green microalgae.

3.5.4. Terpenes

Bis(2-ethylhexyl) phthalate (DEHP) detected in NSRE-2 (Table 2) is a plasticizer or solvent
in a variety of industrial products. It is an environmental pollutant in marine sediments,
although it has been identified in lipid extracts of Tetraselmis suecica and Chlorella sorokiniana,
Synechocystis sp. and mixed cultures of Streptomyces sp. and Chlorella sorokiniana [32]. In NSRE-1,
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6,10,14-trimethyl-2-pentadecanone (hexahydrofarnesyl acetone) or HHA was identified, derived from
the diterpene phytol, a secondary metabolite synthesized by higher plants with the ability to esterify
chlorophyll-a [53]. It is also characterized as being a natural fragrance in higher plants [57] and as a
lipid component in green microalgae, such as Mougeotia viridis, Cladophora rivularis [58], Botryococcus
braunii [52] and the marine brown macroalgae Padina pavonia [59].

3.5.5. Sterols

In NSRE-2, 25-oxo-25-norcholesterol and clionasterol were identified. 25-Oxo-25-norcholesterol
has been identified in extracts of marine microalgae (Skeletonema costatum) [2], in cyanobacteria
subjected to hydrocarbon biodegradation processes, and in the control of the invasive growth of
diatom species [32]. The detection of campesterol and clionasterol in NRRE-1 and NSRE-2 can be
explained because both derive from the conversion of 24-methylene cholesterol to fucosterol in the
synthesis of isoprenoids in green microalgae (Chlorophyceae) [60]. Sterols, especially from green
microalgae, differ from those of higher plants in the configuration of the C24 alkyl groups, these being
24S, in contrast to the 24R of sterols in higher plants. These sterols from marine microalgae have been
used as nutrients for the growth of aquaculture organisms [61]. Alternatively, the use of sterols has
been proposed as substitutes in edible oils [57]. On the other hand, 2-palmitoylglycerol was reported
as a substrate of chloroplast (omega)-3 fatty acid desaturases isolated from plant cells [57].

3.5.6. Amines

(Z)-13-Docosenamide was identified in the NSRE-2 strain with 61.35% total peak area (Table 2)
is an allelopathic substance in lipid extracts of Microcystis aeruginosa (Cyanobacteria) and Quadrigula
closterioides (Chlorophyceae) [53].

3.6. Potential of Lipids as Feedstock for Biofuel Production

The products extracted from the three strains were grouped according to their nature:
hydrocarbons, TAGs and FFAs, and oxygenated compounds (Table 2). The composition of each
of these fractions is analyzed in the following sections with a view to their possible direct use as fuel
or as a raw material to be chemically processed and obtain high-quality renewable fuels. The quality
of the biodiesel that can be obtained from compounds from the three strains was estimated through
the use of experimental data and the application of selected correlations taken from the literature,
according to the procedures described in reference [62] with the following two exceptions:

i) The equation reported by [63] was used in this work for the calculation of the cold filter plugging
point (CFPP):

CFPP (◦C) = −26 + 5.76( SAT _(C16-C24)) ˆ0.5 (1)

where SATC16–C24 is the content (wt %) of saturated FAMEs having chains with 16 to 24 C atoms.
ii) Density at 15 ◦C, kinematic viscosity, higher heating value and oxidative stability of methyl oleate

were taken from reference [64].

It is important to mention that no equation was found to estimate the CFPP for biodiesels with a
content of saturated FAMEs as high as those of the three fractions of this work. However, Equation
(1) was chosen because it is one of the most accurate equations found in the literature for estimating
this property.

The potential of the hydrocarbon fractions to be used directly in mixtures with fossil fuel or to
be fed to a catalytic improvement process for obtaining higher quality biofuels was also analyzed
qualitatively, based on the lipid profiles obtained by GC-MS analyses. Finally, the fraction of oxygenated
compounds was analyzed in a similar way to the hydrocarbon fraction, with the difference that in this
case the composition of Jatropha curcas oil (JCO) was taken as a reference raw material for the oxygen
elimination processes in the production of transportation biofuels.
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3.6.1. Analysis of the Hydrocarbon, FAME and Oxygenated Fractions as Fuel Precursor

The composition of the hydrocarbon fractions obtained from the strains is shown in Table 2.
Due to the high content (>59%) of mono-unsaturated compounds in each fraction, their direct use as
diesel in mixtures with hydrocarbons of fossil origin is not recommended. This is because the presence
of unsaturated molecules causes instability in fuels during storage [65]. For all strains, the shorter
hydrocarbons are 14 or 15 C atoms. On the other hand, the fractions from NSRE-1 and NSRE-2 have
hydrocarbons of more than 24 C atoms, although the concentration of these is relatively low (5.7
and 5% for strains NSRE-1 and NSRE-2 respectively). According to the above, the hydrocarbons of
strain NRRE-1 could be improved through a single hydrogenation stage to saturate the double bonds
in neophytadiene. This would produce diesel fuel with a high cetane number, although it would
not have very good cold flow properties. It could, however, be mixed with diesel of fossil origin.
Another alternative for the hydrocarbon fraction of the NRRE-1 strain would be to process it through a
hydroisomerization stage. This could be more convenient, because the conditions of both processes are
similar, with the isomerization process having the advantage of generating a given content of branched
structures, which is necessary to improve the cold flow properties of the diesel obtained. In both cases,
a diesel without the presence of heteroatoms would be obtained, which, when mixed with fossil diesel,
would increase the yield of ultra-low-sulfur diesel.

On the other hand, the long hydrocarbons, which exceed the diesel range (>24 C atoms) of
strains NSRE-1 and NSRE-2 could be separated by distillation and the remaining fraction could be
processed in the manner described for strain NRRE-1. Another alternative for fractions one and three
would be to transform the hydrocarbons without prior distillation in a hydroisomerization stage
with simultaneous hydrocracking. This would make it possible to obtain high quality saturated and
branched hydrocarbons as fuel, with chain sizes in the interval of diesel and bio-jet fuel.

For the analysis of oxygenated fractions, consider the following characteristic data of Jatropha
curcas as a reference. According to in-house analysis, J. curcas oil (JCO), one of the raw materials that
has been used to produce bio-jet fuel and green diesel through the HEFA process (HDO), has 11% by
weight of oxygen and a H/C atomic ratio of 1.8. These values are close to others for different vegetable
oils. Table 2 shows also the composition of the oxygenate fraction for the three strains, discarding
TAGs and FFAs. The percentage of oxygen and the H/C atomic ratio for each fraction is also indicated.

As can be seen in Table 2, the oxygenated fraction of NSRE-1 has a component that has only four
C atoms, which, when subjected to an HDO/DO process, will give rise to paraffin of three or four C
atoms. While propane and butane are useful hydrocarbons as fuel or precursors for obtaining other
compounds with higher added value, they are not part of liquid transportation fuels. The rest of the
oxygenated components of NSRE-1 correspond to the diesel fraction according to the number of C
atoms present in their structures. A simple HDO/DO stage would eliminate the oxygen heteroatoms
and obtain linear paraffins with high cetane number. Alternatively, if the process is oriented towards
the formation of linear and branched structures (hydrodeoxygenation plus hydroisomerization),
a higher quality diesel could be obtained. Additionally, there is the option of favoring a moderate
level of breakage of long molecules (hydrocracking), with which a certain yield of bio-jet fuel can
also be obtained. However, it must be considered that the presence of cracking reactions and the
consequent saturation of the resulting structures implies a higher net consumption of hydrogen in
the process. The fractions from strains NRRE-1 and NSRE-2 can also be processed by HDO or DO
to obtain renewable diesel. These fractions have the advantage of not having compounds with less
than twelve carbon atoms. Therefore, a higher liquid yield would be expected in their processing.
On the other hand, these fractions have structures with more than 22 C atoms, which would require
the application of a certain level of hydrocracking in order to obtain hydrocarbons in the diesel range
or even in the range of bio-jet fuel.

On the other hand, the oxygenated fractions of the three strains possess adequate characteristics
to be transformed through the HEFA process to obtain bio-jet fuel as well as renewable diesel.
When comparing the percentage of oxygen of the three fractions with that of JCO, that of NSRE-1
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is observed to be considerably higher, while that of NRRE-1 corresponds to approximately half that
of JCO. Finally, the oxygen content of NSRE-2 is similar to that of JCO. A greater or lesser amount
of oxygen in the feed may imply the greater or lesser formation of CO and CO2 byproducts, which,
besides being polluting gases, are inhibiting agents of the bifunctional catalysts used in these processes.
Moreover, the formation of CO and CO2 is also directly related to the favored reaction routes which
depend on the catalyst and the reaction conditions applied, since the hydrodeoxygenation route gives
rise to the elimination of oxygen as water, while the decarbonylation/decarboxylation routes result in
the formation of CO and CO2. Whatever the catalytic route, the higher the oxygen content in the feed,
the higher the catalytic capacity required to remove all oxygen present. Thus, hydroprocessing of the
fraction from NSRE-1 may involve a slightly higher effort.

On the other hand, although the fraction from NRRE-1 has lower oxygen content, and this is
convenient from the point of view of the removal of this heteroatom, this fraction has the highest
content of structures with more than 24 C, which requires higher breaking levels to obtain equivalent
yields of biofuels. A more significant presence of cracking reactions is also associated with a higher
net consumption of hydrogen, as well as higher exposure to coke precursors, and a potential decrease
in the lifetime of the catalysts used in the process. On the other hand, NSRE-1 requires a greater
elimination of oxygen, but does not require favoring the breaking reactions. Regarding NSRE-2, it has
an oxygen level equivalent to that of feeds processed by HEFA, and it has a low concentration of
carbon chains with more than 24 C atoms, so its hydroprocessing would also be similar. As regards the
H/C ratio of the three strains, the values are similar to the one present in JCO or other vegetable oils,
so the net consumption of hydrogen would be comparable in orders of magnitude to those used in the
processing of triglycerides by HEFA.

3.6.2. Catalytic Hydrodeoxygenation of Oxygenates from Strain NSRE-2

The reaction products obtained are listed in Table 3, and they were similar for the 4 h of time
on stream, indicating a good stability of the catalyst used. The fact that the feed was composed
of oxygenated C16 to C29 molecules, having 12.5 wt % oxygen and some unsaturations in their
molecules (Table 2), indicates that certain level of hydrocracking occurred in the reaction, giving rise to
hydrocarbons of smaller chain lengths. This, in turn, may imply the formation of some compounds
shorter than C12, that could not have been identified and quantified due to the large proportion of the
C9 used as solvent in the catalytic tests. However, these unidentified compounds would correspond to
the gasoline fraction and would be free of oxygen, considering that the removal of this element is more
difficult to achieve for larger compounds. In accordance with the above, it can be concluded that a
complete elimination of the oxygen present in the feed was achieved in the HDO reaction. Likewise,
a complete saturation of the identified reaction products was obtained, giving rise to a mixture of
saturated hydrocarbons in the range of C12-C20.

Table 3. Compounds identified as HDO reaction products.

Compound (IUPAC) Molecular Formula % of Total Peak Area

Dodecane C12H26 82.9
2,6,10-Trimethyldodecane C15H32 1.8

Hexadecane C16H34 1.8
Heptadecane C17H36 5.9
Octadecane C18H38 4.8

10-Methylnonadecane C20H46 2.7

The product obtained is then an ultra-low sulfur renewable diesel with a high cetane number
(conferred by the linear molecules of intermediate carbon chains lengths [C12, C16-C18]), and good cold
flow properties, due to the significant presence (4.5%) of structures with one or three branches. A diesel
with this composition could probably be used in high proportions in mixtures with fossil diesel.

106



Energies 2019, 12, 130

3.6.3. Estimation of Biodiesel Properties

Table 2 shows the composition of the TAG and FFA fraction expressed in terms of FAMEs resulting
from their esterification and transesterification. The estimated properties of the biodiesels from the
three strains studied are reported in Table 4. The following main fuel properties were considered in
this analysis: density at 15 ◦C and 40 ◦C (ρ), cetane number (CN), kinematic viscosity at 40 ◦C (ν),
higher heating value (HHV), iodine value (IV), cold filter plugging point (CFPP) and oxidative stability
(OSI). Also, the reference values of the estimated properties are indicated in the table when they are
considered in the American (ASTM D6751) and European (EN 14214) biodiesel standards.

Table 4. Predicted biodiesel properties and specifications in U.S. and European standards.

Property (Units) NSRE-1 NRRE-1 NSRE-2 ASTM D6751 EN 14214

ρ @15◦C (kg/m3) 886 a 880.4 883.0 860–900
ρ @40◦C (kg/m3) 850.8 855.5 856.3

CN 74.5 66.6 65.9 47 min 51 min
ν @40◦C (mm2/s) 4.7 a 4.5 4.2 1.9–6.0 3.5–5.0

HHV (MJ/kg) 38.4 a 39.7 39.5
IV (g I/100 g biodiesel) 0.0 44.6 45.4 120 max

CFPP (◦C) 31.6 17.9 23.4
OSI (h) 27.4 a 5.4 7.1 3 h 6 h

a taken from [64].

It can be seen that the estimated densities of the three biodiesels at 15 ◦C fall within the limits
established in EN 14214, while the U.S. biodiesel standard does not specify limits for this property.

Additional considerations on the density and the rest of the evaluated properties can be consulted
elsewhere [62]. The CN of the three biodiesels is well above the minimum limit of 51 prescribed by the
more stringent European standard. Moreover, the kinematic viscosity at 40 ◦C of the three biodiesels is
also within the limits established by both standards. Furthermore, the higher heating value (HHV)
estimated for biodiesels from the three strains lies between 38.4 and 39.7 MJ/kg, approximating the
average value of 40 MJ/kg usually found for biodiesel. On the other hand, the estimated iodine values
(IV), which are a measure of the unsaturation present in biodiesel, are well below the maximum limit
of 120 g I/100 g biodiesel prescribed in the EN 14214 standard. Nevertheless, the estimated CFPP
values for the three biodiesels are too high. The American and European standards for biodiesel
do not consider defined limits for this property. However, a report is required depending on the
season. Typical values of CFPP required in European countries are below 0 ◦C. For example, in Spain,
the maximum limit of CFPP in summer is 0 ◦C, while the maximum in winter is −10 ◦C [66]. It is clear
that the estimated CFPP values for the three biodiesels are very poor. This is explained by the high
percentages of saturated species present in them, which range from 58 to 100%. For this reason, to be
able to use these biodiesels it would be necessary to mix them with FAMEs having a higher content of
unsaturated species to overcome the limitation on their applicability. Additionally, a warm climate
would make their application more feasible. Contrary to what occurs for the CFPP parameter, oxidative
stability (OSI) is favored by the presence of saturated fatty esters. For this reason, the biodiesels from
the NSRE-1 and NSRE-2 strains, which possess higher percentages of saturated species, present OSI
values higher than the minimum limit of 6 h indicated by the more stringent European standard.
On the other hand, the OSI estimated for biodiesel from the NRRE-1 strain indicates that it complies
with the American standard but not with the European one.

4. Conclusions

The collected strains were identified as belonging to Nannochloropsis (NSRE-1 and NSRE-2) and
Nannochloris sp. (NRRE-1). To our knowledge, this is the first time that these species have been found in
Mexico. The hydrocarbons extracted from the three strains studied fall within the range of diesel. However,
their direct use is not recommended in pure form or mixed with fossil hydrocarbons due to the presence of
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mono-unsaturated components, as these confer instability to the fuel during storage. For hydrocarbons from
NSRE-1 and NSRE-2, it would be advisable to apply a process of hydroisomerization plus simultaneous
hydrocracking to obtain molecules with shorter and more branched carbon chains, useful as high-quality
renewable diesel and even as bio-jet fuel. On the other hand, to properly take advantage of the hydrocarbon
fraction from NRRE-1, a single catalytic improvement step would be adequate to saturate the double bonds
and obtain a high cetane number diesel.

Among the oxygenated fractions, the one corresponding to NSRE-1 showed the highest oxygen
content (19.2 wt %), which could represent a more significant challenge for its processing to obtain
renewable transportation fuels. Nevertheless, the three fractions could be processed through a single
HDO or DO stage to obtain high-quality renewable diesel as the main product. This was experimentally
demonstrated by subjecting the fraction of oxygenated compounds of the NSRE-2 strain to an HDO
reaction, which produced a high-quality, renewable diesel that was completely free of oxygen and
unsaturated compounds.

On the other hand, if bio-jet fuel is the desired product, it would be more convenient to process
the fractions through the HEFA process. The oxygenated fractions from strains NRRE-1 and NSRE-2
are of the higher quality required for processing by HEFA because, their oxygen content is lower than
or similar to that of JCO taken as the reference feed for this process.

Regarding the analysis of FAMEs from the three strains studied, it was found that the three
biodiesels satisfactorily comply with the majority of the evaluated properties according to the limits
established in the American and European standards. The property that showed the poorest results
was the cold filter plugging point (CFPP), with values of 17.9–31.6 ◦C. This is explained by the high
content of saturated FAMEs, which ranges from 58 to 100%. For this reason, these biodiesels could
only be used in warm climates and mixed with FAMEs with a higher content of unsaturated species.

According to this analysis, the lipids of the strains studied are very valuable precursors for
obtaining high quality renewable fuels, since these can be processed through different catalytic routes
that involve not only transesterification, but also (hydro)deoxygenation reactions, which have great
potential to transform varied feeds and obtain fuels with properties similar or even superior to those
of fossil fuels.
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Abstract: The molar ratio of methanol to rubber seed oil (RSO), catalyst loading, and the reaction
time of RSO biodiesel production were optimized in this work. The response surface methodology,
using the Box–Behnken design, was analyzed to determine the optimum fatty acid methyl ester
(FAME) yield. The performance of various nanomagnetic CaO-based catalysts—KF/CaO-Fe3O4,
KF/CaO-Fe3O4-Li (Li additives), and KF/CaO-Fe3O4-Al (Al additives)—were compared. Rubber
seed biodiesel was produced via the transesterification process under subcritical methanol conditions
with nanomagnetic catalysts. The experimental results indicated that the KF/CaO-Fe3O4-Al
nanomagnetic catalyst produced the highest FAME yield of 86.79%. The optimum conditions were
a 28:1 molar ratio of methanol to RSO, 1.5 wt % catalyst, and 49 min reaction time. Al additives of
KF/CaO-Fe3O4 nanomagnetic catalyst enhanced FAME yield without Al up to 18.17% and shortened
the reaction time by up to 11 min.

Keywords: rubber seed oil; biodiesel production; nanomagnetic catalyst; subcritical methanol; FAME
yield; Box-Behnken design

1. Introduction

The International Energy Agency (IEA) has reported that the global energy demand in 2020 would
be 14,896 million tons of oil equivalent (Mtoe) and up to 18,048 Mtoe by 2035. The finite supply and
depletion of fossil energy reserves, coupled with increased energy consumption is placing higher
demands on energy production [1]. Renewable energy technology was introduced as an alternative
energy to fulfill these needs. However, renewable energy contributes only 20% to the global energy
demand and the other 80% is still supplied by fossil fuels [2]. Therefore, further studying and
improving production technology is required [3]. Biodiesel—a liquid fuel produced from edible or
non-edible vegetable oil or animal fats [4]—is an environmental friendly alternative energy, renewable,
energy efficient, substitution fuel that does not sacrifice an engine’s operational performance [5].
The increasing demand for biodiesel is also due to awareness of the environmental impact of emissions
from conventional fossil fuel combustion and the decline in domestic oil production [6].

Rubber seed, the agriculture residues considered as waste in the rubber industry, has the potential
to be a non-edible biodiesel production source in many country, such as Thailand [7], Malaysia [8],
Indonesia [9], and Bangladesh [10]. The oil content in rubber seed is high, between 40 and 50% [11],
so it has attracted attention as a biodiesel raw material. Thailand is an agricultural country and the
largest rubber producer, producing 35% of the world’s total production [12], with the rubber tree
plantations covering around 3,548,274 ha or 35,482.7 km2. This amount is continuously increasing
each year [13].
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For the conventional biodiesel technique, transesterification with methyl ester is performed with
a homogeneous catalyst such as potassium methoxide or potassium hydroxide [14,15]. The catalysts
have high activity and conversion ability, but they produce a large amount of chemical waste
water [16], long-term consuming production, are expensive, and catalyst removal or recovery are
difficult [14]. Therefore, heterogeneous catalysts were studied to replace homogeneous catalysts.
Presently, heterogeneous nanocatalysts have exhibited good catalyst properties: high activity and large
surface area. Most recent studies have shown that they demonstrated better performance and are more
effective, easy to handle, and cost efficient [16]. CaO-based catalysts are widely used for biodiesel
production due to their high efficiency in FAME enhancement, low cost, and availability [17,18].
For example, heterogeneous catalysts with CaO-based catalysts such as CaMgO, CaZnO [19], CaO-NiO,
CaO-Nd2O3 [20], and CaO-La2O3 [21] improved biodiesel production and the resultant yields were
83%, 81% [19], 86.3%, 82.2% [20], and 86.5% [21], respectively. After combining the magnetic catalysts
and nanocatalysts together, nanomagnetic catalysts were formed. The nanomagnetic catalyst has
good catalyst properties conferred by the nanocatalyst and is easily removed due to its magnetic
properties [14]. The heterogeneous CaO-based catalysts with Li additives reduced soaps formation
due to the reaction of alkaline catalysts with free fatty acids or the saponification of triglycerides
and enhanced methyl esters [22,23]. Similarly, the presence of Al additives in the form of sodium
meta-aluminate improved transesterification in biodiesel production. Hence, both additives enhanced
methyl esters production. The Al additives in CaO-based catalysts improved catalyst performance
along with the presence of Na, an alkali metal that behaves similarly to Li [24].

The subcritical fluid technique was developed as a novel technique for biodiesel production. It is
mostly considered environmental friendly and inexpensive due to the significant in of the production
time [25]. The main advantages of transesterification in subcritical condition for biodiesel production
was high conversion and reaction rates [26]. The operating temperature under subcritical methanol
ranges from 150 to 250 ◦C [26,27]. Subcritical methanol at 220 ◦C achieved the highest FAME yield.
For example, a 95.6% yield was obtained from soybean oil with K3PO4 [28], 94.7% from Castor oil, and
95.6% [29] from soybean oil with Na2SiO3 [30]. In the subcritical state, hydrogen bonding significantly
decreases, which allows methanol to be a free monomer. The transesterification is completed via
a methoxide transfer, whereby the fatty acid methyl ester and diglycerides are formed. Similarly,
diglyceride is transesterified to form methyl ester and monoglycerides, which are further converted to
methyl ester and glycerol in the last step [31].

Response Surface Methodology (RSM) with Box-Behnken experimental design have been
effectively applied to determined optimum conditions. Mathematical and statistical methods have
been used to predict the effect of input process parameters based on the output responses [32–34]. The
three parameters that most influence biodiesel production are: methanol/oil ratio, catalyst loading,
and reaction time [35,36].

In this research, rubber seed oil (RSO) was selected as a potential non-edible raw material
for biodiesel production. Nanomagnetic catalysts were synthesized and applied in subcritical
methanol biodiesel production to enhance biodiesel yield. The Box-Behnken experimental design,
the most widely used for response surface methodology [37,38], was used to study the effect of
each individual variable, such as molar ratio between methanol and RSO, catalyst amount, and
reaction time. The response surface results were analyzed based on FAME yield percentage to
determine the optimum conditions for rubber seed biodiesel production using subcritical methanol
with nanomagnetic catalysts.

2. Materials and Methods

2.1. Materials

We used RSO and methanol (AR Grade, RCI Labscan, Bangkok, Thailand) as the raw materials
for biodiesel production. The magnetic core (Fe3O4) was prepared from FeSO4·7H2O (AR Grade,
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Ajax Finechem Pty Ltd., Victoria, Australia), Fe(SO4)3 (AR Grade, Ajax Finechem Pty Ltd.), and
NH3·H2O (25% ACS Reagent, J.T. Baker, Pittsburgh, PA, USA). The metal oxide base that was chosen
was CaO (AR Grade, Ajax Finechem Pty Ltd.). In the impregnation method, calcined metal oxides
mixed with a magnetic core were dipped in KF (AR Grade, Ajax Finechem Pty Ltd.). For Li and Al
additives catalysts, LiNO3 (AR Grade, Ajax Finechem Pty Ltd.) and Al with NaOH (AR Grade,
Ajax Finechem Pty Ltd.), which formed sodium meta-aluminate, were added in nanomagnetic
CaO-based catalysts.

2.2. Preparation of Rubber Seed Oil

Rubber seeds were planted and harvested in Phattalung, a southern province in Thailand.
The RSO was obtained from Agricultural Occupation Promotion and Development Center in Cha-am
district, Phetchaburi province, Thailand. Firstly, rubber seeds were inserted to the deshelling
machine. Then, the deshelled rubber seeds were dried at 60 ◦C for 4 h before the extraction process.
The mechanical hydraulic pressing machine was used to crush and squeeze the rubber seeds to obtain
rubber seed oil. The oil was then analyzed using the ASTM D5555-95 (2011) standard test method [32].
The initial free fatty acids (FFA) content of rubber seed oil was 16.72%.

2.3. Preparation of Nanomagnetic Catalysts

The nanomagnetic catalyst preparation procedures were modified based on the literature [16,22–24].
Firstly, the magnetic core was prepared by dissolving 27.8 g FeSO4·7H2O and 79.6 g Fe2(SO4)3 79.6 g
in deionized water. Then, 25% NH3·H2O was added dropwise to the iron mixed solution. The mixed
solution was vigorously stirred in a 60 ◦C water bath for 60 min. The final pH value of the aqueous
solution was maintained at approximately 12.0. The mixed solution was then aged for 60 min. After
aging, the black solid part that settled was then separated using a permanent magnet. The separated
black solid was washed with distilled water until the final pH of the filtrate remained at 7.0. the
wet magnetic core was dried at 60 ◦C for 24 h. After that, the black dried solid was pulverized into
a fine black magnetic core powder. The metal oxide, CaO, was calcined at 600 ◦C for 3 h before
the nanomagnetic solid base catalyst was prepared. Then, 100.0 g calcined metal oxides and a 5.0 g
Fe3O4 magnetic core were mixed homogeneously. The impregnation method was performed next by
completely dipping the mixture in 25 wt % KF aqueous solution, and then dried at 105 ◦C for 24 h.
The dried mixture was calcined in a furnace at 600 ◦C [16]. As such, the synthesized nanomagnetic
CaO-based catalyst, KF/CaO-Fe3O4, was prepared.

2.4. Additives

The heterogeneous CaO-based catalysts with lithium (Li) [22,23] or aluminum (Al) [24] additives
were prepared as follows:

2.4.1. Lithium Additives (Li)

Calcined metal oxides (CaO; 100.0 g), 5.0 g Fe3O4 magnetic core, and 1.23% Li additives were
mixed homogeneously. Then, metal oxides were mixed using aqueous LiNO3 solutions of the
appropriate concentration. The mixed slurry was stirred for 2 h and heated to 100 ◦C for 2 h [23]. Then,
to continue with KF impregnation, drying and calcination were performed, as previously mentioned
in Section 2.3. As a result, the KF/CaO-Fe3O4-Li nanomagnetic catalyst was synthesized.

2.4.2. Aluminum Additives (Al)

The molar ratio of NaOH, Al, and calcined metal oxides with Fe3O4 magnetic core was fixed
at 2:2:3. Firstly, the NaOH solution was prepared by dissolving NaOH into the distilled water and
then Al sheet was added into the solution. After that, the mixed slurry of sodium meta-aluminate
solution (mixture of Al and NaOH) was stirred for 2 h and then heated to 100 ◦C for 2 h [24]. Then,
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we continued with KF impregnation, drying, and calcination as previously mentioned in Section 2.3.
Finally, after the calcination process, the Al additives catalyst, KF/CaO-Fe3O4-Al, was prepared.

2.5. Transesterification Process

The transesterification reaction was carried out in a 40 mL tubular high-pressure reactor (20 MPa)
using the subcritical fluid technique and nanomagnetic catalysts. The reaction temperature was fixed
at subcritical methanol condition at 220 ◦C. The molar ratio between methanol and rubber seed oil was
10:1, 25:1, or 40:1. The synthesized nanomagnetic catalyst was used at 1.5, 3.0, or 4.5 wt % oil and the
reaction time was 30, 45, or 60 min. After the reaction occurred completely, the catalyst was removed
using a permanent magnet. Then, the two liquid phases, methyl ester and glycerol, were separated by
separation funnel. We applied these transesterification process procedures to all 3 types of synthesized
nanomagnetic catalysts; KF/CaO-Fe3O4, KF/CaO-Fe3O4-Li, and KF/CaO-Fe3O4-Al.

2.6. Experimental Design and Optimization

The three independent variables, the molar ratio between methanol and rubber seed oil, catalysts
amount, and reaction time of rubber seed oil biodiesel production using subcritical methanol with
various types of catalysts, were chosen for further optimization studies using RSM. These three
variables were chosen because their effects are the most influential in biodiesel production [5,35]. The
methanol to rubber seed oil ratio ranged from 10:1 to 40:1, catalysts loading ranged from 1.5 to 4.5 wt %,
and reaction time ranged from 30 to 60 min [35,39–41].

A total of 15 runs of Box-Behnken Design (BBD) [36,38,42–44] with three variables at three levels
were used in this study. The three levels of each variable examined were coded as –1 for the lower level,
0 for the middle level, and 1 for the higher level, as shown in Table 1. The molar ratio between methanol
and rubber seed oil (the individual parameter) was defined as X1, whereas the amount of catalysts and
reaction time in subcritical condition were defined as X2 and X3, respectively. The response of each
experiment was modeled as a second-order polynomial:

Y = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 + β33X3
2 + β12X1X2 + β13X1X3 + β23X2X3 (1)

where Y is the corresponding response variable and βi (i = 0, 1, 2, 3, 11, 12, 13, 22, 23, and 33) is the
series of regression coefficients for the intercept, linearity, square, and interaction. The independent
variables coded are of Xn (n = 1, 2, 3). The experimental design, data analysis, and response surface
graphs were calculated and generated by combining regression and graphical analyses. The optimum
operating conditions of rubber seed biodiesel production were determined by solving the regression
equation and applying RSM. Design Expert Software (Version 11, Stat-Ease, Inc., Minneapolis, MN,
USA) was used for data analyzation.

Table 1. The levels of independent variables examined and the range of dependent responses of the
rubber seed oil biodiesel production using Box-Behnken design. RSO: Rubber seed oil.

Variable
Coded Level

−1 0 1

Molar ratio (X1, methanol:RSO) 10:1 25:1 40:1
Amount of catalysts (X2, wt %) 1.5 3 4.5

Reaction time in subcritical
condition (X3, min) 30 45 60

2.7. FAME Analytical Method

The FAME yield percentages were analyzed using gas chromatography (GC; Clarus 680 GC,
PerkinElmer Inc., Waltham, MA, USA) with a Perkin Elmer Elite Series GC Column (PE-5 Phase,
60 mm × 0.250 mm, df = 0.25 μm) using the European Standard (EN) 14103 (European Standard) method.
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The EN 14103 method specifies quality criteria for the biodiesel production via FAME content. The FAME
yield from each experiment was calculated from its content in the composition as analyzed by GC.

2.8. Nanomagnetic Catalysts Characterization

The morphology of nanomagnetic CaO-based catalysts were analyzed using scanning electron
microscopy (SEM, model JSM-6610LV, JEOL Ltd., Tokyo, Japan). The specific surface area, pore
volume, and pore size were measured by nitrogen adsorption-desorption isotherms using a Brunauer-
Emmett-Teller (BET) Model Autosorb-1 (Quantachrome Corporation, Boynton Beach, FL, USA).

3. Results and Discussion

3.1. Nanomagnetic Catalysts Properties

The morphologies of CaO powder and nanomagnetic CaO-based catalysts, KF/CaO-Fe3O4,
KF/CaO-Fe3O4-Li, and KF/CaO-Fe3O4-Al, are shown in Figure 1a–d, respectively. The SEM images
illustrate that nanomagnetic CaO-based catalysts particles were mostly agglomerated and formed into
a larger crystal structure, especially KF/CaO-Fe3O4-Li, with Li additives. KF/CaO-Fe3O4 catalyst
particles also agglomerated, but the overall crystal size was smaller than the Li additives catalysts.
Although KF/CaO-Fe3O4-Al catalysts agglomerated, all small particles were identified.

Figure 1. The morphologies of CaO powder and various synthesized nanomagnetic CaO-based
catalysts were analyzed using scanning electron microscopy (SEM): (a) CaO powder, (b) KF/CaO-Fe3O4,
(c) KF/CaO-Fe3O4-Li, and (d) KF/CaO-Fe3O4-Al.

The BET specific surface area, pore volume, and Barrett-Joyner-Halenda (BJH) pore size of CaO
powder and synthesized nanomagnetic CaO-based catalysts, KF/CaO-Fe3O4, KF/CaO-Fe3O4-Li
and KF/CaO-Fe3O4-Al, are shown in Table 2. The properties of synthesized catalysts dramatically
decreased compared to CaO powder due to magnetization and impregnation, due to the pore blockage
caused by additives [45]. The specific surface area of synthesized nanomagnetic CaO-based catalyst
was 27.84 m2/g. The surface area increased to 34.93 and 95.70 m2/g in the presence of Li and Al
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additives, respectively. The morphology of Al additive catalysts (Figure 1d) confirm that without
the agglomeration effect, small particles were distributed independently, producing a higher specific
surface area [46]. The larger surface area of the catalyst provided a larger area for adsorption on the
surface, which enhanced the forward reaction [47] and resulted in higher FAME conversion. The
pore sizes of the three types of synthesized nanomagnetic CaO-based catalyst ranged from 2.15 to
3.79 nm, which means that mesopores catalysts were produced [45]. The BET results illustrate that
the Li additive catalysts had higher selectivity due to their smaller pore size and smaller pore volume
compared to the other two synthesized catalysts. In contrast, the Al additive catalysts had the highest
surface area, pore volume, and pore size, which led to better catalyst performance [46].

Table 2. Brunauer-Emmett-Teller (BET) specific surface area, pore volume and pore size data of
synthesized nanomagnetic catalysts.

Nanomagnetic Catalyst BET Surface Area (m2/g) Pore Volume (cm3/g) BJH Pore Size (nm)

CaO 121.00 0.1351 3.79
KF/CaO-Fe3O4 27.84 0.0510 2.16

KF/CaO-Fe3O4-Li 34.93 0.0308 2.15
KF/CaO-Fe3O4-Al 95.70 0.1140 3.79

3.2. Response Surface Methodology Analysis

A Box–Behnken design containing 15 trials was used as the experimental design. Table 3
summarizes the details of the experimental matrix and the corresponding results. The experimental
FAME yield data that were analyzed from the rubber seed biodiesels using GC were used to calculate
the coefficients of a second-order polynomial:

Y = 81.1533 + 7.6263X1 − 6.3088X2 − 6.1150X3 − 11.1054X1
2 − 1.6054X2

2 −
8.2629X3

2 + 3.7425X1X2 − 0.0550X1X3 − 10.5550X2X3
(2)

where Y denotes the predicted FAME yield of rubber seed biodiesel production, and X1, X2, and X3

denote the molar ratio between methanol and rubber seed oil (methanol: RSO), KF/CaO-Fe3O4-Al
catalysts amount (wt %), and reaction time (min), respectively.

Table 3. Box-Behnken design conditions for optimizing the rubber seed oil biodiesel production with
corresponding experimental results and predicted response values.

Variables Molar Ratio Catalyst Amount Time FAME Yield

(unit) (methanol:RSO) (wt %) (min) (%)

Run X1 x1 X2 x2 X3 x3 Experimental Predicted

1 10:1 −1 1.5 −1 45 0 72.11 70.87
2 40:1 1 1.5 −1 45 0 78.51 78.64
3 10:1 −1 4.5 1 45 0 50.89 50.77
4 40:1 1 4.5 1 45 0 72.26 73.50
5 10:1 −1 3.0 0 30 −1 60.54 60.22
6 40:1 1 3.0 0 30 −1 77.27 75.58
7 10:1 −1 3.0 0 60 1 46.41 48.10
8 40:1 1 3.0 0 60 1 62.92 63.24
9 25:1 0 1.5 −1 30 −1 71.59 73.15
10 25:1 0 4.5 1 30 −1 81.20 81.65
11 25:1 0 1.5 −1 60 1 82.48 82.03
12 25:1 0 4.5 1 60 1 49.87 48.31
13 25:1 0 3.0 0 45 0 83.32 81.15
14 25:1 0 3.0 0 45 0 81.01 81.15
15 25:1 0 3.0 0 45 0 79.13 81.15
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Based on Equation (2), the predicted FAME yield of rubber seed biodiesel is shown in Table 3.
The coefficient of determination (R2) between the experimental and predicted values was determined
to be 0.9898, indicating that approximately 98.98% of the variations for the response could be explained.
The Analysis of Variance (ANOVA) summary of the RSM is presented in Table 4. The p-value of the
model term was found to be significant at less than 0.05 as shown in Table 4.

Table 4. ANOVA for quadratic model of the rubber seed oil biodiesel production. Df: Degrees
of freedom; pred R2: Predicted value of R-squared; adj R2: Adjusted R-squared; adeq: Adequacy
of R-squared.

Source Sum of Squares Df Mean Square F-Value p-Value Probability > F

Model 2243.92 9 249.32 53.90 0.0002
X1 465.28 1 465.28 100.59 0.0002
X2 318.40 1 318.40 68.84 0.0004
X3 299.15 1 299.15 64.68 0.0005

X1X2 56.03 1 56.03 12.11 0.0177
X1X3 0.01 1 0.01 0.00 0.9612
X2X3 445.63 1 445.63 96.35 0.0002
X1

2 455.37 1 455.37 98.45 0.0002
X2

2 9.52 1 9.52 2.06 0.2109
X3

2 252.10 1 252.10 54.50 0.0007
Residual 23.13 5 4.63

Lack of fit 14.32 3 4.77 1.08 0.5129
Pure error 8.81 2 4.40

SD R2 pred
R2 adj R2 adeq

precision
Mean

2.15 0.9898 0.8902 0.9714 19.3251 69.97

The response surface curves and contour plots of three independent variables illustrated in
Figures 2–4 were generated based on the regression model. Both the influence and interaction of
each independent variable were evaluated. Each of the response surfaces, as shown in Figures 2–4,
produced a clear peak point that indicated that optimum condition and the maximum FAME yield in
rubber seed biodiesel production, which were achieved inside the design boundary region for all three
variables. The optimum values of X1, X2, and X3 derived from Equation (2) were −0.1749, −0.7829 and
0.3974, respectively. Hence, the optimum point of the model includes a 28:1 molar ratio between
methanol and RSO, 1.5 wt % of KF/CaO-Fe3O4-Al catalyst, and a 49 min reaction time. The optimum
condition leads to the maximum predicted value of FAME yield of 86.79%.

Figure 2. The interaction effect of molar ratio and KF/CaO-Fe3O4-Al catalyst amount on FAME yield
for rubber seed biodiesel production: (a) response surface curve and (b) contour plot.
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Figure 3. The interaction effect of molar ratio and reaction time on FAME yield for rubber seed biodiesel
production: (a) response surface curve and (b) contour plot.

Figure 4. The interaction effect of KF/CaO-Fe3O4-Al catalyst amount and reaction time on FAME yield
for rubber seed biodiesel production: (a) response surface curve and (b) contour plot.

The response surface illustrated in Figure 2 represents the interaction effect of molar ratio (X1) from
10:1 to 40:1 and KF/CaO-Fe3O4-Al catalyst amount (X2) from 1.5 to 4.5 wt % at a constant reaction time
(X3) of 45 min. It can be observed that the highest FAME yield percentage was produced at a 28:1 molar
ratio and 1.5 wt % catalyst. As the molar ratio increased, the FAME yield increased [30]. The FAME yield
continuously increased by introducing more methanol to shift the equilibrium to the right-hand side, but
when the ratio was more than 37:1, then the excess methanol would cause the FAME yield to decrease.
The low level of excess methanol in biodiesel production encourages the RSO to FAME conversion, but
at some point (in this work, at 37:1) the excess methanol and rubber seed oil separated into two phases of
fluids, which caused a shift in the biodiesel conversion step [48,49]. A high molar ratio of methanol to
oil increased FAME conversion, which confirmed the data in Table 3 for runs 2 and 3. The contour in
Figure 2 shows that a lower catalysts usage enhances FAME yield percentage. This was caused by excess
catalysts remaining in the system, which resulted in lower FAME conversion [48]. In additional, excess
catalyst caused lower FAME percentages, confirmed by the data in Table 3 for runs 11 and 12.

The response surface shown in Figure 3 represents the interaction effect of molar ratio (X1) in
the range of 10:1 to 40:1 and reaction time (X3) from 30 to 60 min at constant KF/CaO-Fe3O4-Al
catalyst amount (X2) of 3 wt %. It can be observed that the highest FAME yield was produced by
an approximately 30:1 molar ratio and 38 min reaction time. The FAME yield increased due to the
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increasing molar ratio. Similar to the previous paragraph, the FAME yield increased by introducing
more methanol but with excess methanol, the FAME yield began to decrease [48,49]. The response
surface also indicates that the advantage of subcritical methanol for biodiesel production is that
it significantly reduces the reaction time compared to the KOH conventional method for biodiesel
production, which requires more than 120 min to complete the process [50].

The response surface illustrated in Figure 4 represents the interaction effect when the
KF/CaO-Fe3O4-Al catalyst amount (X2) was varied from 1.5 to 3 wt % and reaction time (X3) was
increased from 30 to 60 min at a constant molar ratio (X1) of 25:1. It can be observed that the highest
FAME yield percentage was produced at 1.5 wt % of catalyst and 47 min reaction time. Similar to
Figure 2, the amount of remaining excess catalysts led to lower FAME conversion due to rubber seed
oil separating into two liquid phases, causing a shift in the biodiesel conversion step [48]. Using
a small amount of catalysts is recommended. In general, the high FFA content in the feedstock
oil should be esterified and run through two-step biodiesel production, which is time consuming
and complicated [50]. In this work, subcritical methanol successfully produced biodiesel with the
single-step transesterification of a high-FFA feedstock, rubber seed oil. The contour in Figure 4 shows
that the FAME yield peaked at approximately 48 min of reaction time.

3.3. Comparison of Nanomagnetic Catalysts and Subcritical Methanol Performance

The optimum condition of three types of nanomagnetic catalysts, KF/CaO-Fe3O4,
KF/CaO-Fe3O4-Li and KF/CaO-Fe3O4-Al for rubber seed biodiesel production were investigated
in this work. The role of different components in various catalysts produces different FAME yields.
Overall, the nanomagnetic CaO-based catalyst with additives appeared to perform better and produced
higher FAME yields than the one without additives. The Li additives affected the transesterification in
biodiesel production [22,23,51,52]. A high free fatty acids (FFA) content in RSO [7,10,53,54] significantly
affected the catalysts performance compared to the other types of oil [16,23,24].

The roles of different types and components in nanomagnetic CaO-based catalysts were
investigated through the optimum conditions and FAME yield of rubber seed biodiesel production,
shown in Table 5. Overall, the synthesized catalysts significantly reduced the catalyst amount and
reaction time required for biodiesel production and show the reasonable FAME yield as mentioned
in the previous paragraph. In rubber seed biodiesel production, limestone-based catalysts produce a
higher FAME yield [55], but the process is time consuming (by approximately more than four times)
compared to the catalysts synthesized in this work. Limestone-based catalysts are complicated to
prepare and have variable compositions such as Cao, SiO2, Al2O3, Fe2O3, MgO, SO3, K2O, Na2O,
P2O5, and TiO2 [55]. The acceptable FAME yield was determined to be 80%, and a high FAME yield
is considered to be 85%. Hence, the FAME yield of KF/CaO-Fe3O4-Li is acceptable and the FAME
yield for KF/CaO-Fe3O4-Al is considered high. The results indicate that both Li and Al additives
significantly improved catalyst performance (from KF/CaO-Fe3O4). The reaction of alkali catalyst
in Li additives or sodium meta-aluminate in Al additives catalysts with free fatty acids reduced
saponification and enhanced methyl esters formation [22–24].

Various types of CaO-based catalyst are commonly used in Jatropha curcas biodiesel production.
Jatropha curcas oil has a high FFA content (14–15%), which is similar to that of rubber seed oil [56–58].
The results showed that the nanomagnetic CaO-based catalysts synthesized in this work have better
performance due to their faster reaction time, lower catalyst amount required, and easier removal
with a permanent magnet [19–21]. Table 5 illustrated that Al-additive catalysts produced a yield
of 86.79%, which was the highest FAME yield in this work and is competitive compared to other
catalysts previously analyzed in the literature. The time required for biodiesel production using these
catalysts was much shorter and used significantly less catalyst. Besides catalysts performance, the
major advantages of all three types of synthesized nanomagnetic CaO-based catalysts are that they
are easily removed after reaction and the produced biodiesel was clearly separated from the glycerol,
which enhanced FAME yield.
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Table 5. Comparison of optimum conditions with various catalysts for biodiesel production achieved
during this work and other works.

Type of Catalyst Biodiesel
Source

Optimum Conditions

ReferenceMolar Ratio
(Methanol:RSO)

Catalyst
Amount (wt %)

Time
(min)

FAME Yield
(%)

KF/CaO-Fe3O4 Rubber seed oil 34:1 1.6 60 68.62 This work
KF/CaO-Fe3O4-Li Rubber seed oil 26:1 1.5 60 84.86 This work
KF/CaO-Fe3O4-Al Rubber seed oil 28:1 1.5 49 86.79 This work

KF/CaO-Fe3O4 Stillingia oil 12:1 4 180 95.0 [16]
Limestone based (CaO,

SiO2, Al2O3, Fe2O3, MgO,
SO3, K2O, Na2O, P2O5

and TiO2)

Rubber seed oil 5:1 5 240 96.9 [55]

CaO/Li Karanja oil 12:1 2 480 94.9 [23]
CaMgO Jatropha curcas 15:1 4 360 83 [19]
CaZnO Jatropha curcas 15:1 4 360 81 [19]

CaO-NiO Jatropha curcas 15:1 5 360 86.3 [20]
CaO-Nd2O3 Jatropha curcas 15:1 5 360 82.2 [20]
CaO-La2O3 Jatropha curcas 24:1 4 360 86.5 [21]

CaO/Al/Fe3O4 Rapeseed oil 15:1 6 180 98.71 [24]

4. Conclusions

Rubber seeds are agricultural residuals that have potential for use as a non-edible biodiesel raw
material. Rubber seed oil successfully produced biodiesel through the transesterification process
using subcritical methanol with nanomagnetic catalysts: KF/CaO-Fe3O4, KF/CaO-Fe3O4-Li, and
KF/CaO-Fe3O4-Al. Response surface methodology with the Box-Behnken design was employed to
determine a feasible experimental plan to optimize the rubber seed oil for the biodiesel conversion
procedure due to the high FFA content of RSO (16.7%). The effect of all three independent parameters
(methanol to oil molar ratio of 10:1–40:1, catalysts loading of 1.5–4.5 wt %, and reaction time of
30–60 min) were statistically investigated on the fatty acid methyl ester yield for rubber seed biodiesel
production at 220 ◦C. The limitation of the developed response surface model is that all the p-values
were less than 0.05. KF/CaO-Fe3O4-Al is nanomagnetic catalyst with a BET surface area of 95.70 m2/g,
pore volume of 0.1140 cm3/g, BJH pore size of 3.79 nm, and the highest FAME yield. The optimal
conditions for Al additives of KF/CaO-Fe3O4 nanomagnetic catalyst enhanced FAME yield without
Al up to 18.17% and the process was 11 min faster, while Li additives enhanced FAME yield without
Li up to 16.24%. The optimum conditions for rubber seed biodiesel production using the subcritical
methanol with KF/CaO-Fe3O4-Al as the nanomagnetic catalyst were optimized as a 28:1 molar ratio
of methanol to RSO, 1.5 wt % catalyst, and 49 min reaction time. The optimum conditions led to the
maximum predicted FAME yield of 86.79%.
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Abstract: Efforts have been made to develop efficient and alternative powertrains for internal
combustion engines including combustion at low-temperature (LTC) concepts. LTC has been widely
studied as a novel combustion mode that offers the possibility to minimize both nitrogen oxide (NOx)
and particulate matter (PM) via enhanced air-fuel mixing and intake charge dilution, resulting in
lower peak combustion temperatures. Gasoline compression ignition (GCI) is a new ignition method
related to the extensive classification of combustion at low-temperature approaches. In this method
of ignition, a fuel with high evaporation characteristics and low autoignition sensitivity, for instance
gasoline, is burned in a high pressure process. Despite many research efforts, there are still many
challenges related with GCI performance for compression ignition (CI) engines. Unstable combustion
for idle- to low-load operation was observed because of the low reactivity characteristics of gasoline,
and this will affect the efficiency and emissions of the engine. This paper contributes a detailed
review of several topics associated with GCI engines and the effort to improve its efficiency and
emissions, including its potential when using gasoline-biodiesel blends. Some recommendations are
proposed to encourage GCI engines improvement and development in the near future.

Keywords: GCI; biodiesel; diesel; combustion; emission

1. Introduction

Energy savings, emission reduction, environmental friendliness and sustainable energy supplies
are issues that attract much current attention. Investment in the research and development of
alternative fuels and energy resources is growing rapidly at both national and international levels.
The focus on the future energy supply is stimulated by anxieties associated with fossil fuel reserves.
Global energy consumption forecasts continue to predict increasing request for liquid hydrocarbon
fuels next shortly by internal combustion (IC) engines because these fuels are abundant, cheap and
convenient. However, large-scale and extensive use of fossil fuels results in two bad situations:
oil reserve depletion and environmental deterioration in the form of air pollution, increase in the
average global temperature manifested as global warming, and climate change [1]. Therefore, it is
important to promote and develop novel engine technologies and combustion strategies that focus on
high efficiency and clean internal combustion engines.

Several attempts have been made to promote alternative and efficient powertrains for IC engines,
including the combustion at low temperature (LTC) concept. LTC has been widely studied as a novel
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combustion mode, which offers the possibility to reduce both nitrogen oxide and particulate matter via
enhanced air-fuel mixing and intake charge dilution resulting in lower peak combustion temperatures [2,3].
Compression ignition of gasoline (GCI) is a new combustion concept in the extensive classification of
combustion at low-temperature approaches. For this new ignition type, a hydrocarbon fuel that has high
evaporation property and less sensitivity to autoignition, for example gasoline, is burned under high
pressure conditions [4–9]. Compression ignition of gasoline was first suggested by Kalghatgi to take
advantage of the benefits of the high vapor and high autoignition of petroleum gasoline-like fuel and the
high ratio of compression (CR) of CI engines to obtain maximum performance and near to zero emissions
at the same time [4]. However, the lubricity of market gasoline is not adequate to protect today’s fuel
injection components, so either the engine components must become more robust or fuel lubricity additives
will be needed. Furthermore, the major challenge for GCI is the very small cetane value of gasoline that is
usually estimated to be no higher than about 15. This low value leads to long ignition delays and misfires.
Therefore, the utilization of gasoline-diesel blends was suggested in engine ignition strategies. Besides
the lengthened autoignition, their altered physical characteristics may promisingly influence the injection
of fuel and characteristics of the jet spray, that are equally crucial for homogeneous mixture of fuel-air
configuration and the combustion inside the cylinder of engine [10,11]. Later on, a certain portion of
biodiesel was added to the gasoline fuel to achieve fuel properties that are appropriate for GCI engines
and can overcome the autoignition problems observed in gasoline [12].

Despite many research efforts, many challenges related to GCI operation for CI engines still exist.
Gasoline shows low reactivity characteristics, leading to unstable combustion for idle- to low-load
operation, which will affect the efficiency and emissions of the CI engine operation. The efficiency of a
GCI engine is estimated to be roughly equal that of a diesel engine and the emissions should be better
than those of an SI engine. This research project deals with improving the efficiency and emission
behaviors of CI engines using GCI mode and gasoline-biodiesel blend fuels. Understanding the main
properties of fuel and quantifying the influences of several parameters on CI engines on compression
ignition of gasoline mode, fueled with a biodiesel blended in gasoline are important for speeding up
the contributions and theory to realize the utilization of gasoline in diesel engines and biofuels in
the transportation area. Therefore, the aim of this paper is to contribute a detailed review of several
topics associated with GCI engines and the efforts made to improve their efficiency and emissions,
including their potential when using gasoline-biodiesel blends. Some recommendations are proposed
to encourage GCI engine improvements and development in the near future.

2. Gasoline-Biodiesel Blends as Substitute Fuels for CI Engines

Gasoline with high octane number usually has high vaporization characteristics and is very
difficult to ignite, and thus is called low reactivity fuel [13]. Spark ignition (SI) or gasoline engines
are engines that are suitable for this gasoline fuel. However, a big issue of this fuel implementation
in SI engines is the knocking phenomenon. This phenomenon allows gasoline engine to operate
only at a low ratio of compression around 8 to 11, which is a limitation of the SI engine. Due to the
low compression ratio, the limitation of gasoline engines is that they always display small efficiency.
Furthermore, the gasoline engine application usually requires spark plugs to give a spark firing at the
maximum of the stroke of compression as the trigger of combustion. Lastly, NOx emissions will be
a final product because gasoline engines are usually operated with almost-stoichiometric mixtures
which require high-temperature combustion [14].

Biodiesel is a substitute fuel for CI engines. It is a chemically modified biofuel made from either
animal fats or vegetable oils. According to the ASTM D6751 biodiesel standard, biodiesel can be
described as a “fuel containing monoalkyl esters of long-chain-fatty-acids processed from fats of
animal or oils of vegetable, named B100”. Biodiesel can be produced from many kind of seeds and
crop plants, for example poppy seed, maize seed, camelina seed, seed of pumpkin, castor, grape, pea,
beechnut, lupin, linseed, chestnut, rapeseed, peanut, olive, soybean, hemp, seed of sunflower, palm,
Shea butter, and cottonseed [15,16]. Biodiesel is required to have the same chemical and physical
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features as diesel fuel. The biodiesel standards and properties of biodiesel around the globe are briefly
presented in Table 1 [17], while, the superior features or deficiencies of biodiesel compared to diesel or
petroleum fuels are as follows [17]:

Superiority of biodiesel compared to diesel fuel:

- Biodiesel is more portable, available and renewable.
- Emissions such as CO, CO2, PM, SO2, and HC from biodiesel are lower compared to petroleum-

based diesel fuel.
- It is easier and faster to produce biodiesel than diesel petroleum-based fuel.
- The cetane value of biodiesel is higher than 100 that can results in better performance of CI

engines than petroleum diesel fuel.
- Biodiesel’s lubricity is better compared to petroleum-based diesel fuel which can reduce engine

maintenance and improve the engine lifetime.
- Different from conventional diesel, biodiesel can be used without additional lubricants because

of its purity and the clarity.
- Biodiesel can be used to solve energy security problems and has great potential to stimulate rural

development and sustainability.
- Biodiesel can be obtained without mining, transporting, or refining activities like petroleum

diesel fuel.
- Biodiesel can be produced locally, thus being cheaper than petroleum diesel fuel.
- The aromatic content, flash point, sulfur content, and biodegradability of biodiesel are better

excellent than those of petroleum diesel fuel.
- Biodiesel is safer, much more non-toxic, and more biodegradable compared to petroleum-based

diesel fuel.
- Biodiesel is non-flammable, however it has higher combustion efficiency because of its huge

oxygen fraction if compared to petroleum diesel.
- Biodiesel can produce low emissions, less visible smoke, and smalles amounts of noxious fumes

and odors.
- Blends of up to 20% biodiesel can be run without any modification of engines.

Table 1. Biodiesel standards and properties of biodiesel [Reprinted from Procedia Engineering, Vol. 56,
Masjuki Hj. Hassan, Md. Abul Kalam, An Overview of Biofuel as a Renewable Energy Source:
Development and Challenges, Copyrights (2013); with permission from Elsevier].

Properties (units) Malaysia

Indonesia
Republic of

Thailand US
European

Union
Brazil

SNI E 14214
ASTM
D6751

E 14214 ANP 42

Minimum flash point (◦C) 182 100 120 130 120 100
Viscosity at 40 ◦C (cSt) 4.415 2.3–6.0 3.5–5 1.9–6 3.5–5 -

Maximum of sulphated ash (%-mass) 0.01 0.02 0.02 0.02 0.02 0.02
Minimum of sulphur (%-mass) 0.001 0.001 0.001 0.001 0.001 -
Maximum of cloud point (◦C) 15.2 18 - - - -

Classification of copper corrosion (3 h, 50 ◦C) 1 3 1 3 1 1
Minimum of cetane number - 51 51 47 51 -

Maximum of sediment and water content
(volume %) 0.05 0.05 - 0.05 - 0.05

Maximum of CCR 100% (%-mass) - - 0.3 0.05 - 0.1
Neutralization value (mg, KOH/gm) - - - 0.05 0.05 0.08

Maximum Free glycerin (%-mass) 0.01 0.02 0.02 0.02 0.02 0.02
Maximum Total glycerin (%-mass) 0.01 0.24 0.25 0.24 0.25 0.38
Maximum Phosphorus (%-mass) - 10 0.001 0.001 0.001 -

Maximum distillation temperature (◦C) - 360 - 360 - 360
Oxidation stability (h) - - 6 3 6 6

Deficiencies of biodiesel compared to petroleum diesel fuel:
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- It produces higher emissions of NOx than petroleum diesel fuel.
- Biodiesel has cold weather starting problems due to the higher cloud and pour point causing

fuel freezing.
- Biodiesel is naturally corrosive if exposed to brass and copper.
- Biodiesel has around 11 to 17 times higher viscosity than diesel. Furthermore, pumping,

atomization in the injector systems and combustion problems commonly happen in diesel engines
due to the larger chemical structure and molecular mass of biodiesel than diesel.

- The engine speed and power of the diesel engine is lower when utilizing biodiesel.
- Biodiesel produces deposits in injectors, on the pistons, on the combustion chamber walls, and

on the head of engines.
- Deposit formation inside injector and on rings and filter and line plugging will happen due

to the gumming and sticking which are promoted by its high viscosity in long term operation
using biodiesel.

- Biodiesel is incompatible with petroleum-based engine lubricating oils.
- Excessive engine wear can be caused by biodiesel.
- The cost-competitiveness of biodiesel cannot be compared with petroleum gasoline or diesel.

LTC is a famous combustion concept in CI engines, which proposes the possibility to reduce
nitrogen oxide and particulate matter (PM). By using suitable modification of fuel properties, by the
addition of gasoline [10], which has higher vaporization characteristics and lower cetane number is
possible to achieve LTC in a CI engine with GCI mode [18,19]. The more retarded autoignition
timing of gasoline because of its high octane number leads to adequate air-fuel mixing, thus,
the enhanced thermal efficiency improves the combustion pre-mixing, resulting in decreased soot
and NOx values [18]. The high thermal efficiency, low soot and NOx emissions, and low combustion
temperature compared to gasoline engines are the main benefits of GCI engines [20]. However, the
required high intake temperature, low lubricity, and requirement for a high ratio of compression like a
diesel engine are the deficiencies of GCI engines. Biodiesel has high possibilities to solve many issues
in GCI engine implementations when blended with gasoline, such as the low lubricity. Furthermore,
because of the high content of oxygen in biodiesel, perfect combustion may also be achieved [21].

3. Challenges and Opportunities in GCI Engine Research

The common emission problems in CI engines are NOx and particulate matter (PM) formation [22,23].
Serious environmental and health problems might be caused by air pollution which is contributed by
these emissions. Advanced technologies such as subsequent systems or after- treatment systems are being
promoted to solve and control these engine emissions. However, these technologies are complicated,
expensive, and reduce the primary benefit of CI engines. Additionally, emission regulations, particularly
for diesel engine vehicles, are getting to be tighter everywhere throughout the globe. Therefore, researchers
in the engine field have a motivation to study the necessity of implementation of high vapor fuels, for
instance gasoline and other substitute fuels, for diesel engine combustion operations that afford high
performance but near-zero exhaust emissions. A sustainable substitute fuel that is very suitable for diesel
engines is biodiesel. Various renewable resources can be used to make biodiesel fuel [24,25]. Furthermore,
it has proven that because the oxygen fraction in biodiesel has a main function of reducing soot formation
during the combustion process [26], biodiesel has excellent benefits in reducing the soot emissions of CI
engines [27,28].

The efficiency of diesel engines or diesel engines are much higher than that of gasoline engines,
according to some considerable analysis [29]. First, CI engines can be run better at higher compression
ratios because do not suffer deterioration from knocking at high loads compared to SI engines.
Second, part load operation can be carried out in CI engines by reducing the injected fuel, instead
of managing the air-mass compressed in the chamber of combustion. Third, performance near to
an ideal cycle efficiency can be achieved due to the fact only air is trapped during the compression
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movement in a CI engine, rather than an air-fuel mixture. However, the huge emissions, especially
soot/particulate matter/smoke and NOx, that are difficult to reduce by using after-treatments, are
always produced by CI engines using diesel fuel. On the contrary, lower engine efficiency and lower
exhaust emissions, especially nitrogen oxide and particulate matter are produced by SI engines using a
petroleum-based gasoline fuel. Therefore, based on these realities, it is necessary to apply an advance
combustion strategy to obtain an efficiency as high as an CI engine and emit less emissions like an
SI engine [4,30]. Nowadays, consideration is being given to the GCI engine as the LTC method with
the most potential because high thermal efficiency and low emission behavior can be produced using
this concept [20,31–36]. GCI combustion is more practical to solve the issues of the complexity of
combustion controllability than other LTC concepts for CI engines, for example premixed-charge-CI
(PCCI) and homogeneous-charge-CI (HCCI), even though these concepts also offer interesting ignition
phenomena under homogeneously lean air-fuel mixing conditions [11,12,37–40].

Engine experiments are very important for understanding the real phenomena of the combustion
process and emission behaviors of an IC engine. However, these are usually costly and complicated.
Therefore, only a few researchers have included engine experiments in their studies. An extensive
search of the literature showed that there are only a few references for experimental studies of GCI
engines, and studies on GCIs fueled with gasoline-biodiesel blends are even rarer. Most of the studies
use simulations and numerical methods. Thus, sequential and complementary experimental studies
are needed to achieve a better understanding of the process of combustion inside the cylinder and
emission behaviors of GCI engines fueled using blend of biodiesel in gasoline fuel.

4. LTC Concept

The objective of advanced engine operating strategies is to increase the efficiency and decrease
exhaust emissions in IC engines. The primary research focus is the development of LTC concepts.
LTC methods offer the possibility to reduce both nitrogen oxide and particulate matter (PM)
via enhanced air-fuel mixing and intake charge dilution, resulting in lower peak combustion
temperatures [41]. Depending on the air and mixing of fuel distribution and temperatures of
combustion in the combustion chamber at various operating points, there exist regions of excessive
soot or NOx formation (also referred to as soot or NOx ‘islands’) [42]. The soot or NOx islands and
LTC concept derivatives (HCCI) are shown in Figure 1 [2].

Figure 1. Soot or NOx islands, LTC and conventional CI combustion regimes in φ-T space [Reprinted
from Proceedings of the Combustion Institute, Vol. 32, John E. Dec, Advanced compression-ignition
engines—understanding the incylinder processes, Copyrights (2009); with permission from Elsevier].
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According to Loeper et al. [42], reducing soot and NOx emissions simultaneously in conventional
diesel combustion has long proved challenging due to the operating points that exist within “islands”
of soot or NOx formation, as shown in Figure 1. This duality of achieving either low NOx or soot
formation, but not both, is attributed to as the soot-nitrogen oxide trade-off. Low NOx formation rates
can be achieved by reducing the combustion temperature, but this is traditionally accompanied by
either high soot formation (due to poor air utilization and/or incomplete combustion) or significant
restrictions in engine load (or power). Of course, soot formation can be reduced with superior air
utilization, but this results in higher combustion temperatures and NOx formation rates. These
compromises in conventional diesel combustion have spurred engine researchers to seek combustion
strategies (e.g., LTC, HCCI, etc.) that avoid the NOx/soot islands altogether.

HCCI combustion, which operates on the similar basic fundamentals as a 4-stroke IC engine
and employs the main components of gasoline and diesel engines is the most famous type of LTC
concept, nowadays [43]. HCCI is the pioneer of one type of LTC, and is probably the most extensively
researched [41]. In the HCCI concept, a uniform mixture of air and fuel is compressed in the engine
cylinder until its pressure and temperature reach auto ignition. The clean soot characteristics of
traditional fully-mixing gasoline engine combustion, homogeneous, high efficiencies (obtained by lean
and unthrottled conditions) which is usual characteristics of diesel engine combustion, are combined
in the HCCI method. Through the high amounts of mixture with air and/or fuels HCCI that keeps the
NOx emissions at a low level, HCCI can achieve the lowest soot emissions and NOx at high efficiencies
equal to, or higher than, traditional CI combustion because of these mentioned factors [2]. However,
because of the minimum of straight control through the beginning and HRR, HCCI is only can be
achieved over a limited range by operating a part-load area [44]. A preferable understanding of the
principal combustion processes is needed to provide control through HR in HCCI. A more practical
LTC strategy that can solve the problems of HCCI engines is GCI, in which a more difficult auto
ignition fuel (i.e., gasoline) is directly injected into the chamber using a fueling system (common rail)
in a diesel engine [4].

Even though the LTC concept is radically different from the conventional SI combustion or CI
diffusion combustion concepts, LTC technology offers excellent benefits in terms of simultaneous
reduction of both NOx and particulate matter or soot in addition to reducing specific fuel consumption
and offering the flexibility of using various fuels. Furthermore, the main requirement of the
LTC concept is the availability of a homogeneous fuel–air mixture before the start of combustion.
This requirement is potentially fulfilled by using CI engines fueled with gasoline. The gasoline fuel can
be injected directly into the cylinder with an early injection strategy, pilot and main injection, and also
the application of EGR and intake boosting. With the naturally volatile characteristics of the gasoline,
the gasoline can be mixed with air nearly homogenously before the combustion as required by the
LTC concept. It cannot be denied that as long as the combustion in GCI concept is by auto ignition,
the controlling ignition timing and heat release rate (HRR) are the main problems and challenges to
be managed before LTC is achieved. However, since the combustion occurrs in the CI engines with
gasoline fuel, the low temperature regime, NTC, and high temperature regime from the typical HRR
curve of CI engines combustion can be predicted. Thus, GCI engines are relevant to the LTC concept.

5. GCI Engines and CI Engines with Gasoline Fuel

5.1. GCI Engines

To provide a review of previous research works associated to GCI engines, utilization of
gasoline-biodiesel blends as internal combustion engine fuel and experimental studies of GCI
combustion are the purposes of this section. This section also provides a review of other relevant
research studies. To offer a perception into how previous research works have laid the groundwork
for further works the review is organized chronologically. The new research efforts can be suitably
tailored to correlate with the current body of literature because the review is detailed.
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Gasoline compression ignition is a novel concept of ignition that belongs to the wider classification
of LTC approaches. In this method, a poor reactivity fuel with high volatility, for example gasoline,
is burned perfectly by using pressurized conditions [4,20,31,35,45,46]. The throttle-less, lean, and
low-temperature combustion operation can lead GCI to achieve the same or better efficiencies than
CI engines. Very low soot (because of the excellent mixing characteristics of gasoline) and less NOx
emissions (because of the LTC and absence of flames) compared to conventional CI combustion, can
also be emitted by this combustion strategy. Based on a reactivity stratification of fuel, it can be
explained that the combustion in GCI is a result of sequential autoignition [47], without significant
flame propagation. The aim of GCI is to manage the ignition delay period by managing stratification
of air-fuel equivalence ratio concentrations inside the combustion chamber. A highly volatile and
poor reactivity fuel (e.g., gasoline) is burned solely by compression (without any support from
a spark plug) to prevent propagating flames and control the combustion temperatures and NOx
emissions. This has been designated in the literature by various names/titles and terms, for example
gasoline-direct-compression-ignition (GDCI), and gasoline-direct-injection-compression-ignition
(GDICI). Throughout this study we will refer to this concept as GCI.

Compression ignition of gasoline was first studied by Kalghatgi [4] to take advantage of the
benefits of the high vapor characteristics and high auto-burning resistance of petroleum gasoline fuel
and the high ratio of compression of CI engines to simultaneously achieve almost-zero emissions and
excellent efficiency. The GCI fuels can be categorized into two groups, low octane number fuels and
high-octane number fuels [48]. A high-octane number fuel commonly refers to petroleum gasoline fuel
with an octane number bigger than 90. Fuels with low octane number have higher auto burning and
can be used in broader operating ranges with smaller load if compared with high octane fuels. The
common approach to get a low octane number fuel is by blending gasoline and diesel, and there is also
blending with biodiesel, bioethanol and other cetane improvers [11,12,49,50].

Based on Cracknell et al. [31], the potential advantages of fueling CI engines with gasoline in GCI
combustion mode are as follows: First, CI engines have higher efficiency over SI/gasoline engines and
have the possibility to use a broader fuels range. Second, the ability of GCI engine concepts to use
available market gasoline would allow these concepts to enter engine applications quickly without
fuel constraints. Third, more gasoline consumption in passenger cars would help to rebalance the
gasoline/diesel fuel demand in refineries and reduce GHG emissions from the fuel supply in several
countries. Fourth, a successful GCI vehicle could potentially compete in predominantly gasoline
markets in other parts of the world.

5.2. CI Engines with Gasoline Fuel

Because of the high octane number of 100% gasoline fuel and its difficulty for auto-burning at
the low level of temperatures of mixtures common in low-load conditions, GCI combustion faces
challenges under low load operation. Thus, several methods are required to obtain optimal combustion
and good exhaust emissions. The focus of this work is to improve the emission behaviors and efficiency
of CI engines fueled with gasoline-biodiesel blends using GCI mode. We performed a literature study
before attempts were made to enhance the efficiency and emission behaviors of CI engines fueled with
gasoline-biodiesel blends. This study gives an overview of currently available research regarding the
use of gasoline in CI engines using several combustion strategies.

Kalghatgi et al. [4] investigated the influence of fuel quality for its auto-burning characteristics
among four fuels ranging from diesel towards gasoline fuels on combustion process at two different
EGR levels and inlet pressures. The CI engine can be operated without problems using gasoline
by single injection near TDC, although it difficult to operated with too early fuel injection in the
HCCI combustion because of auto ignition failure or because of excessive heat release. The results
of Kalghatgi et al. [4] showed the possibility of using the autoignition resistance of fuels with higher
octane/lower cetane to obtain high IMEP with a low NOx, low smoke combustion system. In another
study, Kalghatgi et al. [45], improved the GCI concept by proposing partially pre-mixed auto-burning
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of gasoline to achieve better smoke and better NOx at high load in a CI engine; they also compared
this with a diesel fuel. The results indicated that pilot injection with gasoline decreases the peak of
HRR for an adjusted IMEP, and allows HR to appear retarded with a small cycle variation compared
to one-time injection. However, there are still challenges related to further improvements that may
be realized by various EGR ratio schemes and boosting intake pressure and by optimization of the
mixture preparation and strategy of injection (for example multiple injections), and the design of
injectors (for example many holes injectors) [45].

Weall and Collings [51] conducted a study in a multi-cylinder, light duty type CI engine, using PPC
mode fueled using a gasoline-diesel compound. Their results show that an upward content of gasoline
decreased smoke emissions at higher working loads by an upward premixing of the in charge obtained
from an increase in auto burning timing and higher vapor characteristics of the fuel. The results
of Weall and Colling’s work [51] confirmed that a blending of fuel features indicates higher vapor
characteristics and prolonged auto ignition timing would widen the low emission-operating regime,
but combustion stability at low operating loads must be considered [51]. Furthermore, engine idling
was possible with a 50% of gasoline ratio test fuel, but cold start issues could emerge as a significant
problem with such combustion regimes when using alternative fuels with present technology diesel
cold start systems.

Experiments on the effects of gasoline by the port injection method have been conducted in a
1-cylinder CI engine with direct injection type by Sahin et al. [52]. The gasoline fuel was introduced
through intake port using a carburetor, and there no other changes to the engine specifications
are needed. The results showed that a 4 to 9% increase of power output resulted and efficiency
was increased by around 1.5 to 4% and fuel burning reduced by about 1.5 to 4% due to gasoline
volatilization. However, the exhaust gas emissions from the engine were not analyzed. Meanwhile,
a parametric study of a CI engine running with gasoline was conducted in numerical simulation
by Ra et al. [6]. The results indicated that the predictions concerning high pressure direct injection
gasoline engine combustion and its emissions agreed with experimental results for various parameters.
For the similar CA50, gasoline will have a much longer CA10 compared to diesel fuel; thus, nitrogen
oxide and PM emissions were greatly decreased compared to the similar cases of diesel. The results
also described that optimal injection timing with lowest UHC and CO emissions was produced by
accelerating the timing of main injection in the combustion of gasoline. However, the timing of main
injection has to be chosen as an balance between increasing of PRR levels and emissions reduction.

Another type of in-cylinder mixing fuel of diesel and gasoline has been studied by
Curran et al. [40], who introduced gasoline in a port-fuel-injection system. The results from this
study showed that the temperature of the intake charge has a high effect on cylinder PRR, while the
thermal efficiency increased simultaneously with NOx and PM emission reductions for around 90%.
However, the indicated thermal efficiency for the many-cylinder tests were lower than estimated from
simulation and 1-cylinder measurements. The smaller indicated thermal efficiency of the experimental
result compared to the modeling measurements showed that an improvement of cylinder-to-cylinder
regulation and more optimization in dual-fuel mode were needed.

The emission behaviors of a CI engine fueled with in-cylinder dieseline blends has been studied
by Prikhodko et al. [39]. The results from this work showed that 87% and 99% reductions in NOx
and PM emissions were achieved in combustion of dual-fuel RCCI, and the thermal efficiency was
increased by 1.7% as compared to combustion of normal diesel. However, CO, aldehyde, HC, and
ketone emissions increased significantly for combustion of dual-fuel RCCI compared to conventional
diesel and PCCI combustion of diesel. Shi and Reitz conducted a study on optimization of a heavy-duty
CI engine running under middle-load and high-load operation conditions using petroleum diesel,
petroleum gasoline, and an ethanol blend (E10) [19]. The study indicated that identical-gasoline fuels
are potentially useful for heavy-duty CI engines with an optimized injection system because of their
decreased soot and emissions of NOx and lower fuel consumption compared to traditional diesel
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petroleum-based fuels. However, the high PRR corresponding to the PPC of gasoline-like fuels might
be a restriction for high load operation and a challenge for small-load operation.

Several tests were conducted in 2-single-cylinder engines, using a total of three various engine
settings to show the advantages of using gasoline from 80 to 69 RON in a heavy-duty type CI
engine [53]. The authors of this research concluded that if in the constant engine setting gasoline of
around 70 octane is the most suitable for this combustion, and if higher octane gasoline is used in
partial premix combustion, either a variable compression ratio or a cylinder heater should be used
to operate under lower-load conditions. A blend of 20% gasoline and 80% diesel named G20, was
tested in a 1-cylinder optical CI engine with two different pressures of injection set at 700 and 1400 bar,
and injection timings from 11 ◦CA BTDC to 5 ◦CA ATDC [54]. The results showed that the G20 at
retarded timing of injection and 50% EGR increased the auto ignition timing enabling the operation
with retarded injection timing with premixed fuel in partial LTC mode where the fuel is fully injected
prior to the auto ignition happening. In this method, great reductions of nitrogen oxide and smoke
were achieved with deterioration of efficiency.

Ra et al. [7] conducted a study of a GDICI in the LTC method. The results exhibited good
agreement between the modeling and experiments. Furthermore, because of the high vapor
characteristics and low number of cetane of gasoline incorporated with the decreased temperature of
combustion due to EGR application, either NOx or PM emissions could be decreased up to 100 mg/kg-f
while experimental gross isfc was controlled at around 0.18 kg/kw-h. Zhang et al. [55]. conducted
another PPCI study of dieseline in a CI engine. The results showed that diesel-gasoline had significant
benefits as a combustion fuel of PPCI for emission minimizing purposes. It was also found that the
total particle number concentration could be decreased by 90% by mixing 50% gasoline in the diesel,
in addition, low NOx and higher thermal efficiency of approximately 30% were controlled for all
variations of the loads. There is also another study on a DICI engine fueled with gasoline in the
LTC mode with triple-pulse injection conducted by Ra et al. [8]. They showed that the stability of
combustion and peak PRR might be adjusted by the pulse number two, while the pulse number three
can be utilized to manage the engine load. Furthermore, by using the triple-injection strategy along
with EGR, either NOx or PM could be decreased up to around 100 mg/kg-f, while obtaining isfc at
around 0.173 kg/kW-h.

An experimental study has been done to compare the emission characteristics and combustion
process of the late and early injection for highly premixed charge combustion (L-HPCC and E-HPCC,
respectively) modes and the mixed fuel LTC mode [18]. Combustion with the L-HPCC and LTC may
occur with local regions that are close to stoichiometric because of fuel stratification. Hence, they have
relatively high NOx emissions, which could be lowered with increasing EGR rates. The soot emissions
for the three modes of combustion are lower and below the Euro 6 regulation limits. The HC emissions
of the E-HPCC and LHPCC regime are higher than those of the LTC because the premixed mixture of
gasoline was trapped in the crevice area.

Another experimental investigation of a GCI engine has been conducted by Loeper et al. [46],
to study the light to medium load operating sensitivity. The results revealed that input parameters can
be used to reduce nitrogen oxide emissions below 600 g/kg-f with appropriate stability of combustion
which is COV of IMEP below 3%, through a large intake temperature range. In addition, optimization
refers to the efficiency of combustion and either CO or UHC emissions could be realized with the input
parameter controllability.

Adams et al. [12] investigated the influences of biodiesel fraction in gasoline on GCI mode
by injecting the fuel into the engine chamber directly. The main recommendation of this work is
that the temperature of intake demands were decreased by 288 K and 303 K for the 5% and 10%
biodiesel contents, respectively, compared to pure gasoline at a similar CA50. Biodiesel content at
5% and 10% significantly reduced CA10 and therefore advanced the CA50 compared with operation
on pure gasoline. Pure gasoline produce higher average bulk gas temperatures resulting in higher
NOx emissions as well as lower unburned hydrocarbon and carbon monoxide. Oxidations of carbon
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monoxide were not improved by the increased oxygen content of the biodiesel blends. Another
experimental study was done to analyze the performance, combustion noise and emissions in PCCI
regime using dieseline fuel [11]. The results showed that as the gasoline content increases, the CA10
increases, resulting in higher mixing time between the close of injection and the auto burning timing,
thus, lower equivalence ratios are produced in local areas, and soot emissions are lowered. Finally,
the performances and combustion noise are reduced. However, NOx emissions are a little bit increased.

A novel combustion method called multiple premixed compression ignition or MPCI was
suggested by Yang [56]. The results revealed that the RON 66 MPCI regime decreased NO, CO,
and soot, increasing thermal efficiency, but also increasing THC emissions compared to conventional
CI engines. However, it is difficult to obtain the similar performance for RON 76 and RON 86 because
of the lower auto-ignition ability compared to RON 66. Other spray and combustion phenomena of
dieseline were investigated in a DI common rail CI engine [57]. The results showed that the combustion
of gasoline produced higher HC, CO, and NOx but emitted less soot than combustion of pure diesel.
However, the PCCI with early injection application significantly reduced emissions of nitrogen oxide
compared to gasoline ignition.

Experimental and simulation studies of swirl effects at the intake port of a GCI engine have been
carried out by Loeper [42]. A lowering in swirl rate from 2.2 to 1.5 caused a 6 ◦CA earlier combustion
phasing, while rising swirl rate from 2.2 to 3.5 leads in a 2 ◦CA delay of combustion phasing. This
earlier combustion phasing at the 1.5 swirl rate was followed by a huge increase of NOx emissions
from 200 to 1600 g/kg-f. Another study testing various dieseline ratios in a CI engine was carried
out by Zhang et al. [14]. The results indicated that the total PM of G50 was decreased by up to 50%
and 90%, and the count median diameter was reduced by 25% and 75% at small and medium loads,
respectively. Then, the G50 produced the minimum smoke 0.5 FSN for all tested load operations, while,
compared with the diesel, NOx emissions of G50 were reduced by 50% at low speed, and increased by
20% at medium speed. Furthermore, the diesel-gasoline produces lower PRR and HRR peaks at low
speeds, and it extended the CA10 by up to 7 ◦CA compared to diesel combustion.

One more characterization of the CA10 for a CI engine fueled with dieseline was conducted by
Thoo et al. [58]. Higher gasoline ratio delayed the beginning of fuel injection up to 3 ◦CA, because of
the changes in physical characteristics. The change in timing of injection influenced CA50, but did
not affect CA10 directly. An analysis of the stability of GCI engine mode was conducted on idle
operating speed and load operating condition on a many-cylinder CI engine using a gasoline with
87 index of anti-knock (AKI) by Kolodziej et al. [59]. Although hot EGR was successfully able to
significantly increase the intake temperature, the simultaneous reduction of in-cylinder trapped mass
and slight reduction of charge oxygen concentration had a more significant effect on reducing the
mixture reactivity.

Three low octane number fuels: naphtha, dieseline G70D30, and the gasoline-n-heptane blend
G70H30 were characterized for their combustion and emission phenomenon in MPCI regime by
Wang et al. [60]. The results showed that the CA10 of the gasoline was longer with a higher pressure of
injection. Then, the emissions of soot decreased at increased pressure of injection with a deterioration
of increased CO and HC. Another experimental work on fuel consumption and exhaust emissions of
DI premixed combustion engines using dieseline was conducted by Du et al. [61]. The results indicated
that the CA10 was retarded and resulted in reduction of smoke. However, too high gasoline ratio
might have the worst fuel economy.

Yang and Chou [62] numerically studied the engine performance and emission behaviors of a
DI CI engine fueled with dieseline. The results showed that the CA10 was retarded by increasing of
gasoline content. The 100% diesel operation achieved higher performance at low load. On the
contrary, at middle and high loads of blended fuels, better performance could be realized, but
slightly higher NOx emissions also occurred. Another work concerned the experimental study of the
influence of fuel injection strategies on LTC fueled with gasoline on a 1-cylinder diesel engine was
conducted by Yang et al. [63]. The results showed that the double-injection mode enabled expanding
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the high-efficiency and low emission combustion area, with higher soot, THC, and CO emissions at
high loads and a little decrease in the efficiency of combustion and thermal efficiency. However, peak
PRR and soot emissions were the predominant constraints on the load expansion of gasoline LTC, and
they are related to their trade-off relationship.

Kodavasal [35] studied the effects of swirl ratio, injection parameters, and boost on GCI engine
at idle and small-load operations by closed-cycle CFD simulations with an 87 anti-knock index fuel.
The results showed that smaller nozzle angles lead to more reactivity or easier to ignite fuel and
are appropriate over a larger range of injection timings. However, for low-load operation, smaller
injection pressures did not improve ignitability, and this may be because of the reduced chemical
residence time due to longer injection periods. Huang et al. [64] carried out an experimental study to
investigate the process of combustion and the emissions behaviors of a many-cylinder diesel engine
using neat diesel, dieseline, diesel mixed with n-butanol, and dieseline mixed with n-butanol blends.
The results revealed that the addition of gasoline or n-butanol increased BSFC and NOx but decreased
soot. The most interesting finding in this research was that the emissions of D70B30 achieved the
optimum amounts at approximately 25%EGR. Another set of numerical simulation and experiments
to enhance the efficiency of fuel in CI engines using dieseline and a technology of optimization have
been conducted by Lee et al. [65]. The results showed that the CA10-CA90 duration and the IMEP
dropped as the gasoline ratio increased. The uniformity of the A/F mixture was improved because
CA10 was retarded. The emissions of soot were reduced by a huge amount of up to 90% compared to
100% diesel operation. The NOx emissions of the dieseline were a little bit increased when the SOI was
retarded near to TDC.

Experiments in a CI engine fueled with 100% diesel, gasoline-diesel (GD) blends, and
gasoline-diesel-polyoxymethylene dimethyl ether (GDP) blends were done by Liu et al. [66]. The study
showed that either GDP or GD have one-stage premixed HR. GDP had an earlier CA10, lower peak
of PRR and COV-IMEP compared to GD. Furthermore, GD had smaller amounts of emissions of
soot than neat diesel, while the blends of GDP had the lowest emissions of soot and indicated the
best trade-off between nitrogen oxide-soot emissions. Another study of dieseline with MPCI was
done on a light-duty 1-cylinder CI engine by Wang et al. [67]. Their results showed that dieseline can
simultaneously reduce emissions of NOx and soot and also maintain or obtain a higher indicated
thermal efficiency than combustion of diesel fuel. However, the emissions CO and HC were increased
for the dieseline.

Yu et al. [48] conducted an experimental investigation on combustion of PPCI and MPCI fueled
with five type of gasoline-like fuels: gasoline, gasoline mixed with ethylhexyl-nitrate blends (EHN),
blends of dieseline, blends of gasoline and polyoxymethylene dimethyl ether (PODEn), and blends
of dieselin-PODEn, designated as G, GE, GD, GP, GDP, respectively. The results indicated that the
thermal efficiency in PPCI regime from the biggest to the smallest was GP, G, GDP, GE, and GD, while
in MPCI regime was GP, GDP, GE, G, and GD. In PPCI regime, nitrogen oxide and emissions of soot
were lower than 40 mg/kWh and 10 mg/kWh, respectively, fulfilling the Euro six emission standards.
Meanwhile, nitrogen oxide emissions in MPCI regime were acceptable for Euro six. CFD closed-cycle
simulations have been done by Kodavasal [47] on GCI combustion regime with a sector mesh to study
the influences of model scenarios on the simulation results. PRR and HRRs are exceeding the values
predicted by the simulation, as are nitrogen oxide, carbon monoxide, and hydrocarbon emissions.
The exceeding predicted HRR and nitrogen oxide might be because of the good mixing assumption for
the simulation of combustion.

The most comprehensive study about application of gasoline fuel in the CI engines was conducted
by Reitz and Duraisamy using the RCCI combustion strategy [68]. However, RCCI is a little different
from GCI combustion. RCCI involves blending a low reactivity fuel (gasoline) and a high reactivity
fuel (diesel) using a dual fuel strategy which uses two types of fuel injection system with different
injectors and separate fuel tanks. The first fuel system is for gasoline fuel with a port injection method,
the second fuel system is for diesel fuel with a direct injection system. Meanwhile, GCI uses only one
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fuel system that is direct injection, and blends the two types of fuel in the fuel tank. GCI is simpler and
easier in fuel system configuration and real application.

5.3. Potential Methods to Obtain High Efficiency and Low Emission Targets of CI Engines in GCI Modes

The literature review has revealed studies on CI engines fueled with gasoline and/or blended
with other fuels running in GCI mode or a similar method. Significant progress in the GCI research
field in both experimental works and simulation studies has been achieved. There are however still
many areas that need further study due to the complexity of the CI engines, which operate in GCI
combustion mode. The information on the combustion characteristics of CI engines when gasoline
and GCI act as the main fuel and combustion mode, respectively, are still limited. An extensive
review showed that most research dealt with gasoline and biodiesel as a fuel supplement/additive in
CI engines.

In general, there is an apparent lack of experimental studies of CI engines fueled with
gasoline-biodiesel blends. The characteristics of emissions, ignition, and combustion process of
the dieseline blends that greatly influence the efficiency of CI engine are well understood, however,
the ignition, combustion, efficiency and emission characteristics are not well understood in a CI engine
in which gasoline-biodiesel fuel is used.

Fuel properties and formation play an important function in the combustion process.
An experimental and simulation study on the gasoline-diesel blend mixing strategy inside the
cylinder would be a good contribution to elucidate combustion in GCI engines. Some simulation
results on combustion processes display good agreement with the experimental ones. However,
many areas remain unaddressed by the previous simulation and experimental studies. Studies on
gasoline-biodiesel blends as alternatives for CI engines are very rare (especially for experimental work).
Combustion process and emissions analysis on GCI combustion fueled using gasoline-biodiesel blends
based on experimental work would give a better foundation for efforts to enhance CI engine efficiency.

To fill these gaps, some sequential experimental and/or simulation works can be conducted to
identify the important parameters and phenomena related to the combustion process and emission
behaviors of a CI engine fueled with gasoline-biodiesel blends to improve its efficiency. The literature
review above can provide guidance in arranging, planning and proposing an experimental procedure
and hypothesis to reach high efficiency and low emissions targets for CI engines fueled with
gasoline-biodiesel blends [67,69–98] A brief explanation on how to obtain the targets is summarized in
the effect flowchart shown in Figure 2.

Figure 2. Flowchart of the potential strategies to obtain high efficiency and low emission CI engines
fueled with gasoline-biodiesel blends.
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5.4. Studies on GCI Engines Fueled Using Gasoline and Biodiesel Blends

Since early 2014, the Smart Powertrain Laboratory at the University of Ulsan has conducted
several studies, including experimental and simulation activities, for potentially blending gasoline fuel
with certain concentrations of biodiesel to obtain good combustion process and behaviors of emissions
in a CI engine. Our specific achievements are detailed in the following subsections.

5.4.1. Gasoline-Biodiesel Preparation and Properties during Storage

Blending biodiesel and gasoline is known to have stability issues because of large density
difference. In the case of low quality of biodiesel which has a high water content the stability issue
should be solved. As studied previously emulsions of water and fuel (oil-based) display many
phenomena related to their stability [99–104]. Therefore, further study of the properties of the blends,
especially their stability due to the large density difference between gasoline and biodiesel is necessary.
Currently, the maximum suitable biodiesel blend in petroleum fuel in term of temperature properties
is 20% [21]. Other researchers have suggested that a petroleum based fuel consisting of 25% biodiesel
was indicated to be the best-suited blend for an engine without heating and without any engine
modification [76]. Meanwhile, Tinprabath [77] reported that fuel blends with biodiesel below 5% do
not affect the cold flow properties.

As long as fuel grade (very low and near to zero water content) biodiesel is used, gasoline-biodiesel
blends can be prepared by a simply mixing or shaking process for about 2–10 min to produce
homogeneous fuel blends, which then must be immediately used in the engine experiments to
avoid fuel stratification [105]. However, the fuel stratification during storage must be analyzed
to understand the characteristics of the blends in real applications. Thongchai and Lim [106] prepared
gasoline-biodiesel blends from 5% to 20% of biodiesel content and analyzed the phase stability and the
properties during storage. Usually, phase separation occurred at low temperatures and long periods of
storage. As shown in Figure 3, the ternary phase diagram indicates that no phase separation occurred
for all gasoline-biodiesel blend ratios even though they were stored at a low ambient temperature
from 20 ◦C to 10 ◦C, around 1 h, and for a long period of time at 25 ◦C, for around 45 days [106].
Figure 4 shows the clear appearance of the gasoline-biodiesel blends without phase separation [106].
The physical properties of gasoline, biodiesel, diesel, and gasoline-biodiesel blends are presented in
Table 2. Meanwhile, the explanation that indicates that a 5% biodiesel content in gasoline-biodiesel
blends fulfills the lubricity requirements for CI engine fuel systems can be seen in Figure 5.

 
(a) (b) 

Figure 3. Ternary phase diagram of various ratio of gasoline-diesel-biodiesel blends stored at (a) 10–20 ◦C
for 1 h and (b) 25 ◦C for 45 days (Adapted from [106]).
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Figure 4. The appearance of gasoline-biodiesel blended fuels (GB) with biodiesel concentrations of
(a) 20%, (b) 15%, (c) 10% and (d) 5% (Adapted from [106]).

Table 2. Physical properties of the fuels.

Test Item Unit Test Method Gasoline GB05 GB10 GB15 GB20 B100 Diesel

Heating value MJ/kg ASTM D240:2009 45.86 45.32 44.92 44.57 43.6 39.79 45.93
Kinematic Viscosity (40 ◦C) Mm2/s ISO 3104:2008 0.735 - - - - 4.229 2.798

Lubricity μm ISO 12156-1:2012 548 290 282 252 236 189 238
Cloud Point ◦C ISO 3015:2008 −57 −37 −32 −20 −16 3 −5

Pour Point ◦C ASTM
D6749:2002 −57 −57 −57 −57 −57 1 −9

Density (15 ◦C) kg/m3 ISO 12185:2003 712.7 722.3 732.2 742.6 757.1 882.3 826.3

5.4.2. Spray Behaviors of Gasoline-Biodiesel Blending Fuel

In LTC and or GCI engine combustion, the main requirement of these concepts is the availability
of a homogeneous fuel–air mixture before the start of combustion or prevention of locally fuel-rich
mixture regions and the reduction of the in-cylinder combustion temperature. Because GCI
uses the direct injection method, therefore the perfection of the spray breakup, evaporation, and
mixing processes are most critical in obtaining the optimum combustion and emission performance.
The increased surface area of a finely atomized spray enhances fuel evaporation and combustion rate,
and the distribution and concentration of fuel vapor directly affect the combustion efficiency and
emissions. In other word, the fuel atomization characteristics are very important parameters in a GCI
engine because an increase in the number of small droplets means an increase of droplet surface area
from the same volume of injected fuel spray, and optimum of the heat and energy transfer can be
efficiently achieved through the droplet surface. Thus, how to control and obtain the efficiency of
the atomization characteristics and process are very relevant to LTC and GCI concepts. Especially
in GCI, due to the direct injection, controlling and managing spray characteristics to obtain efficient
atomization is very relevant.

The spray behaviors of the non-vaporizing transient of gasoline and biodiesel blended into
gasoline for 10%, 20% and 40% by volume under low-load conditions and various injection pressures
were studied by using a constant volume chamber (CVC) [107]. The experimental CVC system can
be seen in Figure 6 and a detailed explanation about the system can be found in the previous studies
by Kanti et al. [107], and Thongchai and Lim [106]. The main finding is that 100% gasoline indicates
significant atomization characteristics and increased gasoline fraction in gasoline-biodiesel blends
lead to better quality of fuel and air mixes because of the atomization behaviors as indicated by the
low Ohnesorge and high Reynolds number. The Ohnesorge diagram for the fuels in 1000 g/m3 and
20,000 g/m3 ambient gas density in 400, 800 and 1200 bar common-rail pressure can be seen in Figure 7.
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Figure 5. Effect of biodiesel concentration on gasoline- biodiesel lubricity.

The pressure of injection and period are also key combustion and behaviors of emission of GCI
engines. The influence of the pressure of injection variations and period of injection on the fuel quantity
when using different gasoline-biodiesel blends were investigated and compared [108]. The increase of
injection pressure produces a bigger injection quantity for the fuels tested as seen in Figure 8 [108].
At each injection pressure, pure diesel (D100) results in a little bit smaller injection quantity than
the gasoline-biodiesel blends. This condition indicates that a longer injection period is needed to
deliver the same quantity of fuel when using conventional diesel fuel relative to the gasoline blends.
Furthermore, when the quantity of biodiesel blended with gasoline is higher, the injection quantity
is decreased (D100 < GB20 < GB10 < GB05). However, a longer injection period has no effect on
the injection quantity for various fuels because a long injection duration enables to the work in a
quasi-steady state flow duration in which the various densities or viscosities do not influence the
amount of injected fuel [77].

(a) 

Figure 6. Cont.
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(b) 

Figure 6. Experimental systems. (a) Pictorial representation of constant volume chamber (CVC),
(b) Schematic diagram of the experimental system [Reprinted from Fuel Processing Technology,
Vol. 178, Shubhra Kanti Das, Kihyun Kim, Ocktaeck Lim, Experimental study on non-vaporizing
spray characteristics of biodiesel-blended gasoline fuel in a constant volume chamber, Copyrights
(2018); with permission from Elsevier].

 

Figure 7. Ohnesorge diagram for all fuels under 10 kg/m3 and 20 kg/m3 ambient gas densities under
40, 80 and 120 MPa rail pressures [Reprinted from Fuel Processing Technology, Vol. 178, Shubhra
Kanti Das, Kihyun Kim, Ocktaeck Lim, Experimental study on non-vaporizing spray characteristics
of biodiesel-blended gasoline fuel in a constant volume chamber, Copyright (2018); with permission
from Elsevier].
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Figure 8. The effect of injection pressure on injection flow rate of a gasoline-biodiesel blend [Reprinted
by permission from (the RightsLink Permissions Springer Nature Customer Service Centre GmbH):
(Springer Nature) (Journal of Mechanical Science and Technology) [108], Copyright (2018)].

5.4.3. Auto Burning Behaviors of a Blended of Gasoline-Biodiesel

The biodiesel content effects of on the ignitability for gasoline–biodiesel blends were investigated
using a rapid compression expansion machine (RCEM) [109]. The main finding was that a low fraction
of biodiesel can enhance the autoignition behavior of gasoline as can be observed in Figure 9 [109].
The gasoline-biodiesel mixed fuel with bigger biodiesel content indicated a faster CA10 and no
combustion at a lower temperature injection. Misfiring was detected at ambient temperatures at
injection timings lower than 522 ◦C, 512 ◦C, 492 ◦C, 477 ◦C, and 559 ◦C for GB5%, GB10%, GB15%,
GB20%, and G100%, respectively. A gasoline-biodiesel blended fuel with a bigger biodiesel ratio
exhibited a smaller temperature of no combustion condition. This is the reason that biodiesel has a
higher cetane number than gasoline and biodiesel.

 

Figure 9. Effect of the biodiesel fraction on auto-ignition [Reproduced with permission from Vu, D.N.;
Das, S.K.; Jwa, K.; Lim, O., Proc. Inst. Mech. Eng. Part D J. Authomob. Eng.; published by SAGE
publication, 2018.].
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5.4.4. Single Injection Mode of Gasoline-Biodiesel Blend

An experimental study on the engine combustion process and exhaust emission characteristics in
an effort to simultaneously increase the efficiency of engines and reduce the exhaust emissions such
as HC and CO, using a single injection strategy of GCI fueled with gasoline-biodiesel blends was
conducted previously [105]. For every variation of start of injection of biodiesel blend in gasoline of
the GCI engine, the IMEP was similar to 100% diesel. In addition, the combustion quality, which is
represented by the variability coefficient of IMEP (COV-IMEP), indicated that all differences in start of
injection of the biodiesel-gasoline blends reflected greater confidence compared to neat diesel. Lastly,
the peak of combustion efficiency and smallest THC emission were achieved for GB20 with 40 ◦CA
BTDC of injection timing, as can be observed in Figures 10 and 11.

Figure 10. Combustion efficiency [Reprinted from Fuel, Vol. 189, Yanuandri Putrasari, Ocktaeck Lim,
A study on combustion and emission of GCI engines fueled with gasoline-biodiesel blends, Copyright
(2017); with permission from Elsevier].

Figure 11. THC emissions [Reprinted from Fuel, Vol. 189, Yanuandri Putrasari, Ocktaeck Lim, A study
on combustion and emission of GCI engines fueled with gasoline-biodiesel blends, Copyright (2017);
with permission from Elsevier].
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5.4.5. Double Injection Mode of Gasoline-Biodiesel Blends

GCI, where gasoline is used as a fuel in a CI engine without the use of a spark plug, combines the
high efficiency associated with a CI engine with the low soot emissions associated with gasoline fuel.
Further, combustion is a result of sequential auto burning without propagating flames, resulting in low
temperature combustion which in turn significantly reduces NOx. The injection timing (the point in
time when the fuel is injected into the engine chamber) is a main parameter determining the ignitability
of the gasoline-air mixture, and thus engine operation stability. Double injection by early pilot injection
and near top dead center of main injection in combination with high EGR rate is a potential way
to extend the ignition delay, by causing the formation of a homogeneous mixture. As known the
main concept of LTC combustion is formation of a homogeneous mixture which can be achieved
by providing a sufficient premixing period. Lengthening the ignition timing is the most suitable
method to obtain a homogeneous mixture because it enables sufficient time for mixing. Furthermore,
extension of the ignition timing is possible by reducing the cetane number by adding a fuel with
low-cetane and a high-octane number fuel such as gasoline and the relevant method is the GCI concept.
Therefore, the proper combination of gasoline fuel, double injection strategy, and EGR in GCI engines
can simultaneously reduce NOx and smoke emissions by enabling a sufficient air–fuel mixing period
and the formation of a more homogeneous mixture.

A study on one- and many-injection strategies of GCI engine was successfully done to compare
100% gasoline with 5% added biodiesel with 100% diesel fuel to obtain the improvement of efficiency
and decreased emission characteristics [110]. The findings were as follows: raising the inlet
temperature of air, engine-oil, and engine-coolant and use of a multiple injections method could
lead to enhancements of the combustion and thermal efficiencies of the GCI engine. Meanwhile, the
quality of combustion study using coefficient of variation of indicated mean effective pressure and
cyclic variations of maximum pressure of cylinder indicated a satisfactory result. However, the analysis
of cycle to cycle variation for the ignition delay showed that these factors suffered with GB05 in many
injection strategies (Figure 12). The earlier pilot injection of 5% biodiesel in gasoline fuel could be an
argument for lowering carbon monoxide emissions. The biodiesel fraction and gasoline (as the very
vapor fuel in the GB05) exhibited meaningful effects of reducing the emissions of carbon monoxide
and total hydrocarbons. The emissions of nitrogen oxide from GB05 blend for either multiple or single
injections seem to be higher than that of neat diesel fuel with many injections and even bigger than
pure diesel fuel with a single injection method. It is believed to be because of the oxygen fraction in
the gasoline-biodiesel blend fuel.

5.4.6. EGR and Intake Boosting of Gasoline-Biodiesel Blend

A study on a GCI engine was conducted by adding 5% biodiesel into gasoline and comparing
the results with those from neat diesel in single-injection (PPCI) and multiple-injection (MPCI) modes
combined with the application of EGR and intake boosting with the goal of obtaining high efficiency
and low emissions.

The most important finding was that using 0.12 MPa of intake boosting reduced the NOx emissions
with the gasoline-biodiesel blend by almost half compared to using 0.1 MPa intake boosting. Then,
increasing the intake boost significantly reduced the smoke emissions with pure diesel fuel, but
increasing the intake boost from ambient pressure to 0.12 MPa increased the smoke emissions for the
gasoline-biodiesel blend. A summary of these finding can be seen in Figures 13 and 14.
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Figure 12. Cycle-by-cycle variations in CA10 under different conditions [Reprinted from Fuel, Vol. 221,
Yanuandri Putrasari, Ocktaeck Lim, A study on combustion and emission of GCI engines fueled with
gasoline-biodiesel blends, Copyright (2017); with permission from Elsevier.]

Figure 13. Effect of intake boosting on NOx emissions in MPCI mode.
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Figure 14. Effect of intake boosting on smoke emissions in MPCI mode.

6. Conclusions and Recommendations

6.1. Conclusions

This study has provided a review of studies on GCI engines fueled with biodiesel-gasoline blends
in order to increase engine performance and decrease exhaust emissions. Based on a comprehensive
review of the open literature, the present understanding of GCI engines fueled with biodiesel-gasoline
blends research work includes the following contributions:

• A literature study of GCI engines potentially fueled with biodiesel-gasoline blends.
• The study on the combustion process and exhaust emission behaviors of gasoline CI engines

using various injection timings in a single injection mode fueled with biodiesel-gasoline blends.
• The study about the effects of 5 and 20% biodiesel-gasoline blends on the efficiency and exhaust

emissions in gasoline compression ignition engines under single injection mode.
• A study of the combustion and exhaust emissions of a gasoline CI engine fueled with

biodiesel-gasoline through a double injection method which comprises of pilot and main injection.
• Experimental investigation of the combustion process and emission behaviors of CI engines fueled

with biodiesel-gasoline blends in the early injection HCCI mode.
• An investigation on the effect of EGR and inlet boosting on the process of combustion and

emission behaviors of a GCI engine using gasoline-biodiesel-blends.

6.2. Recommendations

Some valuable insights and new ideas were identified based on an experimental series and
extensive investigation into GCI engines fueled with a mixture of gasoline and biodiesel. These
have not been pursued more fully further within the current research. The following suggestions are
provided for future research:

• Use of hot EGR to raise the inlet temperature and a smaller fuel injection pressure (to minimize too
much mixing and cylinder wall-wet/impingement of fuel) is required for the GCI engine concept
of volatile/vaporizable/less-reactivity and also low cetane-number fuels at smaller engine speeds
or engine operating loads.

• Several issues related to the emission and combustion behaviors of gasoline CI engines using
blends of biodiesel in gasoline need to be studied further, including stability under low and
middle load conditions, cold start and idle conditions, operation in acceptable transient conditions,
noise/engine sound quality and in-cylinder PRR at middle and big loads through injection of
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fuel methods, exhaust emissions (especially HC, carbon monoxide, NOx and smoke emissions
control), LTO and diesel particulate filters (DPFs).

• Several issues related to hardware optimization of gasoline CI engines using a mixing of
gasoline-biodiesel also need to be studied further. In this case they include: the combustion
chamber/cylinder-head/piston-crown design, injectors holes and angles, injection arrangement
and injection method systems, cooled and uncooled EGR, turbochargers combined with
superchargers or boosting to obtain higher intake pressures at big EGR ratio, subsequent/exhaust
treatment, and quality of fuel (lubrication behavior, viscosity, and detergent-like properties). Thus,
advanced additive technology has to be implemented for the various conditions come upon in
gasoline compression ignition engines.

• More significant experimental, simulation and development studies and work are required to
push gasoline compression ignition engine technology to the step of real application.
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Abstract: A novel method as proposed in the production of Calophyllum inophyllum biodiesel has
been investigated experimentally. This study reports the results of biodiesel processing with
electromagnetic induction technology. The applied method is aimed to compare the results of
Calophyllum inophyllum biodiesel processing among conventional, microwave and electromagnetic
induction. The degumming, transesterification, and esterification process of the 3 methods are
measured by stopwatch to obtain time comparison data. Characteristics of viscosity, density, and
fatty acid metil ester (FAME) are obtained from testing of a Gas Chromatography-mass Spectrometry
(GCMS) at the Integrated Research and Testing Laboratory, Gadjah Mada University, Yogyakarta.
The results present that the biodiesel produced by this method satisfies the biodiesel standards and
their characteristics are better than the biodiesel produced by conventional and microwave methods.
The electromagnetic induction method also offers a fast and easy route to produce biodiesel with the
advantage of increasing the reaction rate and improving the separation process compared to other
methods. This advanced technology has the potential to significantly increase biodiesel production
with considerable potential to reduce production time and costs.

Keywords: renewable energy; microwave; free fatty acid; crude oil

1. Introduction

In the past two decades, the energy crisis has encouraged the development of alternative energy
by seeking renewable energy resources. Alternative energy sources such as biodiesel have been
developed to replace diesel or fuel oil. Generally, biodiesel is a liquid fuel processed from different
sources such as palm oil [1–4], soybean oil [5–10], jatropha [11–18], cottonseed oil [19–25], soursop seed
oil [26], recycled cooking oils [27–30], animal fats [31–35], and other potential triacylglycerol-containing
feed-stocks [36]. Vegetable oils are mainly composed of triglycerides (98%) and a small proportion
of diglycerides [37]. Biodiesel is a mixture of fatty acid alkyl esters obtained by treating triglycerides
with methanol or ethanol [38,39].

One of the potential biodiesel plants is Calophyllum inophyllum or Nyamplung in Indonesia
language. The benefits of Calophyllum inophyllum as biofuel are: having a higher yield than other crops
(jatropha 40–60%, palm kernel 46–54%, and Calophyllum inophyllum (40–74%), and not having a chance
to compete with food interests [40]. In addition, the productivity of Calophyllum inophyllum seeds of
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20 tons/ha/year is higher than jatropha (5 tons/ha/year), and palm (6 ton/ha/year) [41]. Calophyllum
inophyllum has a very high oil of 75% with an unsaturated fatty acid content of about 71% [42]. It is
processed or pressed in the form of yellowish-greenish oil, similar to olive oil, which is aromatic and
tasteless. It usually produces fruit twice a year around 100 kg in weight and with an oil content of
about 18 kg [43]. Calophyllum inophyllum oil has a higher viscosity, but the capillary ability is lower
than kerosene. Calophyllum inophyllum oil yields are forged or pressed between 40–70% of the dry seed
mass [44], and the degumming process is 62.80–65.89% [45].

Generally, biodiesel is processed by thermal or heating system. Biodiesel processing with
conventional heating systems is the most widely employed method. The conventional biodiesel
processes are based on the use of high-power heating and magnetic stirring. Biodiesel processing
is initiated with the process of dry seed pressing into Crude Calophyllum Oil (CCO). Through the
degumming process, Refined Crude Calophyllum Oil (RCCO) is obtained, as followed by the esterification
process. The next transesterification process is performed to produce Crude Biodiesel and, finally,
biodiesel is obtained through washing and drying.

Due to the existence of several stages in the processing of biodiesel causing high cost of
biodiesel production, the implementation of the production process is operationally inefficient. Such
inefficiencies are marked from a degumming process which is heated at a temperature of 80 ◦C for
30 min, until the sediment appears, and an esterification process lasting for 1–2 h at temperature
60 ◦C and transesterification process lasting for 1 h at temperature 30–65 ◦C. In [46] describes,
conventional biodiesel production is generally conducted at high temperatures with external heat
sources. The heat transfer is considered less effective as it occurs as a conduction and convection
system. In addition, conventional heating such as hotplate takes a long time and consumes high
power. However, although, [47] has improved it by using a homogenizer system for transesterification
reactions, the research has been only able to reduce the reaction time by 30 min (half of 60 min).

To address the challenge of high production cost, several efforts have been pursued to optimize
the biodiesel production process. Microwave technology, has been selected as an alternative method
with several advantages due to its quality issue [48,49], energy efficiency [50], and environmental
impact [51,52]. The other technologies are less likely to be conducted as they produce more heats from
the material and are not transferred from the outside materials as expected. The heating may also be
selective, depending on the dielectric properties of the material. Moreover, microwave technology is
preferred as it can propagate through the liquid by the more efficient heating process on the production
of biodiesel, consuming a shorter time [50,53–55].

Regarding the processing biodiesel, a new method of electromagnetic induction heating is
proposed by the researchers. Induction heating technology has been widely applied to the manufacture
of induction cookers and is able to provide faster heat than the microwave. The induction heater (IH)
is an alternating electrical current from the power unit flowing through a coil made of copper. This
current will cause an electromagnetic field of varying magnitude. This field will generate an electric
current on the inside metal material. This electric current is known as eddy current which generates
heat to melt the metal.

2. Basic Principle

Induction heating is the process of heating objects that are electrically carried out (normally metal)
with electromagnetic induction, where eddy currents are produced in the metal and the resistance
leads to metal Joule heating.

The basic theory of electromagnetic-induction, however, is similar to a transformer. The
transformer works due to the phenomenon of electromagnetic induction, when there is a current
flowing in a closed circuit, it will produce various electromagnetic fields. As with transformers,
electromagnetic fields (in primary coils) which affect secondary coils and secondary coils produce
induced radiation and AC current flows (if the secondary coil is a closed circuit). An induction heater
(IH) consists of three primary elements of electromagnetic-induction, skin effects, and heat-transfer [56].
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Figure 1 displays the basic principle of induction heating, contain inductive-heating coils and current
and illustrates electromagnetic-induction and skin-effects. Figure 1a indicates the simple structure of a
transformer, where the secondary-current is in direct proportion to the main current in accordance
with the turn-ratio.

 
(a) (b) 

 
(c) 

Figure 1. Basic induction: (a) equivalent-circuit of transformer; (b) secondary transformer of short
circuit; (c) concept of induction heating.

When the secondary-coil is once turned on short-circuited, a major heat loss occurs to increase the
secondary current (load-current), as shown in Figure 1b. The amount of current in the secondary coil
(I2) is determined from the magnitude of the current on the primary coil (I1) and from the ratio of the
windings between the primary and secondary coils (N1/N2). In this figure, when the secondary coil
is replaced with 1 wire (N2 = 1) and is made into a closed circuit, a large coherent ratio value of the
primary and secondary coils is obtained causing a large secondary current (I2).

This process will also be followed by a substantial increase in heat due to an increase in the
load. The concept of induction heaters where energy is supplied from the same source of a combined
number of primary and secondary losses is presented in Figure 1c. In this figure, the primary inductive
windings have many turns, while the secondary windings are only one and are short-circuited. In IH
design, it takes the maximum heat energy generated by the secondary windings, where the gap of
the inductive heating coil is designed as small as possible and secondary is made with low-resistance
and high-permeability. Nonferrous metals weaken energy efficiency due to their high resistance and
low permeability.

2.1. Electromagnetic Induction

The output of IH flows an alternating current (AC) to supply an electric coil (induction-coil). The
induction coil becomes a source of heat inducing an electric current to a work-piece or to a metal
section to be heated. In addition, the induction coil as a heat source has no contact with the work-piece,
and heat only occurs in the local area, especially in the zone inside the coil. This occurs because the
presence of AC in the induction coil has an invisible electromagnetic force field (flux) around. When
the work-piece is placed inside the induction-coil, the force lines concentrate in the air gap between
the coil and the work-piece. The induction-coil functions as the major transformer with the work-piece
to be heated into a secondary transformer. As a result, the force field in the induction coil causes the
similar and opposite electric current in the work-piece. Further, the work-piece heats up due to the
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current flow resistance of the induced electric current. The level of heating of the work-piece is affected
by the induction of current frequency and current intensity, material specific heat, material magnetic
permeability, as well as by material resistance to current flow.

Based on Figure 1, when the AC current enters the coil, the magnetic-field is formed around the
coil, according to Ampere Law as calculated in the following Equation (1):

∫
Hdi = Ni = f
∅ = μHA

(1)

This formula states that: when the object is inserted into a magnetic field, they will cause changes
in the velocity of magnetic motion.

The density of the magnetic field decreases as the object reaches close to the center of the surface.
Faraday’s Law states that the electric current produced on the surface of a conductive object has an
inverse relationship with the current in an inductive-circuit as depicted in Equation (2).

E
dλ

dt
=

d∅
dt

(2)

Equation (3) describes an electrical energy caused by induced currents and eddy currents which
changed into heat energy.

P =
E2

R
= i2R (3)

where,

R = Resistance is determined by resistivity (ρ) and permeability (μ) of conductive objects
i = Current is determined by the magnetic of field intensity.
E = Induction voltage
P = Power

2.2. Eddy Current

Induction heating arises when an electric current or eddy current is induced into the work-piece
under conditions of poor electrical conductors. To produce the induction heating to be efficient and
practical, the specific relationship between the frequency of an electromagnetic field that produces an
eddy-current, and the properties of a work-piece, must be satisfied. The basis of induction heating
is eddy currents which are produced outside the work-piece or commonly called as “skin effect”
heating. The level of induction heating depends on the high frequency of the electric current, electrical
resistance, and relative magnetic-permeability of the work-piece.

Eddy Current is the induction of alternating electric current in a conductive material by an
alternating magnetic-field (as generated by alternating electric-current). The induced current inside
the modified material causes a change in the value of the induced current through the material. The
eddy current principle is based on Faraday’s law which states that when a conductor is cut out the
force lines of the magnetic field or electromotive force (EMF), it will be induced into the conductor.
The amount of EMF depends on: (1) size, strength, and magnetic field density; (2) the speed at which
the magnetic force lines are cut; and (3) quality of conductors. Since eddy current is an electric current
in the conductor, it will also produce magnetic field. Lenz’s law states that the magnetic field of the
induced current has a direction opposite to the cause of the induced current. The magnetic field of
eddy current is in opposite direction to the magnetic field of the coil as demonstrated in Figure 2.
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Figure 2. Direction of magnetic field.

2.3. Operating Fundamental of an IH

A block diagram of IH is shown in Figure 3. A high-frequency AC voltage is generated from the
power module. Convert the AC current coming from the power source to DC using a rectifier. Then,
connect this DC current to a high-frequency switching circuit to administer high-frequency current to
the heating coil. This high frequency AC power is sent to the coil to cause flux, the size of the generated
flux depends on the area of the induction coil used. This is because the induction heater utilizes losses
that occur in the inducing coil. According to Ampere’s Law, a high-frequency magnetic field is created
around the heated coil. Eddy currents play a dominant role in the induction heating process, the heat
generated in the material depends on the size of the eddy current induced by inducing windings.
When the coil is flowed by AC, it creates a magnetic field around the conductive wire. The magnitude
of the field changes according to the current flowing in the coil.

Figure 3. Block diagram of an induction heater.

3. Topology of IH

3.1. Power System of IH

Currently, IH becomes a popular heating technology which has been developed in industrial,
domestic and medical applications, having advantages such as efficiency factor, fast-heating, safety,
cleanliness and accurate control [57]. Since the discovery of semiconductor technology, the second
major revolution of IH technology is developed. The use of high-power semiconductor devices
and high-frequency power supply application has performed great progress. Among them are
silicon-controlled rectifiers (SCR), and gate turn-off thyristor which have been widely utilized to
implement a reliable power converter. The expansion of high-frequency power electronics for IH
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requires the metal-oxide-semiconductor field-effects (MOSFETs) and bipolar-junction-transistors (BJT),
which allow higher efficiency power converter designs. Further progress in semiconductor technology
is achieved by the discovery of an insulated-gate bipolar transistor (IGBT) that can improve the
performance of IH design. IGBT has a low resistance and requires a very small power supply with a
frequency of up to 100 kHz; however, a frequency of around 400 kHz is difficult to achieve. On the
contrary, static induction thyristor (SIT) has defects such as high conduction loss compared to IGBT,
complicated fabrication processes, high costs, and limited application. Therefore, switching to very
high frequencies can be achieved by utilizing MOSFETs.

With regard to power systems, a new soft-switched converter circuit has been developed that
integrates the advantages of both conventional pulse width modulation (PWM) and resonance
converters. This soft-switched converter has a switching waveform that is identical to a conventional
PWM converter, except that the rise and fall edges from the waveform, as ‘smoothed’ without a
temporary surge. In contrast to resonant converters, new soft-switched converters usually apply a
controlled resonance. In this case, efficient energy conversion at high-frequency switching is absolutely
necessary by manipulating the voltage or current when switching to zero. The concept is to combine
the resonant tank in the converter to create an oscillation voltage (generally sinusoidal) and/or the
current waveform. As a result, the zero-voltage-switching (ZVS) or zero-current-switching (ZVS)
conditions can be utilized for the power switch. The ZVS principle refers to the elimination of the
turn-on switching loss having the zero voltage of the switching circuit before the circuit is turned “on”.
On the contrary, ZVS avoids turn-off switching-loss by allowing no current to pass through the circuit
right before turning it “off”. The voltage or current given to the switching circuit can be made zero
by using resonance as generated by the inductance-capacitance (L-C) resonance circuit; by which this
topology known as “resonant-converter”. Resonance is allowed to occur before and during the turn-on
and turn-off process to produce ZVS and ZCS conditions, like the conventional PWM converters.

3.2. Half-Bridge Resonance Inverter

In terms of the number of switching devices, the inverter topology is normally used in IH
with a single switch [58], full bridge circuit [59], half bridge series resonant [60], and half bridge
inverter [61]. In this paper, a power system with a half bridge resonance series of inverter circuit has
been applied. In [60], explaining the advantages of half-bridge resonance series inverters is stable
switching, low-cost, and a streamlined-design. Figure 4 shows the power operating system with a
half-bridge-resonant inverter, consisting of AC power supply, main electrical circuit, control unit,
input-current detection-circuit, a resonance-current detection circuit, and a gate operation circuit. All
procedures are required to design and test the system as shown in the block diagram. The system for
IH, however, does not need such large capacitors to produce DC flatter, as the major goal of this system
is to generate heat energy. In contrast, a rough DC form helps increase the system’s power factor.

AC power (220 V/50 Hz) passes through the rectifier diode to be transmitted to the capacitor
(C). The capacitor in the available power system is unfortunately too small in its capacity to act in
leveling work, which leads to the action of an increased current at 120 Hz, which is not the right level
for DC operation. The system for IH, however, does not need large capacitors to produce DC flatter,
because the major purpose of this system is to generate heat energy. In contrast, a rough DC form
helps increase the system’s power factor. Based on this circuit, the leveling capacitor functions as a
filter that prevents high-frequency currents from flowing into the inverter and from entering the input
part. Later, the input current becomes the average current of the inverter and acts as the rippling flow
to the leveling capacitor.
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Figure 4. Half-bridge series resonant-inverter.

4. Experimental Set-up

4.1. Testing of Calophyllum-Inophyllum Oil

Calophyllum-inophyllum oil used in this study was obtained from Kebumen, East Java Province
(Indonesia). This type of crude oil is an-inedible oil, which belongs to the Guttiferae family, usually
called as “Nyamplung” oil in Indonesia. Nyamplung trees usually grow along coastal area and in
adjacent lowlands forests, having no incubation in yielding, and seeds can be obtained throughout
the year. Figure 5 shows the crude oil of Calophyllum inophyllum. The characteristics of Calophyllum
inophyllum crude-oil have been tested using Gas Chromatography-Mass Spectrometry (GCMS) at the
Integrated Research and Testing Laboratory, Gadjah Mada University, Yogyakarta.

 

Figure 5. Calophyllum inophyllum crude oil.

Based on this test the contents of palmitic, oleic, linoleic, and stearic and acid were obtained
from the oil studied. This crude oil contains the content of saturated fatty acids including stearic acid
(13.12%) and palmitic (13.92%). In contrast, high unsaturated fatty acids, representing 72.96% mainly
consists of oleic acid (69.11%) and linoleic acid (3.85%).
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4.2. Biodiesel Processing

A schematic process for producing biodiesel is illustrated in Figure 6. Firstly, biodiesel processing
starts from the degumming process by utilizing the 3 heating methods at 80 ◦C to separate crude oil
from its gum. The hotplates (conventional), microwaves, and electromagnetic induction heating are
used in processing scheme as a comparison. A degumming process carried out using phosphoric acid
(H3PO4) as much as 5% (v/v) of 400 mL Calophyllum-inophyllum oil, then it was heated to 80 ◦C. The
duration of the degumming process depends on the heating method until the color changes to light
brown. Table 1 shows a comparison of the time and degumming results of the three heating methods.

Figure 6. Schematic diagram of biodiesel process.
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Table 1. A comparison of the time and degumming results of the three heating methods.

Methods
Temperature Time Power FFA (%) FFA (%)

(◦C) (Min) (W) Before After

Hotplate 80 15 600 20.27 17.66
Microwave 80 12 120 19.82 17.21

Electromagnetic
Induction 80 3.21 145 19.7 17.03

Secondly, Calophyllum-inophyllum oil esterification reactions were carried out in the presence of
H2SO4 (2 wt.%) at temperatures 60 ◦C with using molar ratio of methanol-to- oil (20:1, by mole basis).
According to [30], the molar ratio and dosage of catalyst become one of the most important factors
in biodiesel production, whereas the humidity is one of the least important factors. Briefly, the first
catalyst is dissolved in methanol and added 5 g of Calophyllum-inophyllum oil is put in a 100 mL beaker.
The mixture of methanol and catalyst H2SO4 was put into Erlenmeyer and stirred with a magnetic
stirrer for 5 min. The beaker glass is filled with a mixture of methanol, Calophyllum-inophyllum oil,
H2SO4, and it is heated using 3 heating methods by keeping the temperature up to 60 ◦C. After
esterification, testing is carried out to determine the content of FFA. If the FFA is still high or in above
2%, the esterification process is repeated for 2 times until the FFA becomes precisely low (below 2%).
After that, methanol must be removed and separated from oil product using a 100 mL separatory
funnel for the purification stage. The product is washed with hot distilled water (>80 ◦C) to remove
the remaining acid in the product, continuing until the washing water shows pH~7.

Further, the transesterification process is performed as a chemical reaction involving triglycerides
and alcohol in the presence of a catalyst to form esters and glycerol. The transesterification process
of Nyamplung oil is obtained at a methanol-to-oil molar ratio, 6:1 and KOH of 2% catalyst with a
temperature of 65 ◦C. The time period of the transesterification process depends on the heating method
used as seen in the oil color changes and the formed glycerol. Finally, the glycerol which is formed
must be separated from biodiesel to be washed and dried.

4.3. Induction Heating Irradiation

In this study, an electromagnetic induction heater has been utilized in processing Calophyllum
inophyllum biodiesel. The equipment specifications have been detailed in Table 2. The schematic
diagram of the experimental set up is ills ustrated in Figure 7. The electromagnetic induction heat
radiation induced by the metal mounted inside the coil is absorbed by the sample oil, which may lead
to the appearance of warming in the sample. Heating with induced magnetic field radiation is faster
and is evenly distributed along the metal mounted inside the coil, as it does not transfer heat from the
outside. The duration of induction given to metals affects the rise in temperature/heat of the metal
which affects the passage of the transesterification reaction. The greater the temperature given, the
transesterification reaction runs faster and results in biodiesel conversion.

Table 2. Equipment specification.

No. Name Specification

1. Dc Voltage 30 Volts
2. Power Input 200 watts
3. Current Output 1.2 Amps
4. Temperature 0–1000 ◦C (adjustable)

Vibrations in molecules induced by induction heat radiation will produce an equal heat on the
molecule, where the resulting induction heat penetrates and excites the molecules evenly, not solely in
the surface. Induced heating radiation can speed up the reaction by vibrating the reactant molecule
quickly. The longer the radiation time is given to the transesterification reaction, the heat generated by
the reactant molecule’s vibration will be greater until reaching its optimum state. The transesterification
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time at 65 ◦C has been controlled automatically by a microcontroller. Output data such as temperature,
current, power, and voltage are displayed and stored on a laptop.

Figure 7. Schematic diagram of electromagnetic induction irradiation.

Eddy currents have the most dominant role in the induction of the heating process. The heat
generated on the material depends on the number of eddy currents as induced by the inductor winding.
When the winding is fed by alternating current, a magnetic field will occur around the conductor wire.
The magnetic field varies according to the current flowing in the coil. According to [62], if there is
conductive material around the changing magnetic field, the conductive material will flow a current
called eddy current. The Eddy current principle is based on Faraday’s law which states that when
a conductor is cut out the force lines of the magnetic field or electromotive force (EMF), it will be
inducted into the conductor. The amount of EMF depends on (1) the size, strength, and magnetic field
density; (2) on the speed at which the magnetic force lines are cut; (3) and on the quality of conductors.

5. Result

5.1. Characteristics of IH Irradiation

One method of heating to allow the reaction to run faster is performed to achieve a
transesterification reaction by using the electromagnetic induction of heat radiation. The
electromagnetic IH radiation as induced by the metal mounted inside the coil is absorbed by the
sample, which may lead to the appearance of warming in the sample. Heating with induced
magnetic field radiation is faster and evenly distributed along the metal mounted inside the coil,
rather than by transferring heat from the outside materials. The duration of induction given to metals
affects the rise in temperature/heat of the metal which affects the passage of the transesterification
reaction. The greater the temperature given, the transesterification reaction runs faster resulting in
more biodiesel conversion.

Vibrations in molecules induced by IH radiation will produce an equal heat on the molecule,
where the resulting induction heat penetrates and excites the molecules evenly, not solely in the surface.
Induced heating radiation can speed up the reaction by vibrating the reactant molecule quickly. The
longer the radiation time is given to the transesterification reaction; the heat generated by the reactant
molecule’s vibration will be greater, resulting the transesterification reaction will reach its optimum
state at any time the trial. Eddy currents have the most dominant role in the induction heating process.
The heat generated in the material depends on the amount of eddy current as induced by the inductor
winding. When the windings are energized by alternating current, a magnetic field will occur around
the conductor wire. Magnetic fields vary according to the current flowing in the coil.

Technically, induction heaters have characteristics that are able to release heat in a relatively short
time due to high energy density. By the induction, it is possible to reach high temperatures. Heating
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can be performed at a specific location where the system can be made to work automatically. Induction
heating, in general, has high energy efficiency, depending on the characteristics of the heated material
as any heating losses can be minimized. According to [63], several factors determine the number of
eddy currents in the metal, including: (1) the magnetic field inducing the metal; (2) and the metal
materials used to generate heat (the smaller the resistance of the metal type, the metal is better as the
object of heat); (3) the metal surface area (the more surface area of the metal, the more eddy currents
will be on the metal surface); and (4) the greater the frequency, the more the magnetic field is generated.
In addition, there are several advantages of using induction heater, including heat is generated directly
inside the barrel wall; heat can be applied uniformly across the barrel; cold element operation is
performed, having unlimited time; faster startup time; and more energy-efficient.

5.2. Advantages of Electromagnetic Induction Methods

The biodiesel production process must be refined to maximize material value and minimize costs.
According to [64], if we can make low cost and high-acid-value oil available as resources, the cost of
biodiesel production will be reduced significantly. However, these low-cost oils cannot be used to
produce biodiesel directly because they usually contain a large amount of FFAs. They have to undergo
a preparatory procedure to lower the acid value to a specific value. In addition, in industrialization
processes, it not only saves time and effort but is also low-cost [65,66]. Therefore, low energy potential
and lack of efficient technologies are the problems with these feedstocks for the commercial production
of biodiesel [67].

Figure 8 shows a comparison of the testing result in biodiesel manufacturing processes among
the conventional, microwave and electromagnetic induction. It is concluded that electromagnetic
induction technology provides a great opportunity in the future production process. Compared to
other methods, the proposed new method has a precisely short time at every stage of the production
process such as in degumming (3.2 min), esterification (18.13 min), and transesterification (0.43 min).
Overall, the time required for processing biodiesel is hotplate (130 min), microwave (112 min), and
electromagnetic induction (21.93 min). Here, it appears that there is a significant time difference from
the use of the induction method compared to the other two heating methods. With the achievement of
faster time at each stage of biodiesel processing has advantages, such as reducing production costs,
saving energy, and improving the quality of biodiesel. Another advantage is the cost of fabricating
electromagnetic induction is cheaper compared to microwave and hotplate (in this study the cost of
fabricating electromagnetic does not exceed $100 US).

 

Figure 8. Time comparison of biodiesel production among conventional, microwave, and
induction electromagnetic.
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5.3. Analysis Free Fatty Acid (FFA)

5.3.1. Esterification Process

Esterification is the process of reacting FFA into esters with short-chain alcohols (methanol or
ethanol) to produce fatty acid methyl ester (FAME) and water. The esterification process with an acid
catalyst is required if vegetable oil contains FFA at above 2%. If oil with a high FFA level (>2%) is
directly transesterified with a KOH catalyst, the FFA will react with the catalyst to form soap. The
formation of large amounts of soap can inhibit the separation of glycerol from methyl esters and
results in the formation of emulsions during the washing process. Esterification is employed as a
preliminary process to convert FFA to methyl ester to reduce the levels of FFA in vegetable oils and is
later transesterified with a base catalyst (to convert triglycerides to methyl esters).

Esterification is the conversion stage from FFA to esters. Esther reacts the fatty oils with alcohol.
To encourage the reaction to proceed, the methanol reactant must be added in such excessive amounts
(usually greater than 10 times of the stoichiometric ratio) and the water product following the reaction
must be removed from the reaction phase, which is the oil phase. The 20:1 (methanol to oil) molar
ratio between oil and methanol is utilized in this study. Heat treatment is carried out at an average
temperature of 60 ◦C with a period of time depending on the characteristics of the applied heating
method. To maximize the biodiesel yield from oils with high FFA levels, esterification must be
performed to reduce the level of FFAs prior to transesterification [68,69]. Therefore, the esterification
process is carried out twice [70], as the first esterification process obtains FFA content which is still
high at above 2%. Table 3 presents the comparison of FFA values from the esterification results for the
3 (three) heating methods used.

Table 3. Comparison of Free Fatty Acid (FFA) values from esterification results among the three heating
methods with a molar ratio of 20:1, and 2% w/w (of oil) H2SO4.

Method Temperature (◦C)
Esterfication I Esterification II

Time (Min) FFA (I) (%) Time (Min) FFA (II) (%)

Hotplate 60 75 6.8 30 1.7
Microwave 60 75 3.59 15 1.43
Induction

Electromagnetic 60 12 5.8 6.13 1.6

5.3.2. Transesterification Process

This stage becomes the main stage in this study, where triglycerides are the main components of
oil converted into biodiesel and glycerol. The product of pretreatment was heated to 65 ◦C in the three
methods for transesterification with 6:1 M ratio of methanol and 2% w/w (of oil) KOH in the same
setup. According to [71] the optimal temperature in the transesterification process with a KOH catalyst
is 65 ◦C. Comparative data from the results of the transesterification of the three heating methods are
illustrated in Table 4. Figures 9 and 10 show the transesterification process by using electromagnetic
induction, respectively. The biodiesel production using electromagnetic induction has a higher FAME
value than in conventional and microwave.

Table 4. A comparison of the transesterification process of Nyamplung oil with a molar ratio of 6:1,
and 2% (w/w) KOH.

Method Temperature (◦C) Time (Min) FFA (%) FAME (%)

Hotplate 65 10 0.56 35,1
Microwave 65 10 0.42 53.66
Induction

Electromagnetic 65 0.43 0.4 65.96
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Figure 9. The esterification process using electromagnetic induction.

 
(a) (b) 

Figure 10. Fatty acid metil ester (FAME): (a) esterification (b) biodiesel.

5.4. Analysis of Energy Use

Based on the measurement results, the amount of power utilized by all heating methods is
the multiplication of voltage and output current. Energy consumption is calculated between the
time (hour, h) multiplier and the power (Watt, W). Based on Table 5, it is apparent that energy with
electromagnetic induction method is more efficient compared to that in conventional and microwave
method, that is, 47.29 Wh. The amount of energy obtained is based on the multiplication of the
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overall time in the degumming, esterification and transesterification steps by the amount of heating
equipment power.

Table 5. Comparison of energy consumption for Calophyllum inophyllum oil (200 mL).

Methods
Energy Consumption (Wh)

Total Energy (Wh)
Degumming Esterification Transesterification

Hotplate 150 900 96 1.146
Microwave 19.2 50 6.4 75.6

Electromagnetic
Induction 7.68 38.7 0.91 47.29

5.5. Testing of Viscosity and Density

The viscosity of biodiesel plays an important role in the fuel injection process. A precisely small
viscosity causes leaks in the fuel injection pump. Conversely, too high viscosity will produce large
droplets of fuel and will have high momentum and collide with the cylinder wall, but the injection
pump cannot fog properly. Density is related to the value of heat and to the energy produced by a
diesel engine. Low density will produce high calorific value and vice versa. Density is a parameter
marking the success of the transesterification reaction. Fulfillment of density parameters indicates
that the biodiesel purification process is successful. The lack of biodiesel due to impurity can produce
high-density values. Table 6 illustrates the Nyamplung biodiesel properties compared with those
of SNI, ASTM D6751, ASTM PS 121, C1 Biodiesel, and EN 14214. The test results present that the
obtained biodiesel viscosity is 5.54 Cst, meeting the requirements of the Indonesian National Standard
(SNI) in the fuel injection process between 2.3 and 6.0 Cst.

Table 6. Nyamplung biodiesel properties compared with those of SNI, ASTM D6751, ASTM PS 121, C1
Biodiesel, and EN 14214.

Properties
ASTM D6751

(USA)
ASTM PS

121
EN 14214

C1
Biodiesel

SNI

Nyamplung
Biodiesel

(This Study)

Acid value (mg KOH/g) <0.5 <0.5 <0.5 0.34 0.8 0.8
Density (20 C) (g/mL) 0.87–0.9 0.7328 No specific 0.877 0.850–0.890 0.882

Kinematic viscosity,
40 ◦C (mm2/s) 1.9–6.0 1.9–6.0 3.5–5.0 5.6872 2.3–6.0 5.54

5.6. GC-MS Analysis

The biodiesel composition was quantified using Gas Chromatography - Mass Spectrometer
detector (GCMS) testing at the Integrated MIPA Laboratory, State University of Malang. Based on the
results of GC-MS testing that has been done, it can be identified the compound components of the
Nyamplung oil biodiesel as shown in Table 7.

Table 7. Major Components Based on GC-MS Analysis.

Component Peak Detection Time Identified Compounds Molecular Formula Percentage (%)

I. 6
7

35.006
35.109 Linoleic acid methyl ester C19H34O2C19H34O2

16.78 +
17.17 = 33.95

II. 8 35.388 Oleic acid methyl ester C19H36O2 20.06
III. 9 35.997 Stearic acid methyl ester C19H38O2 18.62
IV. 3 28.563 Palmitic acid methyl ester C17H34O2 17.12

As shown in Table 7, four fatty acids were clearly detected in the oil extracted by GC from the
Nyamplung oil. The most major component was linoleic methyl ester 33.95% having a molecular mass
of 294 m/z, at peaks 6 and 7 as shown in Figure 11. The percentage of the second major component of
oleic methyl ester is 20.06% which has a molecular mass of 296 m/z at peak 8 (Figure 12). Figures 13
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and 14 show stearic methyl ester with a mass of 298 m/z and palmitic methyl esters with a mass of
2970 m/z are the third and fourth most components at 18.62% and 17.12% respectively.

 
(a) 

 
(b) 

Figure 11. Fragmentation of linoleic acid methyl ester: (a) peak 6; (b) peak 7.

 

Figure 12. Fragmentation of oleic acid methyl ester.

 
Figure 13. Fragmentation of stearic acid methyl ester.

Figure 14. Fragmentation of palmitic acid methyl ester.
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6. Discussion

Some ways to reduce the cost of biodiesel production are to find optimal parameters, including
reaction temperature, reaction time, amount of catalyst to be added to the reaction, and the
methanol-to-oil ratio. Previous researchers have experimented with base catalytic reactions, acid
catalytic reactions, and enzymatic transesterification and have found that a base-catalytic reaction
obtained the best result. Biodiesel can be produced under a lower temperature with a base catalyst,
whereas a transesterification reaction with an acid catalyst requires higher temperatures and longer
reaction time [72,73]. On the other hand, the use of longer reaction times in biodiesel processing has an
impact on production costs. Generally, the biodiesel production process is performed by a heating
device such as a hotplate or heating coil. With the development of high technology, the microwave
radiation method in biodiesel making becomes a smart choice compared to conventional systems.
An alternative heating system of “microwave irradiation” has been applied in transesterification
reactions in recent years. Microwaves are considered as electromagnetic radiation that represents
non-ionizing radiation influencing molecular motions such as ion migration or dipole rotation but that
does not change the molecular structure [74,75].

According to [50], the advantage of using a microwave in the biodiesel process is that it efficiently
accelerates the transesterification process through short reaction time. In addition, a drastic reduction
in the number of products is obtained, a short separation time is obtained and a high yield of a very
pure product is achieved in a short-time [76]. Compared to conventional systems, production costs are
also reduced and fewer products occur. Therefore, microwave heating is more preferred compared
to conventional methods, where heating time is very slow and is inefficient because the transfer of
energy to the sample depends on the convection current and the thermal conductivity of the reaction
mixture. However, a shorter heating reaction has been achieved through electromagnetic induction
than in microwave technology.

Experimentally, a comparison of 3 methods in the production process of Calophyllum inophyllum
biodiesel is attached. In the transesterification process, electromagnetic induction requires only
0.43 min, compared to both in microwave and conventional methods, lasting for 10 min. Likewise,
other stages such as degumming and esterification, such as in Figure 8 present a significant time
difference among the three methods. Some characteristics of the electromagnetic induction method
show better progress than the others, such as the shorter time, more energy saving, more qualified
FAME, better viscosity, and higher yield. Therefore, the findings of this method present promising
expectations for biodiesel production.

7. Conclusions

An experimental investigation has been carried out to process Calophyllum inophyllum oil into
biodiesel by a new method of electromagnetic induction. The most important conclusions obtained are
summarized as follows:

1. Biodiesel produced from Calophyllum inophyllum oil with electromagnetic induction radiation
generally meets ASTM D6751, C1 biodiesel, EN 14214, and SNI standards, so it can be used as an
alternative for biodiesel processing.

2. Under optimal conditions, the energy consumption of electromagnetic induction is more efficient
than the hotplate and microwave method. Compared to heating both hotplate and microwave,
the reaction time is significantly reduced.

3. Due to having faster reaction time in the transesterification process, the FAME value obtained
is higher than the hotplate and microwave. The optimal condition for this experiment is the
molar ratio of methanol to oil 6:1, 2% (b/b) of KOH catalyst, a reaction temperature of 65 ◦C, the
reaction time of 0.43 min, and FAME of 65.96%.

4. Compared to microwaves and hotplate, electromagnetic induction is achieved at a shorter time
in all stages of degumming, esterification, and transesterification. Overall, the time needed to
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process biodiesel is hotplate (130 min), microwave (112 min), and electromagnetic induction
(21.93 min). As a result, the overall energy used from the biodiesel production stage is also more
economical and efficient.
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Abstract: This paper assesses the potential of biomass energy resources in Timor-Leste (TL). Although
other renewable energy sources are mentioned in this article, such as wind energy, solar energy,
hydropower, bioenergy, including bioethanol and biogas, the main goal is to gather the data on
biomass in TL and provide such data as useful information for a wide range of end-users. The current
evaluation is based on various sources which include previous assessments on biomass and other
renewable sources. The energy potential of biomass in TL apart that resulting from vegetation or
flora and animals is also derived from agricultural waste, such as waste from rice, corn, and coffee.
The analyses also include the contribution of agricultural waste, animal waste, and that from urban
waste. The results from this article show that the potential of usable biomass energy in TL from
forestry and agriculture is 1.68 × 106 toe/year, animal waste is 4.81 × 103 toe/year, and urban solid
waste amounts to 9.55 × 103 toe/year. In addition, it is concluded that biomass alone can fully replace
fossil fuels for electricity generation.

Keywords: renewable energy; biomass; waste

1. Introduction

Renewable energy is an important resource, which is widely available in nature. As fossil fuels
are becoming scarce and are associated with climate change [1], a great opportunity is presented for
the development and utilization of renewable energy [2]. Both government institutions and private
sectors are starting investing in renewable energy development, and many developing and emerging
countries start working and investing in renewables and related infrastructure. It was estimated that
globally, renewable energy accounted for apparently 18.2% of the total final energy consumption
in 2016 [3]. The International Energy Agency reported that in 2016, the worldwide total primary
energy supply (TPES) was 13,761 Mtoe, of which 13.7%, or 1882 Mtoe (up from 1819 Mtoe in 2015),
was produced from renewable sources [4]. The amount of global renewable energy supply, including
solid biofuels/charcoal 62.4%, hydropower (2.5% of world TPES and 18.6% of renewables), and the
rest, is speed over other sources, such as liquid biofuels, wind, geothermal, solar, biogases, renewable
municipal waste, and tide. Depending on the sources and methods, other databases may estimate
varying figures and indexes for renewable energy; nonetheless, the scenarios are in agreement with
the previous statement. In the overall framework for the sustainable development goals, reported
by the International Council for Science and International Social Science Council, amongst the 16 are
included: end poverty, ensure healthy lives, ensure equitable quality education, ensure modern energy
for all, reduce inequality, etc. These goals are targeted to be achieved in the year of 2030, named as 2030
Agenda. In this Agenda, Goal number seven aims to ensure universal access to affordable, reliable,
sustainable, and modern energy for all. This is articulated with the goal of increasing the share of
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substantially renewable energy in the global energy mix by 2030 [5]. From this overview of renewable
energy development, the policymaker has a key role in defining the process and routes to achieve the
defined targets [3,4,6].

Biomass is one of the renewable energy sources, which contributes to the sustainable development
of energy supply, with future development of bioenergy depending on the available biomass resources
and their development [7]. The advantages of biomass, besides being a renewable and inexhaustible
fuel source [1], is that it provides employment opportunities in rural areas [8]. Global utilization of
biomass is increasing because being considered carbon neutral [9] can address the pressing need to
reduce greenhouse gas emissions [10]. Biomass can be obtained from agricultural waste or fast-growing
plants [11], industrial residues and process waste, sewage, and animal wastes [12]. Biomass is
considered as an accessible and affordable source of energy, especially in rural areas [1]. However,
the use of bioenergy for fuel applied in transportation and power sectors may have an impact on
food availability and cost. This is a fact that the use of land for bioenergy production competes with
alternative outputs from land and can affect agricultural land. The solution for this issue is that biofuel
feedstocks must come from land that was neither forested before nor necessary for food crops (set aside
land) as adopted by the U.S. Renewable Fuel Standard [13].

Timor-Leste (TL), a tropical country located on the south-east side of the Indonesia archipelago,
is approximately 500 miles north of Australia, being washed by the Banda Sea and the Timor Sea to the
north and south, respectively [14]. The country’s size is 15,410 km2, including the Oecusse enclave in
the western part of the island and the islands of Atauro in the north and Jacob to the east. The territory
of TL extends for about 265 km long (East-West) and 90 km wide (North-South) and reaches close to
3000 m in altitude. Administratively TL is divided into 13 districts, and the population of TL was about
1,183,643 inhabitants in 2015 [15]. Although statistical data is recent and unreliable, the total primary
energy consumption has not varied substantially over the last years and was approximately 152 ktoe
(as of 2014). The CO2 emissions (resulting exclusively from petroleum products) were 0.36 ton/capita in
2014. This figure is less than an order of magnitude than that in developed countries, such as Western
Europe. Nonetheless, this represents a three-fold increase over a decade.

Although TL is a net exporter of crude oil, there are no distilling facilities in the territory. Currently,
the energy consumption in TL relies on the use of imported energy, mostly for electricity generation and
transportation fuels, which leads to high expenses for the annual energy budget. As an example, in 2007,
the government of TL spent approximately US $26 million per year on gasoline, which increased in
subsequent years [16].

As a tropical country, TL has the potential for a wide variety of renewable energies, such as solar,
wind, hydro, and bioenergy. Such resources of renewable energy, if properly managed, could make a
useful contribution to the energy supply and consumption in TL in the future.

Wood biomass is mostly used for heating and cooking purposes in a household. Overall, it is
estimated that up to 90% of the energy needs of TL citizens are provided by biomass as the electricity
consumption is very low. In fact, the annual electricity consumption per capita is 97 kWh, well below
the average in Europe (5500 kWh). Because of the growing interest in biomass as an energy source,
many nations have dedicated a great effort into assessing correctly their potential, in order to support
the development of policies to promote their use and increase their share of the energy unit. Due to
multiple reasons, there is not a comprehensive assessment as such for TL. Although a brief overview
of the renewable energy is presented here, the main objective of this paper is to collect the data and
information regarding the potential of biomass resource in TL. The amount of biomass, including
forestry and agriculture, animal, and urban waste, is calculated in terms of useful energy. It is a mostly
scattered information regarding biomass resources, and this paper aims to organize such information
into a coherent and structured body that can be useful for future use and to draw the likely impact that
endogenous renewable energy resources can have in a small country that is taking its first steps into
sustainable development.
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2. Research Methods

As mentioned, this paper assesses the potential of renewable energy resources, mostly biomass,
in TL. The data included the contribution from forestry, agriculture, urban, and animal waste and was
collected by various methods at different times. This section details the various methods deployed.

2.1. Biomass Estimation from Forestry

The methodology applied to estimate the recoverable biomass resources follows various steps [14]:
the land was organized in different categories, and for each one, the respective area was quantified;
the expected average productivity was assumed; it was defined the period of rotation of species.
The estimation of annual increment of biomass above ground was done by applying a simple calculation
regarding the annual increment (I, ton/ha/year), average productivity (P, ton/ha), and age of rotation
(R, years), with I = 2P/R. The usable biomass was estimated by taking into account its accessibility
and the dynamics of the ecosystem. Meanwhile, the Shuttle Radar Mission Topography of National
Aeronautics and Space Administration (NASA) was used to identify the different elevations of the land.

2.2. Biomass Estimation from Agricultural

The methodology used to estimate the biomass resources from agriculture included [14]:
quantification of the annual production of the most representative large scale crops production
and their waste for energy utilization in each district; selection of the empirical values for the ratio
of production/waste produced, whether resulting in the field or from the crop processing. This data
enables to mapping the availability of energy production from agriculture.

2.3. Biomass Collection from Urban Waste

The urban solid waste from Dili city was calculated based on the mean waste carried by trucks
(m3) multiplied by the number of trucks per day [17].

2.4. Biomass Collection from Animal Waste

Regarding the biomass from animal waste, this data is based upon the number of animals,
organized by the most relevant species, which were registered in 2009. From this data, the waste was
calculated based on the amount (kg or m3) of biogas produced per animal on a daily basis [14,18].

3. Assessment of Renewable Energy Resources

3.1. Renewable Energy Resources in Timor-Leste

The renewable energy resources in TL, including wind, solar, hydro, and bioenergy, are briefly
presented here as they may play an important role in the future energy mix.

In tropical and mountain areas, the potential of wind varies with time as it depends on winds
driven by the thermal gradients and the local geographical conditions. In TL, information regarding
the potential of wind power has been identified by a preliminary survey, suggesting that TL has several
areas suitable for deployment of wind turbines [19]. The State Secretariat for Energy Policy (SEPE)
during the term 2007–2012 expected an electricity production with a capacity of 11 MW in the area of
Lariguto/Osso (Viqueque district) and Laleia (Manatuto district), combined with a capacity of 2 and
4 kW in the area of Turiscai/Foholau (Manufahi district) and Ataúro/Makadede (Dili district) [20].

TL, as a tropical country, has a huge potential for direct solar energy harvesting. A previous
survey shows that the entire territory of TL has the potential to successfully produce solar energy.
In terms of average annual range, it varies between 14.85 and 22.33 MJ/m2 per day, which indicates that
the whole territory of TL has the potential to successfully generate solar energy [19]. This compares
favorably with Australia that has the highest average solar radiation per square meter of any continent
in the world and whose potential annual average of solar radiation varies between 18 and 24 MJ/m2
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per day in the northwest and center of the country, the most favorable regions [21]. Due to the solar
energy available in the country, a total amount of 1228 units of solar energy have been installed for
family households in remote areas [20].

TL has a potential for developing the mini hydropower in specific districts. The analysis from the
Strategic Development Plan (PED, in Portuguese) identified nearly forty locations that could generate
power in the range from 1.2 MW to 50 MW [19]. The survey conducted by SEPE in the previous
government describes that mini hydropower with the capacity of 36.1 GWh/year and 8.8 GWh/year
have been installed in Atsabe (Ermera district) and Bulobo (Bobonaro district), respectively. Besides,
a center for mini-hydro with a capacity of 10 kW capable of supplying 166 households, will still be
identifying [20]. In addition, in the district of Lautem (Ira-lalaru), the potential of hydropower can be
produced with the capacity of 12–28 MW [16], and also one mini hydroelectric power plant with the
maximum capacity of 326 kW is located in Gariuai (Baucau district) [22].

3.2. Biomass Potential in Timor-Leste

Bioenergy is the general term regarding the energy derived from carbon-based materials, such as
wood, straw or animal waste, where the living matter is relatively recent as opposed to fossil fuels.
Such materials can be burned directly to produce heat or power, but can also be converted into biofuels.
These (as charcoal and biodiesel) are mostly made from wood and plant seeds [14].

TL has a large potential of biomass as an energy resource. The analysis described in the PED [19]
shows that the amount of biomass above the ground in TL is linked with the highest concentration
of biomass plants in the tropical forests in upland areas, medium altitude areas, and lowland forest.
Because of the terrain, the degree of accessibility of such resources varies significantly, and those from
mountain areas are of difficult access.

Various types of biomass from agriculture available in TL, such as from forestry, include tree
trunks, branches, leaves, shoots, bark, pine cones, etc. Other biomass sources are from agriculture
plantations, such as coffee, rice fields, agricultural parcels with surrounding trees, meadows, etc. [14].

The economic structure of TL is mostly dependent upon the agriculture productivity. The 2001
Census identifies that the agricultural sector is the main activity for about 73% of the population and
contributes to 25.4% to the total value of the GDP of TL [14]. This pattern is still valid today. For
a large portion of the population, several agriculture plantations are their main livelihood, such as
cassava, beans, sweet potatoes, and soybeans, while the most significant crops for life sustain are rice,
corn, and coffee, which is the main commercial production. The biomass resources from agriculture
waste can be obtained from those productivities. Other vegetable wastes that can contribute to power
production include provenance tree, shrub, and herbaceous as a part of the forest and agricultural
product. Table 1 summarizes the most important sources of biomass for energy purposes. The data
include the total existing biomass for the various categories and the corresponding annual yield. The
usable annual yield takes into account how easily the source can be accessed.

Being a mountainous island, some 30% of the amount of biomass actually produced in TL occurs
at altitude (mostly varying between 1000 and 2000 m). Previously published data show that 73% of the
East Timorese territory is categorized as forestry land, being some of that area as Tropical Monsoon
Forest, such as the district of Lautem [14]. In such regions (tropical forest in the highlands and also
at the middle and lower altitudes, provided it is dense forest), the annual yield varies between 90
and 160 tons/ha. Overall, the data show that the total stock of biomass in ecosystems suitable for
the production of the electricity, including forestry, agriculture, and degraded pastures and forests,
is 127,528,335 tons, with an annual increase of 5,222,999 tons/year (4%), much of which is usable
(4,911,051 tons/year) [14]. Many species are endogenous to TL. One may take some for comparison
purposes with other nations. Taking eucalyptus, in TL, the percentage of biomass in the ecosystem,
based on the land occupation, is 15.99% [14]. While the percentage of biomass in the ecosystem in
another country, such as Portugal, was 8.8% in the year 2010 [23]. From the data in Table 1, one can
also estimate the annual yield (productivity) of eucalyptus. Considering a total area of 246,403 ha
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dedicated to eucalyptus, the yield rate is 4.5 tons/year/ha. The productivity depends on many factors
(soil, water, and climate) but varies between 2.4 and 15 tons/year/ha [24].

Table 1. Amount of the stock biomass in ecosystems for power production. Data reproduced with the
permission from the publisher [14]. Notes: a.g. = above-ground; s.o. = soil occupation.

categorized by
Soil Occupation

(s.o.)
Class of s.o.

Biomass a.g.
(ton)

Annual yield of
Biomass a.g (ton/year)

Usable Biomass
(ton/year)

Forest

Mangrove forest 2893 386 0

Coastal forest 1,021,854 68,209 68,209

Humidity tropical forest of
high zone, various species 10,608,297 265,207 79,562

Casuarina 6,192,806 154,820 46,446

Eucalyptus 22,225,526 1,111,276 1,111,276

Humidity tropical forest of
lower zone, various species 20,319,775 678,007 678,077

Teak 305,296 15,265 15,265

Dense humidity forest, of a
lower and medium zone 40,985,126 1,639,405 1,639,405

Sparse humidity forest, of a
lower and medium zone 20,704,695 828,647 828,647

Mount forest 940,339 18,765 1877

Swamp 10,903 725 0

Agriculture field

Agriculture land (not
irrigated) 1,003,663 134,491 134,491

Coffee plantations 2,221,419 222,142 222,142

Agriculture production of a
coconut tree 470,793 37,663 37,663

Abandoned agricultural areas 5147 690 690

Irrigation areas 200,000 26,800 26,800

Degraded pastures
and forests

Uncultivated 1594 105 105

Savannah 82,091 5473 5473

Pastures 222,097 14,658 14,658

Shrubs and herbaceous species 4021 265 265

Total 127,528,335 5,222,999 4,911,051

In addition, the distribution through the territory of the amount of estimated biomass (stock) as
the total existing biomass above-ground (a.g.), the annual growth and the usable biomass are depicted
in Figure 1. The data show that the districts of Manatuto, Viqueque, Lautem, and Covalima are those
with the largest resources. In addition, soil productivity does not vary significantly across the country,
with an average yield spread of 3–4 tons/year per hectare.
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Figure 1. Estimation of the above-ground biomass stock at the district level. Based on data from [14].
Adapted with permission from the publisher.

3.3. Waste Biomass

Waste biomass in TL can be obtained from different sources, including animal waste, agriculture
activities, forestry, and urban waste/solid waste (MSW).

3.3.1. Waste Biomass from Agriculture

The residues from agriculture crops, such as rice, corn, and coffee, are also available in the country.
The total production of rice is 60,516 tons/year resulting in a waste production of 102,875 tons/year that
includes straw and shell at 90,773 and 12,102 tons/year, respectively. From this, the usable waste from
rice is 25,718 tons/year. The total productivity of corn is 65,202 tons/year, while the waste production is
84,760 tons/year with a usable waste of 21,190 tons/year. The total production of coffee is 9900 tons/year
with a waste production of 9109 tons/year, and the usable waste is 2278 tons/year, as described in
Figure 2 [14]. Taking the usable waste data, the waste biomass from corn in TL is approximately
95 GWh/year [14] compared to Portugal which is 3378 GWh/year [23].

 

Figure 2. Waste from rice, corn, and coffee plantation. Based on data from [14]. Adapted with
permission from the publisher.

The availability of the usable biomass mentioned above, which is composed of agricultural (rice,
corn, and coffee), agroforestry, and animals, corresponds to 49,188, 4,901,483 and 60,636 tons/year,
respectively. The districts with the highest potential of biomass energy and with usable waste biomass
above 500 ktons/year are Manatuto, Viqueque, Lautem, and Covalima [14] (see Figure 3).
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Figure 3. The availability of the usable biomass from agricultural, agroforestry, and animals in the
country. Based on data from [14]. Adapted with permission from the publisher.

3.3.2. Municipal Solid Waste

TL has 13 districts; but from population Census of 2015, the three most populated districts are
Dili (277,279), Ermera (125,702), and Baucau (123,203) as referred by Ferreira et al. [15]. In this paper,
the information on the municipal solid waste (MSW) concerning Dili is presented because being the
capital city of the country and also a center for various activities, it produces the maximum waste.
Data from 2007 show that the collection of MSW in Dili is about 60 tons every day [16]. The waste in
Dili is produced from households, markets, offices, schools, hospitals, and at the bus station. Amongst
those, households and markets contribute to the largest share of waste. All the waste is collected
and disposed to the final site, located 26 km from Dili city. It shows that the volume of the waste
collected is around 158 tons/day in 2012 [17], assuming that for an economic developing country the
bulk density of MSW is 660 kg/m3 [25]. The increase in the amount of MWS from 2007 to 2012 is an
indication of the increase in activity and population growth. The population growth in Dili during the
period 2004 to 2010 and 2010 to 2015 is 33.17% and 18.48%, respectively, which is the largest among
other districts [15,26]. Also, the stabilization of political life after the unrest following independence
has contributed to such an evolution. The urban waste collection in Dili compared with another city,
such as Kupang (East Nusa Tenggara, Indonesia), in the west of TL shows that in 2009 the waste
collected was approximately 203 tons/day [27].

3.3.3. Waste Generated by Animal Husbandry

Based on a preliminary survey, it was estimated that the number of animals in the territory of
TL in 2005 was 469,301 ruminants [14]. The animals mentioned in the survey include large species,
such as buffalo, cow, and horse, mid-size animals, such as pig, goat, and sheep, and small livestock,
such as chickens and ducks, with a total number of those animals estimated at 1,603,700 units (see
Table 2). The waste products from those animals are approximately 505,317 tons/year, and the usable
waste is 60,636 tons/year (see Table 3) [14].

Several districts, which include Viqueque, Oecusse, Baucau, and Bobonaro, have the potential
of animal waste above 5000 tons/year, and from a total potential of approximately 60,000 tons/year,
the districts of Viqueque and Baucau may contribute with 28% of the whole resource. The activities
conducted by SEPE in the previous government resulted in the construction of two digesters with 20
and 10 m3, capable of supplying biogas for 300 families in the Manufahi district [20]. Based on the
information in TL, domestic and industrial waste can be processed in the factories, especially, designed
to produce electricity [19]. The waste generated from animal husbandry in TL from different species
mentioned in Table 3 is approximately 56 GWh/year [14] compared to Portugal from three different
species, such as chickens, swine, and bovine, which is 725.4 GWh/year [23].
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Table 2. Number of domestic animals in the country. Data reproduced with the permission from the
publisher [14].

District Cow Buffalo Horse Goat/Sheep Pig Poultry

Aileu 5635 1342 1505 2261 3734 16,557

Ainaro 11,541 10,145 7985 4037 29,717 37,792

Baucau 8422 21,690 9577 32,279 39,608 73,280

Bobonaro 27,587 7142 3162 8396 31,404 85,149

Covalima 17,217 7608 1494 1765 20,049 27,405

Dili 6966 901 968 42,173 72,588 98,279

Ermera 10,768 4703 3389 2647 19,102 34,011

Lospalos 10,143 2682 1458 11,693 41,082 98,299

Luiqica 8967 13,161 3437 5203 21,134 42,279

Manatuto 8651 8588 2823 12,360 14,323 18,840

Manufahi 8664 6026 3655 1805 16,979 28,783

Oecusse 26,818 2037 1950 8652 26,698 129,101

Viqueque 22,714 22,644 6676 5189 48,118 60,088

Total
174,093 108,669 48,079 138,460 384,536 749,863

1,603,700

Table 3. Animal waste production and usable waste in the country. Data reproduced with the
permission from the publisher [14].

District
Waste Production (ton/year) Usable Waste

Cow Buffalo Horse Goat/Sheep Pig Poultry (ton/year) (%)

Aileu 6086 1932 813 407 806 596 1273 2.1

Ainaro 12,464 14,609 4312 727 6419 1360 4883 8.1

Baucau 9096 31,234 5172 5810 8555 2638 7587 12.5

Bobonaro 29,794 10,284 1707 1511 6654 3065 6347 10.5

Covalima 18,594 10,956 807 318 4330 987 4436 7.3

Dili 7523 1297 523 7591 15,679 3538 4133 6.8

Ermera 11,629 6772 1830 477 4126 1224 3147 5.2

Lospalos 10,954 3862 787 2105 8874 3539 3369 5.6

Luiqica 9684 18,952 1856 937 4565 1522 4562 7.5

Manatuto 9343 12,367 1525 2225 3094 678 3619 6.0

Manufahi 9357 8677 1974 325 3667 1036 3042 5.0

Oecusse 28,963 2933 1053 1557 5767 4648 5104 8.4

Viqueque 24,531 32,607 3605 934 10,394 2163 9134 15.1

Total
188,020 156,483 25,964 24,925 82,930 26,995 60,636 -

505,317 - -

4. Future Development of Biomass Energy in Timor-Leste

Future development of renewable energy in TL is important as the energy demand is increasing,
while the stock of energy in terms of fossil fuel is decreasing. In addition, the necessity for creating a
good environment to foster the development of renewable resource is an important issue that needs to
be considered.
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4.1. The State’s Policy on Biomass Energy

At approximately 745,174 hectares, the forest area of TL represents approximately 50% of the
total land area. Biomass energy is available in certain parts of the country that are state-owned.
TL has a law regulating all the natural resources in the country. According to that law, the state will
hopefully show an interest in the development of the natural resources in the country, including
biomass energy. Recently, the Government of TL has signed new global partnership for supporting the
nation in its efforts to be effective in combating and diminishing the obstacle to the sustainability of
biomass resources and to develop the energy access to the rural areas [28]. The partnership will be
on the Production of Biomass as Sustainable Bioenergy (PBESB), and this project will be focused on
the reduction of annual wood consumption for the traditional cooking stove. The previous SEPE has
carried out many programs regarding the use of alternative energies, including solar panels, jatropha
biofuels, and biogas. In addition, the law on alternative energy has been developed by SEPE [29].

4.2. International Role

International support is also a key element in the development of natural resources in the country.
The Millennium Development Goal of achieving that 55% of territory be covered by forest remains
an ambitious objective [19]. The consumption of energy from renewable energy sources in TL still
represents a very small amount. Nonetheless, it is expected that the energy produced by wind, solar,
hydropower, and other renewable sources may contribute to the mitigation efforts of TL to climate
change and help to fulfill the obligations under international conventions on climate change [19].

4.3. Potential Consumers of Biomass

Firewood is an essential fuel for cooking in TL. According to the Japan International Cooperation
Agency (JICA), it is estimated that in 2002 approximately 93% of households used biomass (firewood)
to meet their energy needs, particularly for cooking and heating, which represents the consumption
pattern of 1.3 million m3 [14]. Such a large amount of users for firewood has an impact on the biomass
resources in the country [28]. The very traditional method of cooking can result in severe air pollution
(mostly airborne particles) and health problems. Although such route is of great relevance, there is a
pressing issue and opportunity to develop and disseminate efficient energy devices for domestic use.

4.4. The Possibility of Future Development for Renewable Energy

For TL, as a new country, the development of every sector is important to enhance and improve
its economy. Development of renewable energy is a key factor to support the country to secure the
energy supply in a sustainable manner.

Nowadays, the government has extended the electricity grid to supply electric power to the entire
country. There are two generating power stations to provide electric power for the whole of TL. One is
at Hera (Dili district) with a capacity of 120 MW and another in Betano (Manufahi district) with a
capacity of 137 MW. These two plants are using heavy fuel oil, but in the future, they can be retrofitted
to use diesel or natural gas [30]. Taking into consideration the estimated usable biomass (Table 1) and
assuming a 20% efficiency for a dedicated biomass power plant, this resource could guarantee the
operation of at least 400 MW around the clock. Considering a typical biomass plant (approximately
10 MW electrical), this biomass could be funneled to approximately 40 plants dispersed throughout
the country. This suggests that all the electricity generation could be provided by existing biomass
resources, with spare capacity for future development. Such distributed generation capacity is mostly
adequate for the country as the distribution network is limited in extension and unreliable in operation.

Energy consumption will certainly increase with population growth and with economic
development. Back in 2011, it was expected that electricity consumption would increase from
160 GWh up to 800 GWh by 2020 [19]. In order to support the energy consumption on generator
power, the requirement to develop renewable energy becomes significant. The potential renewable
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energy projects identified by the Strategic Development Plan exceeded 450 MW which is distributed
by various technologies, as described in Figure 4 [19].

Based on the above information, the development of renewable energy, especially, in rural areas
will benefit the people in remote areas. Several families in TL have benefited from the development
of this renewable energy; approximately 8000 families in remote areas now have direct access to
energy through the use of renewable energy resources. However, the development of more renewable
energy resources is necessary to supply energy to other families and meet the expected future demand.
There are still about 50,000 families who are not covered by the network distribution and do not have
access to renewable energy systems [19]. In this scenario, biomass can provide a strong backbone for
such development.

 

Figure 4. Potential of renewable energy projects technologies [19].

5. Conclusions

This paper presents an overall view of the energy scenario in TL regarding renewable resources.
Specific attention is dedicated to biomass. As a tropical country, TL has a potential for developing
endogenous renewable energy resources, such as wind, solar, hydropower, and bioenergy, including
bioethanol, biogas, and biomass. Some initiatives to develop renewable energy have been implemented,
but the absence of further development may prevent sustainable implementation in the future. If the
biomass potential is properly managed, it can be developed to produce energy needs. Otherwise,
this opportunity could be wasted.

The energy potential of biomass in TL, apart by vegetation or flora and animals, results also
from the agricultural waste, such as waste from rice, corn, and coffee, animal, and urban solid waste.
The potential of usable biomass energy in TL from forestry and agriculture is 1.68 × 106 toe/year, animal
waste is 4.81 × 103 toe/year, and urban solid waste amounts to 9.55 × 103 toe/year.

Forestry is the largest source of biomass while agriculture waste results from rice, corn,
and coffee plantations.

The data presented in this paper show that biomass could be used to generate electricity and
displace costly fossil fuels either directly through dedicated biomass-powered plants or through
co-firing (wood biomass blended with coal). This route has been successfully developed in the
European Union [31].
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Abstract: Primarily produced via transesterification of lipid sources, fatty acid methyl ester (FAME) of
biodiesel derived from insect larvae has gained momentum in a great deal of research done over other
types of feedstock. From the self-harvesting nature of black soldier fly larvae (BSFL), research had,
however, only concentrated on the harvest of BSFL on sixth instar. Through rearing BSFL on coconut
endosperm waste (CEW), 100 BSFL were harvested at the fifth and sixth instar, then modification on
CEW with mixed-bacteria powder was carried out. It was found that the fifth instar BSFL had 34%
lipid content, which was 8% more than the sixth instar. Both instars had similar corrected protein
contents around 35–38%. The sixth instar BSFL contained around 19% of chitin, which was about
11% more than the fifth instar. Biodiesel products from both instars showed no differences in terms
of FAME content. With modification on CEW, at 0.5 wt% of mixed-bacteria powder concentration,
the maximum waste-to-biomass conversion (WBC) and protein conversion (PC) were achieved at 9%
and 60%, respectively. Moreover, even with the shorter fermentation time frame of CEW, it did not
affect the development of BSFL in terms of its WBC and PC when fed with 14 and 21 days fermented
medium. FAME from all groups set, which predominantly constituted about C12:0 at around 60%,
followed by C14:0 at around 15%, C16:0, and C18:1 both at 10% on average. Lastly, the FAME yield
from BSFL was improved from 25% (sixth instar) to 33% (fifth instar) and showed its highest at 38.5%
with modification on raw CEW with 0.5 wt% mixed-bacteria powder and fermented for 21 days.
Thus, harvesting BSFL at earlier instar is more beneficial and practical, as it improves the FAME yield
from the BSFL biomass.

Keywords: black soldier fly larvae (BSFL); instar; lipid; fatty acid methyl ester (FAME); fermentation
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1. Introduction

In recent years, investigations focusing on oleaginous microorganisms to produce biodiesel
have initiated a third-generation biofuel into the renewable energy research realms [1–3]. However,
oleaginous microorganism, which is defined as microbial (microalgae, bacterium, yeast, or fungi)
with rich lipid content usually exceeding 20% [4–6] are often apt to be more buoyant or suspended
in their cultivation medium, hence resisting settling in [5,7]. This unfortunate scenario has directly
incurred high biomass harvesting expenses rising from the intensive time and energy required in
handling such large microbial feedstock volume. At times, this accounts for up to approximately
20–30% of total production cost [8]. Thus, insect-derived biodiesel could be a better choice compared to
oleaginous microorganisms to generate biodiesel. The rationale for this is that through insect farming,
several biochemical products and by-products can be obtained, including insect-derived lipid, protein,
and biodiesel [9]. In addition to that, solid waste could be treated and converted into value added
products such as vermicomposting bio-fertilizer, which possess similar performances as conventional
fertilizer [10].

Looking from an economical perspective, a rapid increment in global population has forced
researchers to find alternative protein sources to sustain global demands. However, common protein
from animal sources is not sustainable due to its higher energy input and global warming potential,
high emission of green house gas (GHG), higher cost in terms of water and feed consumed, and huge
land area requirement. Currently, over 1000 species of insects are used to fulfill protein demand; insects
are more viable, as they have higher proficient feed conversion ratio, are able to consume numerous
type of feed, and have swift growth rates and shorter life cycles compared to known poultry [11].
In general, insect possess up to 40 to 75% (dry weight basis) crude protein content, and this value
solely depends on the insect species and the stage in their life cycle. Insects could be a food source
either consumed raw, processed into fine powder, or integrated into animal feed. Insect diet consists
of amino acids, which are greater than common poultry formulation and higher in protein content
compared to soybean and conventional fish meal [12]. Of the thousand insect species in question, these
demands are met mostly from applying black soldier fly larvae (BSFL) biomass into animal diet to
replace common diet meal. Black soldier fly larvae are favored due to their higher protein content and
greater amino acid composition [13–16].

Among the insect larvae, several species were investigated to measure their respective
performances on biodiesel production, which were flesh fly, superworm, mealworm beetle, housefly,
latrine blowfly, soldier fly, and ants [17–23]. Among these insect feedstocks, the usage of BSFL as the
feedstock for lipid and protein content had been revealed. BSFL are saprophagous and polyphagous,
as they are able to consume decaying matters and a wide variety of biomass [24]. Black soldier fly
under the family of Stratiomyidae ranges from yellow, green black, or blue in color, and its appearance
mimics the bees or wasps. BSFL stage consists of six instars and lasts for 14–22 days for biomass
accumulation, yet the time frame depends on the feed medium and environmental factors as well. BSFL
enter the last stage of the larvae stage, known as pre-pupae, where BSFL stop feeding and pupae at the
dry surfaces. Pupation may take up to 14 days, and adults normally survive for about 10 days. Mating
begins two days after adult emergence, and female BSFL oviposit the eggs at the crevices or cracks.
The whole development process of BSF from birth to adulthood might take up to 40–43 days [25].
Lipid fractions of BSFL were determined in a previous study that showed BSFL contained mainly
C12:0 (38.43 wt%), C16:1 (15.71 wt%), C14:0 (12.33 wt%), C18:1 (8.81 wt%) and C18:0 (2.95 wt%) [26].

Due to the natural self-harvesting ability of BSFL while reaching the pre-pupae stage, they have
been widely studied for biodiesel production. During this stage, BSFL have their mouth transformed
into a beak-like structure to crawl out from the feeding substrate and pupae on the dry surfaces. This
phenomenon is known as the self-harvesting ability, and this process eases the separation of pupae
from the feed medium [25]. However, separation and sorting processes are still required to separate
pupae from feed residues, exuviae, and pre-pupae. Common ways to separate BSF pupae from the
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diet residue still mainly utilize fine mesh of bamboo baskets, and sorting solely relies on manpower
done by hand [27].

Furthermore, BSFL biomass also contains high protein (~40%) and lipid (~30%) sources [28],
which could plausibly be used as aquaculture, poultry, and broilers feed. For example, BSF lipid
was introduced into aquaculture feed to promote growth, fatty acid, and lipid deposition in juvenile
Jian carp. The results showed that there were no significant differences in growth rate, but the fatty
acid composition (mainly C12:0 and C14:0) was visibly affected by the inclusion of BSF lipid. Hence,
BSF lipid can be used to replace soybean oil in aquaculture feed since it can be introduced at 100%
composition without any negative impacts on the growth of Jian carp [29]. Besides, alongside BSF lipid,
BSF biomass can also be introduced into feed medium to replace common protein sources. Substitution
of fish meal protein to defatted BSF biomass did not affect the growth performances of Jian carp,
and it boosted the antioxidant status of Jian carp. However, substitution of BSF biomass greater than
75% in weight percentage caused intestinal damage and dietary stress. Hence, 50% substitution was
recommended from the previous study [30]. Nevertheless, at this point in time, most of the research
was performed utilizing BSFL pre-pupae biomass for biodiesel production [23,31,32]. Yet, during the
pre-pupae stage, BSFL stopped feeding, and all the metabolic cost depended on the fat body tissues
that stored during previous instars.

In Malaysia, the large areas of the palm oil plantation (3.87 million ha.), coconut plantation
(147 thousand ha.), etc., have generated large amounts of cellulosic and non-cellulosic waste materials,
which are causing environmental problems [33]. Yearly, 0.747 million tons of coconut shells, 0.374 million
tons of husks, and 0.35 million tons of coconut copra are produced [34]. This huge amount of agricultural
waste goes to landfill, causing soil deterioration and contamination of underground water. Through
vermicomposting, these solid wastes can be reduced and transformed into value-added biochemical
products. Compared to other types of feeding medium such as food waste, fruit waste, municipal
waste, and animal manure, coconut endosperm waste (CEW) was selected as the feed medium in
this BSFL experiment due to its year-long availability and easy handling necessities of homogenous
quantity. Ultimately, the intention is to reduce waste accumulated in landfill. To that end, the primary
objective of this study is to determine the impacts of harvesting periods and the modification of CEW
as a feeding medium on BSFL’s lipid, protein, and FAME content.

2. Materials and Methods

2.1. Acquisition of Neonate BSFL

The raw CEW was introduced into the opaque cylindrical plastic container with a diameter of
16.5 cm and height of 24.5 cm to serve as a bait. The moisture content of raw CEW was adjusted to
60–70% (wt/wt) of dry weight basis, and the thickness of the medium was about 3–5 cm. The corrugated
boards were cut into 6 cm × 2 cm (length × width) and attached to the inner surface of the plastic
container at about 4–6 cm above the medium, serving as a stand for female black soldier fly to oviposit
eggs. The baits were placed at the natural vegetated area and checked every alternate day for BSF egg
availability. The attached eggs on the corrugated boards were collected and examined under optical
light microscope, as shown in Figure 1. The red dots indicate the head capsule part, and the blunt end
indicates the bottom part. The eggs with live BSFL were then transferred to a sterile Petri dish, and the
moisture was maintained by a wet filter paper with sterile distilled water and left to undergo eclosion.
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Figure 1. Black soldier fly larvae (BSFL) egg under magnification power of 40× through optical
light microscope.

2.2. Acquisition of Coconut Endosperm Waste and Its Properties

Raw CEW was obtained from a local coconut milk seller in Seri Iskandar. Moisture content of raw
CEW was determined by gravimetric method. Firstly, 10 g of raw CEW was weighed and dried at
105 ◦C until constant weight was obtained. The moisture content and dry matter were determined
using Equations (1) and (2):

Moisture content (%) = [(CEW0 − CEWf)/CEW0] × 100% (1)

Dry matter (%) = (CEWf/CEW0) × 100% (2)

where CEW0 represents initial weight and CEWf represents final weight of raw CEW, respectively.
Next, the nitrogen content of raw CEW was determined using the Dumas method (Perkin Elmer 2400
series). Assuming proteins from coconut ranged from 18.5 to 19% nitrogen content [35], crude protein
was determined by multiplying the total nitrogen content with the conversion factor of 5.30.

2.3. Preparation of Raw Coconut Endosperm Waste as Feeding Medium

Upon the determination of moisture content, the desired amount of distilled water was added to
the raw CEW to achieve 70% moisture content (wt/wt) of dry weight basis. The amount of distilled
water needed was calculated using Equation (3):

VH2O (mL) =
(D H2O) (M S

)

1 −DH2O
−MH2O (3)

where VH2O is the desired amount of distilled water to be added, DH2O is the desired proportion of
water in the medium, MS is the oven dried weight of 100 g medium, and MH2O is the mass of water in
100 g of oven dried medium [36]. The moisture adjusted CEW was used as a feeding medium to rear
the 6 days old BSFL. The feed medium was introduced to 100 BSFL that were kept in a cylindrical
container capped with a ventilated lid. The feeding was discontinued when the BSFL reached the fifth
and the sixth instar by determining their head sizes and color changes, as indicated in Figure 2 [37].
The collected BSFL were then separated from the residue, water washed, and inactivated at 105 ◦C
for 5 min before drying at 60 ◦C until constant weight was obtained [5,23]. The lipid content, protein
content, and chitin content of BSFL at the fifth and the sixth instar were determined.
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Figure 2. BSFL at the sixth (left) and the fifth (right) instar.

2.4. Fermented CEW Preparation and BSFL Rearing

After determining the best harvesting instar stage, a modification of raw CEW was done by
introducing different concentrations of mixed-bacterial powder (Reckitt Benckiser, UPN:1920080310)
at 0.02, 0.5, 0.1, and 2.5 wt% into CEW and mixed homogenously. The moisture of CEW was
adjusted following Equation (3) and transferred into a polyethylene container and capped tightly to
facilitate an anoxic fermentation at the sun-shaded area. The fermentation was carried out for 28 days.
After fermentation, 10 g of CEW was administrated to 20 BSFL. The rearing was discontinued when
the BSFL reached the fifth instar instead of the sixth instar. Then, once the performances of different
mixed-bacteria powder concentration on BSFL growth were validated, the selected mixed-bacteria
powder concentration was then mixed again with raw CEW with 70% moisture content and fermented
for 7, 14, 21, and 24 days before it was administrated to 20 BSFL. The rearing was discontinued
once the BSFL reached the fifth instar, and the samples were processed as described earlier. Next,
the waste-to-biomass conversion (WBC) of BSFL was calculated using Equation (4) [38].

WBC (%) =
BSFLDM (g)
CEWDM (g)

×100% (4)

where BSFLDM and CEWDM are the total dry matter in the BSFL biomass, and CEW is introduced as
feed correspondingly.

2.5. Biochemical Products Analysis

2.5.1. Lipid Extraction

Lipid from BSFL biomass was extracted using petroleum ether (boiling point at 40–60 ◦C) solvent
extraction. Approximately 0.1 g of grounded dried BSFL biomass was weighed, and 20 mL petroleum
ether was added. The mixture was stirred for 24 h using a magnetic stirrer. The solvent layer was
separated by filtration using filter paper, and the biomass residue was washed with 10 mL of petroleum
ether twice. Then, the solvent layers were combined and dried under rotary evaporator. The extracted
BSFL lipid was further dried in an oven at 105 ◦C for 1 h and cooled to room temperature in a desiccator.
The weight of dried BSFL lipid was determined using the gravimetric method. The lipid content of
BSFL was determined using Equation (5).

Lipid content (%) = [LipidBSFL (g)/BiomassBSFL (g)] × 100% (5)

where LipidBSFL is the total dried weight of BSFL, and BiomassBSFL is the total dried mass of BSFL
used for lipid extraction.
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2.5.2. Nitrogen Content and Protein Conversion of BSFL

Nitrogen content of BSFL was determined using the Dumas method (Perkin Elmer 2400 series).
Assuming proteins from animal tissue contain 16% nitrogen content [35], crude protein was determined
by multiplying the total nitrogen content with the conversion factor of 6.25. However, with the
presence of chitin in BSFL, which accounted for about 6.89% of the nitrogen content, the direct protein
conversion from total nitrogen might have led to an over-estimation of protein content. In order to
recalculate the corrected protein content, chitin contents at the fifth and the sixth were determined [39],
and the chitin-derived nitrogen content was subtracted from the total nitrogen content before protein
conversion. Then, the amount of protein from CEW being converted to protein in BSFL, known as
protein conversion (PC), was determined by Equation (6) [38].

Protein conversion (%) =
BSFLDM (g) × Protein BSFLDM (%)

CEWDM (g) × Protein CEWDM(%)
×100% (6)

where BSFLDM and CEWDM are the dry matter of the BSFL and initial CEW introduced, and Protein
BSFLDM and Protein CEWDM are the percentage of crude protein (dry basis) in BSFL and
CEW, respectively.

2.5.3. Esterification and Trans-Esterification, FAME Content Analysis, and FAME Yield

The extracted lipid then underwent esterification reaction with 1% HCl in methanol at 75 ◦C for
60 min. The solution was then dried with anhydrous sodium sulphate to remove water produced.
The ester and un-esterified lipid was recovered using petroleum ether and underwent trans-esterification
reaction with 1% potassium hydroxide in methanol at 65 ◦C for 30 min [40]. The solution was then
washed with 10% sodium chloride solution, dried with anhydrous sodium sulphate, and stored at 4 ◦C
prior to gas chromatography (GC) analysis. Analysis of FAME in biodiesel was performed using a
Shimadzu model GC-2010 plus system (Shimadzu, Kyoto, Japan) equipped with a polyethylene glycol
capillary column BPX-BD20 (SGE, Melbourne, Australia) (30 m × 0.32 mm × 0.25 mm) and a flame
ionization detector (Shimadzu, Kyoto, Japan). Helium was used as the carrier gas at a flow rate of
1.72 mL/min and a pressure of 83.9 kPa. The inlet was operated in split mode (50:1) at a temperature of
250 ◦C. The column temperature was programmed as follows: Holding at 150 ◦C for 1 min, increasing
to 240 ◦C at 5 ◦C/min, and holding at 240 ◦C for 6 min. The methyl heptadecanoate (C17:0) was selected
as the internal standard (ISTD) in determining the composition of FAME in biodiesel. Accordingly,
1.0 mL of heptane containing 1.001 mg/mL of methyl heptadecanoate (ISTD) was added to the vial
containing biodiesel. Upon handheld reverse mixing, the mixture was filtered through a PTFE filter
with a pore size of 0.20 μm before transferring into a GC vial. A sample volume of 1 μL was injected
into the column, and FAME content in biodiesel was calculated based on Equation (7) [41].

FAME content (%) =
AFAME
AISTD

× CISTD × VISTD
m

×100% (7)

where AFAME is the peak area of specific FAME, AISTD is the peak area of C17:0, CISTD is the concentration
of C17:0, which was 1.001 mg/mL, VISTD is the volume of C17:0, which was 1.0 mL, and m is the mass of
the sample used to mix with C17:0. FAME yield from BSFL biomass was calculated using Equation (8).

FAME yield (%) = [FAME content ×MLipid]/MBSFL (8)

where MLipid is total mass of the lipid and MBSFL is total mass of BSFL biomass on dry weight basis.

2.6. Statistical Analysis

Throughout this study, all experiments were triplicated, and data for BSFL development under
different treatment were analyzed with ANOVA followed by a Tukey Post-hoc pairwise comparison test at
a level of significance, α = 0.05, using the Minitab program (Version 17, Minitab Pty Ltd, NSW, Australia).
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3. Results and Discussion

3.1. Impacts of Harvesting Instar on BSFL’s Lipid and Protein Content

One hundred BSFL were collected from two different instar stages, which were the fifth and the
sixth instar. As shown in Table 1, the fifth instar of BSFL contained higher amounts of lipid compared
to the sixth instar, which were 34% and 26%, respectively. This gap potentially occurred because during
the fifth instar, BSFL was still in an active ingestion state, allowing it to accumulate more body mass and
lipid into its own. Meanwhile, when BSFL reached the sixth instar, its feeding mouthpart transformed
into a claw shaped beak for it to migrate from the feeding medium and undergo pupation. At the same
time, the digestive tract of BSFL was emptied out, and all of the metabolism cost solely depended on
the fat body tissues that accumulated in the previous larvae forms [25]. Generally, the metamorphosis
of BSFL from the fifth to the sixth instar can last for weeks; therefore, it would greatly influence the
lipid content of BSFL, as parts of it would be used to maintain the BSFL at an active stage.

Table 1. Comparison of lipid, chitin, nitrogen, protein, and corrected protein content between the fifth
and the sixth instars.

Properties Fifth Instar Sixth Instar

Lipid content (%) 34.23 ± 0.65 25.88 ± 0.36
Chitin content (%) 7.61 ± 0.93 18.62 ± 1.25

Nitrogen content (wt%) 6.07 ± 0.01 7.32 ± 0.06
Protein content (%) 37.94 ± 0.09 45.72 ± 0.40

Corrected protein content (%) 34.66 ± 0.31 37.70 ± 0.14

Moreover, when the nitrogen content was determined, it was found that the sixth instar BSFL
contained 7.32% nitrogen, which was 1.25% more than the fifth instar. This phenomenon could be
explained by the sixth instar containing higher chitin levels compared to the fifth instar, which were at
around 19% and 8%, respectively. Chitin, a polymer of (C8H13O5N)n, contains 6.89% nitrogen, and the
Dumas combustion method was practiced to determine the total nitrogen content of the substances.
Hence, it was necessary to deduct the percentage of nitrogen from chitin from the total nitrogen content
prior to protein conversion calculation to avoid overestimation of protein content. The calculated
protein content is referred to as corrected protein content. The corrected protein content of BSFL
between the fifth and the sixth instar was approximately 35% and 38%, with only a 3% minor difference.

After the lipid was extracted from BSFL biomass, the residual BSFL biomass could be further
processed into animal feed or human consumption as a protein source. As the human population
keeps increasing, the living standard is enhanced, and the need for better food, such as protein sources
from livestock, is increased too. This greatly impacts the environment—for example, dairy farming
generates most of the methane gases that affect the balance of nature and cause global warming. Hence,
these BSFL biomass residuals are great candidates to fulfill this niche, since they could be a potential
protein source replacement and can be used as feed meal in aquaculture, poultry, broilers, as well as
for human consumption. However, chitin should be removed prior to feed administration, as chitin
in BSFL biomass might reduce feed intake and nutrient availability in aquaculture (Turbot, African
catfish), as it reduces growth performance and nutrient assimilation at lower or higher inclusion
rates [42,43]. Yet, chitin from BSFL could be further processed into chitosan, which is widely used as
biopolymers in biotechnology, pharmaceutical, food, cosmetic, textile, paper, and wastewater treatment
industries [15,44].

3.2. FAME Content, Yield, and Profile of Fifth and Sixth Instar of BSFL

Extractable lipid from both instars was then esterified and trans-esterified into biodiesel, and the
FAME content was determined. It was noted that sample products from both the fifth and the sixth
instar had high FAME contents around 97% and 98%, respectively. FAME profiles from both sample
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products were analyzed, and it was found that BSFL-derived biodiesel contained mostly C12:0, which
accounted for about 50–55%, followed by C14:0 at around 20%, C16:0 and C18:1 at around 10%,
and little amounts of C6:0, C10:0, C14:1, C16:1, and C18:0. There were very small differences of FAME
obtained between the fifth and the sixth instar of BSFL, as shown in Figure 3. However, in terms of the
FAME yield, the fifth instar BSFL indicated around 33%, which was higher than the sixth instar with a
difference of around 8%, which was due to the higher lipid content in the fifth instar and that heavier
BSFL was harvested at this instar. The total dried biomass for 100 BSFL was 5.24 g for the fifth instar
BSFL, and only 3.70 g for the sixth instar BSFL.

Figure 3. Fatty acid methyl ester (FAME) profile of biodiesel from the fifth and the sixth instar BSFL.

On an industrial scale, to increase yearly product batch and product yield, it is advised to harvest
BSFL at the fifth instar since it is more beneficial than harvesting at the sixth instar. Most of the
previous studies focused on the self-harvesting ability of BSFL, as they migrate away from the wet
feeding medium and go through pupation on dry surfaces [45]. Yet, the current method practiced in
the industry today still applies the manual sieving method to separate the larvae from the feeding
medium [27]. Thus, it would be more profitable to harvest the BSFL at the fifth instar, as harvesting
BSFL in this earlier instar does not affect the fatty acids present in the BSFL biomass much, and both
the fifth and the sixth instar would still have to go through the sieving process for BSFL harvesting
purposes, and harvesting the fifth instar could be more time and cost effective.

3.3. Effects of Different Concentrations of Mixed-Bacteria Powder on BSFL Development

The BSFL development in terms of waste-to-biomass conversion and protein conversion are
presented in Figure 4. Under a controlled system with equal raw CEW, the BSFL attained a WBC at
around 6%, and this value was increased to around 8% through a 0.02 wt% and 0.1 wt% increment
of mixed-bacteria powder concentration. The highest value of WBC was reached only at a higher
concentration of mixed-bacteria powder, which was at 0.5 wt% and showed around 9%. Further
increment of mixed-bacteria powder to 2.5 wt% did not affect much on WBC, as it only dropped a little,
to around 8.5%. From this result, it was assumed that at lower concentrations of mixed-bacteria powder,
the fermented feed was not mature enough for BSFL consumption, resulting in a low waste-to-biomass
conversion [9]. However, a higher mixed-bacteria concentration at 2.5 wt% led to a decrement in WBC
due to the nutrient in fermented raw CEW being consumed by competitive microorganisms. In terms
of protein conversion, at the control system, it showed 40% of PC. This value maintained even with
increasing mixed-bacteria powder concentration to 0.02 wt% and 0.1 wt%. A significant boost of PC
could be seen when 0.5 wt% of mixed-bacteria powder concentration was applied onto raw CEW
for fermentation, as it showed around 60%. At the highest concentration of mixed-bacteria powder,
the PC decreased with a small amount to around 55%. It was suggested that the low PC at the control
with 0.02 wt% and 0.1 wt% of mixed-bacteria powder was due to the fact that the fermented feed was
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only enough for the BSFL to maintain the daily metabolism cost but did not boost growth in terms
of protein content. At the concentration of 0.5 wt%, the PC increased 20% more compared to lower
concentrations of mixed-bacteria powder. This could have been due to the fact that the fermented
feed was mature and ready for BSFL rearing, which improved their development at the same time.
With this, 0.5 wt% of mixed-bacteria powder was chosen as the optimal concentration for raw CEW
fermentation for the following experiment.

Figure 4. Performance of different concentrations of mixed-bacterial powder on waste-to-biomass
and protein conversion when BSFL was fed with fermented CEW. Mean values indicated by same
alphabetical letter were not significantly different.

3.4. Effects of Different Fermentation Time Frame on BSFL Development

After the validation of the optimal mixed-bacteria powder concentration, the next aim of this
study was to shorten the fermentation time frame from the initial 28 days to the proposed time frames,
which were 7, 14, or 21 days. Throughout fermentation, a significant number of acid-producing
bacteria was found, and it had caused a drop in medium pH, indicating the presence of organic acid.
In Figure 5, under the control system, the WBC was initially indicated at 6%, and the value increased
to about 6.5% with an increment of fermentation time frame to seven days. Nevertheless, prolonging
the fermentation time frame to 14 days also enhanced the WBC and boosted it to its highest value
at around 9%. This value maintained for 21 and 28 days of the fermentation time frame. A similar
pattern could be seen in terms of the PC of BSFL fed with different fermentation times of raw CEW
under the control system. The PC was only around 35%, which was the lowest. The PC of BSFL
increased to around 50% when it was fed with seven days fermented raw CEW, and the value lifted to
around 60% and maintained at 14, 21, and 28 days of the fermentation time frame. Figure 5 shows that
the WBC and PC both reached their peak conditions when fed with raw CEW fermented at 0.5 wt%
for 14, 21, and 28 days, as the values of WBC and PC could no longer be improved after reaching
the maximum point. This occurrence could be plausibly due to the presence of the organic acids
that enhanced the gut health and development [46]. Also, through fermentation, part of fibers from
CEW could be biotransformed into digestible organic acids, amino acids, and vitamins [27]. However,
the nature of raw CEW also played a significant role in limiting the growth performance of BSFL, as it
contained a high amount of polymer structures such as cellulose, which was hard to digest even with
the introduction of mixed-bacteria powder as the aiding agent. It could also have been due to the low
protein content of raw CEW, which was only measured to contain around 1.1% of nitrogen content,
equivalent to 5.83% of protein content. Other diets such as animal manure and fruits and vegetables
waste impact the developmental times of BSFL because the diets are lower in protein and energy with
high fat content diet, and too much fat causes the BSFL to face difficulties in breaking down the fat
during the metamorphosis [24]. From the previous study, the lipid and protein content of BSFL can be
boosted with the introduction of protein sources into the feeding medium [41]. With the co-digestion
technique of dairy manure topped with soybean curd residue, it was confirmed that nitrogen content
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reduction was more effective compared to only dairy manure [47]. Thus, a balanced diet in the
perspective of energy, fat, protein, carbohydrates, amino acids, vitamins, etc. is required to enhance
the development of BSFL as a sustainable source for energy security and food security purposes.

Figure 5. Performance of 0.5 wt% of mixed-bacterial powder at different fermentation time frames
on waste-to-biomass and protein conversion when BSFL was fed with fermented CEW. Mean values
indicated by same alphabetical letter were not significantly different.

3.5. Impacts of Raw CEW Modification on FAME Profile

Under treatment of raw CEW modification with different concentrations of mixed-bacteria powder
and fermentation time frames, the lipid of each group set was trans-esterified into crude biodiesel,
and FAME analysis was done. From Figure 6, disregarding the concentration of mixed-bacteria powder,
the most abundant FAME was C12:0, followed by C14:0 and C16:0. At the same time, low amounts of
C16:1, C18:2, and C10:0 could be observed in all concentrations of mixed-bacteria powder treatment.
However, FAME including C6:0, C14:1, and C18:0 could only be found in certain specific concentrations
of mixed-bacteria powder. The possible reason for these results might have been that these fatty acids
were already low in concentrations and could not be detected by instrumentation. On the other hand,
it could have been that the BSFL used up those types of fatty acids for metabolism cost, but this was
a very low possibility compared to the previous reason. Further investigation would be required to
determine the changes of fatty acids in BSFL at different instar or ages in order to have a detailed
mapping of the changes.

Figure 6. FAME profile of biodiesel from BSFL under different concentrations of mixed-bacterial powder.

Moving forward with the different fermentation time frames, the profile shown in Figure 7 shared
a similar pattern with Figure 6. The majority of FAMEs were C12:0, C14:0, C16:0, and C18:1, followed
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by low amounts of C10:0, C16:1, and C18:2. In comparison, it showed that under modification on raw
CEW, it did not change the FAME composition or profile of the crude biodiesel derived from BSFL,
which could be seen in Figures 6 and 7. Overall, BSFL-derived biodiesel contained 87% of saturated
fatty acids and 13% of unsaturated fatty acids. First and foremost, the high percentage of long chain
saturated fatty acids resulted in poor cold flow property, and the low percentage of unsaturated fatty
acids caused a low oxidative stability of the product. Several studies also supported that the BSFL’s
lipid could be an ideal feedstock for biodiesel production [23,47]. Meanwhile, with this modification,
the biomass of BSFL was further improved and reached its ultimate when it was fed with raw CEW
fermented at 0.5 wt% for 14 days onwards, as discussed earlier regarding its WBC and PC. In terms of
FAME yield, it ranged from its lowest at 35.0% to its highest at 38.5%, as shown in Table 2. The FAME
yield of BSFL-lipid was slightly influenced (p > 0.05) by the modification of raw CEW with a 3.5%
boost, but it was affected at the fifth and the sixth instar, as discussed earlier.

Figure 7. FAME profile of biodiesel from BSFL under 0.5 wt% of mixed-bacterial powder concentration
at different fermentation time frames.

Table 2. FAME yield of BSFL biomass under treated raw coconut endosperm waste.

Parameter Range FAME Yield (%)

Mixed-bacteria powder
concentration (wt%)

0 36.4
0.02 35.6
0.1 36.9
0.5 37.8
2.5 37.1

Fermentation time frame (day)

0 35.0
7 35.0

14 37.0
21 38.5
28 37.8

Moreover, several variables could impact the fatty acids composition in BSFL, including the
type of feeding medium, feeding rate, and rearing duration. A detailed FAME composition of crude
biodiesel derived from BSFL reared on 0.5 wt% fermented raw CEW for 14 days was tabulated in
Table 3, and a comparison was made with other studies. In this study, the highest percentage of FAME
was C12:0, which was 63.1%, and it was also the highest compared to other studies that fed BSFL with
food waste, rice straw with restaurant waste, and dairy manure. Moreover, the second most abundant
FAME was C14:0 at 13.5%, which was also the highest compared with food waste and rice straw with
restaurant waste. However, it was not detected in the crude biodiesel derived from BSFL fed with
dairy manure. On the other hand, BSFL fed with other types of waste had higher compositions of
C16:0 and C18:1 with huge differences compared to the findings in this study. Surprisingly, when BSFL
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was fed with rice straw, restaurant waste, and dairy manure, odd numbered FAMEs such as C15:0,
C17:1, C19:0, and C19:1 could be found. It can be suggested that BSFL might be able to assimilate the
fatty acids present in the feeding medium and incorporate them into its own fatty acids for later use,
but further investigation is still required to determine the changes of FAME composition in BSFL when
fed with different feeding mediums.

Table 3. Comparison of FAME profile from BSFL-derived biodiesel fed with different feeding mediums.

Fatty Acid
Methyl Ester

This Study Food Waste [48]
Rice Straw &

Restaurant Waste [49]
Dairy Manure [50]

C10:0 2.2 n/a 3.8 3.1
C12:0 63.1 44.9 27.8 35.6
C14:0 13.5 8.3 8.1 n/a
C14:1 n/a n/a n/a 7.6
C15:0 n/a n/a 1.5 1.0
C16:0 8.2 13.5 14.2 14.8
C16:1 2.7 2.4 4.5 3.8
C17:0 n/a n/a 0.8 n/a
C18:0 n/a 2.1 7.6 3.6
C18:1 8.3 12.0 22.5 23.6
C18:2 2.0 9.9 1.8 2.1
C18:3 n/a 0.1 2.1 n/a
C19:0 n/a n/a 1.7 n/a
C19:1 n/a n/a n/a 1.4
C22:1 n/a n/a n/a 1.4

Note: The n/a stands for not reported.

4. Conclusions

To quicken the bioconversion process, harvesting the BSFL at the fifth instar did impact the lipid
and total biomass gained from the larvae, since the sixth instar BSFL had to utilized the stored fat
body tissues to sustain their metabolism. At the same time, harvesting the BSFL at the earlier instar
did not affect the distribution of FAME, which was targeted for biodiesel production. Additionally,
modification of raw CEW was carried out through the introduction of mixed-bacteria powder at
different concentrations, and it showed that at a concentration of 0.5 wt%, the WBC and PC achieved
their maximum points, which were around 9% and 60%, respectively. Next, the fermentation time
frame was reduced from 28 days to 14 days at 0.5 wt% mixed-bacteria concentration and did not affect
the development of BSFL in terms of its WBC and PC. With the modification of raw CEW, there was a
minor impact on the FAME compositions, yet the most abundant FAME was C12:0 at around 60%,
followed by C14:0 at around 15%, and both C16:0 and C18:1 at about 10% on average. Lastly, the FAME
yield from BSFL was improved from 25% (sixth instar) to 33% (fifth instar) and showed its highest
at 38.5% with the modification of raw CEW with 0.5 wt% mixed-bacteria powder and fermentation
for 21 days.
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44. Waśko, A.; Bulak, P.; Polak-Berecka, M.; Nowak, K.; Polakowski, C.; Bieganowski, A. The first report of the
physicochemical structure of chitin isolated from Hermetia illucens. Int. J. Biol. Macromol. 2016, 92, 316–320.
[CrossRef]

45. Diener, S.; Zurbrügg, C.; Gutiérrez, F.R.; Nguyen, D.H.; Morel, A.; Koottatep, T.; Tockner, K. In Black
soldier fly larvae for organic waste treatment-prospects and constraints. In Proceedings of the 2nd
International Conference on Solid Waste Management in the Developing Countries, Khulna, Bangladesh,
13–15 February 2011.

46. Upadhaya, S.D.; Lee, K.Y.; Kim, I.H. Effect of protected organic acid blends on growth performance, nutrient
digestibility and faecal micro flora in growing pigs. J. Appl. Anim. Res. 2016, 44, 238–242. [CrossRef]

47. Rehman, K.u.; Rehman, A.; Cai, M.; Zheng, L.; Xiao, X.; Somroo, A.A.; Wang, H.; Li, W.; Yu, Z.; Zhang, J.
Conversion of mixtures of dairy manure and soybean curd residue by black soldier fly larvae (Hermetia illucens L.).
J. Clean. Prod. 2017, 154, 366–373. [CrossRef]

48. Surendra, K.C.; Oliver, R.; Tomberlin, J.K.; Jha, R.; Khanal, S.K. Bioconversion of organic wastes into biodiesel
and animal feed via insect farming. Renew. Energy 2016, 98, 197–202. [CrossRef]

49. Zheng, L.; Hou, Y.; Li, W.; Yang, S.; Li, Q.; Yu, Z. Biodiesel production from rice straw and restaurant waste
employing black soldier fly assisted by microbes. Energy 2012, 47, 225–229. [CrossRef]

50. Li, Q.; Zheng, L.; Qiu, N.; Cai, H.; Tomberlin, J.K.; Yu, Z. Bioconversion of dairy manure by black soldier fly
(diptera: Stratiomyidae) for biodiesel and sugar production. Waste Manag. 2011, 31, 1316–1320. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

201





energies

Article

Safflower Biodiesel: Improvement of its Oxidative
Stability by Using BHA and TBHQ

Sergio Nogales-Delgado 1,*, José María Encinar 1 and Juan Félix González 2

1 Department of Chemical Engineering and Physical Chemistry, University of Extremadura, Avda. De Elvas
s/n, 06006 Badajoz, Spain; jencinar@unex.es

2 Department of Applied Physics, University of Extremadura, Avda. De Elvas s/n, 06006 Badajoz, Spain;
jfelixgg@unex.es

* Correspondence: senogalesd@unex.es

Received: 29 April 2019; Accepted: 18 May 2019; Published: 21 May 2019

Abstract: Biodiesel is gaining more and more importance due to environmental issues. This way,
alternative and sustainable crops as new biofuel sources are demanded. Safflower could be a
sustainable raw material for biodiesel production, showing one disadvantage (as many biodiesels
from vegetable oils), that is, a short oxidative stability. Consequently, the use of antioxidants to
increase this parameter is mandatory. The aim of this research work was to assess the effect of two
antioxidants (butylated hydroxyanisole, BHA, and tert-butylhydroquinone, TBHQ) on the oxidative
stability of safflower biodiesel, which was characterized paying attention to its fatty acid methyl ester
profile. For oxidative stability, the Rancimat method was used, whereas for fatty acid profile gas
chromatography was selected. For the remaining parameters, the methods were followed according to
the UNE-EN 14214 standard. The overall conclusion was that safflower biodiesel could comply with
the standard, thanks to the use of antioxidants, with TBHQ being more effective than BHA. On the
other hand, the combined use of these antioxidants did not show, especially at low concentrations,
a synergic or additive effect, which makes the mixture of these antioxidants unsuitable to improve
the oxidative stability.

Keywords: Rancimat method; butylated hydroxyanisole; tert-butylhydroquinone; fatty acid methyl
esters; viscosity; response surface

1. Introduction

Due to the environmental impact and the consequences related to the use of fossil fuels
(especially on account of their contribution to greenhouse gases), the use of alternatives such as
renewable energies is necessary. Indeed, there is a real concern about environmental conservation, and
many countries and international agencies are promoting renewable energies, such as biofuels [1–3].

The main advantages related to biodiesel use are the zero-net CO2 emissions, biodegradability,
storage safety, efficient combustion, low sulphur content, lubricity, and good performance in diesel
engines, among others [2,4,5]. Concerning the contribution for developing countries or emerging
economies, the use of biodiesel could contribute to the energy independence of these countries, as many
raw materials available in these areas might be suitable for biodiesel production, making the economic
development more sustainable [6–9].

For biodiesel production, the use of oleaginous plants is usual, along with others, such as animal
fats, fried oils, algae, bacteria, etc., and many research works about its production and performance
in engines or tribology were carried out, which points out the importance that biodiesel has been
gaining recently [10–18]. In the case of vegetable oils, such as canola, rapeseed, soya, or safflower oils,
among others, they have been considered to produce biodiesel [7,19–22], with acceptable results.
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Regarding safflower, which is a crop with many applications (for oil and natural dye production,
among others), and widely used in many countries (most of them with dry climates) such as India,
Ethiopia, the United States, Mexico, Australia, Argentina, Brazil, Romania, etc. [23–26], it could be a
suitable biodiesel as it adheres to the abovementioned conditions and advantages. Moreover, the seed
yield is around 800–900 kg ha−1, which is an interesting production [27]. In Spain, it is becoming
important, as it is usually a rotation crop, being an alternative to sunflower and other majority crops,
due to the long primary root, which allows the surface soil to regain nutrients and use this plant
under dry conditions [25,28,29]. Thus, the production of safflower in Spain was between 2 and 6
thousands of tons per year between 2011 and 2015 [30]. This way, it might be an alternative crop in
some developed countries and in areas with seasonal rains [27]. In general, safflower biodiesel has
been widely studied in the literature, paying attention to its performance in diesel engines [31–33],
production, and oxidative stability [7,26,34].

The main drawback of biodiesel, including safflower biodiesel, is its short oxidative stability
(which is usually determined by the Rancimat method and expressed in hours [35]), that is, its
low storage stability [4,36], implying an important disadvantage compared to diesel. This fact is
mainly due to the auto-oxidation of fatty acid methyl esters (FAMEs) that constitute biodiesel. Thus,
depending on the molecular structure of these FAMEs (molecular branching or unsaturations, mainly),
their degradation will be longer or shorter, implying a quality loss of biodiesel (FAME loss and increase
in viscosity, mainly) [37,38] and not complying with the standards for its marketability, at least, as a
pure biofuel [39].

Consequently, the mixture with other more stable biodiesel [40], the use of antioxidants
(both natural and artificial) [41–45], and other chemical reactions [34] have been attempted in order
to increase the oxidative stability of biodiesel samples, to revalue this product. Although the raw
material usually contains natural antioxidants, during biodiesel production and purification they
are usually missed. There are plenty of antioxidants to achieve this goal. For instance, butylated
hydroxyanisole (BHA) and tert-butylhydroquinone (TBHQ) have been studied in many materials to
assess their antioxidant activity, among other effects on biofuels [46–49], proving their effectiveness
when it comes to keeping the oxidative stability of biodiesel. Thus, the use of this kind of antioxidants
reduce the formation of unstable free-radicals during oxidation, as the presence of labile hydrogen
in their molecular structure results in the formation of more stable free-radicals, which can also
react each other and produce more stable molecules [38]. Moreover, the use of antioxidants could
contribute to keep biodiesel from increasing NOx emissions during combustion in diesel engines [38].
Although in some cases the combined use of antioxidants in biodiesel has been studied, there are
controversial results about their synergetic or additive effect, depending on factors such as the raw
material used [37,40,43,50,51]. In the case of safflower biodiesel, no studies about the improvement of
its oxidative stability were found, making the compliment of this requirement an important aspect for
the valorization of this biofuel.

To sum up, the use of safflower biodiesel could be an interesting energy source in developing
regions, as it is becoming an important rotating crop. However, the use of antioxidants is required to
make this product marketable, and the study of the effect of these antioxidants is necessary.

The aim of this research work was to assess the effectiveness of BHA and TBHQ on the
oxidative stability of safflower biodiesel, in order to comply with the UNE-EN 14214 standard [39],
especially concerning the oxidative stability (with a lower limit of 8 hours). For this purpose, a wide
range of concentration (up to 1000 ppm) was used for each antioxidant, and the combined use of them
was also studied, to check the additive, synergetic or inhibitory effect of both antioxidants when used
together. Moreover, a thorough characterization of safflower biodiesel (paying attention to FAME
profile and viscosity), along with the effect of the antioxidants on the most representative parameters
(especially viscosity), was carried out.
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2. Materials and Methods

2.1. Raw Material

The raw material was safflower seeds, collected in the Agricultural Research Center “La Orden” of
Extremadura Government (CICYTEX) in 2018. Twenty liters of safflower oil was obtained by the use of
a seed oil extractor, transporting it in covered containers and keeping it away from heat and light until
the transesterification reaction took place. The reaction and the subsequent analysis were carried out as
soon as possible (in a few days), to keep the properties of the raw material and the obtained biodiesel.

2.2. Transesterification Conditions

The vegetable oil obtained from safflower seeds, containing triglycerides, underwent
transesterification (reacting with three moles of methanol, and KOH as a catalyst) to produce fatty
acid methyl esters (FAMEs, considered as biodiesel) and glycerol. As this reaction is reversible,
parameters such as temperature, catalyst concentration and molar ratio were selected to increase the
FAME yield. Table 1 shows the reaction conditions for this research, according to previous research
experiences, in order to assure the highest yield possible [20,21,52]. All the reagents were provided by
Panreac (Germany).

Table 1. Transesterification reaction conditions for obtaining safflower biodiesel.

Reaction temperature (◦C) 65
Reaction time (min) 60
Methanol/oil ratio 6:1

Catalyst concentration 1 (%) 1.5
1 Sodium hydroxide, KOH.

The reaction took place in a 1-L reactor with three necks. The reaction temperature was selected
according to the boiling point of the alcohol used (in this case methanol). In order to avoid evaporation
of the alcohol, a condenser was connected to the reactor. Also, the temperature was continuously
recorded and controlled.

Afterwards, the purification of FAMEs took place, by decanting (to remove glycerol) and washing
(with distilled water). Once the sample was dried by heating at 100 ◦C, it was kept in topaz crystal
bottles during storage and the experiments were carried out immediately.

2.3. Antioxidant Addition

In order to assess the effect of antioxidants on the oxidative stability of safflower biodiesel,
butylated hydroxyanisole (BHA, Panreac Applichem GmbH, Germany) and tert-butylhydroquinone
(TBHQ, Panreac Applichem GmbH, Germany) at a range concentration (from 250 to 1000 ppm) were
used individually. A control sample (0 ppm) was used to compare the results obtained. In addition,
the combined effect of both antioxidants was also considered. For the sample preparation, the suitable
amount of antioxidant was added to 10 ml of sample, dissolving it by ultrasound for 1 min. The labeling
of the samples was as follows: antioxidant abbreviation followed by the ppm value. For instance, for a
sample treated with 500 ppm of butylated hydroxyanisole, it was labelled as BHA500. Table 2 shows
a summary of the antioxidant addition. Furthermore, the structure of the antioxidants is shown
in Figure 1.
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Table 2. Antioxidant addition to safflower biodiesel.

Experiment BHA Concentration (ppm) TBHQ Concentration (ppm)

Effect of BHA addition 0, 100, 250, 500, 750 and 1000 0
Effect of TBHQ addition 0 0, 100, 250, 500, 750 and 1000

Effect of BHA and TBHQ addition 0, 100, 250, 500, 750 and 1000 0, 100, 250, 500, 750 and 1000

(a) (b) 

Figure 1. Molecular structure of (a) butylated hydroxyanisole (BHA) and (b) tert-butylhydroquinone (TBHQ).

2.4. Biodiesel Characterization

To assess the quality of the biodiesel obtained, its characterization was carried out according to
standards [39]. Thus, density was obtained by using a pycnometer at room temperature. Viscosity was
done according to the ISO 3104:1994 standard [53], by using an Ostwald viscosimeter at 40 ◦C. For cold
filter plugging point (CFPP), the EN 166 standard was used [54]. Flash and combustion points were
obtained by using the Cleveland open-cup method, according to EN 51023 standard [55]. For moisture,
a Metrohm 870 trinitro plus equipment was used, using the Karl-Fischer method (EN-ISO-12937) [56].
Acid and iodine numbers were measured by using their corresponding standards [57].

2.5. FAME Characterization

For the characterization of FAMEs, the standards were followed [39]. A gas chromatograph
(Varian 3900) coupled to a FID detector was used. A Zebron ZB-wax Plus capillary column (30 m long,
0.32 mm of inner diameter, 0.25 μm of film thickness and a maximum temperature of 260 ◦C) was used.
The chromatography conditions are shown in Table 3.

Table 3. Chromatography conditions for fatty acid methyl ester (FAME) determination.

Oven temperature (◦C) 220 for 23.5 min, 240 for 14 min
Injector temperature (◦C) 270
Detector temperature (◦C) 300
Column flow (cm3min−1) 28

Carrier gas Helium
Auxiliary gas Nitrogen

Combustible gas (cm3min−1) Synthetic air (300)
Oxidizing gas (cm3min−1) Hydrogen (30)

For each FAME studied (methyl oleate, linoleate, palmitate, ricinoleate, linolenate, stearate,
erucate, myristate, and palmitoleate), a calibration curve was done by using its corresponding standard
(Sigma-Aldrich). The calibration was carried out by using an internal standard (methyl heptadecanoate,
Sigma-Aldrich). All the gases used in this research were supplied by Linde (Munich, Germany).

2.6. Oxidative Stability Determination

The oxidative stability was obtained according to the Rancimat method [35]. Around 3 g of the
sample was placed in a test tube, bubbling synthetic air (10 Lh−1, Linde) and heating the tube at
100 ◦C. The resulting steam, after oxidizing the sample, passes through 50 mL of deionized water.
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The conductivity of this amount of water was measured. As the sample was oxidized, some products
were developed, dissolving in water and increasing its conductivity. Conductivity was recorded by a
conductivity meter (Crison EC-Meter GLP31+, Spain). The experimental setup is shown in Figure 2a.
Oxidative stability is expressed in hours, and for this purpose the induction point should be calculated.
Thus, the conductivity plot, as it is shown in Figure 2b, has two clear stages. The first one, with a
stationary conductivity evolution, is a line with a flat slope. The second one, when most by-products
resulting from auto-oxidation are released, results in a line with a pronounced slope. The induction
point is the intersection of both lines, as it can be seen in Figure 2b.

 
(a) (b) 

Figure 2. (a) Rancimat method and (b) induction point determination (example at 380 min).

3. Results and Discussion

3.1. Biodiesel Characterization

As it can be seen in Table 4, most characteristics of Safflower biodiesel complied with the
EN-14214 [39].

Thus, it was a biofuel with a high yield in FAMEs and suitable characteristics for warm climates
(acidity number, viscosity, and density showed intermediate values and cold filter plugging point was
within the limits for warm climates, not for cold ones). Some properties were especially convenient,
compared to diesel, such as flash and combustion points (well above the lower limit), whereas water
content and iodine number (which is an indicator of the presence of unsaturations, sensitive to
oxidation) were close to their corresponding upper limits.

However, the oxidative stability was well below the lower limit established by the standard.
Consequently, the use of this pure biodiesel would not be possible, and a mixture with other biodiesel
or the addition of antioxidants was required. Nonetheless, the abovementioned results are usual
for biodiesel samples made by other authors, showing a similar behavior, that is, high flash and
combustion points and short oxidative stabilities (from 2 to 6 h, depending on the raw material) [40,50].
Specifically, the results found for safflower biodiesel were similar to those found in the literature by
other authors, although, there were some discrepancies (viscosity and density were slightly higher
in some cases, for instance). Concerning the oxidative stability, it was even shorter than the results
observed in Table 4, not achieving 1 h [26,58].
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Table 4. Safflower biodiesel. Characterization and comparison with the EN-14214 standard.

Parameter Value EN-14214

Viscosity at 40 ◦C (cSt) 4.42 3.50–5.00
Density at 15 ◦C (g·dm−3) 880 860–900

Oxidative stability (h) 1.46 8 1

FAME content (%) 96.78 96.5 1

Flash point (◦C) 180 120 1

Combustion point (◦C) 190 Not included
CFPP (◦C) 2 −2 −20–+5

Water content (mg·Kg−1) 400 500 3

Acidity number (mg KOH·g−1) 0.35 0.5 3

Iodine number (g I2·100 g−1) 115 120 3

1 Lower limit. 2 For warm climates. 3 Upper limit.

3.2. FAME Profile

One of the most important characteristics of biodiesel is the fatty acid methyl ester profile.
As many authors have pointed out, and from previous studies carried out by our research group,
a strong influence of FAME proportion on many properties was found, especially concerning oxidative
stability [20,50,59]. This way, majority FAMEs could play an important role in the global characteristics
of biodiesel. The results obtained by gas chromatography are shown in Figure 3:

Figure 3. FAME profile for safflower biodiesel.

As it can be seen, there is a majority FAME, that is, methyl linoleate (over 75%), followed by
methyl oleate (10%) and methyl palmitate (6%). The remaining FAMEs were under 5% or negligible.
The high presence of methyl linoleate was slightly higher than the ones found in the literature, ranging
from 61% to 70% [26,58].

Consequently, some characteristics of safflower biodiesel could be influenced by methyl linoleate,
which is the majority FAME obtained. The molecular structure of this FAME is shown in Figure 4.

It should be pointed out the conjugated double bond of methyl linoleate, which is a reactive part
of the molecular structure, being susceptible to oxidation to a larger extent when compared to mono
or saturated FAMEs [2,60]. Indeed, the oxidative stability of methyl linoleate was 0.94 h, according
to data [2]. This could explain the low oxidative stability of safflower biodiesel, compared to other
compounds with lower methyl linoleate percentages. For instance, rapeseed biodiesel, usually with
methyl linoleate percentages under 25% and high methyl oleate values (which is more stable), showed
oxidative stability values (induction points) of 6 h [26]. Consequently, FAME determination is vital to
assess the need of antioxidants and their approximate concentration.
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Figure 4. Molecular structure of methyl linoleate.

3.3. Antioxidant Addition

As mentioned previously, safflower biodiesel required antioxidant addition to increase its oxidative
stability. For this purpose, BHA and TBHQ, two antioxidants with many uses in industry, were selected
at the most usual concentrations found in the literature (from 100 to 1000 ppm) [38,42,61].

3.3.1. BHA Addition

The effect of BHA on oxidative stability of safflower biodiesel was shown in Figure 5. As expected,
the addition of BHA increased the oxidative stability (induction point), from 1.5 h for the control
sample to 5.75 h for BHA1000. However, the addition of BHA at these concentrations did not comply
with the standard [39], requiring higher concentrations. According to the literature, BHA, compared to
other antioxidants (such as pyrogallol, propyl gallate, or butylated hydroxyl toluene), showed shorter
induction periods [49,62].

Figure 5. Effect of BHA on oxidative stability of safflower biodiesel.

Consequently, the addition of BHA would not be suitable for the treatment of safflower biodiesel,
as the concentration required should be high, being a disadvantage in economic terms. Nonetheless,
its use in other more stable biodiesel (with induction points longer than 6 h) could be feasible, as the
concentration required in this case would be lower.

3.3.2. TBHQ Addition

Concerning TBHQ, the results are shown in Figure 6. The efficiency of TBHQ was higher than
in the case of BHA. For the former, induction points over 8 h were found at 1000 ppm, whereas for
the latter the induction point did not reach 6 h, well below the lower limit of the EN 14214 standard.
The effectiveness of TBHQ was also observed by other authors, being higher, in most cases than in
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the case of BHA [37,46,48,62]. It could be due to the chemical structure of this antioxidant, with two
hydroxyl groups available to neutralize free radicals in FAMEs whereas BHA has one hydroxyl group
for this purpose (see Figure 1). However, other authors have found similar efficiency between both
antioxidants [38].

Figure 6. Effect of TBHQ on oxidative stability of safflower biodiesel.

This way, the use of TBHQ could be a suitable solution to the low oxidative stability of safflower
biodiesel, recommending at least 1000 ppm of this antioxidant to comply with the standard, which is
within the range of suitable concentrations found in the literature [48].

3.3.3. BHA and TBHQ Combined Addition

As it can be observed in Figure 7, the combined use of TBHQ and BHA did not show any additive
or synergetic effect on the oxidative stability of safflower biodiesel. Indeed, there was an inhibitory
effect especially at low concentrations, when the mixtures showed lower induction points than the
addition of the corresponding results for BHA and TBHQ separately. For instance, in the case of
BHA1000TBHQ1000, with the highest induction point increase compared to control sample (11.82 h),
the addition of BHA1000 (4.3 h increase) and TBHQ1000 (7.45 h increase) was slightly lower (11.72 h).
It could be considered an additive effect. On the contrary, the inhibitory effect was clear in the case of
low concentrations. For instance, for BHA100TBHQ100 (0.89 h increase), the addition of BHA100 (0.63 h
increase) and TBHQ1000 (0.74 h increase) was 50% higher (1.37 h increase). Indeed, this fact was also
observed by other authors, which have not appreciated any improvement of the oxidative stability with
the mixtures of antioxidants (TBHQ, BHA, and hydroxytoluene) [62]. Therefore, the “regeneration”
effect (where some antioxidants are better conserved when combined with others) observed by other
authors did not seem to apply in this case [51]. Indeed, there might be a pro-oxidation effect, as some
authors have pointed out for natural antioxidants at certain concentrations [43].
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Figure 7. Effect of BHA and TBHQ mixtures on oxidative stability of safflower biodiesel.

This way, and taking into account that only an almost negligible synergetic effect (it can be
considered an additive effect) was observed at high concentrations (which imply a great economic
effort in industries), and there are clearly inhibitory effects when the antioxidants were mixed, the
combined use of BHA and TBHQ is not recommended for safflower biodiesel, concerning the increase
in oxidative stability.

3.3.4. Effect of Antioxidants on Other Biodiesel Characteristics

In this research work, the effect of antioxidants (BHA and TBHQ at 1000 and 2000 ppm) on
safflower biodiesel viscosity was investigated. According to Figure 8, there was a slight increase in
viscosity as the concentration of antioxidant added was higher. Due to the chemical structure of the
antioxidants (see Figure 1), the possibility of forming crosslinks and hydrogen bonds with FAMEs
could explain this variation, especially at high concentrations. Other authors, however, found that
the addition of antioxidants (BHA among them) decreased slightly the viscosity of biodiesel [49].
It should be pointed out that the simple addition of antioxidants can vary viscosity of biodiesel (as it
was observed in this research work), but during storage (when viscosity increases due to oxidation),
as antioxidants keep from auto-oxidation, they help to keep viscosity values between the range of
standards [37,61].

Moreover, the addition of TBHQ seemed to increase biodiesel viscosity (from 4.42 to 4.72 cSt)
to a larger extent, compared to BHA (from 4.42 to 4.59 cSt). This fact could be due to the fact that
the molecular structure of TBHQ (see Figure 1), with two hydroxyl groups, is prone to form more
hydrogen bonds with FAMEs, increasing the resistance to flow (viscosity).

Concerning other parameters, such as density, the addition of BHA or TBHQ did not show any
substantial changes (data not shown).

Consequently, the effect of the addition of antioxidants on some biodiesel characteristics, especially
viscosity, should be taken into account, especially when the concentration of antioxidant required
is high (because of the extreme low oxidative stability of biodiesel in certain cases) or the viscosity
of biodiesel is close to the upper limit of the standard. For safflower biodiesel, the first case should
be considered, as the antioxidant requirements, depending on pre-harvest conditions or the kind of
antioxidant (and its effectiveness), could be increased. That is the case of BHA on safflower biodiesel,
as higher concentrations are required to comply with the standard.
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Figure 8. Effect of BHA and TBHQ on viscosity of safflower biodiesel.

4. Conclusions

The main findings of this research work were the following:

• The yield of biodiesel production from safflower oil was acceptable, making this product suitable
for biodiesel production from an engineering point of view.

• Most characteristics of safflower biodiesel complied with the standard, except for oxidative stability.
For the latter, the use of antioxidants is mandatory, as the oxidative stability was especially short
and, therefore, not suitable for storage.

• As in many other parameters, the oxidative stability was strongly influenced by the FAME profile.
In the case of safflower biodiesel, methyl linoleate was the majority compound, which is more
unstable than mono or saturated FAMEs, due to its conjugated double bond (susceptible to
self-oxidation).

• The use of BHA and TBHQ was effective at increasing the oxidative stability of safflower biodiesel.
TBHQ was, in general and at the same concentrations, more effective than BHA. In fact, BHA did
not comply with the lower limit of the standard (8 h) in the range studied.

• The combined use of BHA and TBHQ did not show any synergistic effect. Indeed, the effect of
their combined use was inhibitory (especially at low concentrations of BHA and TBHQ), which
makes the mixture of these antioxidants not desirable in this case.

• Apart from increasing the oxidative stability, the use of BHA and TBHQ influenced on viscosity.
In general, an increase in viscosity was found, which could alter the compliance with standards.
Therefore, both the initial viscosity and oxidative stability (and therefore the concentration of
antioxidant required) of biodiesel are important to comply with the standard range.

• Consequently, as the oxidative stability of safflower biodiesel was so low, the use of an effective
antioxidant, such as TBHQ at 1000 ppm, was recommended, not mixing it with other antioxidants.
The mixture with other more stable biodiesel samples could be another alternative for safflower
biodiesel revaluation.
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Abstract: This article intends to promote the usage of potato peels as efficient substrate for the anaerobic
digestion process for energy recovery and waste abatement. This study examined the performance of
anaerobic digestion of potato peels in different inoculum-to-substrate ratios. In addition, the impact of
combined treatment with cow manure and pretreatment of potato peels was examined. It was found
that co-digestion of potato peel waste and cow manure yielded up to 237.4 mL CH4/g VSadded, whereas
the maximum methane yield from the mono-digestion of potato peels was 217.8 mL CH4/g VSadded.
Comparing the co-digestion to mono-digestion of potato peels, co-digestion in PPW/CM ratio of 60:40
increased the methane yield by 10%. In addition, grinding and acid hydrolysis applied to potato
peels were positively effective in increasing the methane amount reaching 260.3 and 283.4 mL CH4/g
VSadded respectively. Likewise, compared to untreated potato peels, pretreatment led to an elevation
of the methane amount by 9% and 17% respectively and alleviated the kinetics of biogas production.

Keywords: anaerobic treatment; biogas; kinetic study; potato peels; cow manure

1. Introduction

Potatoes are one of the largest crops worldwide and steadily grow hitherto as a staple food
crop [1]. In the Netherlands, potatoes production is one of the major agricultural activities with more
than 10 million tons produced in 2016 and approximately 50% of the potatoes undergo processing [2].
Potato peels are the main by-product of processing, producing about 8% waste by weight and its
abatement is becoming a major issue. The potato industry produces on average 100 ktons of peels
worldwide annually [3]. Current research is focused on the potato peel waste (PPW) recycling
pathways for pharmaceutical and/or energy industries resulting in an enhanced potato peel waste
management [4]. PPW is used for the production of low-value animal feed or as fertilizer in agricultural
activities [5]. PPW has been previously characterized and contains starch (15–25%), non-starch
polysaccharide (25–30%), acid insoluble and acid soluble lignin (15–20%), protein (18%), lipids (1%),
and ash (6–10%) [6–9].

Its diverse composition can facilitate the production of bio-based products and fuels [10,11].
Peschel et al. [12] found an industrial approach for polyphenols extraction from potato peel waste.
Recent studies also reported a promising method for lactic acid production with mixed microbial
consortia in batch fermentation mode [13,14]. Moreover, its high content of carbon and nutrients
renders it good feedstock for biogas production via the anaerobic digestion (AD) process [15].
AD is a biochemical procedure that degrades organic material and produces biogas (approximately
55–65% CH4—35–45% CO2) by facultative anaerobes and anaerobes bacteria in the absence of oxygen.
AD mainly comprises three phases (hydrolysis, acidogenesis and methanogenesis) which illustrate
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biochemical events during the AD process [16–18]. AD technology has been broadly facilitated in
the treatment of agricultural residuals, wastewaters, and animal slurries with primary objectives the
energy production and waste reduction [19–21]. Versatile utilization of biogas, such as heat and power
generation or vehicle fuel production, is an advantage among other gaseous biofuels [22,23]. Currently,
more than 250 AD plants are operated in the Netherlands providing energy to approximately 2 million
households and targeting to reduce more than 25 million metric tons CH4 equivalent of greenhouse
gas emissions by 2030 [24,25]. The inoculum to substrate ratio (ISR) has been regarded as an intrinsic
factor influencing the AD performance. Notable lessening of methane yield was reported from the
degradation of wastes, when ISRs were over a certain level [26,27].

Simultaneous treatment of solid and/or liquid organic waste also strengthens the process
performance and increases the degradation efficacy, and this is attributed to a synergistic phenomena
which occurs within the digester [28,29]. Comparing with mono-digestion, co-digestion of organic
wastes with different animal slurries has positively affected the performance as it enhances the
buffer capacity to maintain an optimal pH for methanogenic archaea. It also provides a better
carbon-to-nitrogen (C/N) ratio, and utilizes microorganisms and macro and micronutrients which exist
in various wastes [30]. Several reports refer to an optimal range for the C/N ratio as 20–30 which is
far from the C/N ratio of 40–70 provided by the agricultural waste [31–34]. Furthermore, substrates
with too high C/N ratio would not provide the sufficient nitrogen required for the microbial growth,
while substrates with low C/N ratio would inhibit the process because of the NH3 accumulation.
Animal slurries contain a high amount of nitrogen that may hinder the bioreactor performance [35,36].
Pretreatment is also a parameter for further investigation as the degradation rate is affected by the
composition and the characteristics of each substrate. The recalcitrance is a pivotal feature that impedes
the decomposition of feedstocks and may hinder the process performance [16,37].

The present work aimed to add knowledge to the anaerobic digestion of PPW. The investigation of
the anaerobic treatment of potato peels is crucial for the smooth operation and stability of continuous
systems [38]. In the present report, AD performance was investigated by conducting batch experimental
tests. The effect of homogenizing/grinding and acid hydrolysis as pretreatment methods are studied.
The first-order and cone kinetic models were also applied for the prediction of the biogas production
rate and to assess the fitting with the experimental data. This study aims to: (1) Investigate the effect of
ISR on the biogas yield; (2) clarify how the addition of cow manure enhances the AD performance;
and (3) provide insight of the kinetics of the PPW degradation.

2. Materials and Methods

2.1. Inoculum and Substrates

Microbial inoculum (sludge) was collected from a mesophilic operating anaerobic bioreactor from
the wastewater treatment installation of Garmerwolde in Groningen, Netherlands. Cow manure was
collected from a local farmer in the province of Groningen, Netherlands. Prior to their characterization
and use, sludge and manure were stored at 6 ◦C to avoid undesirable fermentation processes. Potatoes
were purchased in a local store and the peels were removed using a sharp knife and were cut into
0.5–1 cm pieces prior to use.

2.2. Experimental Design

The digestion tests were facilitated in batch mode using 500 mL glass bottles with a working volume
of 400 mL operated at 36 ◦C for 55 days. The experimental conditions are given in Table 1. Three
experimental studies were carried out to examine the influence of ISR (R1→5), co-digestion ratio (R6→8),
and pretreatment method (R9→10) respectively on biogas yield by anaerobically treating in batch mode.
The concentrations of the substrates were based on organic loading mass [39,40]. The amount of volatile
solids (VS) of the inoculum and the substrate were calculated based on the predetermined ISRs. For all
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experiments, distilled water was added, and no additional nutrients/ trace elements were added to the
reactors as it was assumed that they are provided by the inoculum (anaerobic sludge).

Table 1. Experimental conditions of the batch tests.

Particular

Experimental Design

ISR
(based on VS)

Co-Digestion Ratio
(based on VS)

Organic Load
(g VS added per L)

Pretreatment

Experiment 1
R1 0.25 100:0 10 -
R2 0.5 100:0 10 -
R3 1 100:0 10 -
R4 2 100:0 10 -
R5 4 100:0 10 -

Experiment 2
R6 2 90:10 10 -
R7 2 75:25 10 -
R8 2 60:40 10 -

Experiment 3
R9 2 60:40 10 Grinding
R10 2 60:40 10 Acid hydrolysis

Glass reactors were sealed with rubber stoppers and being flushed for 5 min with nitrogen to
maintain an anoxic environment. Thereafter, they were incubated at temperature (36 ◦C) and rotating
speed (150 rpm). Blank trials containing only anaerobic sludge were conducted to correct the biogas
produced by the inoculum itself. Batch experiments were ended when no biogas was observed. In all
experiments, triplicate serum bottles were used and results were means of triplicates ± standard
deviation. Samples were taken at the beginning, the end, and in four predetermined time spots during
the experimental period to determine the variation of pH, volatile fatty acids (VFAs and alkalinity.
The experiments were terminated when no biogas was observed.

For the first batch experiment (R1, R2, R3, R4, and R5) of studying the influence of the ISR on
biogas production, potato peels were used as the sole substrate and inoculum was added based on the
set ISRs of 0.25, 0.5, 1, 2, and 4. For the second study (R6, R7, and R8) of investigating the impact of
simultaneous digestion on biogas production, all experimental conditions were similar as those of the
first experiment, apart from the type of substrate. Briefly, ISR was fixed at 2, and potato peels were
digested with cow manure (CM) according to the mixing ratios (Table 1) to reach a total organic load
per reactor of 4 g VS. The last experiment (R9 and R10) was conducted to examine the impact of potato
peels pretreatment on biogas production, and all experimental conditions were the same as those of
the second experiment, except that potato peel waste were underwent grinding and acid hydrolysis.

2.3. Analytical Methods

The amount of total solids (TS; g/kg) and volatile solids (VS; g/kg) was determined according to the
recommendations of the Standard Methods of APHA et al. (2005) [41]. PH was estimated off-line using
a pH meter (HI991001, Hanna Instruments, Woonsocket, RI, USA). The titration method was applied to
determine the total alkalinity (TA; mg CaCO3/L) and total volatile fatty acids (TVFAs; mg acetate/L) [42].
Chemical oxygen demand (COD; g/kg) was calculated using a test kit (Hach Lange GmbH, Germany)
according to the manufacturer’s guide and was quantified with a spectrophotometer (DR/2010, Hach,
USA). For the acid hydrolysis pretreatment (AHP), 20 g of PPW was boiled in 200 mL of 0.9% (w/w)
H2SO4 solution for 1 h and for the grinding, a commercial grinder was used to homogenize 30 g PPW
with 90 mL water. The pH of the reactor with the acid-based treated PPW was adjusted to 7 by using
1 M NaOH solution. The lignin amount of substrates was determined according to the procedures
established by the National Renewable Energy Laboratory (NREL) [43].
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The method used to determine the VS removal was based on the previous study [44]. The method
used to estimate the biochemical biogas potential was based on a volumetric test, which considered
the displacement of a liquid into the measure of biogas production [45]. The water displacement
equipment used in this work can provide biogas data within the 5% accuracy [46]. Biogas composition
and its correction was carried out by the procedure followed in a previous study [31]. The methane
potential assay can also be used to estimate the synergistic effect of co-substrates The synergistic effect
can be expressed as the additional biogas yield for co-digestion feedstocks over the weighted average of
the individual feedstock’s biogas yield [47,48]. All the results were the means of replicates of triplicate
± standard deviation (SD) with an accuracy of 5%. Technical digestion time (TDT) (time needed to
reach 80% of the maximal biogas yield) was used to assess the AD performance [49].

2.4. Kinetic Study

Biogas produced during the study was modeled by fitting the experimental data with two classical
kinetic models to identify the kinetic parameters in order to enhance the full-scale application of the
process. A regression analysis was conducted in Matlab R2015b (Mathworks, Natick, MA, USA) and
Microsoft Office Excel (Microsoft Office 2010, Microsoft Corporation, Redmond, WA, USA) and the
first order and cone models were used for the hydrolysis of organic matter and are described by the
equations from previous studies [50,51]:

G(t) = GO ×
(
1− e(−Kt)

)
(1)

G(t) =
GO

1 + (Kt)−n (2)

G(t) is the cumulative biogas yield at digestion time t days (mL biogas/g VSadded), GO is the
maximum biogas potential of the substrate the biogas potential (mL biogas/g VSadded), n is the shape
factor, K is the hydrolysis constant (1/day), t is the time (days).

2.5. Statistical Analysis

The standardized residual is the residual divided by its standard deviation and is given by the
equation:

Standardized residual (i) =
residual(i)

standard deviation(i)
(3)

Single-factor analysis of variances (ANOVA) in Excel software 2010 was facilitated and statistical
significance was established at a P-value less than 0.05 level.

3. Results and Discussion

3.1. Characterization of Substrates and Inoculum

The characteristics of the sludge, potato peel waste and cow manure were summarized in
Table 2. It is noted that the characteristics of inoculum and cow manure were different for the three
experimental periods.

3.2. Effect of ISRs on the Mono-Digestion PPW

The cumulative biogas yield (mL/g VSadded), daily biogas production rate (mL/g VSadded/day),
pH, and total organic acids (%) from the anaerobic digestion of PPW at five ISRs were investigated,
and the results are given in Figure 1. For the biogas correction, control reactors were operated treating
only anaerobic sludge.

Biogas production rapidly began on the first day of digestion in all of the digesters (Figure 1A).
Biogas production did not show interdependence with the increase of the ISR. The highest daily biogas
production rate reached 47.4 and 45.5 mL/g VSadded/day on the second day of digestion at the ISRs
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of 2 and 4 (Figure 1A). When compared with those obtained at these two ISRs, a decrease of biogas
production was observed at a lower ISR of 0.25, 0.5 and 1. The daily biogas production for the ISR 0.25,
0.5 and 1 fluctuated during the time period of 5–20 day of digestion within the range of 4–12 mL/g
VSadded/day, and then dropped to a lower level. Biogas production was maintained in the period
5–20 days with the highest level of 25.6 and 19.5 for ISR of 2 and 4. It is notable that cumulative biogas
production yields at the ISRs of 0.25 and 0.5 gradually augmented from day 3 until approximately day
25 and thereafter, it is gradually decreased (Figure 1B). In the ISR of 2 and 4, the production rate started
to increase slowly until day 5. After 53 days of digestion, the biogas yields of PPW at the ISRs of 2 and
4 reached 383.7 and 361.2 mL/g VSadded respectively against 332.2 mL/g VSadded achieved at the ISR of
1 (Table 3). At the ISRs of 0.25 and 0.5, biogas yield reached 165.8 and 228.1 mL/g VSadded respectively,
indicating the importance of sufficient availability of sludge for the organic mass degradation.

Table 2. Physical and chemical characteristics of the substrates used in the batch tests.

Parameter Inoculum Potato Peels Waste (PPW) Cow Manure (CM)

TS (g/kg) 50.9 (0.2) 144.0 (4.3) 144.6 (1.5)
VS (g/kg) 29.1 (1.2) 139.4 (4.8) 119.4 (1.1)

VS/TS 0.60 0.97 0.78
COD (g/kg) 47.2 (1.0) 123.8 (4.2) 138.4 (1.9)

pH 7.36 NA NA
Insoluble lignin (%TS) NA 19.1 (0.7) 24.6 (2.5)
Soluble lignin (%TS) NA 1.59 (0.1) 1.2 (0.4)

Ash (%) NA 0.58 (0.1) 5.5 (1.1)

The methane contents at the ISRs of 0.25, 0.5, 1, 2, and 4 were 50.23%, 51.12%, 53.40%, 56.75%,
and 52.8%, respectively (Table 3). The methane yields were calculated to be 83.3, 116.6, 177.4, 217.8,
and 190.7 mL CH4/g VSadded respectively. The methane content at the ISRs of 0.25 and 0.5 indicated
that the degradation was lower than those obtained at the ISRs of 1, 2, and 4 (30.8% vs. 37.1–39.3%).
The ISR of 4 showed obviously the shortest technical digestion time (TDT) of 17 days indicating the
rapid degradation of the organic matter.

As shown in Table 3, the TDT at the ISRs of 0.25 and 0.5 were shorter than that obtained in the case
of the ISR of 1 and 4 (22 days vs. 24 and 26 days). The TDT did not follow the tendency of degradation
efficiency. Parawira et al. [52] studied the two-stage digestion of potato peels and observed high biogas
yield. This might be due to the segregation of the digestion stages resulting in higher conversion
efficiencies. Similar studies on the digestion of solid potato waste showed higher cumulative biogas
yield than in our study, which might be due to the higher lignin percentage (approx. 20%) of the
substrate, which burdens the degradation of hemicellulose components from the enzymes [53,54].
The complex structure of lignin prevents the carbohydrate-degrading microbes from attaching to the
structural carbohydrates, i.e., cellulose and hemicellulose [55].

Table 3. Results from the mono-digestion of PPW.

Parameter
ISR

0.25 (R1) 0.5 (R2) 1 (R3) 2 (R4) 4 (R5)

Biogas yield
(mL/g VSadded) 165.8 ± 7.9 228.1 ± 6.8 332.2 ± 7.6 383.7 ± 10.7 361.2 ± 14.4

Methane content
(%) 50.2 ± 0.5 51.1 ± 1.7 52.4 ± 0.5 56.8 ± 0.3 53.8 ± 0.3

Methane yield
(mL/g VSadded) 83.3 ± 0.9 116.6 ± 3.9 177.4 ± 2.3 217.7 ± 1.2 190.7 ± 2.9

VSadded degradation
(%) 15.6 ± 1.2 19.7 ± 3.0 28.5 ± 2.1 33.1 ± 2.7 32.1 ± 3.4

Technical digestion time
(d) 22 22 26 17 24
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As depicted in Figure 1 and Table 3, both daily production and total biogas yield lowered
when the ISRs were decreased from 1 to 0.25. Low efficiency of biogas production might be due to
the insufficient methanogens, which could cause the accumulation of the volatile fatty acids in the
bioreactor and thus the pH dropping. PH values in the range of 6.5–7.5 favor the growth and activity
of methanogens [56,57].

Figure 1. Effect of the inoculum-to-substrate ratio on the daily biogas production (A), the cumulative
biogas production (B), the pH (C), and total volatile fatty acids (TVFA) accumulation (D), from the
anaerobic digestion of potato peels.

The changes in VFA and pH were also recorded, and the outcomes are given in Figure 1C,D.
As observed in the digestion of PPW at the ISR of 2 and 4, the pH in those digesters decreased to
6.16 and 6.27 on day 6 and slightly increased until day 12, corresponding well with higher VFA
concentrations (Figure 1D) during acidogenesis of the substrate in this period. According to TVFA
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analysis, R1 and R2 reached 675.8 and 625.4 mg acetate/L on day 6. The digesters with ISR of 0.25
and 0.5, showed a slow decrease of the pH, which corresponds to the low availability of inoculum
reaching day 12 pH of 6.35 and 6.74 respectively. TVFA levels were found to vary significantly in
the two reactors at different sampling times. The AD process is regarded as stable when TVFA/TA
ratio ranges between 0.23 and 0.3. In addition, the ISR of 2 showed significant higher buffer capacity
maintaining an optimal pH for methanogenic archaea (Figure S1A).

VFAs are produced in anaerobic digesters and have different impacts on microbial activity.
Liotta et al. referred that VFA concentration of 2100 mg/L does not inhibit the AD process stability [58].
Several studies have determined the effect of different VFAs on the dynamics of the methanogenic
consortia during the anaerobic digestion resulting in variations of the process stability and
efficiency [59,60]. Previous studies also reported a reduction of methane yield produced food
wastes and/or green wastes at the ISR of over 4. Pellera and Gidarakos [61] verified that lower methane
yields and TDT were observed in the treatment of olive pomace at the ISR of 4 than those obtained
at ISRs of 0.5−1. The peak of daily biogas production at ISR of 4 was slightly higher and TDT was
relatively shorter (17 days on ISR of 4, Table 3) than those obtained at the ISR = 0.5 and 1. The functional
relationship between biogas yield and the inoculum-to-substrate ratio was non-linear and followed a
bell curve (Figure S1B). Based on that, the maximum biogas yield was achieved at the ISR of 2 and this
ratio was chosen for the following tests.

3.3. Co-Digestion of Potato Peel Waste with Cow Manure: Influence on Process Performance

To ameliorate the performance of anaerobic digestion by treating potato peel waste with cow
manure, the mixing ratios of the two substrates were varied to produce different C/N ratios, while
operating the digesters at the ISR of 2. The outcomes of mono-digestion of potato peel waste (R4) were
used as the control. As in the anaerobic mono-digestion of potato peel waste, biogas was produced on
day 6 in the reactors with the mixtures. Biogas production rapidly began on the first day of digestion
in all of the digesters. Biogas production did show interdependence on the increase of cow manure
fraction. The highest daily biogas production rate of R7 and R8 reached 31.5 and 25.5 mL/g VSadded/day
on the second day of digestion and reactor R6 reached a daily production rate of 28.3 mL/g VSadded on
the first day of the digestion (Figure 2A).

For the determination of weighted methane yield, an additional control reactor RC2 was operated
treating cow manure with inoculum and the methane yield is given in Table S1. Synergistic effects
were noticed in PPW/CM ratio of 75:25 and 60:40 (Table 4). When compared with that obtained
without cow manure, a significant decrease was noticed in the daily biogas production rate. As seen
in Figure 2A, biogas production was maintained in high level the second week of the digestion with
the highest level of 16.7, 29.1, and 23.4 mL/g VSadded for the combined treatment ratios of 90:10, 75:25,
and 60:40 respectively.

At PPW/CM ratio of 75:25 and 60:40, daily biogas production almost reached the former peaks on
day 8 (29.14 and 23.4 mL/g VSadded/day) before decreasing to a low level on day 9. At a PPW/CM ratio
of 90:10, R8 reached almost the half of the maximum biogas production (16.7 mL/g VSadded/day) on
day 9 and thereafter it gradually remained at a lower level. Daily production fluctuated between day
15 and day 25 within the range of 6–11 mL/g VSadded/day, and then dropped to a low level.

After 53 days of digestion, the cumulative biogas amount in R6, R7, and R8 reached 395.46,
403.65 and 423.1 mL/g VSadded respectively against 383.7 mL/g VSadded achieved at the R4 without cow
manure (Figure 2B). The cumulative biogas production observed adding cow manure was higher than
the anaerobic mono-digestion of PPW.

Discrepancies in biogas and methane yields between mono-digestion and co-digestion of PPW
were statistically significant. The methane percentages in R6, R7, and R8 were 52.28%, 53.40%,
and 56.11% respectively, were lower than 56.75% in the mono-digestion of potato peels. The TDT at
the three PPW/SM ratios was 29, 21, and 25 days, respectively, which is longer than that in R4 and
the final methane yields at the three OP/SM ratios were calculated to be 206.8, 215.5, and 237.4 mL

223



Energies 2019, 12, 2311

CH4/g VSadded (Table 4). Opinions vary regarding if TVFA/TA is a sufficient parameter to evaluate the
AD stability, with several authors advocating ratios below 0.3 as optimal for the smooth operation of
the digesters. PH variation and changes in the TVFA concentration were therefore estimated, and the
outcomes are depicted in Figure 2C,D. There was a positive correlation between pH variation and
TVFA concentration within the three reactors. Elevated TVFA concentrations were detected from
the co-digestion reaching 1069.2, 1152.8, and 1028.1 mg acetate/L on day 6 in ratios of 90:10, 75:25,
and 60:40 respectively. However, TVFAs of R7 reduced slower than those on R6 and R8 reaching
939.6 mg acetate/L on day 12. The high bicarbonate concentration most likely contributed to the system
buffering (Figure S2A).

Figure 2. The effect of the co-digestion ratio on the cumulative biogas production (A), the daily biogas
production (B), the pH (C), and the TVFA accumulation (D).
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Table 4. Results from the co-digestion of potato peels with cow manure.

Parameter
Co-Digestion Ratio

90:10 (R6) 75:25 (R7) 60:40(R8)

Biogas yield
(mL/g VSadded) 395.4 ± 4.3 403.7 ± 9.8 423.1 ± 5.2

CH4 content
(%) 52.3 ± 1.6 53.4 ± 2.3 56.1 ± 0.8

CH4 yield
(mL/g VSadded) 206.7 ± 3.6 215.5 ± 7.6 237.4 ± 3.1

Weighted methane yield
(mL/g VSadded) 211.6 202.5 193.3

Differential (EMY-weighted MY)
(mL/g VSadded) −4.9 13.1 44.2

Synergistic effect No Yes Yes
VSadded degradation

(%) 34.5 ± 2.8 35.2 ± 4.3 37.2 ± 4.7

Technical digestion time
(day) 29 21 25

From Figure 2D, the TVFAs concentration of all the reactors dropped below 300 mg acetate/L on
day 30 and remained in the range of 225–283 mg acetate/L. The TVFA showed similar performance
with those in the case of R4, and at the end of digestion did not exceed the level of 100 mg/L. Combined
treatment provided a better carbon/nitrogen ratio to the system. Considering the above results, the part
addition of cow manure typifies an alternative method for farm-scale digestion units. The functional
relationship between biogas yield and cow manure fraction added at a constant ISR was also assessed
(Figure S2B). The results indicated that the biogas yield increased linearly [y = 12.637x + 369.89
(R2 = 0.9685)] with respect to an increase of cow manure fraction in the reactors. Similarly, a positive
effect of cow manure in this paper was consistent with previously reported results [62,63]. Mixtures at
the PPW/CM ratio of 60:40 were prepared thereafter for examining the impact of grinding and acid
hydrolysis as pretreatment method on the anaerobic digestion of potato peels.

3.4. Effect of Pretreatment on Biogas Production in Co-Digestion of Potato Peels and Cow Manure

To elevate the AD efficiency, the combined treatment of PPW with CM, potato peels underwent
pretreatment in a co-digestion ratio of 60:40. Grinding/homogenizing and dilute acid pretreatments
were chosen to represent physical and chemical pretreatment.

The results of combined digestion of potato peels and cow manure (experimental set R8) were used
as a control. Biogas production quickly began on the first day for all digesters (Figure 3A). The highest
daily biogas production rate of R9 and R10 reached 35.8 and 35.1 mL/g VSadded/day on the second and
the first day respectively. The two pretreatments effectively enhanced the biogas production yields
of PPW. Significant high biogas yield was achieved from R9 and R10 reaching 453.2 and 485.4 mL/g
VSadded respectively (Table 5). The biogas production was quicker than R8, with R10 showing a
technical digestion time of 19 days (Figure 3B). The changes of VFA and pH during digestion of R9
and R10 were monitored to examine the relationship between the improvement of the degradation
efficiency and the corresponding high biogas yields, and the results are shown in Figure 3C,D.
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Figure 3. The effect of the pretreatment on the cumulative biogas production (A), the daily biogas
production (B), the pH (C), and the TVFA accumulation (D).
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Table 5. Results from the combined treatment of pretreated PPW and CM.

Parameter
Pretreatment

Grinding/Homogenizing (R9) Acid Hydrolysis (R10)

Biogas yield
(mL/g VSadded) 453.2 ± 11.0 485.4 ± 14.6

Methane content
(%) 57.5 ± 1.4 58.3 ± 0.8

Methane yield
(mL/g VSadded) 260.3 ± 3.2 283.4 ± 2.7

VSadded degradation
(%) 39.5 ± 2.5 40.5 ± 3.2

Technical digestion time
(day) 23 19

The pH in R9 followed the same trend with R8 and slightly increased until day 12, which was in line
with the higher VFA concentrations (Figure 3C) during hydrolysis of the substrate in this period. In R10,
pH decreased from 6.06 on day 6 to 5.94 on day 12 which might reflect an agglomeration of fatty acids
which is usually associated with a lessening of the pH and lack of sufficient reactor buffering. However,
on day 12, the pH increased as the methanogens quickly converted the VFAs to biogas indicating the
sufficient response of the process to a possible imbalance between acidogens and methanogens. Volatile
fatty acids are important intermediates of carbohydrates, lipids, and proteins degradation, and affect
the efficiency of the AD process [64]. The methane production content (Table 5) in the experiment was
increased by pretreatment of potato peels, such as acid hydrolysis and grinding treatments. The fast
production of VFAs can decrease the pH and, thus impede the methanogenesis step.

Therefore, a smooth and stable reactor operation depends on the balance between VFAs and
alkalinity (Figure S3). The performance of VFAs generation, conversion, and accumulation in reactor
R9 and R10 are given in Figure 3D. The main difference between the R9 and R10 with R8 was the rapid
response to TVFAs production and accumulation. From day 6 to day 12, the concentration of TVFA in
R9 and R10 decreased from 1248.7 and 1109.6 mg acetate/L to 945.3 and 896.5 mg acetate/L respectively.
These two reactors had a similar TVFA profile. However, the produced and increased TVFAs were
converted rapidly without causing inhibition because of sufficient alkalinity (Figure S3). Higher biogas
yield upon pretreatment is envisaged due to the reduced cellulose crystallinity and the lessening of
lignin content [65].

The dilute acid pretreatment revealed an increment in the amount of biogas produced and justifies
the enhanced biomass reactivity, a fact that is attributed to the incremental release of the sugars
(monomers and oligomers). Depending on the pretreatment poignancy (time, acid concentration and
temperature), sugars can be converted to aldehydes, such as furfural and hydroxymethylfurfural. Under
controlled conditions, removal of hemicellulose from biomass displays the cellulose to microorganisms
and increases the glucose yield [66]. Mancini et al. [67] reported the positive effect of chemical
pretreatment on biogas production of wheat straw. This step enhances the susceptibility of the
cellulosic components. In addition, other pretreatment methods would be useful to be applied to
determine the effect on anaerobic digestion performance as they have advantages and limitations,
and their application cannot be based on their influence on the AD process [68]. However, an economic
analysis would be interesting to be conducted in order to evaluate which pretreatment has the best
potential for full-scale applications.

3.5. VS Removal

From another view, the relationship of cumulative biogas yield and VS% removal was plotted
(Figure 4). Based on the obtained data in this study, a linear regression equation was established
(y = 0.085x + 1.6183).
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Figure 4. The relationship between biogas yield and volatile solids (VS) removal.

As expected, the increment of cumulative biogas yield follows similar to the raised degradation
percentage of the organic material. The high correlation coefficient (R2) indicated that there was a
positive correlation between biogas yield and VS reduction.

3.6. Kinetics Results and Correlation with Process Parameters

Outcomes of the kinetic study using the first order and cone models are summarized in Tables 6
and 7. Both models were found to have a good fit with the experimental data. In the first experiment,
R1 and R2 showed good degradation rates, however, the biogas yields remained at a lower level.
One possible reason for poor biogas yield could be methanogens growth inhibition due to the fast PPW’s
acidification and slow methanogenesis rate. The R4 with the ISR of 2 showed efficient performance
providing the highest K value (0.911 d−1) reaching 383.7 mL/g VSadded of biogas yield.

Table 6. Results from the 1-order model.

Reactor

1-Order

K
(1/day)

R2 RMSE
Measured

(mL/g VSadded)
Predicted

(mL/g VSadded)

R1 0.0741 0.9934 4.05 165.8 163.3
R2 0.0733 0.9977 6.46 228.1 224.6
R3 0.067 0.9786 16.57 332.2 324.9
R4 0.0911 0.0323 15.49 383.7 381.6
R5 0.0667 0.0323 15.30 361.2 353.1
R6 0.0537 0.9924 14.15 395.4 376.9
R7 0.0767 0.999 5.49 403.7 398.6
R8 0.066 0.9943 8.89 423.1 413.3
R9 0.0702 0.9982 10.47 453.2 444.9
R10 0.0921 0.9909 19.38 485.4 482.9

During the second experiment, all reactors showed lower K values than the mono-digestion of
PPW (R4) because the manure has a higher percentage of complex carbohydrates [35]. Although the
hydrolysis was slower, microbial interactions from inoculum and manure favored the whole process
performance degradation. The pretreatment positively affected the process performance and increased
the biogas yield. Acid hydrolysis pretreated PPW showed high hydrolysis rate and increased the
biogas yield. The difference between experimental and predicted values was low (0.52%) in the case of
acid hydrolysis.
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Table 7. Results from the cone model.

Reactor

Cone

K
(1/day)

n R2 RMSE
Measured

(mL/g VSadded)
Predicted

(mL/g VSadded)

R1 0.1108 1.69 0.9657 8.273 165.8 158.4
R2 0.1258 1.59 0.9762 9.187 228.1 217.9
R3 0.0817 2.03 0.9724 16.51 332.2 317.3
R4 0.176 1.51 0.9818 12.54 383.7 371.6
R5 0.1155 1.55 0.9481 21.59 361.2 341.7
R6 0.0798 1.79 0.965 21.17 395.4 368.9
R7 0.1098 1.78 0.9871 12.61 403.7 387.8
R8 0.0958 1.80 0.9886 12.77 423.1 402.7
R9 0.1129 1.68 0.9779 18.13 453.2 432.9
R10 0.1111 1.98 0.9838 17.56 485.4 472.2

To assess the soundness of the results, the predicted values were plotted against the experimental
results (Figures S4–S6). The low values of RMSE reflect the model’s high ability to accurately predict
the bioactivities. The statistical indicators (RMSE and R2) are given in Tables 6 and 7 providing the
picture of kinetics study. In addition, to evaluate the accuracy of all replicates, the standardized
residuals were calculated and plotted in Figure S7.

According to the kinetic study, this study concluded that the kinetic parameters can be affected
by the process conditions. Therefore, the effects of these process parameters (ISR, co-digestion ratio,
VS removal rate and pH) on kinetic parameters (G and K) were examined based on Pearson’s correlation
analysis (Table S2). In this case, the biogas production potential was significantly increased by a
co-digestion ratio (r = 0.742, P < 0.05) and the VS removal rate (r = 0.994, P < 0.01), but decreased
by pH (r = −0.753, P < 0.05). The hydrolysis constant (k) did not show any relevance to the process
parameters or to biogas production potential.

4. Conclusions

This study investigated the impact of inoculum-to-substrate ratios, co-digestion ratios and
pretreatment methods on the anaerobic digestion performance of potato peels. The overall results
showed that co-digesting of acid based pretreated PPW with cow manure in a ratio of 60:40 reinforces
biogas production and increases methane content. Specifically, biogas yields in the ISR of 2 showed the
highest biogas yield and the lowest technical digestion time in comparison to other ISRs indicating
that an appropriate amount of sludge is required for efficient operation. Moreover, the addition of cow
manure in general improved the process efficiency with the PPW:CM ratio of 60:40 being ideal and
reaching 423.1 mL/g VSadded of biogas yield. Notwithstanding this, the pretreatment methods applied
to PPW affected positively the degradation yielding of 453.2 and 485.4 mL/g VSadded for grinding and
acid hydrolysis as pretreatments respectively. It is noteworthy that pretreated potato peels show good
potential for enhancement of biogas production and increment of the energy output by co-digesting
with cow manure while providing a stable anaerobic digestion process.
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57. Świątek, M.; Lewicki, A.; Szymanowska, D.; Kubiak, P. The effect of introduction of chicken manure on the
biodiversity and performance of an anaerobic digester. Electron. J. Biotechnol. 2019, 37, 25–33. [CrossRef]

58. Liotta, F.; Esposito, G.; Fabbricino, M.; van Hullebusch, E.D.; Lens, P.N.L.; Pirozzi, F.; Pontoni, L. Methane
and VFA production in anaerobic digestion of rice straw under dry, semi-dry and wet conditions during
start-up phase. Environ. Technol. 2016, 37, 505–512. [CrossRef]

59. Franke-Whittle, I.H.; Walter, A.; Ebner, C.; Insam, H. Investigation into the effect of high concentrations of
volatile fatty acids in anaerobic digestion on methanogenic communities. Waste Manag. 2014, 34, 2080–2089.
[CrossRef] [PubMed]

60. Wang, Y.; Zhang, Y.; Wang, J.; Meng, L. Effects of volatile fatty acid concentrations on methane yield and
methanogenic bacteria. Biomass Bioenergy 2009, 33, 848–853. [CrossRef]

61. Pellera, F.M.; Gidarakos, E. Effect of substrate to inoculum ratio and inoculum type on the biochemical
methane potential of solid agro-industrial waste. J. Environ. Chem. Eng. 2016, 4, 3217–4229. [CrossRef]

62. Cestonaro, T.; de Mendonça Costa, M.S.S.; de Mendonça Costa, L.A.; Rozatti, M.A.T.; Pereira, D.C.;
Lorin, H.E.F.; Carneiro, L.J. The anaerobic co-digestion of sheep bedding and >50% cattle manure increases
biogas production and improves biofertilizer quality. Waste Manag. 2015, 46, 612–618. [CrossRef] [PubMed]

63. Alvarez, R.; Liden, G. Low temperature anaerobic digestion of mixtures of llama, cow and sheep manure for
improved methane production. Biomass Bioenergy 2009, 33, 527–533. [CrossRef]

64. Wang, Q.; Kuninobu, M.; Ogawa, H.I.; Kato, Y. Degradation of volatile fatty acids in highly efficient anaerobic
digestion. Biomass Bioenergy 1999, 16, 407–416. [CrossRef]

65. Achinas, S.; Euverink, G.J.W. Consolidated briefing of biochemical ethanol production form lignocellulosic
biomass. Electron. J. Biotechnol. 2016, 23, 44–53. [CrossRef]

66. Johnson, D.K.; Elander, R.E. Treatment for enhanced digestability of feedstocks. In Biomass Recalcitrance:
Deconstructing the Plant Cell Wall for Bioenergy; Himmel, M.E., Ed.; Blackwell Pub.: Oxford, UK, 2008; pp. 436–453.

67. Mancini, G.; Papirio, S.; Lens, P.N.L.; Esposito, G. Increased biogas production from wheat straw by chemical
pretreatments. Renew. Energy 2018, 119, 608–614. [CrossRef]

68. Galbe, M.; Zacchi, G. Pretreatment: The key to efficient utilization of lignocellulosic materials. Biomass
Bioenergy 2012, 46, 70–78. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

232



energies

Article

Investigation of Temperature Effect on Start-Up
Operation from Anaerobic Digestion of Acidified
Palm Oil Mill Effluent

Muhammad Arif Fikri Hamzah 1, Jamaliah Md Jahim 1,2,*, Peer Mohamed Abdul 1,2 and

Ahmad Jaril Asis 3

1 Research Centre for Sustainable Process Technology (CESPRO), Faculty of Engineering and Built
Environment, Universiti Kebangsaan Malaysia (UKM), Bangi 436000 UKM, Selangor, Malaysia

2 Chemical Engineering Program, Faculty of Engineering and Built Environment, Universiti Kebangsaan
Malaysia (UKM), Bangi 436000 UKM, Selangor, Malaysia

3 Sime Darby Research Sdn Bhd, Lot 42700, Pulau Carey, Banting 42960, Selangor, Malaysia
* Correspondence: jamal@ukm.edu.my
† This paper is an extended and revised article presented at the International Conference on Sustainable

energy and Green Technology 2018 (SEGT 2018) on 11–14 December 2018 in Kuala Lumpur, Malaysia.

Received: 23 April 2019; Accepted: 31 May 2019; Published: 27 June 2019

Abstract: Malaysia is one of the largest palm oil producers worldwide and its most abundant waste,
palm oil mill effluent (POME), can be used as a feedstock to produce methane. Anaerobic digestion is
ideal for treating POME in methane production due to its tolerance to high-strength chemical oxygen
demand (COD). In this work, we compared the culture conditions during the start-up of anaerobic
digestion of acidified POME between thermophilic (55 ◦C) and mesophilic (37 ◦C) temperatures. The
pH of the digester was maintained throughout the experiment at 7.30 ± 0.2 in a working volume of
1000 mL. This study revealed that the thermophilic temperature stabilized faster on the 44th day
compared to the 52nd day for the mesophilic temperature. Furthermore, the thermophilic temperature
indicated higher biogas production at 0.60 L-CH4/L·d compared to the mesophilic temperature at
0.26 L-CH4/L·d. Results from this study were consistent with the COD removal of thermophilic
temperature which was also higher than the mesophilic temperature.

Keywords: thermophilic; mesophilic; palm oil mill effluent; acclimatization

1. Introduction

Malaysia is the main producer of palm oil in the world, with ~19.9 million tons of crude palm oil
generated in 2017 [1]. However, palm oil mills create waste such as palm oil mill effluent (POME),
which must be treated because it can pollute the environment. POME appears as brownish liquid,
has high chemical oxygen demand (COD), and is usually discharged directly at high temperatures [2].
To solve this problem, anaerobic digestion is a method that can be used to treat organic wastes for
the production of methane [3]. In the future, methane can potentially replace fossil fuel as a source
of energy. Methane is an inexpensive fuel source that can be produced continuously, while fossil
fuels will be depleted someday. Palm oil mills in Malaysia have generally used close tank in POME
treatment to maximize methane collection. Until 2013, about 50% of palm oil mills still applied the
pond system to treat POME without capturing methane gas [4] because a considerable amount of land
is available in Malaysia [5]. The challenge in the construction of biogas plants is the high investment
needed compared to the open pond system, because investors consider this project a high risk due to
the utilization of POME as a new method of biogas production.

In theory, many parameters can affect anaerobic digestion. For example, operating temperature has
a remarkable impact on methanogen reactions. High temperatures allow mixed microflora, including
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microorganisms responsible for the degradation of organic matter, to flourish and produce methane at a
high rate. Generally, methanogens are active under two temperature categories: mesophilic (35–37 ◦C)
and thermophilic (55–60 ◦C) [6]. Thermophilic digesters have higher biogas production and a faster
biochemical reaction rate, whereas mesophilic digesters require lower input energy for operation [6,7].
Jeong et al. [8] compared the performance between mesophilic and thermophilic anaerobic reactors
and reported that thermophilic reactors could produce 32.5% more biogas than mesophilic reactors at
an organic loading rate (OLR) of 15 kg COD/m3/d.

The start-up is the key to achieving successful anaerobic digestion [9]. The study of acclimatization
includes monitoring the operational conditions and bacterial community involved in the production
of methane [10]. The mixed culture must comprise a stable community between methanogenic
and non-methanogenic bacteria to attain a stable digestion process. Methanogens need a long
time to activate. Therefore, anaerobic digestion cannot begin with a high OLR during the early
period of acclimatization [9] because methanogen growth will be disrupted, thereby affecting its
performance. Typically, the period of acclimatization can be shortened by utilizing stepped-loading
OLR to ensure that methanogens can grow efficiently with sufficient food. Anaerobic digestion of
POME requires approximately 3 months for completion, to achieve high biogas production and efficient
COD removal [9].

Running a larger system is more complicated than operating lab or pilot scales, due to the bigger
number of aspects that require control. Overall, a common problem that happens in a large digester
is when a sample is not mixed well and the reaction culminates in the lack of organic matters that
can eventually inhibit methanogens [11]. Mixing properly in the digester is important to avoid the
feed from being concentrated only in certain areas of the reactor. Low volatile suspended solid (VSS)
reduction and COD removal occur due to poor mixing on the level of a large-scale operation, leading
to low biogas production. For instance, Massé et al. [12] reported that an anaerobic bench-scale reactor
(ABSR) with a 12 m3 volume yielded higher COD removal (76.7% ± 4.3%) than 8 m3 of its working
volume counterpart (76.9 ± 4.2%). In addition, before constructing a large-scale biogas plant, its
operating conditions must be verified first on a laboratory scale because optimization from small scale
can reduce operating cost and allow multiple experiments to operate simultaneously. Factors that
need to be considered in upscaling digesters include hydraulic retention time (HRT), OLR, mixing
condition, and temperature [13].

To obtain successful anaerobic digestion, the effect of temperature must be fully understood.
However, limited publications are available on the comparison of acclimatization between mesophilic
and thermophilic conditions. By contrast, the focus has been only on the specific temperature condition
during anaerobic digestion. For instance, Alrawi et al. [14] only investigated the start-up of methane
production under mesophilic condition. Understanding the temperature effect on anaerobic digestion
can improve its performance and productivity. Hence, this study aims to compare the performance
between mesophilic and thermophilic conditions during the start-up period. The stability of digesters
was monitored by analyzing parameters such as pH, total alkalinity, and volatile fatty acid (VFA). Any
disturbance, especially the accumulation of VFA, during this period must be solved rapidly to prevent
system failure.

2. Material and Methods

2.1. Seed Sludge and Substrate

The seed sludge was obtained from the anaerobic digestion pond located at Sime Darby palm
oil mill in Tennamaram, Selangor, Malaysia. The seed sludge had pH and VSS of 7.25 and 10.5 g/L,
respectively. This sludge was acclimatized by using acidified POME as the sole substrate. The acidified
POME was collected from the effluent based on the previous study by Maarof et al. [2], wherein a
biohydrogen fermenter was fed with raw POME. Table 1 summarizes the overall characteristics of
the acidified POME. The acidified POME was characterized by its yellowish brown color and sour
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smell. Its VFA concentration was higher than that of raw POME, thereby allowing more degradation
substrates to generate higher biogas production. It was stored in the chiller at 4 ◦C to reduce bacterial
activity. Prior to feeding, it was heated in a water bath to maintain the temperature of the culture in
the digester [15]. The volume of the acidified POME that fed into the digester was measured using a
measuring cylinder, and was stirred homogeneously before feeding into the digester.

Table 1. Characteristic of substrate.

ID. Parameter
Concentration Range

Acidified POME Raw POME [2]

1 pH 5.14 ± 0.1 5.90 ± 0.2
2 Chemical oxygen demand (g/L) 44.3 ± 3.7 50.1 ± 1.4
3 Total solid (g/L) 31.2 ± 2.3 61.5 ± 1.5
4 Total suspended solid (g/L) 24.1 ± 4.4 42.3 ± 1.1
5 Volatile suspended solid (g/L) 20.4 ± 2.9 39.5 ± 1.3
6 Volatile fatty acid (mg/L as CH3COOH) 6383.5 ± 1348.3 4600.0 ± 1300.0
7 Total nitrogen (mg/L) 254 ± 27 N/D

2.2. Experimental Set-Up and Digester Operation

In this experiment, anaerobic digestion was performed in Schott Duran bottles under sequencing
batch mode with 1000 mL of working volume in mesophilic and thermophilic conditions. Figure 1
shows the experimental setup, which comprises Schott Duran bottles, a gas collector, and a water
bath shaker (model SW22, 230 V/50e60 Hz). A rubber tubing was utilized for the purposes of liquid
sampling and providing a pathway for the biogas to flow into the gas collector. Tubing inspection was
performed daily to prevent any outside air from entering the bottle. The existing biogas in the gas
collector was stored inside the acidified water (pH = 2.50 ± 0.5), as suggested by Ergüder et al. [16],
to avoid dissolution into water. Prior to digestion, nitrogen gas was purged to allow the process to
operate under anaerobic conditions. The bottles were then incubated in a separated water bath shaker
with temperatures of 55 ◦C and 37 ◦C, and agitated at 80 rpm. Anaerobic digestion began with a HRT of
30 days and OLR ranged between 1.1–1.3 g COD/L·d by diluting the feed as done by Badiei et al. [17].
Feeding took place every two days. During each feeding, 7% of the medium was removed and replaced
with the same volume of the new substrate. Liquid and gas samples were obtained prior to feeding
and subjected to analysis. Mesophilic and thermophilic operations stopped upon reaching the steady
state wherein biogas volume and volatile suspended solids (VSS) had less than 10% in variation.

Water bath 

Gas collector 
Biogas 

Sampling/ Nitrogen purging 

Figure 1. Schematic diagram of the anaerobic digestion process.
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2.3. Analytical Method

The liquid samples were subjected to pH, total alkalinity, and VSS analysis based on American
Public Health Association (APHA) [18]. Total nitrogen in the acidified POME was determined using
the method suggested by HACH. VFAs were analyzed via high-performance liquid chromatography
(Agilent 1200, California, USA). The HPLC system was run with a REZEX ROA column (Phenomenex,
USA) and operated at a fixed flow rate of 0.6 mL/min. The mobile phase used in the system was
5 mmol/L sulfuric acid. Furthermore, chemical oxygen demand was analyzed using the dichromate
method operating with a COD analyzer (DR 2800, HACH). The biogas flow rate was measured at
a specific time interval using Equation 1 [19]. The samples were collected and analyzed via gas
chromatography (GC, model SRI 8600C, USA) by a helium ionization detector equipped with a thermal
conductivity detector. The sample was injected into the GC at an oven temperature and pressure of
40 ◦C and 2.7 psi for 5 min. Helium gas, with a purity of 99.99%, was used as the carrier gas and set at
a flow rate of 25 mL/min. The temperature was ramped at 30 ◦C per minute and maintained for 10 min
once the temperature reached 220 ◦C. Liquid and gas samples were analyzed in triplicate.

VH,i = VH,i−1 + CH,i
(
Vg,i − Vg,i−1) + VH(CH,i − CH,i−1) (1)

where VH,i = the cumulative methane gas volume (mL); Vg,i = the cumulative biogas volume (mL); and
CH,i =methane gas composition fraction and i denote at the current time, while i− 1 denote previous
time interval.

3. Results and Discussion

3.1. Start-Up Experiments

Start-up duration is vital in anaerobic digestion for methanogens to adapt well in a new
environment so that the duration of a start-up can be shortened and anaerobic digestion can be
operated smoothly. Abd Nasir et al. [20] recommend that the experiment should start with a
low OLR to avoid organic matter overload and enable rapid growth of methanogens in the new
environment. In addition, the biomass could washout when functioning at a high OLR and disturb the
start-up operation. Productive acclimatization was demonstrated by Abd Nasir et al. [20], wherein
acclimatization was operated at low OLR (0.5 g COD/L·d) and successfully attained 3.59 L-CH4/d of
biogas production. Moreover, Seadi et al. [21] reported that HRT should be long enough to ensure a
remarkably higher rate of methanogen reproduction than the death rate so that methanogens could fully
utilize the substrate. Methanogens differ from other microorganisms involved in anaerobic digestion
because of their slower regeneration time, which takes approximately 5–16 days to reproduce [22]. Few
hydrogenotrophic species such as Methanococcus maripaludis only take 2 hours to regenerate [23]. Thus,
low OLR (1.1–1.3 g COD/L·d) was applied in this study to allow methanogens to grow effectively. As
proof, both mesophilic and thermophilic digestions were positively tested and obtained satisfactory
biogas production and COD removal at the end of the start-up period. Subsequently, the digesters also
revealed that no VFA accumulation occurred during this period.

3.2. Biogas Productivity

The production profile of biogas expressed in L-CH4/L·d for both mesophilic and thermophilic
conditions as illustrated in Figure 2 indicates that the biogas production increased from the initial
anaerobic digestion until the biogas production stabilized at the end of the acclimatization period.
Mesophilic and thermophilic trials had a significant increase after the 16th and 12th days, respectively,
and corresponded to VSS, which also increased during the same period. Biogas production under
thermophilic conditions increased from 0.05 L-CH4/L·d to 0.28 L-CH4/L·d. By contrast, the mesophilic
digester increased from 0.08 L-CH4/L·d to 0.13 L-CH4/L·d. Wong et al. [24] reported that increased
biogas production could be clarified by the methanogens that started to act in this period and began to
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consume VFAs to produce methane. This trend was consistent with the study by Yacob et al. [25] who
proposed that increased biogas production during the start-up operation could be attributed to high
microbial activity and stability in the system, thereby accelerating the breakdown rate. To achieve
steady biogas production during the start-up period, anaerobic digestion should run under optimal
conditions during hydrolysis, acidogenesis, acetogenesis, and methanogenesis phases [26]. Hence,
monitoring operating conditions such as temperature, pH, and HRT is crucial to maintaining the
system’s stability.

Figure 2. The range of biogas volume for thermophilic and mesophilic conditions during the
acclimatization period. Notes: error bars show standard deviation of means (n = 3).

Biogas production under mesophilic and thermophilic conditions then began to decline by 20%
and 30% on the 48th and 40th days, respectively. Both mesophilic and thermophilic conditions
reached their peak (0.60 L-CH4/L·d and 0.26 L-CH4/L·d for thermophilic and mesophilic conditions,
respectively) before biogas production started to decline. Alrawi et al. [14] demonstrated that decreased
biogas production during acclimatization could be due to the low availability of organic matters
to produce additional methane. Based on the experimental values, the result was corroborated by
the low COD effluent in the final period of acclimatization in this study for both thermophilic and
mesophilic conditions. Methanogens must be supplied with sufficient substrate to achieve stable
biogas production because a low concentration of substrate will limit the performance and activity
of methanogens.

At the end of the acclimatization period, thermophilic and mesophilic conditions registered stable
biogas production with less than 10% variation as observed from the 44th and 52nd days onwards,
respectively. The thermophilic digester recorded biogas production of 0.50 ± 0.04 L-CH4/L·d while
the mesophilic one was 0.20 ± 0.08 L-CH4/L·d during the steady state. The results were consistent
with the observation by Alrawi et al. [14], who stated that biogas production increased until substrate
insufficiency became the limiting factor for methanogens to thrive. However, Alrawi et al. [14] reported
only the mesophilic condition (37 ◦C) that took nearly 45 days to acclimatize completely. By contrast,
the results from the present study showed that the mesophilic condition took a much longer time
(52 days) to acclimatize compared to Alrawi et al.’s [14] study, which was 45 days due to the difference
in operational conditions (OLR, HRT, and working volume) that may affect methanogens activity.
OLR represents the organic matter inside the digester, while HRT influences the contact time between
microorganism and feedstock. Feeding that occurs above sustainable OLR and HRT can upset the
anaerobic digestion due to the production of inhibiting substances inside the digester that can disturb
methanogen activity.
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During the experiment, we observed that biogas production was 2.5 times higher under
thermophilic condition than under mesophilic condition, wherein a larger difference of biogas
production can be seen at the end of the start-up period, particularly on the 40th day. An
underlying reason for this observation could the significant degradation rate of organic matters
at high temperatures [6]. This can be enlightened by the high COD removal that allowed the
degradation of more substrates into methane. High temperatures cause rapid reaction rates, leading to
the removal of large amounts of organic matters.

3.3. Substrate Removal

Yu et al. [27] indicated that COD removal could signify the amount of substrate converted to
methane. High COD removal indicates the successful conversion of substrates into methane. Figure 3
outlines the variation of COD removal during the acclimatization period. In the early stage, COD
removal under thermophilic and mesophilic conditions decreased: the former declined from 40.7% to
12.4% and the latter from 43.6% to 17.3%. This is due to the fact that methanogens did not appear to be
active during this period as COD removal for both mesophilic and thermophilic conditions continued
to decrease until the 12th and 16th days, respectively. Isik et al. [28] illustrated that the production rate
of VFA was remarkably higher than the utilization of VFA to methane at the early stage of anaerobic
digestion of methane, resulting in VFA accumulation. The excess VFA concentration retarded the
anaerobic digestion and eventually increased the COD effluent. Methanogens were less active at an
early stage of start-up and required some time before VFA consumption started. This statement was
also supported by the elevation in VFA concentrations under mesophilic and thermophilic conditions
in the same interval.

Figure 3. The range of COD removal for thermophilic and mesophilic effluents during the
acclimatization period. Notes: error bars show standard deviation of means (n = 3).

Subsequently, COD removal further increased from 12.4% to 38.8% and 17.3% to 39.2% on the 12th
and 16th days onward under thermophilic and mesophilic conditions, respectively. It is believed that
methanogens adapted to the new environment and started to consume the substrate that was proven
by the reduction in VFA effluent. Once methanogens already adjusted to the new environment, they
could effectively consume the feedstock, thereby increasing COD removal continuously. The period
wherein microorganisms acclimatize to the new environment is known as lag phase [29]. A long lag
phase is usually related to the substrate with high fiber content in feedstock [30]. In addition, pH
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values under thermophilic and mesophilic conditions increased on the 12th and 16th days, respectively,
thereby reflecting the ongoing production of methane by the methanogens. Corroborative findings
were reported by Wong et al. [24] and Teng et al. [31] based on their studies on the start-up operation.
For Wong et al. [24], an increased of COD removal started on the 10th day, whereas for Teng et al. [31],
it began to rise on the 21st day. COD removal in the study by Wong et al. [24], took a shorter time to
increase, indicating that methanogens adapted earlier to the new environment.

At the end of anaerobic digestion, COD removal reached the steady state. COD removal of
64.5% ± 0.2% was registered under the thermophilic condition, whereas COD removal of 58.5% ± 0.1%
was recorded under the mesophilic condition. The higher COD removal under the thermophilic
condition suggested better methanogen activity compared to the mesophilic condition, thereby enabling
the conversion of more substrates into methane. For biochemical reactions, increment in temperature
tends to escalate the rate of degradation. According to the van’t Hoff equation, increasing the
temperature by 10 ◦C doubles the reaction rate [32]. Similarly, this outcome is in agreement with
Jeong et al. [8] who found that COD removal in the thermophilic digester was slightly higher than that
in the mesophilic digester. Notably, the good result in COD removal also led to high biogas production
in their study.

3.4. Variation of Volatile Suspended Solid and Total Suspended Solid

The results of VSS and total suspended solid (TSS) were plotted over time as shown in Figure 4.
At the beginning of the experiment, VSS and TSS under thermophilic conditions decreased gradually
with time. Mesophilic condition trends were also the same under the thermophilic condition. The VSS
under mesophilic and thermophilic conditions decreased from 14.9 g/L to 12.0 g/L and from 16.7 g/L to
11.7 g/L, respectively, consistent with the results by Wong et al. [3] and Alrawi et al. [12], who stated that
VSS declined because methanogens still attempted to adjust to the new environment before starting
to grow. During this period, the methanogen colony was lower than the acidogenic bacteria that
were responsible for the production of hydrogen, carbon dioxide, and organic acid [33]. Thus, a high
concentration of acidogenic bacteria inhibited methanogen growth. The study by Wong et al. [24]
experienced that VSS decreased from 34,190 mg/L to 8940 mg/L during the first 7 days of operation.

Figure 4. The range of VSS and TSS for thermophilic and mesophilic conditions during the
acclimatization period. Notes: error bars show standard deviation of means (n = 3).

As can be observed in Figure 4, once anaerobic digestion reached the 40th day, VSS demonstrated
a constant reading with less than 5% variation under thermophilic and mesophilic conditions, thereby
indicating the final stage of the acclimatization period. Mesophilic and thermophilic digesters obtained
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VSS of 14.0 and 16.2 g/L before reaching the steady state, respectively. Teng et al. [31] found a similar
trend of VSS during acclimatization, in which VSS decreased at the beginning of acclimatization before
starting to increase. These results showed that VSS decreased by 21.5% after the 21st day of operation.
The high concentration of VSS at the end of the anaerobic digestion was found by Teng et al. [31],
indicating that good anaerobic digestion occurred. This result was also supported by high COD
removal in a similar duration. Mesophilic and thermophilic conditions showed a VSS:TSS ratio up to
0.78 and 0.79, respectively. The VSS:TSS ratio is essential for determining the rate of degradation of
suspended solids during anaerobic digestion. A high VSS:TSS ratio indicates a high degradation rate,
while a low ratio represents minimal consumption of organic matters in the digester. Sperling et al. [34]
propose that the VSS:TSS ratio should be typically between 0.70–0.85 during the anaerobic process.

Overall, higher VSS concentration was observed under the thermophilic condition with 11.1%
difference compared to that under the mesophilic condition, indicating better methanogen performance.
Microorganisms’ growth is dependent on aspects such as pH, temperature, and osmotic pressure. As
anticipated, enzyme reaction was slow at low temperatures, thereby halting their activity. As the
temperature increased, the chemical reaction also occurred at a higher rate and caused rapid cell growth.
Similar to high biogas production in the thermophilic digester, high VSS concentration was compatible
with the utilization of VFAs to produce methane. The same trend can be seen by Trisakti et al. [35] who
claimed that mesophilic digestion obtained lower VSS in the system with a 10.3% difference compared
to that in thermophilic digestion. The results in this study were consistent with those from Song et
al. [36], such that low VSS associated with the mesophilic condition corresponded to high residual
VFAs due to the low degradation rate.

3.5. Volatile Fatty Acids Production

Paritosh et al. [37] suggested that 65% of organic matter energy is in the form of VFA that can be
converted into methane. Figure 5 shows that acetic acid, butyric acid, and propionic acid are three
keys in VFAs that are responsible for methane production. The results were dominantly acetic acid
(3493.9 ± 926 mg/L), followed by butyric acid (640.9 ± 277 mg/L), and propionic acid (446.6 ± 260 mg/L)
in the mesophilic digester. The thermophilic digester also showed the same trend. The produced VFA
was dependent on the pH change. Acetic acid and butyric acid were produced at low pH. On the
other hand, high pH led to the production of propionic acid and acetic acid [38]. At an early start-up
period, thermophilic and mesophilic conditions showed high VFA concentrations due to inactivity of
the methanogen. Anaerobic digestion can be divided into four main phases (hydrolysis, acidogenesis,
acetogenesis, and methanogenesis). During acidogenesis, fermentative bacteria are responsible for
breaking down amino acids, fatty acids, and sugar into VFA. Therefore, high VFA concentrations were
observed at this interval. Yacob et al. [25] also achieved a high VFA concentration at this period, and
stated that VFAs accumulated from the initial start-up until they reached 970.0 mg/L as CH3COOH.
The high concentration of VFAs was unsuitable for anaerobic digestion because it may lead to low
pH that could hinder anaerobic digestion. Furthermore, washing out VSS in the system was another
likely cause of VFA accumulation that can lead to acidification [39]. Washout inside the digester
could be prevented by applying long enough HRT to retain methanogen inside the digester. Hence,
HRT does not affect the microorganism’s growth limit. Given the increased of biogas production
and COD removal with time, it was possible that the anaerobic digestion system could tolerate the
concomitantly-produced VFAs. Further observation revealed that VFAs under thermophilic and
mesophilic conditions subsequently started to decline as can be seen on the 12th and 16th days onward,
thereby indicating the increase in methanogens and their consumption of VFAs. COD removal also
began to increase simultaneously.
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Figure 5. The range of volatile fatty acid of thermophilic and mesophilic effluents during the
acclimatization period.

Moreover, it is noteworthy that the accumulation of the propionic acid could upset the biogas
production as it culminated at a lower conversion rate of methane than acetic acid and butyric acid. It is
known that low concentrations of propionic acid correlate with stable anaerobic digestion, whereas high
concentrations of propionic acid are associated with digestion failure [40]. Work done by Demirul and
Yanigun [41] recommends that propionic acid above 951.0 mg/L is not viable for anaerobic digestion.
Propionic acid with a concentration of 2.0 g/L inhibited cellulose degradation, whereas a concentration
of 4.0 g/L critically affected the degradation of glucose [42]. In this study, the concentration of propionic
acid did not affect the system—446.6 ± 260 and 174.5 ± 180 mg/L under mesophilic and thermophilic
conditions, respectively. The concentration of propionic acid must be controlled so that it does not
inhibit the anaerobic digestion process.

The results display that the mesophilic condition yielded nearly twice more VFAs than its
thermophilic counterpart. This result was supported by Kumar et al. [43] who discovered that VFAs
in the mesophilic digester were 30% higher than those in the thermophilic digester. Consequently, a
significant concentration of VFAs appeared to reduce biogas production and its stability due to the
reduction in pH that can cause toxicity to anaerobic digestion. It is believed that the high concentration
of VFAs under the mesophilic condition was due to the significantly lower conversion rate of VFA to
methane than the VFA production. In this process, the low temperature resulted in the low reaction
rate of methanogens to consume VFA.

3.6. Stability of The Digesters

The variation of pH over time for both thermophilic and mesophilic digestions is shown in
Figure 6. At the early stage, thermophilic pH dropped from 7.33 to 6.70. Similarily, under the
mesophilic condition, it declined from 7.40 to 6.60. Wong et al. [24] showed that in an early stage
of anaerobic digestion (1st to 10th day), the pH decreased from 6.95 to 5.11 due to the prevalence
of VFAs. Considerable amounts of VFA could upset the anaerobic digestion because they inhibit
methanogenesis. A problem occurs when methanogens do not have sufficient time to remove organic
acids, resulting in acid accumulation. Nevertheless, the anaerobic digestion system for both studies
remained stable because of the high total alkalinity that acted as a buffer to neutralize the resultant
VFAs. The reduction of pH at this interval did not critically affect the anaerobic digestion because
biogas production continued to increase with time.
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Figure 6. pH range of thermophilic and mesophilic effluents during the acclimatization period. Notes:
error bars show standard deviation of means (n = 3).

Later, pH of the mesophilic condition escalated on the 16th day while that of the thermophilic
condition increased on the 12th day. Thermophilic pH increased from 6.70 to 6.75, whereas the
mesophilic pH increased from 6.60 to 6.67. This indicates that the thermophilic digester took a shorter
time for the methanogens to utilize the VFAs. This outcome could be clarified by the observation
of lower VFAs and higher COD consumption within this duration. The consumption of VFAs by
methanogens in the production of biogas likely contributed to the increased pH in the system. At the
final stage of acclimatization, thermophilic and mesophilic pH only slightly fluctuated on the 36th and
48th days, respectively. Thus, anaerobic digestion reached a stable phase. Teng et al. [31] discovered a
pH of 8.47 at the steady state, which was slightly similar to that of this study, thereby reflecting high
COD removal efficiency. It is believed that the high COD removal represented the high removal of
VFAs that could lead to a high resultant pH.

As shown in Figure 6, the range of pH for both digesters was close to the neutral condition’s pH.
However, the recorded pH in the mesophilic digester was lower than that of the thermophilic digester
with a 3.8% difference. The same observation was also illustrated by Labatut et al. [44] who stated that
pH in the thermophilic condition was higher than that in mesophilic condition, corresponding to higher
total alkalinity. Likewise, Kardos et al. [45] who studied sewage sludge revealed a higher pH (7.90 ± 0.6)
in thermophilic digestion than in mesophilic digestion (7.60 ± 0.4) at the end of anaerobic digestion.
Song et al. [36] proposed that the high thermophilic pH could result from the high degradation rate of
nitrogenous compounds. Operating at high temperatures contributed to free ammonia formation. The
production of free ammonia led to increased pH during anaerobic digestion. The authors reported a
pH of 7.67 registered under the mesophilic digester, which was equivalent to 5.1% difference between
mesophilic and thermophilic digesters.

It can be observed from this research that the final pH attained from mesophilic and thermophilic
digestions was suitable for anaerobic digestion, in that it could yield satisfactory biogas production
and COD removal. The results were consistent with findings obtained by Alrawi et al. [14] and
Teng et al. [31], proving that methanogens were only active when pH was suitable for anaerobic
digestion (7.35 ± 0.2) due to their sensitivity to pH changes. Non-ideal pH out of the neutral condition
will impair biogas production. An excessively low pH is initiated by the accumulation of VFAs while
an unreasonably high one will result in the production of additional ammonia, which is not conducive
to the anaerobic process.
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3.7. Total Alkalinity

Total alkalinity and VFA are two effective parameters that can be utilized for monitoring the
progress of anaerobic digestion [46]. Total alkalinity acts as a pH buffer since it prevents rapid drastic
changes in pH. Buffering capacity in the system is a result of bicarbonate ion that responsible for
maintaining the pH between 6.50–7.60 [47]. Interestingly, the concentration of bicarbonate ion is
dependent on the concentration of carbon dioxide in the gas phase. The reduction of total alkalinity
can be an early sign of additional VFAs in the system, and for that reason the concentration of VFAs
must be controlled to avoid anaerobic digestion failure. Based on Figure 7, the thermophilic condition
exhibited a total alkalinity interval of 11,617 ± 4246 mg/L as CaCO3 which was 15.5% higher than that
under the mesophilic condition. Total alkalinity of thermophilic and mesophilic digesters increased
from the beginning of the anaerobic digestion until the 48th day before stabilization started. Both
pH and total alkalinity showed similar trends during the anaerobic digestion such that the increment
of total alkalinity was followed by the increment of pH. Kugelman et al. [48] pointed out that high
temperature could increase the breakdown of organic nitrogen into ammonium bicarbonate, which
could eventually produce high total alkalinity. Girardi et al. [49] described that high total alkalinity
was a result of successful VFA conversion into methane by methanogens. Total alkalinity and pH
exhibited a strong correlation with VFAs. Since successful consumption of substrate will result in a
low concentration of VFAs in the effluent, the pH and total alkalinity in the system will be high when
the concentration of VFAs is low. In direct comparison, the total alkalinity in this study was lower than
that in the study by Teng et al. [31], which was at 11,610 mg/L as CaCO3. Nevertheless, total alkalinity
in this study still led to superior biogas production and achieved high COD removal as the VFAs were
successfully balanced by total alkalinity in the system without resulting in VFA accumulation.

Figure 7. The range of total alkalinity for thermophilic and mesophilic effluents during the
acclimatization period. Notes: error bars show standard deviation of means (n = 3).

3.8. Overall Performance

Table 2 outlines the comparison of previous studies in the start-up period of anaerobic digestion of
methane with POME as the substrate except that this study uses acidified POME. The use of acidified
POME as feedstock for methane production has been explored by numerous researchers [20,50,51].
According to Krishnan et al. [52], acidified POME contains abundant acetogenic and methanogenic
bacteria, which were beneficial for the acceleration of anaerobic digestion. Acidified POME was an
outcome of hydrogen fermentation containing large energy that remained as VFAs. Thus, further
digestion of this effluent allowed the maximum recovery of energy from VFAs [51]. Moreover, it can
be clearly seen from the study conducted by Alrawi et al. [14], who deployed the highest OLR (3.4 g
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COD/L·d) and also the shortest HRT (20 days). The selection of OLR is vital for determining the stability
of anaerobic digestion. Operating at excessively high OLR can cause overloading of organic matter
inside the digester and eventually lead to anaerobic digestion failure. Meanwhile, the OLR used by
Alrawi et al. [14] was nearly three times higher than that in current study (1.2 g COD/L·d). Compared
to this study, the low OLR resulted in low methane production due to the insufficient substrate for
the methanogens to produce additional methane. In this case, the lack of substrate became a limiting
factor affecting methanogen growth. However, the production rate can still be enhanced by increasing
OLR gradually so that additional substrate can be used to improve methane production. Increasing
OLR slowly into the digester is crucial since methanogens require time to consume the substrate.
Furthermore, it is can be noticed that despite operating at different HRT and OLR levels, the pH values
of all studies were in a suitable range for methanogen growth (7.35 ± 0.2). The near-neutral pH value
indicated that no accumulation of VFA occurred during digestion. The build-up of VFAs can upset
anaerobic digestion because it leads to the reduction of pH and lowers biogas production. The pH
obtained was the highest at 7.30 achieved by Alrawi et al. [14] and Teng et al. [31] indicating a better
conversion of organic matter into methane compared to this study. As mentioned previously, high total
alkalinity significantly influences pH. The high pH achieved by Teng et al. [31] corresponded to the
highest total alkalinity among the studies. It was found that the results of the present study obtained
higher VFA concentration in the mesophilic condition than in thermophilic condition but negatively
affected anaerobic digestion as proven by the satisfactory methane production rate. Nevertheless, the
high concentration of VFA resulted in low total alkalinity and pH in the mesophilic digester.

Table 2. Comparison of previous studies on acclimatization anaerobic digestion of methane from palm
oil mill effluent.

ID Parameter [31] [14] Present Study

1 Substrate Palm oil mill effluent Palm oil mill effluent Acidified palm oil mill effluent

2
Hydraulic retention time
(days) & Organic loading

rate (g COD/L·d )

Hydraulic retention
time = 40

Organic loading
rate = 1.4

Hydraulic retention
time = 20

Organic loading
rate = 3.4

Hydraulic retention time = 30
Organic loading rate = 1.22

3 pH Mesophilic (7.30) Mesophilic (7.30) Mesophilic
(7.00)

Thermophilic
(7.20)

4 Total alkalinity (mg/L as
CaCO3) Mesophilic (11,610) N/D Mesophilic

(7792)
Thermophilic

(9540)

5 Volatile fatty acid (mg/L
as CH3COOH) N/D N/D Mesophilic

(4360.3)
Thermophilic

(2714.2)

6 Chemical oxygen
demand effluent (g/L) Mesophilic (14.4) Mesophilic (47.5) Mesophilic

(15.2)
Thermophilic

(14.3)

7 Production rate
(L-CH4/L·d) N/D N/D Mesophilic

(0.14)
Thermophilic

(0.34)

3.9. Statistical Analysis

Table 3 depicts the t-test results for biogas production under mesophilic and thermophilic
conditions by using IBM SPSS Statistics 23 and p < 0.05 was considered significant. The analysis
was carried out to determine whether the difference in temperatures (mesophilic and thermophilic)
had a significant effect on biogas production during the acclimatization period. Biogas productivity
is a beneficial indicator for determining the performance of the anaerobic digestion process. High
biogas productivity indicated that anaerobic digestion had been operated successfully under optimum
conditions. Based on the results, significance (2-tailed) was at 0.001. The obtained value was
below 0.05, thereby indicating that a statistically significant difference exists between mesophilic and
thermophilic conditions in biogas production. On the basis of the table, the thermophilic digester
(0.34 L-CH4/L·d) successfully produced more than twice the amount of biogas than the mesophilic
digester (0.14 L-CH4/L·d). This result verified that high thermophilic COD removal resulted in low
effluent VFAs.
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Table 3. Summary of t-test for the measured biogas production between mesophilic and
thermophilic conditions.

Independent Samples Test

Levene’s Test for
Equality of Variances

t-Test for Equality of Means

F Sig. t df
sig.

(2-tailed)
Mean

Difference

Productivity
Equal Variances

Assumed 13.920 0.001 3.745 30 0.001 0.206

Equal variances
not assumed 3.745 19 0.001 0.206

Group
Statistics

Condition N Mean
Std

Deviation
Std Error

Mean

Productivity Thermophilic 16 0.34 0.21 0.05
Mesophilic 16 0.14 0.08 0.02

4. Conclusions

In the current study, we evaluated the significance of understanding the operation monitoring and
acclimatization behavior during the anaerobic digestion of methane. Overall, the thermophilic digester
obtained better biogas production than the mesophilic digester, with a difference of approximately 50%
and required much shorter time to reach steady state during acclimatization compared to the mesophilic
digester on the 44th day for the former and the 52nd day for the latter. High temperatures allowed
enlarged substrate consumption, which was validated by high COD removal under the thermophilic
condition. It is often assumed that the high biomass concentration under the thermophilic condition
indicates good methanogenic activity to allow significant biogas production. This study emphasizes
the role of VFAs and total alkalinity in monitoring the stability of the anaerobic digestion process. Total
alkalinity in the system must be balanced with VFA concentration to avoid the accumulation of VFA
inside the digester, which could upset the anaerobic digestion performance. In this study, the high
concentration of VFAs under mesophilic and thermophilic conditions (4581.437 and 2765.106 mg/L as
CH3COOH, respectively) were well balanced with the total alkalinity of the system. As a result, no
significant decrease in pH was observed in the experiment. Precautionary steps must be considered to
avoid failure of the digestion process such as maintaining pH at neutrality during feeding for effective
methanogen growth. In conclusion, acclimatization must be operated under thermophilic conditions to
reach the steady state in a shorter amount of time and achieve higher biogas productivity compared to
mesophilic conditions. This paper demonstrates that the production of biogas inside the thermophilic
digester is almost twice that of the mesophilic digester, thereby justifying the operation at a larger
scale. Moreover, the operation of thermophilic digestion was more stable than that of mesophilic
digestion because it resulted in lower amounts of VFA. Commonly, raw POME was discharged at
high temperatures. In practical applications, operating under thermophilic conditions eliminated the
necessity for a cooling pond prior to feeding in the anaerobic digester.
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Abstract: The direct carbon fuel cell (DCFC) is an emerging technology for energy production.
The application of biomass in DCFCs will be a major transition from the use of coal to generate
energy. However, the relationship between biomass or biochar composition and the electrochemical
performance of a DCFC is yet to be studied. The performance of a DCFC using fuel sources
derived from woody and non-woody biomass were compared in this study. The effect of pyrolysis
temperature ranges from 550 ◦C to 850 ◦C on the preparation of biochar from rubber wood (RW)
and rice husk (RH) were evaluated for power generation from DCFCs. In addition, the effect of
applying chemical pre-treatment and post-treatment on biochar were further investigated for DCFC
performance. In general, the power density derived from rubber wood biochar is significantly
higher (2.21 mW cm−2) compared to rice husk biochar (0.07 mW cm−2). This might be due to the
presence of an oxygen functional group, higher fixed carbon content, and lower ash content in rubber
wood biochar. The acid and alkaline pre-treatment and post-treatment have altered the composition
with a lower ash content in rubber wood biochar. The structural and compositional alterations in
alkaline pre-treatment bring a positive effect in enhancing the power density from DCFCs. This study
concludes that woody biochar is more suitable for DCFC application, and alkaline pre-treatment in
the preparation of biochar enhances the electrochemical activity of DCFC. Further investigation on
the optimization of DCFC operating conditions could be performed.

Keywords: direct carbon fuel cell; biochar; pyrolysis; power density; pre-treatment; post-treatment

1. Introduction

Fuel cell technologies have recently attracted great attention owing to their advantages in producing
clean energy using renewable energy sources [1,2]. These technologies use simple electrochemical
processes to convert chemical energy into electrical energy. They differ from the fossil fuel energy
generation, which requires a complex conversion from heat energy to mechanical energy and to
electrical energy with lower efficiency that is limited by the Carnot efficiency [3]. Several types of
fuel cells have been investigated and targeted for different applications. In view of the utilisation
of biomass energy, direct carbon fuel cells (DCFC) have shown their potential as energy generation
devices using carbon fuel in high temperature operations. The success of this system can benefit the
chemical industry, in which waste heat energy can be integrated into the DCFC system to generate
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extra energy on-site. With a proper design of the DCFC system, it possesses the highest electrical
efficiency of almost 100% among all types of fuel cells [4,5].

In the current situation, commercial carbon black and coals have been studied as DCFC carbon
fuel for energy generation, with high energy efficiency obtained [4,5]. Nonetheless, these carbon
sources are non-renewable and, hence, they do not contribute to the carbon-neutral cycle. Recent
efforts have been focusing on searching for renewable carbon sources derived from biomass as a more
sustainable option. Several works have investigated different types of biomass to produce biochar as a
fuel source for DCFCs. The literature shows that the maximum power density achieved by different
types of biochars ranged from 12 to 185 mW cm−2, with the system operating at temperatures ranging
between 700 and 800 ◦C [6]. It can be observed that biomass categorised as woody-type, such as
almond shell [7], olive wood [8], and Acacia wood chips [9], obtain a relatively high power density of
nearly 100 mW cm−2 and above, as compared to non-woody biomass, which only produce a power
density of approximately 30 mW cm−2 and below. Among the many factors which would affect energy
production in the DCFC system, the type of fuel source plays a vital role. The conversion of biomass
into biochar using pyrolysis would alter the chemical composition of the fuel source and retain the
highest energy value in the form of carbon content [10]. For example, the carbon content of rubber
wood biochar after pyrolysis is approximately 97.3% [11], as compared to the raw rubber wood with a
carbon content of only 43.98% [12].

Besides this, the presence of impurities and different functional groups in the biochar was believed
to affect the DCFC performance as well [13,14]. It has been suggested that the differences in the
chemical composition between woody and non-woody biomass has led to a major difference in the
DCFC power density obtained. This is in line with the good cell performance of coal, with high power
density of 165.4 mW cm−2 due to the presence of high fixed carbon, 81.5%, which contributed to
the high chemical energy [15]. Besides the application of heat treatment, chemical treatment on the
biomass or biochar can alter the chemical composition of the biochar fuel source. Acid pre-treatment of
coal enhances the electrochemical activity in DCFCs, with an increment on oxygen-containing surface
functional groups increasing the current density [13]. In another study using oak sawdust treated with
nitric acid, the surface oxygen functional group increases and ash content reduces [16]. Thus, chemical
treatment could be required for the enhancement of the carbonaceous fuel for DCFCs. However, a lack
of study was observed on the comparison of pre-treatment and post-treatment in the preparation of
biochar for the application of DCFCs.

Therefore, this study aims to explore the potential of woody (rubber wood) and non-woody
(rice husk) biomass for DCFC application. In this research, the effect pyrolysis temperature on the
preparation of biochar from rubber wood and rice husk on DCFC performance was investigated. Initial
screening was conducted to choose the pyrolysis temperature that produces the biochar with the best
DCFC performance. Besides this, the effect of different pre-treatment and post-treatment methods in
biochar preparation on DCFC performance was investigated. Through this, the relationship between
the structural composition of biochar and the performance of the DCFC can be further discovered.

2. Materials and Methods

2.1. Pyrolysis of Biomass

The rice husk was collected from PLS Marketing (M) Sdn Bhd, Sekinchan, Selangor, and the
rubber wood biomass was collected from SYF Resources Bhd, Semenyih, Selangor. The biomass was
washed using distilled water at room temperature. Then, it was dried in an oven at 110 ◦C for 24 h.
The dried biomass was ground and sieved into particle size smaller than 500 μm. The pyrolysis process
was conducted using a horizontal split tube furnace (Carbolite, HST 1200) under a nitrogen feed flow
of 150 mL min−1. The untreated biochar was produced at different pyrolysis temperatures at 550 ◦C,
650 ◦C, 750 ◦C, and 850 ◦C with a heating rate of 10 ◦C min−1 for 60 min. All the samples were labelled
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as RW for rubber wood (RW550, RW650, RW750 and RW850) and RH for rice husk (RH550, RH650,
RH750 and RH850).

2.2. Direct Carbon Fuel Cell Performance

The DCFC setup used in this study was the same as that employed in previous studies [14]. Button
cell was placed on the sample holder and solid biochar was loaded on the anode. The biochar loading
in this study was 100 mg per run. Silver wire was used as the current collector at both the anode and the
cathode. Both the anode and the cathode chambers were compressed mechanically. Nitrogen flowed
through the anode at 200 mL min−1, whereas air flowed through cathode at 200 mL min−1. The DCFC
system was heated to 850 ◦C at a heating rate of 10 ◦C min−1. The electrochemical performance was
studied using potentiostat (Interface 1000E, Gamry Instrument). Upon reaching the target temperature,
open circuit potential (OCP) tests was performed at a scan rate of 1 mV s−1 using a potentiostat (Gamry,
Interface 1000E). The internal resistance was tested at a high frequency of 1 kHz [15].

2.3. Chemical Treatment in Biochar Preparation

The results of DCFC performance in Section 2.2 show that rice husk generally produced a much
lower power density compared to rubber wood. Hence, the effect of chemical treatment was further
investigated for rubber wood raw biomass and biochar only. The structure and chemical composition
of rubber wood biomass and biochar were further modified by applying acid and alkali treatments
under different conditions. Pre-treatments of the biomass and post-treatment of rubber wood biochar,
pyrolysed at 850 ◦C, were conducted using 2 mol dm−3 50 cm3 of HNO3 and 2 mol dm−3 50 cm3 NaOH
for 24 h. The experiment was conducted at room temperature with periodic stirring. A total of 2 g of
rubber wood were added into 25 mL of the acid and alkaline solution. The samples were thoroughly
washed with distilled water at room temperature until neutral pH was obtained [17]. The chemically
treated samples were subjected for DCFC performance testing.

2.4. Biochar Fuel Characterization

Biochar derived from rice husk and rubber wood were further subjected for characterization.
Proximate analysis of the raw rubber wood, raw rice husk raw, and biochar from these two biomasses
was carried out using the Thermogravimetric Analyzer (TGA800, Perkin Elmer). A total of 10 mg
of the sample was subjected to heating from room temperature to 110 ◦C under nitrogen gas flow
and was held for 20 min. Then, the temperature was ramped from 110 ◦C to 950 ◦C and was held for
20 min. Gas was switched to air flow at 950 ◦C and was held for another 20 min [18].

The presence of a surface functional group of biochar was analysed using Fourier transform
infrared (FTIR) (Spectrum100, Perkin Elmer) transmission analysis. The samples were analysed using
the attenuated total reflection (ATR) from 4000 cm−1 to 650 cm−1 at a resolution of 4 cm−1 [19].

The surface morphology of untreated and chemically treated biochar samples was further studied
via a variable pressure scanning electron microscope (VP-SEM) system (Hitachi S3400N-II). Samples
were applied with platinum coating prior to the imaging.

3. Results and Discussion

3.1. Effect of Pyrolysis Temperature on the Biochar Characteristics

3.1.1. Biochar Yield at Different Pyrolysis Temperatures

Biochar yield for both woody and non-woody biomass shows a similar decreasing trend as the
pyrolysis temperature was increased. The biochar yield decreased from 28% to 21.3% for rubber wood
and 33.9% to 31.4% for rice husk. A similar trend was reported for the biochar production using corn
straw pellets [1]. The results in Table 1 also show that different types of biomass generate a different
biochar yield.
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Table 1. Biochar yield from woody and non-woody biomass pyrolysed under different temperature.

Pyrolysis Condition Rice Husk (%) Rubber Wood (%)

550 ◦C 33.9 ± 0.26 28.0 ± 0.35
650 ◦C 33.6 ± 0.05 25.4 ± 0.10
750 ◦C 33.1 ± 0.05 24.6 ± 0.34
850 ◦C 31.4 ± 0.01 21.3 ± 1.40

3.1.2. Proximate Analysis for Biochar Characterization

The proximate analysis and weight loss of the biochar generated from different biomass sources
are represented in Table 2 and Figure 1, respectively. The first mass loss observed at temperatures
below 110 ◦C for all samples in Figure 1 was due to the removal of moisture. An increasing trend in the
percentage of moisture was observed with the increase in pyrolysis temperature. The higher moisture
content might be due to the hygroscopic characteristic of biochar pyrolysed at higher temperature,
reabsorbing moisture from the surroundings [20]. The pyrolysed biochar for both rice husk and rubber
wood show a significant decrease in volatile matter and increase in fixed carbon content as pyrolysis
temperature increased. The production of volatile matter is due to the breakdown of carbohydrate
fraction at higher temperatures [21]. Rubber wood biochar contains a higher fixed carbon content
compared to rice husk in general. This might be attributed to the higher lignin and cellulose contents
in raw rubber wood compared to rice husk. A maximum fixed carbon content of 67.0% was obtained
from rubber wood, as compared to only 43.4% from rice husk.

Rubber wood-derived biochar has a significantly reduced ash content compared to rice husk.
Fuel sources with lower ash content are reported to produce a better performance in DCFCs [16].
Generally, the ash content in rubber wood biochar reduces as the pyrolysis temperature increases. This
might be attributed to the volatilization of inorganic compounds into gas or liquids at higher pyrolysis
temperatures [22]. Conversely, pyrolysis temperature did not have a significant impact on the ash
content in rice husk derived biochar. The high ash content may be attributed to the presence of a
high silica content in the raw biomass. From Figure 1, it can be observed that the thermal stability
of pyrolysed biochar increases compared to the raw biomass. The weight losses start at 550 ◦C for
rice husk biochar, whilst significant weight losses of rubber wood start at 650 ◦C, showing that rubber
wood possesses a higher thermal stability compared to rice husk.

Table 2. Proximate analysis of raw biomass and biochar.

Type of Biochar Moisture (%) Volatile Matter (%) Fixed Carbon (%) Ash (%)

Raw RH 11.5 58.5 10.3 19.7
RH550 3.5 40.9 19.5 36.1
RH650 5.2 18.2 41.6 35.1
RH750 6.7 12.9 42.7 37.7
RH850 7.3 11.9 43.4 37.4

Raw RW 10.4 59.9 11.1 18.6
RW550 7.5 23.8 62.0 6.7
RW650 8.1 22.4 67.0 2.5
RW750 10.8 24.0 62.7 2.4
RW850 14.2 21.8 62.0 2.0
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Figure 1. Thermogravimetric analysis curves for (a) rice husk derived biochar, (b) rubber wood
derived biochar.

3.1.3. Surface Functional Analysis of Untreated Biochar

FTIR analysis allows the detection of the functional groups in biochar prepared at different
pyrolysis temperatures. Figure 2 shows the FTIR spectra for rubber wood biochar and rice husk
biochar. Prominent changes in the rubber wood biochar compared to the raw rubber wood were
observed. A peak was observed at 1567 cm−1 for RW550, and this was broadened with the increase in
pyrolysis temperature. This represents the aromatic C=C and C=O stretching of conjugated ketones
and quinones, which suggests the presence of phenolic and carboxylic compounds in lignin increases
in rubber wood biochar as pyrolysis temperature increases [22]. The peaks in the range of 1230 cm−1

to 1032 cm−1 (symmetric C=O stretching that presents in cellulose, hemicellulose, and lignin) [23]
of raw rubber wood, decomposed further after an increase in pyrolysis temperature. This shows
that the volatile matter starts to decompose after a pyrolysis temperature of 550 ◦C, and a broadened
peak at approximately 1030 cm−1, which possibly shows the trait of a C–C–O asymmetric stretch, was
formed [19]. The formation of peaks in the range of 3000–2900 cm−1 when rubber wood biochar was
pyrolysed at a temperature higher than 650 ◦C shows the presence of aliphatic C–H groups.

In addition, new peaks formed at approximately 1800 cm−1 (ester group) after the biomass was
pyrolysed. This can be attributed to the interaction between cellulose and lignin during the heating
of the rubber wood samples [24]. The changes of the bands at the region of 1000–1400 cm−1 show
the band for C–O, the oxygen-containing functional groups, whereas O–H stretching vibrations are
represented at the range of 3000–3445 cm−1 [25]. These peaks increased in intensity with the increase
in pyrolysis temperature. This phenomenon might be caused by the increased moisture content in
biochar produced at higher pyrolysis temperatures [26]. This activity may have resulted from the
cracking and reforming reactions of aromatic hydrocarbons in the biochar [27].

Rice husk biochar has significant peaks in the range of 1090 cm−1 (Si–O–Si) and 788 cm−1 (Si–H),
which represent the silica functional group [28]. This has a close similarity with the proximate analysis
in Section 3.1.2 of rice husk biochar, which shows a higher ash content, which might be attributed to
the high silica content in all the range of pyrolysed biochar.

As shown by the FTIR results, rubber wood biochar has a higher amount of surface oxygen
functional groups compared to the rice husk. In a separate study with treated coal as the fuel source,
more oxygen functional groups were produced, which contributed to higher electrochemical activity
of 26 mW cm−2 compared to pyrolysed untreated coal at 750 ◦C, which produces only 8 mW cm−2.
This shows that the oxygen functional group facilitates the electrochemical kinetics [13] and provides a
large number of reactive sites for the anode reaction [4].
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Figure 2. FTIR spectra for rice husk derived biochar (a) RH Raw, (b) RH550, (c) RH650, (d) RH750,
(e) RH850; rubber wood derived biochar (f) RW Raw, (g) RW550, (h) RW650, (i) RW750, (j) RW850.

3.2. DCFC Performance Test with Biochar

DCFC performance tests were carried out by applying the solid carbonaceous fuel directly onto
the button cell of the DCFC. Figure 3a,b shows the polarization curve of both rice husk and rubber
wood biochar samples from various pyrolysis temperatures. From the figures, a rapid fall in the
OCP for all rice husk derived biochar might be attributed to the activation resistance, as observed
in other studies using activated carbon as the solid fuel [5]. However, a fast decrease with unstable
potential change at a higher current density might show that the fuel consumption is faster than it
is supplied to the electrode, which refers to the mass transport limitation [5]. By referring to the
maximum power density, as shown Table 3, rubber wood biochar was shown to possess higher
electrochemical activity (1.49–2.21 mW cm−2) than rice husk biochar (0.05–0.07 mW cm−2), disregard
to the pyrolysis temperature in the biochar preparation. This indicates that woody biomass possesses a
better electrochemical oxidation ability than non-woody biochar.
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Figure 3. Polarization curves of (a) rice husk derived biochar, (b) rubber wood derived biochar from
DCFC at 850 ◦C.

Table 3. Electrochemical data for untreated rubber wood and rice husk derived biochar from DCFC at
850 ◦C.

Parameter RW550 RW650 RW750 RW850 RH550 RH650 RH750 RH850

OCP (V) 0.77 ± 0.03 0.78 ± 0.02 0.75 ± 0.01 0.76 ± 0.01 0.86 ± 0.01 0.86 ± 0.01 0.80 ± 0.02 0.82 ± 0.01
i at 0.7 V

(mA cm −2) 0.69 ± 0.19 0.79 ± 0.17 0.54 ± 0.16 0.75 ± 0.13 0.04 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.07 ± 0.01

i at 0.4 V
(mA cm −2) 3.64 ± 0.01 3.95 ± 0.13 4.19 ± 1.16 5.44 ± 0.86 0.09 ± 0.02 0.19 ± 0.04 0.17 ± 0.04 0.13 ± 0.03

i at 0.1 V
(mA cm −2) 7.60 ± 0.41 7.31 ± 0.75 8.57 ± 1.09 10.65 ± 1.03 0.11 ± 0.04 0.26 ± 0.01 0.21 ± 0.04 0.18 ± 0.05

Pmax
(mW cm −2) 1.49 ± 0.03 1.59 ± 0.05 1.74 ± 0.42 2.21 ± 0.33 0.05 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.06 ± 0.01

The relatively low power density and quick potential drop observed in rice husk biochar could
be attributed to the high ash content (ca. 36–37%). It was believed that the ash, which is mainly
from silica content, acted as a barrier for the carbon to be in contact with the anode surface, and thus
severely blocked the active sites of the anode for oxidation [29]. This is consistent with the presence of
a silica functional group in the FTIR analysis, as depicted in Figure 2. In contrast, a lower ash content
in woody biochar contributes to a better electrochemical activity, with a maximum reported power
density value of 2.21 mW cm−2 at RW850. In addition, the higher composition of fixed carbon in rubber
wood biochar samples could also possibly contribute to their better performance, due to a better fuel
utilisation per active surface area. Rubber wood pyrolysed at 850 ◦C shows a slightly higher reactivity
with the highest power density. In general, the electrochemical reactivity for rubber wood-derived
biochar increases to the order of the rising pyrolysis temperature, from 550 ◦C to 850 ◦C.

The resistance of the cell was characterized by impedance spectra, as depicted in Figure 4. A small
polarization arc was observed for all the rubber wood derived biochar. This suggests that the lower the
resistance is, the more it contributes to better electrochemical activity, having a higher power density
(1.49–2.21 mW cm−2). Similarities were observed in another study with carbon black as the solid fuel,
producing a power density output of 13.0 mW cm−2 with a lower resistance value (fuel cell operated
at 900 ◦C) compared to the output of 3.6 mW cm−2 (fuel cell operated at 700 ◦C), which possessed
a higher resistance value [30]. In contrast, a different trend was observed for the rice husk derived
biochar, with all the samples showing a high polarization arc. Rice husk had a lower power density
(0.05–0.07 mW cm−2) with impedance spectra of a larger polarization, showing the presence of a charge
transfer limit which is unfavorable for DCFC operation. A high polarization arc might have resulted
from the difficulties in the transportation of the oxidants at the current collector and the electrode
boundary, thus limiting the electrochemical activity [15].
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Figure 4. Electrochemical impedance spectra of DCFC at 850 ◦C for untreated rubber wood and rice
husk biochar: (a) RW550, (b) RW650, (c) RW750, (d) RW850, (e) RH550, (f) RH650, (g) RH750, (h) RH850.

3.3. Effect of Pre-Treatment and Post-Ttreatment on Rubber Wood Biochar Production

From Section 3.1, rubber wood biochar pyrolysed at 850 ◦C recorded the best DCFC performance
with the highest power density. The results show that the structural and chemical compositions of the
biochar might have a significant impact on the DCFC performance. Hence, the structural and chemical
composition of biochar was further altered with different chemical pre-treatment and post-treatment
methods to study its effect on DCFC performance. Chemical treatments were conducted for the rubber
wood biomass only as it possessed a higher electrochemical activity compared to the rice husk.

3.3.1. Biochar Yield of Pre-Treated and Post-Treated Woody Biochar

Table 4 shows the biochar yield when rubber wood was subjected to acid and alkaline pre-
and post-treatment. In general, a slightly higher biochar yield was obtained from pre-treated
alkali RW. In general, pre-treated samples gave a higher biochar yield compared to post-treated
samples. The excessive washing imposed on biochar from the post-treatment might have caused the
reduced yield.
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Table 4. Biochar yield for chemically treated rubber wood biochar, pyrolysed at 850 ◦C.

Pyrolysis Condition Biochar Yield, %

Post acid RW 22.0 ± 0.85
Post alkali RW 24.9 ± 0.49

Pre-treated acid RW 25.5 ± 4.44
Pre-treated alkali RW 31.8 ± 0.32

3.3.2. Proximate Analysis of Chemically Modified Rubber Wood Biochar

Table 5 presents the proximate analysis of post-treated and pre-treated rubber wood. The post-treated
acid biochar possessed a lower moisture content among the treated samples. Besides this, chemical
treatment aids in ash content reduction, as reported in all the treated samples. Pre-treated acidic RW shows
a better demineralization effect compared to the alkali application in the pre-treatment technique. This is
supported by a study using oak sawdust, which produced a lowered ash content after acid pre-treatment.
The substantial reduction of ash removal via nitric acid removed the alkaline earth metals, such as ferric
oxide and calcium oxide [16].

However, not much difference was observed for the content of fixed carbon. The major differences
were observed in acid pre-treated rubber wood, which provides higher fixed carbon, 76.5%, and lower
volatile matter, 11.3% compared to the untreated and other treated samples. Higher fixed carbon
may contribute by the further disintegration of volatile fractions into a smaller molecular weight [15].
Post-treated acid biochar leads to higher volatile matter content, and this may contribute to nitration
and oxidation effects during the process nitric acid treatment [13].

Table 5. Proximate analysis of chemical treated carbon fuel.

Type of Biochar Moisture (%) Volatile Matter (%) Fixed Carbon (%) Ash (%)

Post acid RW 9.4 32.9 56.2 1.5
Post alkali RW 16.4 31.3 63.4 -

Pre-treated acid RW 10.4 11.3 76.5 0.8
Pre-treated alkali RW 11.9 25.3 55.1 2.3

3.3.3. Surface Functional Study of Chemically Modified Rubber Wood Biochar

Figure 5 shows the spectra for chemically treated rubber wood for both pre-treatment and
post-treatment techniques. It is evident that chemical treatment on biochar and biomass aids in the
surface chemistry modification and disruption of structural components. The reduction of peaks
at the range of 1500 cm−1, which represents aromatic C=C and C=O stretching, shows that there
is lignin decomposition after the chemical treatment. The peak reduction was greatly noticed in
alkali pre-treatment and post-treatment. As discussed earlier in Section 3.1.3, the peak at the range of
1230 cm−1 to 1032 cm−1, which contributes to symmetric C=O, was greatly reduced for pre-treated
biochar compared to post-treated biochar. This suggests that the pre-treatment by acid and alkaline
contributed to a major disruption of cellulose, hemicellulose, and lignin. Peak intensity at the range
of 2300 cm−1 to 1900 cm−1 increased compared to untreated RW850. This peak may be attributed to
the carboxyl and carbonyl functional group, observed for all the chemical-treated biochar samples.
In addition, a new peak formation was observed at the range of 1800 cm−1, which represents C=C
for alkanes and aromatics [31]. A broad peak at 700 cm−1 was observed in pre-treated alkali RW,
suggesting the presence of -OH out of plane bending modes [19]. It was observed that pre-treated
alkali RW possessed higher oxygen surface functional groups compared to other chemically treated
rubber wood derived biochar.
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Figure 5. FTIR spectra for chemically treated rubber wood derived biochar: (a) post alkali RW, (b) post
acid RW, (c) pre-treated alkali RW, (d) pre-treated acid RW.

3.3.4. Surface Morphology of Untreated Biochar and Modified Woody Biochar

Figure 6 shows the SEM morphology comparison between the untreated biochar derived from
rubber wood, post-treated rubber wood biochar, and pre-treated rubber wood biochar at two different
magnifications. The SEM images in Figure 6 show that there are no significant structural changes
observed between the chemically treated biochar samples. Despite high temperature pyrolysis and
chemical treatments, biomass structures and tissue morphology still remain intact.

 
Magnification at 700×. 

Figure 6. Cont.
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Magnification at 6500×.  

Figure 6. Scanning Electron Microscope (SEM) images of untreated and chemical treated RW biochar
pyrolysed at 850 ◦C. (a) untreated RW850; (b) post acid RW; (c) post alkali RW; (d) pre-treated acid RW;
(e) pre-treated alkali RW; (f) untreated RW850; (g) post acid RW; (h) post alkali RW; (i) pre-treated acid
RW; (j) pre-treated alkali RW.

3.3.5. DCFC Performance Test with Direct Solid Fuel of Modified Woody Biochar

From the results shown in Table 6, rubber wood biochar produced from the alkali pre-treatment
and alkali post-treatment have given higher OCP values of 0.77 V and 0.76 V, respectively, compared to
acidic post-treatment and acidic pre-treatment. A rapid potential reduction at lower current densities
was observed for all the other chemically treated biochar samples compared to the pre-treated alkali
RW, as shown in Figure 7. This further explains that the biochar samples were affected by activation
polarization at lower current densities [7]. This might be attribute to the application of the solid
fuel biochar directly to the button cell, causing the lack of activation energy needed for the electron
movement at both the cathode and anode [15].

Based on Table 6, the power density of alkali pre-treated biochar (power density of 2.94 mW cm−2)
shows a better result compared to the post-treatment method. Based on the DCFC performance, alkali
treatment in both conditions showed its suitability as an agent to modify the structure of rubber wood
chemically, as it produced a higher power density compared to acid-treated biochar. This might be
attributed to the function of alkaline in lignin removal and decomposition during treatment, which
exposes more surface oxygen functional groups, that aid in better electrochemical activity. On the
other hand, the power density was still higher in untreated rubber wood biochar compared to the
acid-treated biochar in both post and pre-treated techniques. This suggests that the acid treatment
on rubber wood did not enhance the electrochemical activity, further demonstrating that excessive
degradation to the structure of biochar caused by acid treatment might not be favorable for rubber
wood biochar for DCFC application. Besides, acid pre-treatment causes demineralization, which
reduces the ash content [32]. However, the reduction of minerals from the acid treatment may leach
out some minerals, that may act as a catalyst in enhancing DCFC performance.
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Figure 7. Polarization curve of chemical treated rubber wood derived biochar at pyrolysis temperature
of 850 ◦C.

Table 6. Electrochemical data for chemical treatment of rubber wood derived biochar at pyrolysis
temperature of 850 ◦C.

Parameter Post Acid RW Post Alkali RW Pre-Treated Acid RW Pre-Treated Alkali RW

OCP (V) 0.74 ± 0.00 0.76 ± 0.00 0.74 ± 0.03 0.77 ± 0.02
i at 0.7 V (mA cm−2) 0.51 ± 0.04 0.79 ± 0.06 0.41 ± 0.20 1.15 ± 0.01
i at 0.4 V (mA cm−2) 3.54 ± 0.43 5.27 ± 0.50 3.36 ± 0.36 7.23 ± 1.18
i at 0.1 V mA cm−2) 6.81 ± 0.65 9.75 ± 0.73 6.66 ± 0.48 14.36 ± 1.75

Pmax (mW cm−2) 1.44 ± 0.18 2.13 ± 0.19 1.36 ± 0.15 2.94 ± 0.47

Figure 8 presents the electrochemical impedance spectra for chemically-treated rubber wood
biochar samples. Alkali treatment (both pre and post) shows a greatly lowered polarization compared to
other chemically-treated biochar samples. Higher polarization may be attributed to the presence of the
activation resistance and concentration resistance that occurs during the cell reaction mechanism [20].
This might be the reason for a higher DCFC performance by alkali pre-treated biochar.

Figure 8. Electrochemical impedance spectra of DCFC for chemically treated rubber wood biochar:
(a) pre-treated alkali RW; (b) pre-treated acid RW; (c) post alkali RW; (d) post acid RW.
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4. Conclusions

This study explored the potential of biochar derived from woody and non-woody biomass as
a fuel source for direct carbon fuel cells. The effect of pre-treatment and post-treatment on biochar
was further evaluated through DCFC performance. A higher power density was generated by rubber
wood biochar as compared to rice husk-derived biochar. The higher fixed carbon, lower ash content,
and the presence of a surface oxygen functional group in rubber wood biochar might contribute to
the better performance. The pre-treated alkali rubber wood biochar pyrolysed at 850 ◦C produced
the highest power density, 2.94 mW cm−2. Rubber wood biochar obtained from acidic pre-treatment
and post-treatment generally produced a lower power density from DCFCs. Acid solution might
leach out the minerals from biochar that are potential catalysts for the oxidation reaction. Conversely,
alkali pre-treatment and post-treatment would retain the minerals and increase the surface functional
groups in biochar that contribute to the improved DCFC performance. Further study on optimizing the
operating conditions of DCFCs can be conducted to fully understand the significant factors affecting
DCFC performance.

Author Contributions: Conceptualization, W.Y.W., L.W.Y. and S.-T.Y.; Methodology, W.Y.W., L.W.Y., and L.K.P.;
Formal analysis and investigation, L.K.P.; writing—original draft preparation, L.K.P.; writing—review and editing,
L.W.Y. and M.M.P.; supervision, L.W.Y., W.Y.W. and M.M.P.; project administration, W.Y.W., L.W.Y.; funding
acquisition, W.Y.W., L.W.Y.

Funding: The research was funded by Taylor’s University research grant scheme (TRGS/ERFS/2/2016/SOE/003)
and Universiti Kebangsaan Malaysia’s research grant (GUP-2018-013).

Acknowledgments: The author would like to thank the financial support by Taylor’s University research grant
scheme (TRGS/ERFS/2/2016/SOE/003) and Universiti Kebangsaan Malaysia’s research grant (GUP-2018-013).
This paper is an extended and revised article presented at the International Conference on Sustainable Energy and
Green Technology 2018 (SEGT 2018) on 11–14 December 2018 in Kuala Lumpur, Malaysia.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Mahmud, L.S.; Muchtar, A.; Somalu, M.R. Challenges in fabricating planar solid oxide fuel cells: A review.
Renew. Sustain. Energy Rev. 2017, 72, 105–116. [CrossRef]

2. Shaikh, S.P.S.; Muchtar, A.; Somalu, M.R. A review on the selection of anode materials for solid-oxide fuel
cells. Renew. Sustain. Energy Rev. 2015, 51, 1–8. [CrossRef]

3. O’Hayre, R.; Cha, S.W.; Colella, W.; Prinz, B.F. Fuel Cell Fundamentals, 2nd ed.; John Wiley & Sons: Hoboken,
NJ, USA, 2009; pp. 3–20.

4. Li, X.; Zhu, Z.H.; Marco, R.D.; Dicks, A.; Bradley, J.; Liu, S.; Lu, G.Q. Factors that determine the performance
of carbon fuels in the direct carbon fuel cell. Ind. Eng. Chem. Res. 2008, 47, 9670–9677. [CrossRef]

5. Li, X.; Zhu, Z.H.; Chen, J.; Marco, R.D.; Dicks, A.; Bradley, J.; Lu, G.Q. Surface modification of carbon fuels
for direct carbon fuel cells. J. Power Sources 2009, 186, 1–9. [CrossRef]

6. Jafri, N.; Wong, W.Y.; Doshi, V.; Yoon, L.W.; Cheah, K.H. A review on production and characterization of
biochars for application in direct carbon fuel cells. Proc. Saf. Environ. Prot. 2018, 118, 152–166. [CrossRef]

7. Elleuch, A.; Boussetta, A.; Yu, J.; Halouani, K.; Li, Y. Experimental investigation of direct carbon fuel cell
fueled by almond shell biochar: Part II. Improvement of cell stability and performance by a three-layer
planar configuration. Int. J. Hydrog. Energy 2013, 38, 16605–16614. [CrossRef]

8. Elleuch, A.; Halouani, K.; Li, Y. Investigation of chemical and electrochemical reactions mechanism in a direct
carbon fuel cell using olive wood charcoal as sustainable fuel. J. Power Sources 2015, 281, 350–361. [CrossRef]

9. Dudek, M.; Socha, R. Direct electrochemical conversion of the chemical energy of raw waste wood to electrical
energy in tubular direct carbon solid oxide fuel cell. Int. J. Electrochem. Sci. 2014, 9, 7414–7430.

261



Energies 2019, 12, 2477

10. Tripathi, M.; Sahu, J.N.; Ganesan, P. Effect of process parameters on production of biochar from biomass
waste through pyrolysis: A review. Renew. Sustain. Energy Rev. 2016, 55, 467–481. [CrossRef]

11. Ghani, W.A.W.A.K.; Mohd, A.; Silva, G.D.; Bachmann, R.T.; Taufiq, Y.; Yun, H.; Raashid, U.; Al-Muhtaseb, A.
Biochar production from waste rubber-wood-sawdust and its potential use in C sequestration: Chemical
and physical characterization. Ind. Crops Prod. 2013, 44, 18–24. [CrossRef]

12. Srinivasaakannan, C.; Bakar, M.Z.A. Production of activated carbon from rubber wood sawdust.
Biomass Bioenergy 2004, 27, 89–96. [CrossRef]

13. Li, X.; Zhu, Z.; Marco, R.D.; Bradley, J.; Dicks, A. Modification of coal as a fuel for the direct carbon fuel cell.
J. Phys. Chem. A 2010, 114, 3855–3862. [CrossRef] [PubMed]

14. Palniandy, L.K.; Wong, W.Y.; Yap, J.J.; Doshi, V.; Daud, W.R.W. Effect of alkaline pre-treatment on rice
husk-derived biochar for direct carbon fuel cell. J. Eng. Sci. Technol. 2017, 84–100.

15. Chien, A.C.; Arenillas, A.; Jiang, C.; Irvine, J.T.S. Performance of direct carbon fuel cells operated on coal and
effect of operation mode. J. Electrochem. Soc. 2014, 161, F588–F593. [CrossRef]

16. Zhang, J.; Zhong, Z.; Zhao, J.; Yang, M.; Li, W.; Zhang, H. Study on the preparation of activated carbon for
direct carbon fuel cell with oak sawdust. Can. J. Chem. Eng. 2012, 90, 762–768. [CrossRef]

17. Cao, D.; Wang, G.; Wang, C.; Wang, J.; Lu, T. Enhancement of electrooxidation activity of activated carbon for
direct carbon fuel cell. Int. J. Hydrog. Energy 2010, 35, 1778–1782. [CrossRef]

18. Lim, S.H.; Yong, S.T.; Ooi, C.W.; Doshi, V.; Daud, W.R.W. Pyrolysis of palm waste for the application of direct
carbon fuel cell. Energy Proc. 2014, 61, 878–881. [CrossRef]

19. Ghani, W.A.W.A.K. Sawdust-derived biochar: Characterization and CO2 adsorption/desorption study.
J. Appl. Sci. 2014, 14, 1450–1454. [CrossRef]

20. Adam, C.R.; Giddey, S.; Kulkarni, A.; Badwal, S.P.S.; Bhattacharya, S.; Ladewig, B. Direct carbon fuel cell
operation on brown coal. Appl. Energy 2014, 120, 56–64.

21. Park, J.; Hung, I.; Gan, Z.; Rojas, O.J.; Lim, K.H.; Park, S. Activated carbon from biochar: Influence of its
physicochemical properties on the sorption characteristics of phenanthrene. Bioresour. Technol. 2013, 149,
383–389. [CrossRef]

22. Zhao, S.X.; Ta, N.; Wang, X. Effect of temperature on structural and physicochemical properties of biochar
with apple tree branches as feedstock material. Energies 2017, 10, 1293. [CrossRef]

23. Ahmad, M.; Lee, S.S.; Dou, X.; Mohan, D.; Sung, J.; Yang, J.E.; Ok, Y.S. Effects of pyrolysis temperature on
soybean stover- and peanut shell-derived biochar properties and TCE adsorption in water. Bioresour. Technol.
2012, 118, 536–544. [CrossRef] [PubMed]

24. Worasuwannarak, N.; Sonobe, T.; Taanthapanichakoon, W. Pyrolysis behaviors of rice straw, rice husk, and
corncob by TG-MS technique. J. Anal. Appl. Pyrolysis 2007, 78, 265–271. [CrossRef]

25. Leng, L.; Yuan, X.; Zheng, G.; Shao, J.; Chen, X.; Wu, Z.; Wang, H.; Peng, X. Surface characterization of rice
husk bio-char produced by liquefaction and application for cationic dye (Malachite green) adsorption. Fuel
2015, 155, 77–85. [CrossRef]

26. Claoston, N.; Samsuri, A.W.; Ahmad Husni, M.H.; Mohd Amran, M.S. Effects of pyrolysis temperature on
the physicochemical properties of empty fruit bunch and rice husk biochars. Waste Manag. Res. 2014, 32,
331–339. [CrossRef] [PubMed]

27. Xiong, S.; Zhuo, J.; Zhang, B.; Yao, Q. Effect of moisture content on the characterization of products from the
pyrolysis of sewage sludge. J. Anal. Appl. Pyrolysis 2013, 104, 632–639. [CrossRef]

28. Wei, L.; Huang, Y.; Li, Y.; Huang, L.; Mar, N.N.; Huang, Q.; Liu, Z. Biochar characteristics produced from rice
husks and their sorption properties for the acetanilide herbicide metolachlor. Environ. Sci. Pollut. Res. 2017,
24, 4552–4561. [CrossRef]

29. Ahn, S.Y.; Seong, Y.E.; Young, H.R.; Yon, M.S.; Cheor, E.M.; Gyung, M.C.; Duck, J.K. Utilization of wood
biomass char in a direct carbon fuel cell (DCFC) system. App. Energy 2013, 105, 207–216. [CrossRef]

30. Nabae, Y.; Pointon, K.D.; Irvine, J.T.S. Electrochemical oxidation of solid carbon in hybrid DCFC with solid
oxide and molten carbonate binary electrolyte. Energy Environ. Sci. 2008, 1, 148–155. [CrossRef]

262



Energies 2019, 12, 2477

31. Angin, D. Effect of pyrolysis temperature and heating rate on biochar obtained from pyrolysis of safflower
seed press cake. Bioresour. Technol. 2013, 128, 593–597. [CrossRef]

32. Dudek, M. On the utilization of coal samples in direct carbon solid oxide fuel cell technology. Solid State Ion.
2015, 271, 121–127. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

263





energies

Article

Modification of a Direct Injection Diesel Engine in
Improving the Ignitability and Emissions of
Diesel–Ethanol–Palm Oil Methyl Ester Blends †

Norhidayah Mat Taib, Mohd Radzi Abu Mansor * and Wan Mohd Faizal Wan Mahmood

Department of Mechanical Engineering, Faculty of Engineering and Built Environment, Universiti Kebangsaan
Malaysia, UKM Bangi 43600, Selangor, Malaysia
* Correspondence: radzi@ukm.edu.my
† This paper is an extended and revised article presented at the International Conference on Sustainable Energy

and Green Technology 2018 (SEGT) on 11–14 December 2018 in Kuala Lumpur, Malaysia.

Received: 13 May 2019; Accepted: 6 July 2019; Published: 10 July 2019

Abstract: Blending diesel with biofuels, such as ethanol and palm oil methyl ester (PME), enhances
the fuel properties and produces improved engine performance and low emissions. However,
the presence of ethanol, which has a small cetane number and low heating value, reduces the fuel
ignitability. This work aimed to study the effect of injection strategies, compression ratio (CR), and air
intake temperature (Ti) modification on blend ignitability, combustion characteristics, and emissions.
Moreover, the best composition of diesel–ethanol–PME blends and engine modification was selected.
A simulation was also conducted using Converge CFD software based on a single-cylinder direct
injection compression ignition Yanmar TF90 engine parameter. Diesel–ethanol–PME blends that
consist of 10% ethanol with 40% PME (D50E10B40), D50E25B25, and D50E40B10 were selected and
conducted on different injection strategies, compression ratios, and intake temperatures. The results
show that shortening the injection duration and increasing the injected mass has no significant effect
on ignition. Meanwhile, advancing the injection timing improves the ignitability but with weak
ignition energy. Therefore, increasing the compression ratio and ambient temperature helps ignite
the non-combustible blends due to the high temperature and pressure. This modification allowed the
mixture to ignite with a minimum CR of 20 and Ti of 350 K. Thus, blending high ethanol contents in a
diesel engine can be applied by advancing the injection, increasing the CR, and increasing the ambient
temperature. From the emission comparison, the most suitable mixtures that can be operated in the
engine without modification is D50E25B25, and the most appropriate modification on the engine is
by increasing the ambient temperature at 350 K.

Keywords: combustion characteristics; injection strategies; compression ratio; intake temperature

1. Introduction

Palm oil methyl ester (PME) produced from edible sources, such as palm oil, is known as the best
biodiesel in Malaysia [1]. PME has a performance that is almost similar to diesel fuel, but with good
engine emissions [2]. However, the high density and viscosity of PME require much fuel consumption
in the real-application engine. Therefore, blending PME in diesel was able to reduce the harmful
emission from the diesel and improve the engine performance due to its high cetane number. However,
the high density and viscosity of PME need the ethanol presence to prevent the injection system
problem in the engine and reduce the fuel consumption. The reason is that ethanol has the lowest
viscosity amongst diesel and PME, as explained in Table 1. Besides, ethanol is another renewable
energy fuel, promising good engine emissions. Along with the energy efficient vehicle (EEV) concept,
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the PME and ethanol presence can reduce the emissions, improve the engine performance, and reduce
petroleum dependency.

Table 1. Thermophysical properties of diesel, ethanol, and palm oil methyl ester (PME) [3–6].

Properties Diesel Ethanol PME

Molecular formula NC7H16 C2H5OH C18H34O2
Viscosity (cSt) 3.49 1.5 4.8

Density (kg/m3) 834 788 881
Low heating value

(MJ/kg) 43.2 27 37.8

Cetane number 50 8 56
Octane number 25 107 -

Oxygen contents (%) 0.0 34.8 11
Auto-ignition

temperature (K) 483 638 469

Ethanol was recommended to be used in commercial diesel engines due to its low production cost
for biofuels. Ethanol is a low viscous liquid that is able to reach good air–fuel mixture homogeneity.
However, ethanol that contains a deficient cetane number reduced the engine performance and delayed
the combustion [7]. The poor ethanol ignitability is probably due to its higher evaporation enthalpy
compared with diesel. Thus, the temperature was reduced during combustion due to the withdrawn
heat during combustion [8]. The long delay in combustion causes the fuel to be less combustible and
forms the excess fuel in the engine. However, a perfectly blended composition should be identified to
have excellent fuel combustion.

Meanwhile, high ethanol contents in blends also affect the ignitability of the fuel blends, and
the excess fuel leads to fuel deposition inside the cylinder. Therefore, modification of the injection
parameter was suggested to improve the ignitability of blends. Modifications of injection parameters
include the injection mass, injection pressure, injection duration, and injection timing. Modification of
the injection timing can improve engine performance. However, not all the applied injection strategies
can solve the ignitability problem of diesel–ethanol–PME blends.

Few researchers have studied the effect of advancing the injection timing for high oxygenated
alternative fuels, such as ethanol and PME. The studies found that advancing the injection timing
increased the in-cylinder pressure and heat release rate (HRR). However, advancing the injection timing
can increase NOx emission [9]. The reason is that advancing the injection timing allows the fuel to mix
early and increase the temperature. Thus, the NOx reaction takes part during the combustion easily.

Meanwhile, the presence of ethanol and PME also is another reason for the NOx formation
due to the high oxygen contents in both fuel molecules [10]. Therefore, suitable blends of diesel,
ethanol, and PME should be formed to reduce the NOx formation. Another study was conducted
in improving the ethanol ignitability by increasing the engine compression ratio. Increasing the
compression ratio of the engine increases the pressure and temperature to enhance the fuel ignitability
and engine efficiency [11]. Considering that the auto-ignition temperature for the blends was high,
another approach, such as increasing the ambient temperature at the intake, also helped improve the
ignitability [12]. A study from Kuszewski (2018) shows that improving the ambient gas improved the
auto-ignition of diesel–ethanol blends. The results showed that the ignition delay for a high ethanol
percentage is longer than that for diesel. The maximum percentage of ethanol use in this experiment is
14% [13].

This research works aimed to study the ignitability of diesel–ethanol–PME blends and optimize
the best solution in solving the non-combustible fuel blends. The non-combustible fuel blends are
recognized when no ignition occurs, which usually happened on the high ethanol content blends
when operating at high engine speeds. The simulation was conducted using Converge CFD software
based on the direct injection Yanmar TF90 diesel engine parameter. The simulation was performed

266



Energies 2019, 12, 2644

for low, medium, and high ethanol contents, containing 10% ethanol and 40% PME in 50% diesel
(D50E10B40), D50E25B25, and D50E40B10 blends at 900 RPM, 1600 RPM, and 2400 RPM. The first work
was to identify the non-combustible blends. The injection parameter, compression ratio, and intake
temperature were modified due to the ignitability problem of high ethanol contents in the blends.
The optimization of the best solution was identified from the combustion characteristic progress to
solve the ignitability problem faced by high ethanol content blends.

2. Methodology

In this study, blends were simulated to analyze their ignitability and emission. Grid independence
and emission tests were also conducted to determine the blend composition. The emission results from
the simulation are verified with the results obtained from experimental work.

2.1. Simulation of Blends Ignitability and Emission

In this study, simulation work was conducted to analyze the combustion characteristics and
emissions of diesel–ethanol–PME. The combustion characteristics analysis was used to study the
combustion behavior of the fuel when entering the combustion chamber. This process includes the
ignition delay, thermal efficiency, in-cylinder pressure and temperature, and heat release during
combustion. This work focused on the ignitability optimization of high ethanol presence in diesel–PME
blends. The simulation was conducted based on the single cylinder direct injection compression
ignition Yanmar TF90 engine parameter by using Converge CFD software.

Converge CFD software is a unique software equipped with adaptive mesh refinery (AMR)
with the ability to refine the mesh automatically during the combustion. A grid independence test
was conducted to identify the most suitable grid size for meshing. This test aims to eliminate any
unnecessary grid meshing sizes to improve simulation outcomes. The grid independence test was
performed on different grid sizes of 0.003 m, 0.004 m, 0.005 m, and 0.006 m. The diesel fuel results were
verified with the experiment results obtained by Ibrahim (2015) [14]. The most suitable grid applied
on the engine model is 0.004 m by activating the AMR function to allow small automatic meshing
occurring during the injection and combustion.

In this software, an engine model was prepared based on the engine specification, as shown in
Figure 1. The three boundaries, which consist of a piston, head, and liner of the cylinder, were assigned
as the initial conditions of each boundary. The cylinder wall (liner) and head were set in a fixed position
with the wall temperature of 363 K and 319 K. Meanwhile, the piston was set as a moving boundary
with the wall temperature of 403 K [15]. The parameter of the engine and injection system based on the
real engine parameter for the Yanmar TF90 direct injection diesel engine was also explained in Table 2.

Figure 1. Yanmar TF90 combustion cylinder model.
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Table 2. Engine and injection system specification [15].

Engine Specification Injection System Specification

Engine model Yanmar TF90 Number of nozzles 4
Bore (m) × stroke (m) 0.085 × 0.087 Nozzle diameter (mm) 0.22

Connecting rod length (m) 0.13 Injection pressure (MPa) 19.613
Piston bowl diameter (m) 0.0463 Injection duration (◦CA) 16

Piston bowl depth (m) 0.016 Injection timing (◦CA BTDC) −18
Compression ratio 18 Cone angle (◦) 10

The Yanmar TF90 engine is a natural aspirated air single cylinder engine with a direct injection
system. The air is entered the combustion chamber at the atmospheric pressure and temperature before
the piston compressed it. The simulation is conducted for a cycle starting right after the intake valve
closes at −168 ◦CA BTDC until the exhaust valve opens at 138 ◦CA ATDC. The initial temperature
and pressure of all the boundaries were set at the atmospheric pressure and temperature, which is
101 kPa and 300 K. The real injection timing of this engine was started at −18 ◦CA BTDC located at
the center of the cylinder head. The combustion was simulated using a SAGE combustion model
in a closed-system chamber. The mathematical correlation was solved with the text data. In this
simulation, the chemical reaction, gas transport, and thermodynamic data for all the fuel blends were
obtained from the Lawrence Livermore National Laboratory. Meanwhile, the chemical kinetic reaction
of biodiesel underwent a mechanism reduction process to reduce the number of reactions in the data.
The emission model used in this simulation was the Zeldovich NOx model, which utilizes the Hiroyasu
soot model to identify emissions from combustion.

2.2. Blend Composition

A few different diesel–ethanol–PME blend compositions were applied to the engine running at
900 RPM, 1600 RPM, and 2400 RPM. The blends were injected through the injector nozzle into the
engine combustion chamber. From all the blends, three blends were selected to run at 1600 RPM
and 2400 RPM. The blends are D50E10B40 (50% diesel, 10% ethanol, and 40% PME), D50E25B25, and
D50E40B10. Table 3 presents the mass fraction of these blends. These blends were chosen to study the
effect of ethanol and the PME presence in the engine through combustion analysis.

Table 3. Blend composition. D50E10B40: 50% diesel, 10% ethanol, and 40% PME, etc.

No Blends
Mass Fraction

Diesel Ethanol PME

1 Diesel 1.0 0.0 0.0
2 D50E10B40 0.5 0.1 0.4
3 D50E10B0 0.83 0.27 0.0
4 D50E25B25 0.5 0.25 0.25
5 D50E0B25 0.67 0.0 0.33
6 D50E40B10 0.5 0.4 0.1
7 D50E0B10 0.83 0.0 0.27

As explained in Table 3, another diesel–ethanol blend named as D50E10B0 was operated and
compared with the D50E10B40 blend to study the effect of PME presence in diesel–ethanol blends.
Meanwhile, two diesel–PME blends such as D50E0B25 and D50E0B10 were compared with D50E25B25
and D50E40B10 to study the effect of ethanol in these two diesel–ethanol–PME blends. However,
due to the presence of ethanol, which has a very low cetane number, the non-combustible blends were
identified from the combustion analysis at each engine speed.

From the analysis, the non-combustible blends are then selected for a few modifications to improve
its ignitability. The modifications, such as the injection system parameter, engine compression ratio,
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and air intake temperature, were selected. These modifications were conducted to find the most
suitable modification that can be applied to improve the ignitability of the fuels. The simulation was
performed at two engine speeds: namely, 1600 RPM and 2400 RPM. Table 4 shows the modification
applied to the engine by comparing the combustion characteristics from the in-cylinder pressure and
HRR during combustion. From the results, the ignitability of each blend is investigated by identifying
its ignition delay. Ignition delay is defined as the duration between the start of fuel injection and the
start of ignition. Ignition results from the rapid rise in pressure and the occurrence of HRR. In addition,
the purposes of blending the ethanol and PME in diesel are to reduce the greenhouse emission.
Therefore, carbon footprint and NOx emission analysis were also conducted from the simulation to
identify the emission efficiency of each fuel blend and its modification.

Table 4. Injection system and engine modification parameter.

Injection Modification Compression Ratio
Modification

Ambient
Temperature, TiInjection Timing Injection Duration Injected Mass

−25 ◦CA BTDC 10 ◦CA 25 mg 18 300 K
−18 ◦CA BTDC 16 ◦CA 19 mg 20 350 K
−10 ◦CA BTDC - 16 mg 24 400 K
−8 ◦CA BTDC - 8 mg - -

Note: underlined parameter is the normal parameter for the Yanmar TF90 engine.

2.3. Validation of Emissions from Blend Combustion through Experiments

The simulation for the D50E10B40 and D50E25B25 blends was experimentally validated on the
YanmarTf90 Engine. Table 2 presents the specifications. Without any further modifications, the engine
ran at 900 RPM, 1600 RPM, and 2400 RPM at a 2-kW load. Figure 2 shows a schematic of the experiment
setup. The emission of the diesel–ethanol–PME blend combustion was measured using a KANE gas
analyzer, which assessed the CO, CO2, and NOx emissions. The limitation in this experiment is that
the combustion characteristics could not be measured for validation. Therefore, the emission results
from the experiment were compared with the simulation results.
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Figure 2. Schematic of the experimental engine setup.

3. Results and Discussion

The results of this study are focused on the ignitability of diesel–ethanol–PME blends at various
compositions and engine speeds. The ignition abilities of the blends are discussed briefly for different
cases especially when the blends contained high ethanol percentage. Thus, another method was
applied to improve the ignition ability by working on the injection parameter change, compression
ratio, and ambient temperature improvement.

3.1. Grid Independence Test

A grid independence test was conducted to identify the optimum grid size for meshing. The results
of combustion characteristics were compared with the experiment results to determine the best grid
size for meshing. Figure 3 shows the in-cylinder pressure of diesel fuel from a simulation with different
grid sizes compared with the experiment results when the engine is running at 1600 RPM. The grid
size comparison shows that 0.004 m is the most suitable grid size for meshing, which obtains the
minimum error value compared with the experiment results at the peak pressure. The comparison of
data sizes and operation working durations are also part of the primary consideration. Table 5 shows
the comparison of data sizes, simulation durations, and error percentages obtained from the pressure
results. A grid size of 0.004 m is the most suitable grid for further simulations.
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Figure 3. Pressure of diesel fuel from the simulation with different grid sizes and with and without
adaptive mesh refinery (AMR) function when the engine is running at 1600 RPM compared with
the experiment.

Table 5. Comparison of data sizes, simulation durations, and error percentages from the pressure
during combustion with different grid sizes.

Grid Size
Error Percentage (%) Number of

Cells

File Size
(GB)

Duration
(min)At TDC Peak Pressure

0.003 8.424 5.120 1441 390 14.0 1557
0.004 8.190 4.024 614 589 7.76 996

0.004 without AMR 14.318 7.817 614 874 6.14 439
0.005 10.848 6.145 504 128 4.87 664
0.006 13.244 8.022 500 624 4.32 454

3.2. Ignitability and Emission of Diesel-ethanol-PME Blends with High Ethanol Contents

Figure 4 shows the comparison of in-cylinder pressure and HRR between the D50E10B40,
D50E25B25, and D50E40B10 blends running at high engine speeds of 1600 RPM and 2400 RPM.
The graph shows that the operating engine at high engine speed influenced the fuel ignitability.
The result shows that at high engine speed, the ignitability of the blends weakened due to the ethanol
presence that has low heating value and low cetane number. The reason is that the cetane number
of ethanol was approximately five to 10 times lower than that of diesel and PME [16]. The low
heating value of the fuel also indicates that the blends release a very low heat during the compression.
This condition leads to a lack of energy and delays the ignition.

Figure 5 shows the ignition delay of the blends influenced by ethanol contents. The results show
that the ignition condition is worsened when the high ethanol contents were used. Ignition delay
timing in the crank angle at high engine speed is relatively lengthened, and shows opposite results in
an ignition delay time in milliseconds due to the fast engine piston motion. When the engine speed
moved rapidly, the engine duration to complete a cycle was shortened. This condition results in
insufficient air into the cylinder and reduces the pressure in the cylinder. As presented in the graph,
the D50E25B25 blend was not able to ignite when running at 2400 RPM. Meanwhile, the ignitability
potential of the D50E40B10 blend was worsened at all speeds except for at 900 RPM.
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Figure 5. Ignition delay of the combustible blends with different ethanol percentages.

Figure 6 shows the three-dimensional (3D) visual temperature distribution for D50E10B30,
D50E25B25, and D50E40B10 blends at 1600 RPM running at normal Yanmar TF90 engine specification
without modification. Evidently, the high ethanol percentage in blends cannot be ignited at this engine
specification due to the low ambient temperature. The maximum temperature for the blends without
ignition is 850 K. This temperature is not high enough to ignite the blends with high ethanol contents.
Therefore, the ignitability of ethanol present in the fuel decreases at high engine speed. However,
the high ethanol contents in blends have low ignition potential and have small peak pressure due
to the delay. In addition, it also has a rapid rise in HRR and small peak pressure that will cause the
ignition duration. The results show that the maximum ethanol contents in the blend composition are
25% when running at 1600 RPM and are decreased when running at a high engine speed.
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Figure 6. Three-dimensional (3D) view of ignitability difference between different diesel–ethanol–PME
blends at 1600 RPM.

The emission of simulation results obtained from the combustion of all the blends is validated
with the emission results from the experiment. However, due to the ignition problem faced by the
D50E40B10 blend, the experiment is conducted only for D50E10B40 and D50E25B25. The average
emission of CO2, CO, and NOx are calculated and compared to the experiment. Figure 7 shows the
comparison of CO, CO2, and NOx emissions of D50E10B40, D50E25B25, and D50E40B10 blends.

The simulation and experiment results show that the NOx and CO2 emissions of the D50E10B40
blend are insignificantly different. Meanwhile, the NOx, CO, and CO2 emissions of D50E25B25 are
unstable, especially at a high engine speed. This phenomenon is due to the high ethanol contents with
unstable combustion due to insufficient oxygen. The D50E25B25 blend also showed evident separation
after a certain time during the experiment, which is an indication for unstable combustion. Separation
occurs due to the high water presence from ethanol. Hence, diesel is probably the only fuel that can be
injected into the combustion chamber. The emission results show that the simulation accuracy of the
experiment has a minimum error of 5% to 30%, except for unstable combustion blends. Therefore, the
simulation for the combustion characteristics and emissions of diesel–ethanol–PME blends is validated
for further study.
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Figure 7. Comparison of emissions from simulations and experiments for D50E10B40 and
D50E25B25 blends.

Figure 8 shows the graph of tri-fuel blends and dual-fuel blends to compare the difference of
in-cylinder pressure and HRR when ethanol or PME is added. The results obviously show that the
blend without any PME presence (D50E10B0) has slightly higher pressure and HRR compared with
other blends. Meanwhile, the D50E0B10 blend that does not consist of any ethanol presence has
shorter ignition delay and is obviously easily ignited compared with D50E40B10. This outcome is
due to the biodiesel, which has a high cetane number and increased temperature to early ignite the
fuel. D50E0B25 has a shorter ignition delay than D50E25B25. The diesel–PME blends without ethanol
presence show a positive result to the ignition delay. Although the ignition delay of the blends with
high PME contents is shortened, the HRR of the blends is very low. This condition is influenced by the
properties of PME, which has high viscosity, a high molecular weight, and low burning velocity [16].
Therefore, the presence of ethanol in D50E25B25 helps the blends obtain high HRR for improved
engine thermal efficiency.
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3.3. Ignitability of Diesel–Ethanol–PME Blends with Injection Parameter Modification

Injection parameters, such as injection duration, injected mass, and injection timing, were modified
due to the ignition problem of the D50E25B25 blend at 2400 RPM and the D50E40B10 blend at 1600
RPM and 2400 RPM. Figure 9 shows the graph of in-cylinder pressure and HRR against the crank
angle of the D50E25B25 blend by using different injection durations. Figures 10 and 11 show the graph
of pressure and HRR for the D50E25B25 and D50E40B10 blends by using different injected masses
and injection timings at 1600 RPM. The result shows that modification of the injection duration has
no significant change on pressure and HRR. The study from Adnan et al. (2012) also compared the
injection duration of diesel but with hydrogen. They found the same trend: that no significant change
is observed on the pressure and HRR for different injection durations [17]. Furthermore, reducing the
injected fuel mass also reduces fuel ignitability. Consuming a great amount of fuel to the engine for
high ethanol blends does not give positive results. Therefore, the injection duration and fuel mass
should be maintained with 16 ◦CA and 19 mg of fuel, considering that increasing the fuel amount will
not meet the EEV concept.
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Figure 11 illustrates the pressure and HRR graph of D50E25B25 and D50E40B10 blends running
at 1600 RPM with different injection times. The graph shows that advancing the injection time
from −18 ◦CA BTDC to −25 ◦CA BTDC for D50E40B10 blends exhibited positive results in solving
the ignition problem. However, the ignition of this fuel is very weak, as marked in the red box in
Figure 11. Meanwhile, retarding the injection timing of D50E25B25 reduced the pressure and HRR.
This phenomenon proves that only advancing the injection timing can improve the blend ignitability,
especially for the blends with high ethanol contents. The reason is that the advance injection can
allow the fuel to be mixed early with air and increase the temperature during the premixed phase
and ignite the fuel [18]. Compared with the previous study, Mendes Guedes et al. (2018) also found
that an advanced injection timing increases the pressure and HRR during combustion. In addition,
the advanced ignition has a short ignition duration that is able to reduce the carbon emission problems.
However, high temperature may lead to NOx emission [8].

However, advancing the injection timing at the early time before the top dead center (TDC) may
lead to another problem. Although advancing the injection timing improves the fuel ignitability,
injecting the fuel too early can lead to the incomplete fuel combustion. Thus, the situation will increase
the hydrocarbon, carbon monoxide, and soot emission. As observed in the emission graphs in Figure 12,
emissions of CO, HC, and C2 are high with the advancement of the injection timing for the D50E25B25
blend. A few studies found that advancing the injection timing reduced the carbon emissions, while
considering that the ignition started early. However, the transition of liquid fuel turning into gas is
very slow, especially at high engine speeds, and leads to incomplete combustion due to the ethanol
presence [19]. Figure 12 shows the emission graphs for D50E40B10 blends with two different injection
timings. Injection at −18 ◦CA BTDC does not have any ignition due to the high ethanol presence.
Advancing the injection timing with −25 ◦CA BTDC was able to ignite the fuel, as shown in Figure 8.

As illustrated in the graph, CO2, CO, and NOx emissions still occur, because the reaction between
the hydrocarbon and air occurs in the combustion chamber. However, the reaction itself is insufficiently
high to release additional energy for igniting the fuel, which results in a low temperature. Therefore,
the ignition hardly occurs. The graph shows that the CO, CO2, C2, and NOx emissions are too low for
the D50E40B10 blend without modification. The hydrocarbon (HC) emission is higher than that of the
other modifications, because C and H do not completely react with other elements upon injection. No
NOx emission is observed because the temperature in the cylinder is insufficiently high to trigger a
reaction between nitrogen and oxygen to form NOx.
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Figure 12. Emission graphs of D50E25B25 blends running by using different injection timing at
1600 RPM.

However, advancing the injection timing too early before TDC increased the emission of CO,
CO2, C2, and NOx. The reason is that the fuel is injected too early before the temperature in the
cylinder reaches fuel auto-ignition. In addition, high ethanol blends have a very high auto-ignition
temperature. Therefore, the fuel mixture in the combustion chamber is hard to ignite. This condition
will lead to a long ignition delay. Therefore, the unburned fuel in the cylinder increases and leads
to incomplete combustion. The trend of emissions between D50E25B25 and D50E40B10 blends is
significantly different due to the ignitability of blends at a high ethanol ratio. Moreover, advancing the
injection timing earlier than −25 ◦CA BTDC increases the temperature before the TDC and increases
the NOx emission.
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3.4. Ignitability of Blends with Compression Ratio and Intake Temperature Modification

Diesel–ethanol–PME blends with high ethanol percentage faced the ignitability problem. Due to
this reason, the compression ratio and intake temperature of the engine is modified.

3.4.1. Compression Ratio

The D50E40B10 blend has significantly shown that the ignitability of this blend is very weak
due to the low cetane number and delay of ignition. Therefore, compression ratio modification has
been selected to improve the ignitability. Figure 13 shows the graph of in-cylinder pressure and
HRR of D50E40B10 blends operated at two different engine speeds of 1600 RPM and 2400 RPM by
using various cylinder compression ratios of 18, 20, and 24. The standard compression ratio of 18
of the engine was not able to combust the fuel due to the low amount of air at high engine speed
operation. Therefore, a modification of cylinder compression ratio was proved to be able to increase
the in-cylinder pressure. Meanwhile, HRR decreases with the compression ratio, which is probably
due to the decrease of specific energy caused by the low heating value of ethanol [20,21]. The reason is
that the large cylinder volume is able to increase the temperature and pressure in the cylinder. High
temperature and pressure in the cylinder help ignite the blends with high ethanol contents, considering
that ethanol has a high auto-ignition temperature [19].
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Figure 13. In-cylinder pressure and HRR graph of the D50E40B10 blend against a crank angle by using
different engine compression ratios at different engine speeds.

The high engine compression ratio is also able to solve the problems of the D50E40B10 blends
at high engine speed. In addition, the minimum CR allowed for the D50E40B10 blend operated at
1600 RPM is CR20, and at 2400 RPM is CR 24. A high compression ratio should be applied on high
engine speed because the reaction rate is very fast and rapidly increases the pressure [11]. However,
as the CR increases, the knock and misfiring phenomenon also occur, as observed on the HRR curve.
Knock occurs when the unburned fuel in the cylinder is ignited by itself before the piston reached
the TDC and forced the piston to go down. Therefore, increasing the compression ratio may solve
the ignition problem of the blends with high ethanol contents. However, this phenomenon leads to
unwanted phenomena, such as knocking and misfiring.

In addition, increasing the compression ratio can lead to another pollution problem. Figure 14
shows the emission graphs of D50E40B10 blends running at 1600 RPM at different compression
ratios. The results show that increasing the compression ratio increases the emission of CO2 and NOx

emissions and reduces the CO emissions during the expansion stroke. The graphs also show that the
emissions of the blends running at a normal compression ratio are too low for CO, CO2, C2, and NOx

emissions. This situation proves that the fuel ignition at this condition is too weak, and the reaction of
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hydrocarbon with air is too low. The heat release from the reaction is insufficiently high to increase the
temperature for ignition.
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Figure 14. Emission graphs of the D50E40B10 blend at different compression ratios running at 1600 RPM.

The emission difference of CO between CR 20 and CR 24 was really significant, with a difference
of approximately 55%. Meanwhile, the percentage difference of CO2 emissions between CR 20 and
CR 24 was only 5%. However, the emissions of hydrocarbon and soot for CR 24 was found to be
lower than those for CR 20, because increasing the compression ratio shortened the ignition delay,
and the temperature in the cylinder is high enough to combust the fuel and reduce the emissions of
HC and CO. However, high temperature in the cylinder also increases the NOx emissions [22]. The
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previous study also found similar changes in emissions, wherein the high compression ratio reduces
the emissions of carbon but increases the NOx emission [23,24]. From the comparisons of the blends
on the combustion characteristics and emissions, CR 20 is considered the best for the D50E40B10 blend
at 1600 RPM, and CR 24 works well with the blend at 2400 RPM.

3.4.2. Intake Temperature

Another method for improving the ignitability of high ethanol content blends is by increasing
the in-cylinder temperature that can be applied by increasing the temperature or air at the intake Ti.
Figure 15 shows the in-cylinder pressure and HRR of D50E40B10 blends operated at 2400 RPM by
applying different Ti. The results show that increasing the air temperature increases the temperature in
the cylinder and is able to improve the fuel ignitability. Increased Ti ignites the fuel early, has wide
combustion, and produces a great amount of heat power. However, early ignition at high engine
speed can cause misfiring. In addition, burning the diesel–ethanol–PME blends at 400 K has lower
in-cylinder pressure compared with that at 350 K. Studies from Akashah et al. (2015) also found
that a high ambient temperature has the weakest energy and low in-cylinder pressure for ethanol
combustion. This phenomenon proves that the high ethanol presence has this effect whereby it causes
the in-cylinder pressure at the highest ambient temperature to decrease [25]. Meanwhile, using 350 K
of intake temperature increases the pressure rapidly and exhibits the highest peak pressure. Therefore,
350 K is the most suitable intake temperature needed to ignite the D50E40B10 blend when operating at
high engine speed.
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Figure 15. In-cylinder pressure and HRR graph of the D50E40B10 blend against a crank angle at 2400
RPM by using a different intake temperature, Ti.

Normally, to increase the intake temperature in the real engine, an intake heating system or
exhaust gas recirculation (EGR) system can be applied to the engine with the temperature rise of
approximately 350 K [7]. However, implementing an EGR should be reconsidered, because it can
reduce engine efficiency. However, this process is very useful in reducing NOx emissions. Therefore,
applying the air-heating intake system is another solution in the future to control the temperature of air
intake with the minimum temperature of 350 K if more than 40% ethanol in the blends is used. A patent
from Linkenhoger (2005) designed an air-heating intake system to heat up the air and vaporize the fuel
to improve the engine efficiency, improve the fuel economy, increase the engine power, reduce the
carbon emission, and increase the engine life [26].

Figure 16 shows the emission results of the D50E40B10 blend at different intake temperatures
running at 1600 RPM. The study found that increasing the intake temperature emits increased CO and
CO2 emissions. The NOx emissions also increased with the increase of the temperature in the cylinder
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and contributed to NOx reactions. The soot formation was also increased with the increment of intake
temperature due to the shortened ignition delay [27].
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Figure 16. Emission graphs of D50E40B10 blend running at 1600 RPM at different intake temperature.

However, the hydrocarbon emissions decreased with the increased intake temperature, because
the increased temperature has a good tendency to burn all the fuels that contain high ethanol contents
due to the high auto-ignition temperature of hydrogen and long ignition delay. From the combustion
characteristics and emission analysis, Ti = 350 K is the most suitable intake temperature to ignite the
D50E40B10 blends with low emission and low effect of abnormal combustion.

3.5. Effect of Modification on Combustion Characteristics and Emissions

Here, we compare all the injection modifications, compression ratios, and intake temperatures in
order to determine the best combustion efficiency and emissions. Figure 17 shows the pressure and
HRR graph of the D50E40B10 blends running at 1600 RPM. The results show that the compression
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ratio modification has a dominant effect on in-cylinder pressure and HRR. Besides, injection timing
modification also gives a very small effect on the combustion, since the ignition of the blend at this
condition is very weak. However, the heat rate released from the combustion for ambient temperature
modification and compression ratio modification shows no significant difference except the ignition
delay. Operating the D50E40B10 blend at an ambient temperature of 350 K has a shorter ignition delay
than that operated at a compression ratio of 20.

Figure 17. Pressure and HRR graphs of the D50E40B10 blend running at 1600 RPM at different
modification comparisons.

Figure 18 shows the comparison of emissions between the injection timing advancement,
compression ratio, and intake temperature modification. Although the modification of engine
intake temperature and compression ratio release has high HRR and pressure, the emission of this
modification is severed compared with the other modifications. The graphs show that increasing
the engine intake temperature increases the CO and NOx emissions. The reason is that the high
temperature from the combustion and high oxygen contents from the blends leads to the NOx formation.
Therefore, intake temperature modification was chosen as the best engine modification to solve the
blend ignition problem, improve the combustion efficiency, shorten the ignition delay, and reduce the
carbon emissions.
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4. Conclusions

Blending diesel, ethanol, and PME in a diesel engine with different compositions results in a
different ignitability behavior. Ethanol with a low heating value and low cetane number reduces the
ignition ability due to the long ignition delay. A simulation study has been conducted for different
diesel–ethanol–PME compositions. From the simulation, the following conclusions are drawn:

1. High ethanol contents reduce the ignitability of the blends, and the maximum speed achieved by
D50E25B25 only at 1600 RPM and D50E40B10 was not ignited at both engine speeds.

2. Changing the injection duration and increasing the injected mass was not helpful enough to
ignite the D50E40B10 blends at 1600 RPM and 2400 RPM. Meanwhile, advancing the injection
timing at approximately −25 ◦CA increased the in-cylinder pressure and its HRR. Advancing the
injection timing successfully ignites the fuel blends. However, the combustion was so weak, and
the ignition delay was too long. Moreover, advancing the injection earlier than −25 ◦CA increases
the NOx emission.

3. Therefore, modification of the compression ratio and ambient temperature produces good results
in improving the ignitability of D50E40B10 blends with minimum CR20 at 1600 RPM and CR24 at
2400 RPM. Increasing the ambient temperature by implementing an air-heating or EGR system to
the engine can improve the ignitability. The most suitable intake temperature for the D50E40B10
blend is 350 K, producing high peak pressure and HRR.

283



Energies 2019, 12, 2644

4. From the comparison between all the modifications of injection, compression ratio, and intake
temperature, the most suitable modification for diesel–ethanol–PME blends is increasing the
intake temperature. This procedure produces increased in-cylinder pressure and HRR, but has a
short ignition delay. Although the NOx emission of intake temperature modification is slightly
high, the abnormal combustion phenomena can be avoided compared with the compression
ratio modification.

In the future, the heating system should be mounted to the intake to increase the air intake
temperature in the real engine application. Further studies on the diesel–ethanol–PME blend ignitability
on the engine performance, combustion characteristics, and emissions should be investigated and
another approach to reduce the emission focusing on NOx emission should be applied.
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Abstract: To investigate the efficacy of torrefaction in a vacuum environment, wood sawdust was
torrefied at various temperatures (200–300 ◦C) in different atmospheres (nitrogen and vacuum) with
different residence times (30 and 60 min). It was found that the amount of biochar reduced at the
same rate—regardless of atmosphere type—throughout the torrefaction process. In terms of energy
density, the vacuum system produced biochar with better higher heating value (HHV, MJ/kg) than
the nitrogen system below 250 ◦C. This was the case because the moisture and the high volatility
compounds such as aldehydes diffused more easily in a vacuum. Over 250 ◦C, however, a greater
amount of low volatility compounds evaded from the vacuum system, resulting in lower higher
heating value in the biochar. Despite the mixed results with the solid products, the vacuum system
increased the higher heating value of its liquid products more significantly than did the nitrogen
system regardless of torrefaction temperature. It was found that 23% of the total energy output came
from the liquid products in the vacuum system; the corresponding ratio was 19% in the nitrogen
system. With liquid products contributing to a larger share of the total energy output, the vacuum
system outperformed the nitrogen system in terms of energy density.

Keywords: torrefaction; vacuum; biomass pretreatment; bioenergy; energy yield; biochar

1. Introduction

Anthropogenic carbon dioxide emissions have a notable impact on both human society and the
ecosystem [1–3]. As part of an ongoing effort to mitigate carbon dioxide emissions worldwide, bioenergy
has achieved wide applicability [4,5]. Compared to other sources of renewable energy, bioenergy has
major advantages in storage and applications because biomass can be stored and extracted in different
phases [6]. In the solid phase, biomass can be processed into powder, pellets, blocks, and briquettes
through thermal decomposition [7]. In the liquid phase, on the other hand, it can be processed into
biodiesel, bioethanol, and bio-oil through thermal decomposition or liquefaction [8–10]. All of these
products have wide industrial applicability [11–13].

Torrefaction is a type of pyrolysis, where biomass is thermally degraded in an inert system under
atmospheric conditions at temperatures of 200–300 ◦C. The final product is called torrefied biomass
(i.e., biochar) [14]. The process can be categorized into light, mild, and severe types according to the
temperature ranges of 200–235 ◦C, 235–275 ◦C, and 275–300 ◦C, respectively [13]. It is also used as a
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method of pretreatment aimed at improving the physical, chemical, and biochemical characteristics of
raw biomass [15]. Through torrefaction, raw biomass is upgraded to biochar, which exhibits better
hydrophobicity, lower moisture content, better grinding property, and better higher heating value
(HHV) [16]. Biochars are also easier to handle and store and more suitable for combustion and
gasification than raw biomass. According to Santos et al. [17], biochars produced at high torrefaction
temperature have an energy density comparable to low-rank coal, which is better than raw biomass.
These biochars have less toxicity associated with emissions from combustion, more homogeneous
combustion behavior, higher grinding ability, and lower hygroscopicity [18]. The said characteristics
make biochar an ideal alternative to coal and solid fuels [19,20]. Thus, biochars have been dubbed as
“solid fuels” [21,22].

Aside from solid biochars, torrefaction also generates liquid and gaseous products [23,24]. During
torrefaction, the release and thermal decomposition of high volatility compounds from biomass produce
non-condensable gases such as CO, CO2, and H2 in addition to small amounts of CH4 [25,26], toluene,
benzene, and low molecular weight hydrocarbons [27]. Depending on the torrefaction temperature,
brown or black-colored liquid products are generated, consisting of condensable components such as
water, acetic acid, alcohols, aldehydes, and ketones. Elliott’s [28] analysis of the liquid products from
gas chromatography-mass spectrometry (GC–MS) suggests that the main components in the liquid
are monoaromatics.

The vacuum—also known as “low pressure”—technology has been used for the manufacturing of
semiconductors, flat-panel displays, solar power panels, and scientific instrumentation. In the food
and pharmaceutical industries, several manufacturing processes require gas pressure well below the
atmospheric pressure. However, such a technology has yet to be applied to torrefaction. Only a few
studies have tackled torrefaction in a vacuum. Lin et al. [29] investigated the thermal degradation of
various wood species under vacuum and reported how different lignocellulosic components behave
under different temperature conditions (200–230 ◦C, 0.2 ◦C min−1, 200 hPa). Garcia-Perez et al. [30]
used softwood and hardwood species in a vacuum pyrolysis pilot plant and characterized the resulting
products. Murwanayashka et al. [31] carried out vacuum pyrolysis (8–15 kpa, 500 ◦C, 12 ◦C min−1) of
birch derived biomass and observed the evolution of phenols during the process. They reported that
vacuum minimized the extent of secondary reactions during pyrolysis (1.3 kPa, 450 ◦C), facilitating
a more uniform product. Pakdel and Roy [32] used vacuum pyrolysis to extract steroids from
common lignocellulosic materials during thermal treatment, facilitating an easier extraction and further
modification of steroids.

Although torrefaction has been performed conventionally in a nitrogen environment as a medium
of convection for torrefied compounds, this study sets out to explore the potential advantages
of torrefaction in a vacuum environment. One of the objectives is to assess whether a vacuum
environment is able to increase the energy density of torrefied materials through diffusion rather than
atmosphere-based convection.

2. Materials and Methods

2.1. Parameters for Torrefaction with a Vacuum and a Nitrogen System

The biomass used in this study was rubber wood obtained from Chinese Petroleum Corporation
(CPC) in Taiwan. Every batch of the wood sawdust used in our experiments was ground by a crusher
and shredded in a 100 mesh. After shredding and sieving, the raw material was dried in a convection
oven at 105 ◦C for 24 h to eliminate the moisture and provide an experimental basis. This drying process
was aimed at minimizing experimental error. The dried material was then kept in air-tight plastic
sample boxes to prevent moisture absorption before samples were taken and used in experiments on
the same day. A sample weight (30 g) of wood sawdust was placed in a sample glass tube mounted to
the reactor. The furnace was preheated to the torrefaction temperature (200–300 ◦C), then the sample
glass tube was rapidly pushed into the reactor using a glass rod [33]. The wood sawdust was torrefied
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at 200, 225, 250, 275, and 300 ◦C for periods of 0.5 or 1 h in the nitrogen (N2) and the vacuum systems,
respectively, as shown in Figure A1 (in Appendix A). Nitrogen gas was blown through the reactor at
a flow rate of 0.1 L/min, as shown in Figure 1a. The vacuum pressure was controlled at −590 torrs
(0.22 atm) in vacuum systems, as shown in Figure 1b. The temperature of the sample in the reactor
was recorded at the end of each torrefaction period. Then the furnace was opened to cool the reactor
for further sample analysis.

 

Figure 1. The experimental setups for the (a) nitrogen and the (b) vacuum systems.

During torrefaction, liquid compounds were released from the samples. The lower volatility
compounds moved into a glass bottle, while the higher volatility compounds into an Erlenmeyer flask.
Non-condensable gases were released into an exhaust ventilation system. The product left in the
sample bottles after torrefaction was collected and stored at −4 ◦C for further analyses.

2.2. Sample Analysis

In this study, wood sawdust was torrefied at various temperatures (200–300 ◦C), under atmospheric
condition (~1 atm) and vacuum for two residence times (30 and 60 min). The resulting products were
characterized by proximate and elemental analysis, HHV and GC/MS methodologies.

The proximate, elemental, fiber and calorific analyses of the biomass materials were performed
to figure out their basic properties [34]. The weight percentages of C, H, and N for biochar and for
the low and the high volatility compounds were measured by an elemental analyzer. The proximate
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analysis of biomass was carried out in accordance with standard procedures of American Society for
Testing and Materials (ASTM).

The weight percentages of C, H, and N in the biomass were measured by an elemental analyzer
(PerkinElmer 2400 Series II CHNS/O Elemental Analyzer). The weight percentage of O was obtained
by difference, that is, O (wt%) = 100 – C–H–N-Ash. The hemicellulose, cellulose, and lignin contents of
biomass were analyzed following the fiber analysis in a previous study. The HHVs of the samples
were measured by a bomb calorimeter (IKAC5000). The definitions of product yield and energy yield
were used as follows:

Product yield (%) =
Weightproduct

Weightraw
× 100 (1)

Energy yield (%) =
Weightproduct ×HHVproduct

Weightraw ×HHVraw
× 100 (2)

Gas energy yield (%) = 100− solid energy yield-liquid energy yield (%) (3)

The subscripts “raw” and “product” represent raw and torrefied biomass, respectively.
The condensed low and high volatility compounds were measured using a gas chromatography-

mass spectrophotometer (GC 6890N, MS 5973N, Autosample 7683B, GC–MS). GC column and solvent
are GSBP 0125-3001HT (length 30 m, inner diameter 0.25 mm, film thickness 0.1 um) and hexane/acetone.
The oven temperature was set as follows: (1) 50 ◦C for 2 min; (2) from 50 to 270 ◦C at a heating rate of
9 ◦C min−1; and (3) the capillary column was maintained at 270 ◦C for about 5 min; (4) from 270 to
320 ◦C at a heating rate of 13 ◦C min−1; and (5) the capillary column was maintained at 320 ◦C for
about 2.5 min; (6) from 320 to 350 ◦C at a heating rate of 10 ◦C min−1; and (7) the capillary column was
maintained at 350 ◦C for about 2.5 min. High-purity helium at a flow rate of 1.0 mL min−1 was used as
the carrier gas and sent into the reaction system. In the GC/MS, the mass-to-charge range used for the
mass selective detector was between 40 and 550 m/z. For the purpose of this research, the existence of
a volatile product was confirmed if it showed a qualification percentage of 60% or higher according to
the MS database. The calibration curves as well as limit of detection and limit of quantification values
were programmed in the MS instrument.

As for the Karl Fisher device, the water content of the low and high volatility compounds was
measured by Karl Fischer titration (TitroLine® 7500 KF) method using the standard procedure of the
American Society for Testing and Materials (ASTM D1744) [35]. This method uses Karl Fischer reagent,
which reacts quantitatively and selectively with water, to measure moisture content. Karl Fischer
reagent consists of iodine, sulfur dioxide, a base, and a solvent such as alcohol. The fundamental
principle behind it is based on the Bunsen Reaction between iodine and sulfur dioxide in an aqueous
medium [36]. The measurement quality of the GC/MS and Karl Fischer titration systems was reliable
since the instruments had been calibrated periodically. It should be noted that the data presented in
the tables and figures were average figures derived from multiple tests wherein the differences were
found to be smaller than 5%.

3. Results and Discussion

3.1. Proximate Analysis for Wood Sawdust

The proximate analysis (dry ash-free) of raw and torrefied wood sawdust is shown in Table 1.
Cellulose was the major component in the biomass contributing 46.32 wt%, followed by hemicellulose
(27.58 wt%) and lignin (8.17 wt%). The raw wood sawdust contained moisture, VM, fixed carbon (FC),
and ash in portions of 7.72 wt%, 74.57 wt%, 16.41 wt%, and 1.30 wt%, respectively. The C, H, N, and O
contents in the raw wood sawdust were found to be 47.07 wt%, 6.10 wt%, 0.43 wt%, and 46.40 wt%,
respectively. The HHV of the biomass was 17.68 MJ kg−1.
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Table 1. Proximate, fiber, elemental, and calorific analyses of raw wood sawdust.

Wood Sawdust

Proximate Analysis (wt%)

Volatility matter (VM) 74.57 ± 3.89
Fixed carbon (FC) 16.41 ± 3.51

Moisture 7.72 ± 1.25
Ash 1.30 ± 0.73

Fiber Analysis (wt%)

Hemicellulose 27.58 ± 4.72
Cellulose 46.32 ± 4.10

Lignin 8.17 ± 2.33
Other 16.71 ± 3.47

Elemental Analysis (wt%, Dry-Ash-Free)

C 47.07 ± 2.55
H 6.10 ± 1.82
N 0.43 ± 0.21

O (by difference) 46.40 ± 4.44
HHV (MJ kg−1, dry basis) 17.68 ± 1.35

3.2. The Effect of Vacuum on Product Yields

The yield of solid and liquid products at various operating conditions is displayed in Figures 2
and 3. The solid yield decreased with torrefaction temperature between 200 and 300 ◦C for both systems
(see Figure 2). Between 200 and 300 ◦C for 60 min, the biochar yield decreased from 93.19 to 56.08 wt%
in the vacuum system, while it decreased from 94.29 to 56.91 wt% in the nitrogen system [30,37]. This
demonstrates that the vacuum approach can produce a similar amount of biochar in comparison to the
conventional approach.

°

Figure 2. Profiles of solid (biochar) yield from wood sawdust torrefaction.

Besides the solid products, liquid yields from both systems were both found to be around 5 wt%
at 250 ◦C with a torrefaction time of 30 min (see Figure 3a,b). According to the law of thermal
decomposition, as torrefaction temperature increases, the formation of liquid products also increases.
As anticipated, the effect of temperature picked up at 275 ◦C for both systems alike, where the liquid
yield reached 15 wt%. With a torrefaction time of 60 min, liquid yield became 9–10 wt% below 250 ◦C
and went above 30 wt% at 300 ◦C in both systems (see Figure 3b). The fact that the samples did
not reached the target temperature of 300 ◦C during much of the 30 min torrefaction time provides
a plausible explanation for the result that the vacuum system yielded less liquid than the nitrogen
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system. With a longer torrefaction time of 60 min, however, the advantage of the vacuum system was
fully realized while a lot of volatile compounds were released from the solid components at 300 ◦C.

° °

Figure 3. Profiles of liquid yields from wood sawdust torrefaction for (a) 30 min and (b) 60 min.

Table 2 shows the overall solid and liquid yields formed at various temperatures in both systems.
The yields of low and high volatility liquid compounds are also available in the table. Overall, the
total liquid yield increased from 2 to 33 wt% while temperature increased in both systems alike. It is
noteworthy, nonetheless, that the vacuum system surpassed the nitrogen system in yielding liquid
products with a peak liquid yield rate of 33.21 wt% at 300 ◦C with a torrefaction time of 60 min.

Table 2. Profiles of liquid and solid products from wood sawdust torrefaction.

Operating
Conditions

Duration
(min)

Temp. (◦C)

Solid Yield Liquid Yield

Biochar
(wt%)

Low
Volatility

Compounds
(wt%)

High
Volatility

Compounds
(wt%)

Total (wt%)

N2 (0.1 L/min) 30

200 95.47 ± 1.22 1.92 ± 0.21 0.72 ± 0.32 2.64 ± 0.72
225 94.26 ± 1.01 2.34 ± 0.24 1.64 ± 0.43 3.98 ± 1.02
250 90.92 ± 2.11 2.50 ± 0.35 2.37 ± 0.15 4.88 ± 0.57
275 77.46 ± 1.82 6.11 ± 1.61 11.36 ± 1.25 17.48 ± 2.32
300 65.97 ± 2.31 8.01 ± 2.37 15.93 ± 2.52 23.94 ± 3.19

N2 (0.1 L/min) 60

200 94.29 ± 1.42 0.32±0.38 2.69 ± 0.42 3.01 ± 0.93
225 90.02 ± 1.83 2.92 ± 0.82 2.41 ± 0.45 5.33 ± 1.34
250 83.03 ± 2.03 3.26 ± 0.87 7.55 ± 0.64 10.81 ± 1.38
275 70.44 ± 2.67 3.82 ± 1.32 12.79 ± 2.21 16.61 ± 2.58
300 56.91 ± 3.47 9.65 ± 2.53 21.38 ± 3.52 31.03 ± 3.57

Vacuum 30

200 95.20 ± 0.73 - 1.83 ± 0.54 1.83 ± 0.54
225 92.97 ± 1.34 - 3.24 ± 1.32 3.24 ± 1.32
250 90.33 ± 1.93 0.54 ± 0.92 4.48 ± 0.74 5.02 ± 1.02
275 77.45 ± 2.78 1.65 ± 0.72 13.63 ± 1.84 15.28 ± 3.13
300 64.61 ± 3.67 4.98 ± 2.77 14.70 ± 3.52 19.68 ± 4.28

Vacuum 60

200 93.19 ± 0.50 - 3.09 ± 1.19 3.09 ± 1.19
225 89.34 ± 1.02 - 5.74 ± 1.21 5.74 ± 1.21
250 81.47 ± 3.88 0.65 ± 0.21 8.32 ± 3.31 8.97 ± 3.25
275 69.76 ± 3.78 5.11 ± 0.92 19.17 ± 0.58 24.28 ± 1.82
300 56.08 ± 4.33 8.61 ± 3.53 24.61 ± 3.82 33.21 ± 4.95

In further analysis breaking down liquid yields into low and high volatility compounds, low
molecular weight (i.e., high volatility) products were absent at lower temperatures (i.e., below 250 ◦C)
in the vacuum system. This was because—in a vacuum—most of the low molecular weight products
diffused to the Erlenmeyer flask and left a considerably smaller amount of such products in the glass
bottle [38,39]. By subtracting the weight percentage of the solid and the liquid yields from the total
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weight percentage of the original sample (i.e., 100%), the mass of losses in gaseous products can be
obtained. In the nitrogen system, 2%–10% of the gaseous compounds and moisture were lost, while
3%–15% of such were lost in the vacuum system between 200 and 300 ◦C.

3.3. GC/MS Analysis of Liquid Compounds

Gas chromatography-mass spectrometry (GC/MS) is an instrumental technique consisting of
a gas chromatograph (GC) coupled with a mass spectrometer (MS). It allows complex mixtures
of chemicals to be separated, identified, and quantified and is thus ideal for the analysis of low
molecular weight compounds (LMC). Recently, GC/MS has been employed for the in-depth analysis of
thermal decomposition and the products of pyrolysis from biomass [40–42]. Table 3 and Figure A2
(in Appendix A) show the relative mass contents of sawdust torrefied in the vacuum and the nitrogen
systems at 300 ◦C for 60 min. The liquid products were largely composed of condensable components
such as phenols, acids, alcohols, aldehydes, and ketones (see Table 3) [43–45]. All of the results reported
in Table 3 are mutually comparable because they were obtained under the same operating conditions
as programed in the MS instrument.

Table 3 shows that—in the nitrogen system—low molecular weight compounds (LMC) and high
molecular weight compounds (HMC) can be found in both the glass bottle (where low volatility
compounds concentrated) and the Erlenmeyer flask (where high volatility compounds concentrated).
Compared to torrefaction performed in nitrogen, torrefaction conducted in vacuum drastically
reduced the furfural, 2-furancarboxaldehyde, and 2,6-dimethoxy-phenol in the products. Apparently,
torrefaction in vacuum altered the ratio between LMC and HMC. In a vacuum, most of the LMC,
especially furfural, were removed from both the glass bottle and the erlenmeyer flask. The LMC
evaporated and mixed in the gas stream, which vented out of the system. On the other hand, HMC
could only be found in the erlenmeyer flask in the vacuum system [46,47]. It is clear that the moving
of torrefied liquid compounds through diffusion played a major role in creating such a diverged
pattern [48,49]. These findings suggest that a vacuum environment is better able to stratify liquid
compounds by their molecular weight.

3.4. Elemental Analysis of Solid and Liquid Products

Atomic H/C and O/C ratios as well as HHV are important indices for a material used as a source of
energy [22,50]. The atomic H/C and O/C ratios for the solid and liquid products are reported in Table 4.

With regards to the liquid products, Figure 4a shows the H/C ratios for the low volatility compounds
in both systems, which dropped along with torrefaction temperature by a similar pattern. At 275 ◦C
and higher, the same figures came down to below 10%. In much the same way, Figure 4b shows
uniformly low O/C ratios across the board [51]. However, it is noteworthy that higher torrefaction
temperature (i.e., carbonization) appeared to have affected hydrogen to a greater extent than it did
oxygen [26,52,53].

The covariation of the H/C and the O/C ratios is presented in a van Krevelen diagram (see
Figure 4c). Both ratios decreased as torrefaction temperature increased, resulting in the shift of data
points from the upper right to the bottom left corner. The H/C and O/C ratios of the sample torrefied at
200 ◦C for 60 min in vacuum were 25.36 and 11.49; such figures decreased to 3.64 and 1.29, respectively,
when the sample was torrefied at 300 ◦C.

The outcome of the elemental analysis, as well as atomic H/C and O/C ratios for biochar, low
volatility, and high volatility compounds in both systems, is reported in Table 4. The atomic H/C and
O/C ratios for biochar were in the intervals 1.0–1.6 and 0.5–0.75 in vacuum and nitrogen, respectively.
For the liquid products, data for high volatility compounds were unavailable for the vacuum system at
lower torrefaction temperatures. Such compounds presumably had molecular weights that were too
small to be captured in the process of diffusion. In other words, high volatility compounds could only
be collected in the erlenmeyer flask at lower torrefaction temperatures in vacuum.
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 ° °

Figure 4. Profiles of (a) atomic H/C ratio versus temperature, (b) atomic O/C ratio versus temperature,
and (c) van Krevelen diagram. All of the data presented were of low volatility compounds.

In contrast, in the nitrogen system, the atomic H/C and O/C ratios for low volatility compounds
fell in the intervals 38.0–1.7 and 21.0–0.6, respectively. This indicated that both high and low volatility
compounds were condensed into the glass bottle, resulting in mixed components therein.

With respect to high volatility compounds with a torrefaction time of 30 min in a vacuum, the C
content increased from 1.75 to 25.4% while torrefaction temperature increased from 200 to 300 ◦C. At the
same time, the H and O contents reduced from 6.25 to 5.92% and from 40.37 to 37.68%, respectively.
With a torrefaction time of 60 min in a vacuum, the C content increased from 5.39 to 32.66% while
temperature went from 200 ◦C to 300 ◦C. Meanwhile, the H and O contents reduced from 11.47 to 9.97%
and from 82.49 to 55.99%, respectively. Similar patterns were found on the high volatility compounds
in nitrogen. In fact, the atomic H/C and O/C ratios for high volatility compounds in vacuum with a
torrefaction time of 60 min were lower than those in the nitrogen system. This indicated that—at a
temperature of 275 ◦C or above—the H and O elements in the liquid compounds resulting from the
vacuum system reduced by the same rate as they did in nitrogen.

3.5. Higher Heating Value Analysis

The HHV of torrefied products is a function of temperature [54]. All HHV and temperature
figures from the experiments can be found in Figure 5 and Table 5. Across all materials, HHV increased
along with the temperature. The increase in HHV was positively associated with temperature and
residence time. This is due to an increase in the carbon content of the torrefied materials as a result of
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reduced H and O. With increased temperature, the total mass of the solid decreased, while the HHV
increased. The HHVs of the solid materials from both systems were 27–35%, which were higher than
that of the original biomass.

°

Figure 5. Profiles of the HHV of torrefied wood sawdust in vacuum and nitrogen systems with different
temperatures and times.

Table 5. HHVs of untreated and torrefied biomasses.

Condition Time (min) Temp. (◦C)

Solid Liquid

Biochar HHV (Dry
Basis) (MJ/kg)

Low Volatility
Compounds HHV

(MJ/kg)

High Volatility
Compounds HHV

(MJ/kg)

Raw - - 17.687 - -

N2
(0.1 L/min) 30

200 17.662 2.902 1.160
225 17.583 4.403 1.653
250 18.637 4.978 4.429
275 19.995 10.721 6.628
300 21.308 13.762 6.839

N2
(0.1 L/min) 60

200 18.496 3.533 1.021
225 18.624 5.197 1.026
250 19.605 9.644 5.499

275 21.518 17.685 6.425
300 24.071 19.205 6.816

Vacuum 30

200 18.561 - 1.455
225 18.624 - 1.533
250 18.647 15.600 1.776
275 19.465 19.034 6.724
300 20.512 19.101 9.131

Vacuum 60

200 18.431 - 2.801
225 18.970 - 5.047
250 19.235 - 5.804
275 21.698 19.726 6.921
300 22.521 19.450 9.333

As for the liquid products, the HHV of low volatility compounds from the vacuum system
did not go up until temperature reached 275 ◦C [55]. In contrast, the HHV of the low volatility
compounds from the nitrogen system only started to pick up above 300 ◦C. Overall, the HHV of the
high volatility compounds from both systems were lower—to a similar degree—than that of their
respective solid compounds (17.68 MJ kg−1). However, the high volatility compounds from the vacuum
system exhibited higher HHVs than those from the nitrogen system. These findings suggest that
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torrefaction in vacuum improves the energy density of biomass more significantly than does a nitrogen
system. Thus, the application of the vacuum technique to torrefaction has the potential for improving
combustion efficiency.

3.6. Biomass Energy Conversion

In converting raw biomass into various forms of energy such as heat, solid, liquid, and gaseous fuels,
there are four approaches: direct combustion, physical conversion, biochemical, and thermochemical
conversions [56,57]. Energy yield, which stands for the ratio of total energies between processed and
raw biomass samples, is a measure of preserved energy in the processed materials, corresponding to
their solid, liquid, and gaseous states [58].

Torrefaction, a method of thermochemical conversion, registers a high energy yield of 90% for
solid products when performed at 250 ◦C or below. While higher torrefaction temperature increases
the energy density of the resultant biochar, it does so at the expense of reduced solid yield. When
this is the case, lower energy yield means energy transfer from the solid product to liquid or gaseous
products [59]. Figure 6a shows the percentage of energy yield for the solid, liquid, and gaseous
products in a nitrogen system with a torrefaction time of 60 min at 300 ◦C. The resulting portions are
77%, 19%, and 4%, respectively. In comparison, the energy yield for the solid, liquid, and gaseous
products from a vacuum system under the same conditions become 71%, 23%, and 6%, respectively.
These suggest a 6% energy transfer from the solid biochar to the liquid and gaseous products in a
vacuum environment.

Biochar
77 %

Liquid
19 %

Gas
4 %

High volatility compounds (11 %)
Low volatility compounds (8 %)

(a)
Biochar

71 %

Liquid
23 %Gas

6 %

High volatility compounds (10 %)
Low volatility compounds (13 %)

(b)

Figure 6. Energy distribution of biomass sources torrefied at 300 ◦C for 60 min in (a) nitrogen and
(b) vacuum.

In addition, the moisture content was evaluated. The moisture contents in the liquid products
at the different torrefaction temperatures in vacuum and nitrogen with different torrefaction times
are presented in Table A1 (in Appendix A). In both systems, the moisture contents exceeded 85 wt%
at 200 ◦C. The moisture content decreased along with temperature [26]. At 300 ◦C, the moisture
contents of low and high volatility compounds were around 15% and 45%, respectively, in the vacuum
system. At the same temperature, the moisture content of the low volatility compounds in the nitrogen
system was 25% after 60 min of torrefaction and 49% after 30 min, while the high volatility compounds
exhibited a consistent level of moisture content around 62% regardless of torrefaction time. In contrast,
the moisture contents of the low volatility products from the vacuum system at 300 ◦C were between
14% and 16% after 60 and 30 min, respectively, while the high volatility compounds hovered around
44% and 46% regardless of time. In sum, the moisture contents of the liquid products from the vacuum
system are lower than those of the nitrogen-system products across the board. It is thus clear that
torrefaction in vacuum serves to improve the HHV of liquid products by bringing down their moisture
level, making liquid and gaseous products of torrefaction qualified as fuels and other functional
materials [58].
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4. Conclusions

With the vacuum technique applied to torrefaction, it was found that the amount of biochar (solid
products) resulting from the vacuum system was reduced at the same rate as the nitrogen system.
In terms of the energy density, the vacuum system was able to produce biochar with considerably
higher HHV than did the nitrogen system below 250 ◦C. This is because the moisture and the high
volatility compounds (i.e., aldehydes) dispersed more smoothly in a vacuum. At a temperature higher
than 250 ◦C, however, most of the low volatility compounds evaporated, resulting in lower HHV in
the biochar produced in the vacuum.

Despite such mixed results with the solid products, the vacuum system increased the HHV
of its liquid products more significantly than did the nitrogen system regardless of torrefaction
temperature. As the GC/MS analysis revealed, the vacuum system separated a greater amount of
smaller molecules (such as water) from bigger ones and thus produced high-volatility compounds that
contained considerably less moisture. Another proof of reduced moisture in the liquid products of
the vacuum system was a Van Krevelen plot of the H/C and O/C ratios, which demonstrated a linear
relationship between torrefaction temperature and the hydrophobic property of the liquid products.

In light of the above, the vacuum system outperformed the nitrogen system in terms of the HHV,
owing largely to the former’s less moist liquid products. Unlike the case with the solid products, this
pattern exhibited by the liquid products was unaffected by torrefaction temperature. Since the vacuum
system converted more energy from solid biomass to liquid products, it was able to enhance the total
energy output of torrefaction.
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Appendix A

Table A1. The moisture content of high and low volatility compounds at various operating conditions.

Operating
Conditions

Temp. (◦C)
Low Volatility Compounds High Volatility Compounds

60 min 30 min 60 min 30 min

N2
200 95.03 85.55 97.94 95.11
300 24.6 49.12 62.06 61.32

Vacuum
200 - - 98.65 89.54
225 - - 82.34 91.91
300 14.3 15.68 45.33 44.28
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°

°
°
°
°
°

Figure A1. Temperature vs. time plots for the center sample in reactor trials (vacuum and nitrogen
systems) for wood sawdust.

Figure A2. GC/MS spectra of high and low volatility compounds at 300 ◦C in vacuum systems.
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Abstract: Fossil fuel depletion, along with its ever-increasing price and detrimental impact on the
environment, has urged researchers to look for alternative renewable energy. Of all the options
available, biomass presents a very reliable source due to its never-ending supply. As research on
various biomasses has grown in recent years, waste from these biomasses has also increased, and it
is now time to shift the focus to utilizing these wastes for energy. The current waste management
system mainly focuses on open burning and soil incorporation as it is cost-effective; however, these
affect the environment. There must be an alternative way, such as to use it for power generation.
Rice straw and rice husk are examples of such potential biomass waste. Rice is the main food source
for the world, mostly in Asian regions, as most people consume rice daily. This paper reviews
factors that impact the implementation of rice-straw-based power plants. Ash content and moisture
content are important properties that govern combustion, and these vary with location. Logistical
improvements are required to reduce the transport cost of rice husk and rice straw, which is higher
than the transportation cost of coal.

Keywords: rice straw; rice husk; power generation; gasification; alternative fuel

1. Introduction

The usage of fossil fuels has increased rapidly since the 19th century due to the increased population
and technological development in many countries; neither the population nor the technological
development are able to be controlled, and the development of technology is important for sustaining
society and the economy [1]. Many scientists are worried that due to their limited reserves, fossil fuels
will become incapable of supporting global energy needs in the coming years [2–4]. The increasing
price of fossil fuels is due to the high market demand, excessive use, and phasing out of fossil fuel
based technologies which have caused climate change over a period of years [5–8]. It has been reported
that global carbon dioxide (CO2) emissions increased from 30,295 million metric tons in 2008 to
33,234.8 million metric tons in 2018. In 2018, the largest CO2 emitter globally is the Asia Pacific region
(16.27 billion metric tons of CO2 emissions, and China alone contributed 27% of the world total fossil
fuel CO2 emissions) [9]. Currently, the coal industry dominates the Chinese power generation industry,
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especially in electricity production [10,11]. Malaysian power generation industries generally rely on
fossil fuels. High consumption of fossil fuels for combustion processes in power generation increases
the emissions of carbon dioxide (CO2) [12]. During the year 1990, there was an emission of 3.1 metric
tons of CO2 per capita, whereas in 2011, it was 7.8 metric tons per capita, representing an increase of
155% in emission rate [13]. The major environmental and health issues of fossil fuels and increasing
energy requirements have drawn attention from all over the world to the search for renewable fuels as
these fuels are assumed to be neutral, as shown in Figure 1. During their development cycle, plants use
photosynthesis to retain and change sunlight and carbon dioxide from the atmosphere into nutrients
and energy. Therefore, when biomass is combusted as a power generation fuel, it does produce carbon,
but the carbon dioxide is again absorbed by plants during the next crop cycle [14].

It is crucial to maintain energy usage and find a more sustainable source of energy, such as
renewable energy, to fulfil global needs [15–17]. Most countries have come up with policies which
offer benefits and funding to companies that seek to develop the renewable energy technology and
eliminate fossil-fuel-based technologies [8]. For example, the European Union has set the target for
its energy distribution to have a 20% contribution from renewable energies by the year 2020 [18].
The government in Spain has pushed the deployment of renewable energy to lower the impacts of
pollution on the environment [19]. In Denmark, Spain, and Germany, innovations and inventions
related to renewable energy and the production of energy at lower cost have been highly welcomed
and appreciated. In Taiwan, many energy conservation patents have been established to lead the
country towards the use of renewable energy sources [20]. In Indonesia, renewable energy has been
widely used for biofuel and power generation. Renewable energy is going to be the main alternative
energy source in Africa to overcome hydra-headed problems such as climate change and the lack of
energy access in certain secluded areas [21]. There is a clear understanding that energy is the need and
pivot upon which society turns.

There are various types of renewable energy source, such as biomass, hydro, wind, solar
photovoltaic, and solar thermal, which have been implemented in many countries around the
world [22–26]. However, some of renewable energy, like wind and solar, is not continuously available,
and energy storage devices are therefore required [27]. To date, batteries are the only energy storage
equipment available commercially. Hence, many researchers have attempted to find a material that
stores energy in significant amounts to be used when necessary [28–30]. For this reason, researchers
and the private sector still interested in deriving biofuel from biomass [31–35]. Biomass is classified
into two types: waste biomass and energy crops [36]. Harvesting energy from biomass also depends
on its fuel capacity and availability. It is only wise for a country to invest in biomass if the supply is
abundant and able to be sustained continuously in future years [36]. In recent decades, the application
of agricultural residues such as rice husk and rice straw has gained much more attention than other
energy crops, as they are cheaper in cost and do not affect the food price, and circumvent the food
versus fuel controversy. In addition, both rice husk and rice straw are the main residues from the most
essential foods crop: rice. Both the abundant availability of agricultural residues and the technological
development of biomass conversion techniques have enabled the biomasses from the rice industry to
be converted into an important source of renewable power.
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Figure 1. Illustration of the carbon-neutral cycle [37].

It is predicted that the consumption of rice will continue in coming decades due to the increasing
population and economic development in Africa and Asia especially. It has been predicted that the
total global rice consumption will be 450 million tons by 2020; the rice industry will be sustained long
terms and the availability of its agricultural waste will remain high [38]. The development of rice
husk and straw utilization for energy purposes has been seriously researched and studied worldwide
for years, but few researchers have reviewed and analyzed these works. This paper provides a
comprehensive review of the technology available for the production of renewable energy from rice
crops and their residues.

2. Advantages of Biomass

There are many agricultural waste products classified under energy crops, such as rice straw,
rice husk, wheat, potatoes, and residues from processing fruits [39]. The Association of Southeast
Asian Nations (ASEAN) countries have an abundant supply of biomass, but it is unevenly distributed.
Malaysia, as one of the top palm oil producers, could be a major contributor to renewable energy from
biomass [40,41]. Other countries rich in biomass are Cambodia, Myanmar, and Laos. Due to a lack of
financial means and slow progression of technology, agricultural residues are normally disposed of in
these countries by open burning, where their energy potential is not being utilized [42].

Biomass offers some benefits compared to other sources of power generation. The advantages of
biomass are [43–46] as follows:

(i) Renewable energy source
This source of biomass will never run out as crops, manure, and garbage are continuously
produced by human activities.

(ii) Carbon-neutral
Utilizing biomass in the power generation industry basically follows the principle of the
carbon-neutral cycle. Therefore, there is no contribution to greenhouse gas emissions when
biomass-based fuel is burnt in power plants.

(iii) Cost-effective
Biomass energy is cheaper compared to other forms of renewable energy generation. It
has been reported that utilization of 70% of rice husk residues could contribute 1328 GWh
electricity production annually, and the cost of per unit electricity generated using rice husk is
47.36 cents/kWh, compared to 55.22 cents/kWh of electricity generated by coal [47].
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(iv) Ability to have small scale power production
By using the gasification method, power production can be done on a small scale, especially in
rural areas.

(v) The large variety of feedstock
Biomass power is capable of incorporating a variety of feedstock, such as rice straw, rice husk,
wood pellets, bagasse, etc.

(vi) Reduces methane gas
The decomposition process of organic matter indirectly releases methane gas; combustion of the
biomass to produce energy could control the release of methane gas.

3. Agricultural Residues from Rice Crops

In general, agricultural wastes are biomass residues that can be divided into two categories,
namely the crop residues and the agro-industrial residues. Crop residues can be further divided into
different sub-groups, such as rice straw and rice husk. Rice husk is the outer layer of a rice seed. Rice
husk is removed from the rice seed as a byproduct during the milling process. Rice straw is the stalk
of the rice plant, which is left in the field as a waste product upon harvesting of the rice grain (i.e.,
the seeds of rice). Rice straw is produced when the paddy plant is cut at grain during harvest [48].
Rice straw actually makes up almost 50% of the clean weight of rice plants, and this may vary in the
range of 40–60% depending on the method used during cultivation. Therefore, it is clear that almost
half of the weight of the plant is contributed by the straw. Figure 2a,b shows the potential application
of rice husk and rice straw for power generation.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. The potential application of (a) rice husk and (b) rice straw for fuel and power generation.

Kadam et al. [49] stated that for every ton of rice grain obtained, there is at least 1.35 tons of rice
straw residue remaining in the fields. Therefore, looking at the paddy production reported in previous
studies, it becomes clear that the amount of agricultural rice straw residue produced is extremely high.
According to Zhiqiang Liu [50], rice straw waste represents about 62% of the rice production in China,
and it is not utilized properly for energy generation. In Taiwan, during 2007, based on the paddy field
area of 9375 ha, around 0.0563 million tons of wet and fresh rice straw remained at farms following the
rice harvest. The total planted area was 38,862 ha, producing up to 0.233 million tons of rice straw [51].
Different researchers have reported different residue ratios of rice straw and rice husk, varying from 1.0
to 3.96 and 0.2 to 0.33, respectively. Table 1 shows the rice crop, rice straw, and rice husk production of
the top 20 rice-producing countries. Globally, 769.75 million tons of rice straw and 153.95 million tons
of rice husk was produced in 2017, which could have been used to produce 638.03 PJ of energy [38].

Table 1. Rice crop, rice straw, and rice husk production in the top 20 rice-producing countries in
2017 [52].

Countries
Rice Crop

(million tons)
Predicted Rice

Husk a
Predicted Rice

Straw b
Energy

Potential (PJ)

China, mainland 212.68 42.54 212.68 638.03
India 168.50 33.70 168.50 505.50

Indonesia 81.38 16.28 81.38 244.15
Bangladesh 48.98 9.80 48.98 146.94

Vietnam 42.76 8.55 42.76 128.29
Thailand 33.38 6.68 33.38 100.15
Myanmar 25.62 5.12 25.62 76.87

Philippines 19.28 3.86 19.28 57.83
Brazil 12.47 2.49 12.47 37.41

Pakistan 11.17 2.23 11.17 33.52
Cambodia 10.35 2.07 10.35 31.05

Nigeria 9.86 1.97 9.86 29.59
Japan 9.78 1.96 9.78 29.34
USA 8.08 1.62 8.08 24.25

Egypt 6.38 1.28 6.38 19.14
Republic of Korea 5.28 1.06 5.28 15.85

Nepal 5.23 1.05 5.23 15.69
Lao People’s Democratic Republic 4.04 0.81 4.04 12.12

Madagascar 3.10 0.62 3.10 9.30

World total 769.75 153.95 769.75 638.03

a Predicted residue ratio of 0.2 and b predicted residue ratio of 1.0.
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4. Characteristics of Rice Crop Residues

The size of rice husks is normally uniform, similar to the size of grain, and they are normally
very dry with a very low moisture content. Husks are normally collected at the factory level where
grain is processed. Rice husk has good market access and can be traded, because there are already
established rice husk power plants (e.g., the 2.5 MW rice-husk-based cogeneration plant at Hanuman
Agro Industries Limited), and it can also be used in the co-firing process. Husks do not require
preprocessing due to their low moisture content and high ash content, and so can be directly used for
heat generation or energy generation in power plants [18,53,54]. Rice straw is usually very bulky and it
is normally dry, although under circumstances of the rainy season, it is normally wet. It is a field-based
resource that most farmers do not collect from the field after the harvesting process. However, both
rice straw and rice husk are composed of hemicellulose (35.7% and 28.6%), cellulose (32% and 28.6%),
lignin (22.3% and 24.3%), and extractive matter (10% and 18.4%), respectively.

In addition, rice crop residues have several properties which can be determined through proximity
analysis, ultimate analysis, and elemental analysis. Both residues of rice crops also have high heating
values of 15.84 MJ/kg and 15.09 MJ/kg, respectively, which indicates their energy content and potential
as a source of power generation. Table 2 lists the important properties of rice crop residues [38,55,56].
The properties of crop residues affect combustion performance during power generation. For example,
extractive content characteristics play a role in higher heating values (HHV) and lower ash contents.
The presence of Na, K, and P also lowers the melting point of rice husk and rice straw, which may
cause fouling and corrosion.

Table 2. Properties of rice crop residues.

Analysis Properties Rice Husk Rice Straw References

Constant volume HHV MJ/kg 15.84 15.09 [38]

Proximate analysis FC 16.22 15.86 [55]
(% dry fuel) VM 63.52 65.47

AC 20.26 18.67

Ultimate analysis C 38.83 38.24 [55]
(% dry fuel) H 4.75 5.20

O2 35.47 36.26
N 0.52 0.87
S 0.05 0.18
Cl 0.12 0.58
AC 20.26 18.67

Elemental analysis of ash (%) SiO2 91.42 74.67 [55,56]
Al2O3 0.78 1.04
TiO2 0.02 0.09

Fe2O3 0.14 0.85
CaO 3.21 3.01
MgO <0.01 1.75
Na2O 0.21 0.96
K2O 3.71 12.30
SO3 0.72 1.24

P2O5 0.43 1.41

5. The Conversion Process of Rice Crop Residues into Power

Rice straw has three key elements: silica, high cellulose, and a long decomposition period.
Rice straw is widely used, including as animal feed and to produce non-wood fibers for newsprint
production and corrugated mediums. Rice straw can be converted into bioethanol, a clean-burning
fuel [57]; however, this requires a costly chemical conversion process. Rice straw can also be used as a
fuel source in a combustor or utility boiler. It is necessary to avoid slagging and fouling during the
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boiling and combustion processes. There are two processes for harvesting energy from rice straw [58]:
thermochemical and biochemical processes. The choice of conversion process depends upon the
type and quantity of biomass feedstock; the desired form of the energy, i.e., end-user requirements;
environmental standards; economic conditions; and project-specific factors. Figure 3 shows a typical
rice husk power plant. The details of both thermochemical and biochemical processes are discussed in
the following sections.

5.1. Thermochemical Processes

The thermochemical conversion processes can be classified into two categories: direct conversion
of biomass to energy products, and conversion of biomass into another form which can be used later to
produce energy. The thermochemical processes include direct combustion, gasification, and pyrolysis.

5.1.1. Direct Combustion

In this process, the chemical energy stored into the biomass is converted into heat, electricity,
or mechanical power by burning the biomass in the presence of air. For feasible energy production,
the biomass should have a moisture content of less than 50%. This process has some disadvantages.
In most cases, pretreatment of biomass is important before burning. Some pretreatment processes
include drying, chopping, grinding, etc. Pretreatment processes increase financial costs and energy
expenditure [59,60]. Combustion is the most widely used thermochemical process, especially in
developing countries, accounting for some 97% of the bioenergy obtained worldwide [61,62]. Indirect
combustion processes refer to the use of biomass as a source of fuel in a boiler, contributing to the
production of steam in the presence of oxygen in the boiler. The steam is used to generate heat and
electricity concurrently using a turbine.

 
Figure 3. A typical rice husk power plant.
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5.1.2. Gasification

The biomass is heated at high temperatures (800–900 ◦C) with an insufficient supply of air (partial
oxidation); as a result, a combustible gas mixture is produced. Rice husk gasification power generation
has become very popular in many Asian countries like China, Indonesia, India, Thailand, Cambodia,
and the Philippines. The advantages of gasification are that the gas produced can be used in gas
engines, gas turbines, and fuel cells for electricity generation at higher efficiency. Pode et al. [63]
mentioned that one ton of rice husk can produce 800 kWh of electric power and can save about 1 ton
of CO2 emissions compared to current uses. Prasara et al. [64] mentioned that an ideal gasification
process yields only non-condensable gas and ash residue. Susastriawan et al. [65] investigated the
compatibility of a downdraft gasifier using different feedstocks such as rice husk, sawdust, and their
mixture, and found that the optimum equivalence ratios of the producer gas were 3.13, 2.69, and
0.35 MJ/Nm3, respectively. The potential of rural electricity generation using biomass gasification
system was discussed by Abe et al. [66]. However, tree farming is required to provide a long-term
biomass supply for gasification.

5.1.3. Pyrolysis

Pyrolysis occurs at high temperatures and in the absence of air with biomass decomposition.
The nominal operating temperature range is 350–550 ◦C. The ratio of the products from pyrolysis,
gas-, liquid-, and carbon-rich residues, depends on the operating conditions of the process.
Bridgwater et al. [67] indicated that a fast pyrolysis process is very important and consists of
the principal reaction systems and processes along with the resulting liquid products. Depending
on the temperature, heating rate, and residence time, there are three main types of pyrolysis process
found: namely, slow, fast, and flash. The main product of slow pyrolysis process is char, with a small
amount of oil and gas. The fast pyrolysis process produces mainly pyrolysis oil, whereas the main
product of flash pyrolysis is gas. Fukuda et al. [68] found that a maximum 50% wt. pyrolysis oil yield
could be achieved through a fast pyrolysis process using rice husk. Another study showed that about
75% wt. pyrolysis oil can be obtained on a dry feed basis using a fast pyrolysis process [69].

5.2. Biochemical Processes

Different useful products can be obtained through the conversion of biomass using the following
bio-chemical processes.

5.2.1. Anaerobic Digestion

An anaerobic digestion process refers to the conversion of biomass into biogas by microorganisms
(the combination of carbon dioxide and methane) in the absence of oxygen. This biogas is an excellent
source of fuel for the generation of heat and energy. Anaerobic digestion of rice straw is not a new
concept; however, its renewable energy potential has barely been analyzed. Mussoline et al. [70]
mentioned that optimum digestion conditions of pH (6.5–8.0), temperature (35–40 ◦C), and nutrients
(C:N ratio of 25–35) could produce methane yields of 92–280 l/kg of volatile solids. Matin et al. [71]
investigated the development of biogas production from rice husk by solid-state anaerobic digestion
(SSAD) and found that lignin content was very difficult to degrade using microbes. They also found
that a better biogas yield was produced by using the SSAD method compared with liquid anaerobic
digestion (LAD). Haryanto et al. [72] investigated the effect of urea addition on the biogas yield from
co-digestion of rice straw and cow dung using a semi-continuous anaerobic digester, and concluded
that urea addition positively influenced the biogas yield and its quality.

5.2.2. Fermentation

Bioethanol produced from lignocellulose biomass generally involves three main steps:
(i) pretreatment, (ii) enzymatic hydrolysis, and (iii) fermentation. The first step involves sieving
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and pelletizing which is very important for reduction of transportation expenses and handling
fees. The second step involves the transformation of cellulose and hemicellulose biomass into
glucose, pentoses, and hexoses [73]. In the third step, glucose is fermented into ethanol by a chosen
microorganism. However, the conversion of rice straw and rice husk is possible through the different
simultaneous processes, including saccharification and fermentation (SF) and separate enzymatic
hydrolysis and fermentation processes. An overview of the fermentation process of biomass to produce
ethanol was provided by Binod et al. [74]. They mentioned that the high ash and silica content in rice
straw made it an inferior feedstock for bioethanol production. Swain et al. [75] used rice straw and
wheat straw for bioethanol production and found some challenges, such as the lignin, ash, and silica
content of rice straw, which required an appropriate pretreatment process. However, other researchers
found that ethanol production from rice straw could be achieved up to 83.1% [76]. A summary of rice
crop residue research in recent years is presented in Table 3.

Table 3. Summary of recent research in agricultural residues.

Technology Details Year References

Gasification

Experimental investigation on the role of operating conditions
on gas and tar composition and product distribution of rice

husk gasification in the existence of dolomite.
2019 [77]

Described the repossession of hydrogen gas from rice husk
aided by nanoparticles. 2019 [78]

Presented an investigational reference for biomass gasifier
design and operation. 2016 [79]

Investigated the feasibility of enhanced energy yield in
gasification of rice straw by using a prepared

iron-based catalyst.
2016 [80]

Investigated the characteristics of rice husk from varieties of
rice and the benefits of power generation using rice husk

compared to a diesel generator.
2016 [81]

Investigated the experimental statistics of air-staged cyclone
gasification of rice crops. 2009 [82]

Studied the role of different parameters on the gasification
performance using rice husk biomass in power

generation plant.
2009 [83]

Studied the role of equivalence ratio on the performance of
two-stage gasifier using rice straw. 2009 [84]

Pyrolysis

The physicochemical and toxicological characteristics of rice
husk (RH) and rice husk ash (RHA) pyrolysis

were investigated.
2019 [85]

Bio-oil made from rice husk by a commercial-scale biomass
fast pyrolysis plant was utilized to investigate the effects of

long-period storage (two years) under three
different conditions.

2019 [86]

Investigated the potential tertiary treatment of wastewater by
adsorption using rice husk biochar (RHC) obtained from

microwave pyrolysis of rice husk.
2019 [87]

Focused on liquid fuel production through co-pyrolysis of
polythene waste and rice straw in varying compositions and

characterized the liquid products.
2019 [88]

Evaluated the effects of different demineralization processes
on the pyrolysis behaviour and pyrolysis product properties

of raw/terrified rice straw.
2018 [89]

Investigated the pyrolysis process in a fluidized-bed reactor
using rice husk biomass under different operating conditions. 2010 [90]

Studied the effect of pyrolysis of rice straw biomass in a
microwave-induced reactor for the production of

hydrogen gas.
2010 [91]

Produced bio-oil through fast pyrolysis using rice husk
biomass in a fluidized-bed reactor. 2011 [92]
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Table 3. Cont.

Technology Details Year References

Anaerobic
digestion

Evaluated the effect of pretreated rice straw on high-solid
anaerobic co-digestion with swine manure, focusing on biogas

production and kinetics.
2019 [93]

Investigated rice straw physicochemical characteristics and
anaerobic digestion (AD) performance via ammonia

pretreatment.
2019 [94]

Analyzed anaerobic digestion of heavy-metal-contaminated
rice straw inoculated with waste-activated sludge. 2018 [95]

Provided useful parameters to evaluate biogas production via
anaerobic digestion of rice straw 2018 [96]

Investigated the effect of trace element (TE) addition and
NaOH pretreatment on the anaerobic digestion of rice straw. 2018 [97]

Studied the role of sodium hydroxide composition and
extractives on the improvement of biogas yield through

anaerobic digestion.
2009 [98]

Studied the influence of different operating condition and
method on the production of biogas using rice straw through

anaerobic digestion.
2009 [99]

Studied the use of rice straw and swine feces for anaerobic
co-digestion in a fed-batch single-phase reactor. 2009 [100]

Investigated the co-digestion process for biogas production
using cow dung and rice husk. 2009 [101]

Studied anaerobic digestion performance using rice straw
with acclimated sludge and phosphate at room temperature. 2010 [102]

Reported on the variation of efficiency of anaerobic digestion
using rice straw with the variation of solid concentration at

different temperatures.
2010 [103]

Fermentation
Studied the ethanol production process through the

synchronized saccharification and co-fermentation of rice
straw biomass with Candida tropicalis.

2010 [104]

Direct combustion
Reported on the performance of rice husk combustion with

bituminous coal in a cyclonic fluidized-bed reactor. 2009 [105]

Investigated the co-firing performance of rice husk with coal
in a fluidized-bed reactor with a small combustion chamber. 2009 [106]

6. Current Rice Crop Residue Management

Rice straw is the waste product of paddy production. It comprises up to 50–60% of the paddy
itself, and is produced during every harvesting process. There must be a way to manage all the
resulting waste. The current methods used by most farmers include open burning, soil incorporation,
animal feed, and removal from the field. There is no productive method used due to the cost issues
and lack of development in rural areas. Each method has different impacts on the environment and on
the nutrient balance and long-term soil fertility due to continuous plantation activities [107].

The straw removal method is used widely in India, Bangladesh, and Nepal. The repeated process
of straw removal has resulted in field soils with low potassium (K) and silicon (S), which will present a
major problem in the coming years. Apart from that, the removed straw also serves different purposes,
such as fuel for cooking in rural areas, ruminant fodder, and stable bedding. It could also be used in
the papermaking industry. Most rice straw removal involves loose straw racking, baling it in small
bales, and road-siding the bales. Processed rice straw is normally baled and hauled. The baling format,
e.g., round, square, large, or small, mostly depends on the farmer and what method is preferable
for disposal [108]. If the paddy field is small, straw removal will not be sufficient due to the lack of
cost-effectiveness in using vehicle to remove straw from the field. Compared to other management
methods, straw removal is the best choice for reducing pollutants; the only setback is the emissions
caused by the use of the vehicles transporting the rice straw [109].
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The most common method of rice straw disposal is burning. It is the easiest method, involves
no additional management cost, and is one of the fastest ways to dispose of all rice straw during
harvesting time. This method might be helpful for farmers and paddy field operators but it has a major
effect on the environment. According to Dobermann, the burning disposal method ignites atmospheric
pollution which also results in nutrient loss, but is the most cost-effective method and has the capability
to reduce pests and diseases [107].

Normally, during combustion, very high amounts of CO2 are released along with carbon monoxide
(CO), methane, nitrogen oxides, sulfur dioxide, etc. Some of these gases are classified as toxic and may
be human carcinogens. There have been medical issues faced by communities in Japan, India, and
California due to continuous exposure to open burning, mainly asthma and pulmonary morbidity.
This practice has been banned in several paddy-producing countries, including California. It is still
widespread in Asian countries due to the lack of rules regulating open burning enforced by the
government. Not only does open burning cause air pollution, but there are also high nutrient and
energy losses. Most importantly, it is a clear waste of potential energy where straw energy could be
dissipated into heat [110–112].

An alternative to open burning is soil incorporation, which is widely practiced among farmers to
re-fertilize the soil. The nutrients can be recycled for the next crop cycle and the waste is turned to good
use and helps to maintain soil quality. The incorporation method mostly uses rice straw and stubble by
ploughing (wet soil during land preparation or dry soil during fallow periods). This particular method
has caused a serious increase in methane gas emissions [108,110]. Table 4 shows the greenhouse gas
(GHG) emission factor for different rice straw management.

Table 4. GHG emission factor (EF) for different rice straw management practices [113].

Rice Straw Management Practice Name of Pollutant Emission Factor

Open burning
CH4 (methane) 1.2 g/kg (dry fuel)

N2O (nitrogen dioxide) 0.07 g/kg (dry fuel)
Combustion factor 0.8

Scattering and incorporation of rice
stubble and straw in the soil (wet

condition)

CH4 (wet soil) 129.77 kg/ton yield
CH4 (dry soil) 36.99 kg/ton yield

Baseline EF for continuously flooded fields without
organic amendment 1.3

Conversion factor for rice straw amendment
1.0 for straw incorporated <30 days

before cultivation
0.39 for straw incorporated >30 days

before cultivation
Scaling factor to account for differences in water regime

during the cultivation period
0.78 for irrigated

Scaling factor to account for differences in water regime
in the pre-season before the cultivation period

1 for irrigated (<180 days);
1.22 for rain-fed

Composting and incorporation CH4 (wet soil) 13.37 kg/ton yield
CH4 (dry soil) 2.1 kg/ton yield

Rice straw used as animal feed CH4 10,000–20,000 gCH4/ton dry weight

Rice straw for mushroom production CH4 7.27 gCH4/ton dry weight

7. Challenges in Rice-Crop-Residue-Based Power Generation

The concept rice-crop-residue-based power generation represents an effective method of converting
waste into electricity. The first ever rice-crop-based power plant was built in Jai Kheri village in the
Patiala district of Punjab in 2006, with a capacity of 10 MW. In China, the first power plant based on rice
straw was built, also in 2006, and since then, straw-based power generation has been developing in a
remarkable way. The demand for straw in China is roughly 2.13 million tons/year, with 10 direct-fired
power plants, one gasification plant, and other mixed-fired plants [114]. However, some challenges still
exist in the establishment of rice-crop-based power plants. There are still high chances that these plants
could face major problems due to ongoing changes in the state’s agricultural and industrial activities.
If there is any diversion in agricultural activity, such as from rice paddy to higher-value crops, then
the amount of rice straw will drop, causing the plant to fail [115–117]. Zhiqiang [50] explained the
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challenges for the combustion of rice straw in China; the main challenges are harvesting issues, process
and system considerations, technical improvement, and policy support. The details of the challenges
are as follows.

7.1. High Ash Content

The main challenge is managing the high ash content of in rice straw, and also the alkali metals
such as sodium and potassium that are present. During the combustion process, these chemicals could
cause slagging, fouling, and corrosion in superheaters. Slagging refers to deposits of slag material and
fouling is accumulation of unwanted particles on solid surfaces. In addition, there is the deterioration
of catalysts for nitrogen oxide reduction. Ash from coal has properties useful for cement production,
whereas ash from straw cannot be used for any other industries; therefore, it becomes an unmanaged
waste [118].

7.2. Harvesting Issues

The collection of rice straw brings up several concerns. First, pests and disease infecting the
rice straw could reduce the quality of it. The timeliness of operation has to be short to avoid high
expenditures on labour cost; therefore, a system has to be developed to make the collection time just
sufficient. Continuous removal of rice straw from paddy fields could cause loss of soil nutrients in the
field, and extra fertilizer will be required to restore the minerals lost. However, the addition of fertilizer
will have some negative impacts on the soil and may result in increased emissions. The usability
of the machines in the field is also an important consideration. The machines should be capable
of operating all conditions including muddy fields, and the field should be able to withstand the
weight of the machinery used during the harvesting process. Grower attitudes mainly concern farmers’
understanding of the collection system, for which the best way forward is to offer incentives to the
farmers that provide rice straw.

7.3. Process and System Consideration

There must be a system established for each process, including collection, processing, and
transportation of rice straw to the power plant. These systems could ensure that the cost of using
machinery for harvesting and the quantity of rice straw could be determined. Drying is definitely
required to reduce the moisture content in wet rice straw from 60–70%. It is necessary to wait for the
moisture content to drop to 25% for complete combustion to be achieved. Apart from that, if the straw
retains a high moisture content, the chance of fermentation increases, which would lessen the quality
of the straw. It is more costly to transport wet rice straw compared to dry rice straw; this represents
another reason that the drying process is necessary. Besides drying, rice straw should go through
densification to increase the bulk density, which will reduce the logistical costs. Moisture content plays
an important role in power generation; baled straw has a moisture content of 10–18%, and when the
moisture content exceeds 13%, the power output is reduced by 2% for the same feedstock amount [119].

8. Logistical Analysis

Logistics practically describe a distributed flow of things from one point to another. Logistical
analysis is very important due to the effect of the cost of transportation, which is relatively high due to
the bulk density of rice straw [120]. In this case, we are referring to rice straw transportation from the
paddy field to the power plant. Before being transported to the power plant, there are several pit stops
it has to go through for processing and collection purposes. The four main processes are harvesting,
collection, storage, and transportation. The main concern in harvesting would be increased speed
and efficiency of harvesting, instead of focusing on increasing the straw yield. The current rice straw
storage facilities in California are suitable, but there are several drawbacks in maintaining the quality
of the rice straw.
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Many end-users prefer good quality straws with low moisture content and low contamination.
These end-users mostly use the straw for power generation purpose. When harvesting, collection,
and storage activities increase, the transportation of rice straw to the corresponding end-user will
eventually increase as well. Therefore, suitable transportation infrastructure should be established to
make sure that sufficient quantities of rice straw can be distributed in an acceptable time [121].

Due to the bulk density discussed earlier, the use of rice straw for power generation has issues
related to transportation cost. It is very expensive to transport rice straw compared to coal [122–129].
Besides rice straw, there are many other logistical impacts related to transportation, as discussed in
Table 5. The cost of operating a rice straw power plant depends solely on the harvesting, processing,
and transporting cost. The use of machinery in forming bales of rice straw is normally powered by
diesel, where the cost of bales varies in different countries according to their operating cost. Forming
rice straw into bales is very important due to the resulting size reduction and increase in bulk density.
Much space is saved by compacting the rice straw into bale form before transporting.

The power requirement for a tractor is about 30 kW, which increases if a higher number of bales
need to be produced in a short period of time. The authors mainly focused on the work rate, power
requirement, size, quality and mass of bale on a small area of 50 ha of paddy production to determine
the techno-economic analysis [130–133].

Table 5. Main parameters impacting logistical costs [134].

Parameter Impact on Cost Type of Biomass Country

Distribution of efficient
biomass management

Minimizing transportation
cost Any type Spain

Effective and efficient
planning of logistical

operations

Minimizing transportation
cost Agricultural crop Canada

Increased transport vehicle
capacities

The minimum cost of
transportation Cotton plant stalks Greece and Europe

Maximized truck
utilization factor

Minimizing transportation
cost Herbaceous biomass United States

Increased size of
power plants

Logistical constraints on
economic performance
became less restrictive

Agricultural crop,
agro-industrial, and

wood waste
Italy

Biomass storage Has a significant role in
biomass logistics

Cotton stalk and almond
tree pruning Greece

Site productivity
A high productivity

plantation would reduce the
transportation cost

Eucalyptus United States

Increased bulk density The minimum cost of
transportation

Agricultural and woody
biomass Canada

Development of more
efficient collection and

transport systems

The minimum cost of
transportation Corn stover United States

On top of that, the most crucial criterion in baling is that the moisture content of the particular
rice straw has to be below 20%. The best method by which to achieve this is to carry out the baling
process 2–3 days after harvesting. There are two main baling techniques: small rectangular bales and
big rectangular bales. Small rectangular bales are already being implemented in Thailand, whereas
study has focused more on big rectangular bales for their higher density. Bales have to be dense to ease
the transportation cost [135]. Figure 4 shows an overview of the logistical model. It explains how rice
straw is transported to a power plant [134].
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Figure 4. Overview of the logistical model [134].

The first process involved is rice straw being left to sun dry after harvesting; it is then baled in a
rectangular form to ease transportation. Secondly, all rice straw in a particular field is collected and
transported to a collection center, where all other straw bale from other paddies are also collected. Once
the capacity of the collection center is almost reached, the rice straw is checked for quality and moisture
content before being transported to a power plant for energy generation purposes. The quality and
moisture content are checked to avoid any drop in power plant efficiency. Therefore, the collection
center has to have equipment able to check the quality of rice straw, and also equipment to dry bales of
rice straw if their moisture content exceeds the required limit.

9. Conclusions

The paper reviewed the possibility of power generation using rice husk and rice straw, and the
various factors that impact their production. Based on the literature, the following can be concluded:

• Rice straw has very high potential for power generation; however, sustainable energy production
depends on the availability of rice straw.

• Properties of rice straw vary between countries due to relative humidity and the use of different
types of fertilizer.

• Though rice straw power plants are eco-friendly, the major problems preventing wide
implementation are logistical issues, which contribute to about 35–50% of the total operation cost.
Therefore, a detailed cost–benefit study must be conducted to avoid losses and make sure the
power plants are sustainable in the future.

There are few things to be considered in the establishment of rice-crop-based power plants:

• The amount of rice straw available in an area, because it is the main supply of feedstock for the
plant. A simple method could be used to determine the straw amount in an area, namely the
straw to grain ratio. In most studies a ratio of 0.75 is used.

• Ash content and alkali metal contents affect the combustion process.
• The supply of rice straw should have a low moisture content to enable complete combustion and

increase efficiency. If the moisture content exceeds 13%, the power output is reduced by 2%.

Before rice straw is fed into a power plant, it has to undergo preprocessing to reduce the moisture
content, and the easiest method for this is open sun drying before collection. The next step is to have a
decent rice straw supply chain to the power plant. Therefore, the power plant should be located in a
strategic location. Finally, it can be concluded that rice husk and rice straw could be a potential source
of renewable energy if various factors such as straw properties and logistics can be improved.
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Abstract: Production of biodiesel from non-edible oils is one of the effective methods to reduce
production costs and alleviate the obstacle of traditional raw material supply. Rhus typhina L. (RT) is a
promising non-edible plant because it grows fast and has abundant seeds. But previously reported
oil content of RT was only 9.7% and 12%. Further research into improving the biodiesel production of
RT seed oil is urgently needed. Here we obtained the biodiesel production of RT with a maximum
oil content of 22% with a low free fatty acid content of 1.0%. The fatty acid methyl ester (FAMEs)
of the RT seed oil was produced by a standard optimized protocol use KOH as a catalyst with the
highest yield of 93.4% (w/w). The quality and purity of RT FAMEs, as well as the physio-chemical
characterizations of the biodiesel products, were investigated and compared with the international
standard of ASTM D6751 and EN 14214. The values of fuel properties are comparable with mineral
diesel and environmentally friendly. Overall, the proposed RT seed oil could be a potential source of
raw materials for producing high-quality biodiesel after the optimization and transesterification.

Keywords: Rhus typhina biodiesel; non-edible oil; base-catalyzed transesterification;
Physico-chemical properties

1. Introduction

The speedy reduction of traditional diesel oil resources, as well as the environmental problems
epitomized by global warming, has led to a worldwide demand for renewable energy [1]. In response
to the crisis, alternative fuels such as biodiesel, bioethanol, biomass, biogas, and synthetic fuels are
being developed worldwide [2]. Among them, biodiesel is paid much attention because it is renewable,
with reduced emissions of COx, SOx, and particulate matter into the atmosphere compared to diesel,
with a higher flash point, ensuring greater safety in transportation and storage [3]. It is estimated
that biodiesel/bioethanol can replace about 10% of diesel consumption in Europe and 5% of total fuel
demand in Southeast Asia [3,4]. Generally, biodiesel, also named fatty acid methyl ester (FAME), was
derived from triglycerides, which are produced from vegetable oils and animal fats with a variety
of lipid parameters [5]. Direct use of triglycerides (crude oil) is severely restricted due to its high
viscosity and poor ignition quality [4,6]. Therefore, a variety of treatment methods are developed
to overcome the viscosity and combustibility of vegetable oils [4]. The strategies including dilution,
micro emulsification, pyrolysis, and transesterification for biodiesel fuel production. Among them, the
base-catalyzed transesterification reaction can converts triglycerides to methyl ester in shorter reaction
times with high efficiency [4,6,7]. Therefore, this method has been widely used in the production of
biodiesel fuel.
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Currently, 95% of commercial biodiesel is made through different edible vegetable oil sources
such as palm, sunflower, rapeseed, and soybean oil [7,8]. But the industrial expense, especially raw
feedstock, is the major obstacle in the moneymaking of edible oil biodiesel [9]. Due to the competition
with food raw materials and fuel dispute, the continuous and large-scale production of biodiesel
from edible oil is severely challenged [10]. A promising alternative is to shift the focus to the use of
non-edible oil resources and/or waste cooking oil to produce biodiesel [11–13]. Many non-edible oil
crops have been used for biodiesel production, evaluation, and commercialization such as Jatropha
curcas and Karanja [12,14,15], waste tallow [16], Silybum marianum L. [17], wild Brassica Juncea L. [18],
and prominently, algae [19]. To further promote it, there is an urgent need to shift the focus to planting
non-edible oil plants on poor land, which are often unsuitable for human crops, cost-effective, and
have no impact on biodiesel production in the food market [8].

R. typhina (sumac staghorn) is one of the non-edible plant’s sources, is a member of family
Anacardiaceae. Sumac trees are distributed in the subtropical and temperate regions of the world,
especially in Africa and North America. It is native to America that can reach a height of 30–35 feet
deciduous shrub to a small tree. The R. typhina seed has a good economic potential as feedstock for
biodiesel. The reasons are as follows: RT plant growth quickly and produces a huge amount of seeds.
Three to four hundreds of R. typhina trees can be planted per hectare. Approximately one-hectare
area will produce 78,000 kg seeds, the productivity of oil is about 17,160 kg per hectare. Some studies
have been carried out on the extraction of R. typhina (RT) seed oil. Ruan et al., 2012 [20] reported that
based on acetone/water extract 9:1 v/v, the yield of RT seed oil was 9% w/w, and Zhang et al., 2018 [21]
improved the seed oil content to 12%. However, the studies warrant further research into improving
the biodiesel production of RT seed oil.

Here we produced biodiesel from the RT seed oil (RTSO) and optimized their potential for energy
production, such as methanol to oil molar ratio, catalyst concentration, reaction temperature, reaction
time, and stirring intensity. The techniques including FTIR (Fourier Transform Infra-Red Spectroscopy),
NMR (1H and 13C) (Nuclear Magnetic Resonance Spectroscopy), GC-MS (Gas Chromatography and
Mass Spectroscopy) were used to confirm the ester conversion and fatty acid composition. The
physic-chemical properties of the FAME were investigated and compared with petrodiesel and
standards of ASTM D6751 and EN14214 i.e., density, kinematic viscosity, cloud point, pour point, flash
point, fire point, Cetane number, oxidation stability, saponification value, iodine value, acid value,
specific gravity, ash content, and cold filter plugging point. Elements analysis by inductively coupled
plasma atomic emission spectroscopy (ICP-OES) and elemental analyzer (EA) show that biodiesel
is environmentally friendly. Overall, a prospective inedible raw material for biodiesel making was
discovered and scrutinized.

2. Materials and Methods

2.1. Source Collection and Preparation of Seeds for Oil Extraction

The R. typhina seeds were collected from the wild/wasteland in Tianjin Binhai New Area, China.
The seeds were separated by hand, washed with distilled water, and then dried in the sunlight first for
48 h and then at 60 ◦C oven-dried (to remove the moisture) until the seeds reached an unchanged weight.
A grinder (XIANTAOPAI XTP-10000A, Zhejiang, China) was used to grind the seeds. The ground
seeds were oven-dried at 60 ◦C for 1 h and 30 min to finish the moisture and then extracted to obtain
the oil. Photographs of plants and seeds processing are shown in Figures S1 and S2 (Supplementary
Materials).

2.2. Oil Extraction

R. typhina seeds were shelled, dried, and pulverized with a grinder (Xiantaopai XTP-10000A,
Zhejiang, China). The oil was extracted using soxhlet [22] and mechanical oil extractor (Fangtai
Shibayoufang FL-S2017 China and Fangtai Shibayoufang J508, Guangdong, China) (Table S1,
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Supplementary Materials). The oil extraction was occurring in a soxhlet instrument at 90 ◦C for 7 h by
various kinds of solvent were used, including petroleum ether, acetone, dichloromethane, and ethyl
acetate. The particles and impurities were removed by filter paper (pore size 30–50 μm), and the crude
RT oil was recovered at 80 ◦C under reduced pressure by using a rotary evaporator (Tokyo Rikakikai
Co. Ltd. N-1210B, Tokyo Japan). The obtained RT oil was stored and dried over anhydrous sodium
sulfate before use.

2.3. Biodiesel Production Procedure

By applying 50 g of RT crude oil, 10 mL of methanol at molar ratio 5:1, and 2.3 w/w% of KOH
catalyst, the RT seed oil biodiesel was prepared. The transesterification reaction is shown in Figure 1.
At 65 ◦C for 1 h under reflux, the reaction was carried out, and 600 rpm was the agitation rate [23]. By
using 99.99% excess of methanol [24], the process was performed, such as methanol to oil ratio was 5:1,
KOH ratio was 2.9 w/w%. The reflux condenser was furnished with a reactor to cool down the methanol
as it comes out from the reaction process mixture. The reaction mixture was then put in a separating
funnel and keep for a one-night stay that the biodiesel, soap, and glycerol can become separate from
each other by layers making, the bottom phase is glycerol, and the upper phase is biodiesel. After
reaction completion, crude glycerine can separate through gravity, and KOH can be detached with 3–4
time washing with hot distilled water. The complete removal of the catalyst can be check through
a phenolphthalein indicator. The leftover unreacted methanol and moisture were finished through
vacuum distillation and continue the process till when it confirms that there is no unreacted methanol
and moisture in the final product, and the FAMEs weight loss is constant. The crude FAMEs were
further washed 3–4 times with heated deionized water, centrifuging and dry with a vacuum dryer to
confirm its purity. The phase separation was usually starting very quickly and can be observed in
start 10 min, but the biodiesel phase was cloudy, it shows incomplete detachment. The result shows
that the cloudy biodiesel layers can become clean and clear, giving them enough time for settling, and
complete impartiality needs up to 20 h. In fact, during the resolution process, the transesterification
process was still in progress. Hence, to give them a long time for separation is more beneficial, the
separation and conversion yields. All analytical reagent grade chemicals were used.

 
Figure 1. Transesterification reaction.

2.4. FTIR Study

The Fourier Transform Infrared (FT-IR) bands spectroscopy were verified by a (Bruker Vertex 70
FT-IR spectrometer, Germany) with a resolution of 1 cm−1, scanning 15 times, and using Nujol mull
as a dispersive medium in the range of 400–4000 cm−1, to originate the obtained biodiesel describe
through various functional groups characterization.

2.5. NMR Study

The RT FAMEs NMR spectrum was obtained by (Bruker Avance Ш400 NMR Spectrometer,
Karlsruhe, Germany) at 400 MHz (1H-NMR) or 100 MHz (13C-NMR). Deuterated chloroform was
used as a solvent, and tetramethylsilane was used as the internal standard. The RT biodiesel 1H NMR
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(300 MHz) spectrum was documented with a cycle delay of 1.0 s, and several scans of 8 times, with a
pulse duration of 30◦. A carbon 13C NMR (75 MHz) spectrum was recorded with a pulse duration of
30◦ and a cycle delay of 1.89 s, and a scan of 160 times [25,26].

2.6. GCMS Study

The obtained RT FAMEs result was checked and tested by GCMS (QP2010SE, Shimadzu,
Tokyo, Japan). GC-MS conditions are listed in Table 1. Detail procedure is present in Figure S2
(Supplementary Materials).

Table 1. Gas chromatograph conditions.

Parameter. Descriptions

Column

QP2010SE, Shimadzu
PEG-20M

Length: 30 m
Internal diameter: 0.32 mm

Film thickness: 1 um
Injector temperature 220 ◦C

Detector temperature (EI 250) 210 ◦C
Carrier gas Helium, flow rate = 1.2 mL min−1

Injection V = 1 uL
Split Flow rate = 40:1

Temperature program
Initial temperature = 100 ◦C

Rate of progression = 10 ◦C min−1.
Final temperature = 210 ◦C, 20 min.

2.7. ICP-OES and EA Study of RT Biodiesel for Elemental Analysis

The presence of metals in the RTSO FAMEs was studied using Inductively Coupled Plasma
Spectrometer (Spectro-blue, Kleve, Germany) and Elemental Analyser (Vario EL CUBE, Hanau,
Germany). The procedure is presented in Figure S3 (Supplementary Materials).

3. Results and Discussion

Rhus typhina plants and their pre-treated seeds are shown in Figure 2. Several varieties of solvent
were used to extract oil from the RT seed powder, including petroleum ether, acetone, dichloromethane,
and ethyl acetate. Seed collection at the right time, proper pre-treatment of seeds (put in sunlight
first for 48 h and then at 60 ◦C oven-dried for 1.5 h to remove the moisture), use of petroleum ether
as the extraction solvent and environmental conditions have a significant role in obtaining the high
oil contents. The results are summarised in Table 2. Since the lower percentage of FFAs in the oil
is the significant point to process direct transesterification of RT seed oil, this data indicates that
petroleum ether is the best solvent for extracting oil from RT seeds because it provides high yields of
oil and less FFAs. Besides, petroleum ether is less expensive than other solvents and can be recycled
from the process. The oil and FFAs content were related to the polarity of the solvent extracted, in
the order of petroleum ether < ethyl acetate < acetone < dichloromethane. Less polar solvents can
extract larger amounts of non-polar oils (triglycerides) and less amount highly polar FAA. By soxhlet
extraction [22], petroleum ether gives the highest extracted oil content of 22 wt. % (FFAs = 1.0 wt. %),
which is significantly higher than the reported seed oil contents (Ruan et al. [20] reported that based
on acetone/water extract 9:1 v/v, the yield of RT seed oil was 9.7% w/w, ZHANG et al. [21] reported
that based on AOAC method the seed oil content was 12 w/w%). Ethyl acetate gives low oil content
of 17.8 wt. % (FFAs = 1.3 wt. %), while more polar solvents like acetone and dichloromethane give
somewhat lower oil content of 16–14.2 wt. % (FFAs = 1.5–1.8 wt. %). Based on these extraction results
using petroleum ether and the ability to produce RT seeds oil, the RT seed could be an efficient source
for biodiesel production as an alternative energy.
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(a) (b) 

Figure 2. (a) Optical photographs of RT mature plant and (b) pre-treated seeds.

Table 2. FFAs and oil contents of extracted RT seed oil.

Solvent FFAs Content (wt. %) Oil Content (wt. %)

Petroleum ether 1.0 22
Acetone 1.5 16

Dichloromethane 1.8 14.2
Ethyl acetate 1.3 17.8

3.1. Optimizations of Reaction Variables on Conversion Yield

We have studied five different parameters through which we have applied different conditions,
and each parameter was tested in three conditions to check that what is the most proper and suitable
condition for obtaining the optimum result. The five parameters are as follow and discuss one by one,
including methanol/oil ratio, catalyst concentration, temperature, stirring intensity, and time. The
detail experimental results were presented in Table S2.

3.1.1. Effect of Methanol to Oil Molar Ratio on Yield

Methanol to oil molar ratio is one of the main factors affecting the ester conversion during the
transesterification process. The transesterification of RT oil was evaluated and investigated at different
methanol to oil range. The added amount of methanol in the reaction was varied from 4:1, 5:1, 6:1,
and 7:1 (as shown in Figure 3). While temperature (65 ◦C), stirring intensity (700 rpm), and reaction
time (60 min) was kept constant. The best proportion of methanol and oil was 6:1, in which the
conversion yield was 91.66%. But at proportion 7:1, the conversion percentage was as low as to 70%. It
was observed that when the proportion of methanol to oil rises from 4:1–6:1, the product yield was
increased. Whereas in an additional increasing proportion of methanol to oil, a reduction in biodiesel
production was observed. Excessive methanol can make it difficult to separate glycerol from the
biodiesel phase. The higher methanol ratio restricts the separation of glycerol due to high solubility.
Thus, in the presence of residual glycerol in the biodiesel layer allows the equilibrium reaction to start
the backward reaction and again met with the methyl ester to form a monoglyceride [27]. The results
show that excessive use of methanol has no substantial effect on biodiesel production; in fact, the
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separation of ester and glycerol is complicated. Therefore, a molar ratio of 6:1 is the optimum ratio of
RT methyl ester yield.

Figure 3. The effect of methanol to oil molar ratio on RTOB yield.

3.1.2. Effect of Reaction Temperature on FAMEs Yield

Temperature is a very important factor in the optimization process and has a great impact on
product yield. In this work, constant parameters such as KOH concentration (2.9 wt. %), methanol to
oil proportion (6:1) reaction time (60 min), and stirring speed (700 rpm) were used. A graph of biodiesel
conversion (%) versus temperatures such as 60, 65, and 70 ◦C is shown in Figure 4. The product
yield was increased from 60 ◦C to 65 ◦C; it is clear from the reaction process that the temperature had
a progressive effect on the transesterification of the RT oil to biodiesel. Though, when the reaction
temperature raised from 65 ◦C to 70 ◦C, we noticed a slight decrease in the reaction yield, which possibly
due to the accelerated saponification reaction at a high temperature. When the transesterification
reaction temperature is higher than the boiling point of the alcohol, the methanol cannot evaporate, and
a huge number of the bubble will produce, which make fast the reaction and increase the saponification
of glycerides [28]. Therefore, 65 ◦C is the optimum temperature for the reaction.
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Figure 4. Effect of temperature on RTOB yield.

3.1.3. Effect of the Catalyst Concentration on FAMEs Yield

The process of variables that can affect transesterification, in addition to saponification and
hydrolysis are catalyst concentration. In this reaction, methanol to oil molar ratio (6:1), temperature
(65 ◦C), reaction time (60 min), stirring intensity (700 rpm) was kept constant, respectively. The catalyst
(KOH) range of 2.0, 2.4, 2.9, and 3.8 wt. % has applied for the methanol decomposition in the RT
seed oil. Figure 5 demonstrates the production of FAMEs at various KOH range. A small amount of
catalyst 2.0 and 2.4 wt. % was not enough for the completion of the reaction. The highest conversion
percentage rate was achieved (91.66%) at 2.9 wt. % of the catalyst. An additional increase in the catalyst
concentration will negatively affect the conversion ratio. When the KOH amount was increased from
2.9 to 3.8 w/w%, the production of the methyl ester decreases, resulting in an increase in the viscosity
of the reactants, and a decrease in the yield, a large amount of soap was observed. This observation
has been explained by an increase in saponification due to the excess of the basic catalyst rather than
the esterification of the triglyceride [29]. By increasing the saponification process reaction, the extra
amount of catalyst will improve and help in soap formation so that the FAMEs solubility chances will
increase in the glycerol, FAMEs, and glycerol mixture will appear [30].
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Figure 5. The effect of catalyst concentration on RTOB yield.

3.1.4. Effect of Agitation Speed on FAMEs Yield

Stirring is a key factor in the optimizations because it affects biodiesel production in both ways.
In the KOH and methanol mixture, the fat and oil are not soluble, so in the transesterification process,
the mixing is very important. The decomposition of methanol was carried out at various agitation
speeds, i.e., 500, 600, 700, and 800 rpm. While the methanol to oil molar ratio (6:1), KOH concentration
(2.9 wt.%), reaction temperature (65 ◦C), and reaction time (60 min) was kept constant. The FAMEs
production at diverse mixing speed is shown in Figure 6. The reaction was witnessed to be incomplete
at 500 rpm, and the mixing rate was not significant for methanol decomposition. The yields of the
methyl esters at 600 and 700 rpm were 90% and 92.5%, respectively. As clarified by the results, a direct
correlation was elucidated between the agitation rate and the RTOME yield, i.e., as the agitation rate
increased, an increase in yield was observed. Therefore, a mixing rate of 700 rpm provides the best
conversion rate (92.5%) of RT oil to RTOME. This is consistent with the previous studies [31–33], which
concluded that increasing the agitation rate promotes the homogenization of the reactants, resulting in
higher methyl ester yields. Once the two phases are mixed, and the reaction is started, stirring is no
longer needed. It is clear from the results that a further stirring rate (800 rpm) has no significant effect
on RTOMEs yield, but the result was the same as 700 rpm (95.5%).
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Figure 6. The effect of stirring intensity on RTOB yield.

3.1.5. Influence of Reaction Time on FAMEs Yield

The methyl ester transformation percentage rises with the reaction time. Also, the influence of
reaction time on methyl ester alteration is shown in Figure 7. The influence of biodiesel yield was
studied at different time rates of 40, 60, 80, and 100 min. Though methanol to oil molar ratio (6:1),
reaction temperature (65 ◦C), catalyst concentration (2.9 wt.%), and stirring intensity (700 rpm) was
kept constant. The current results presented that biodiesel conversion reached at the optimum rate in 80
min. Experimental results show that biodiesel production increase as the reaction time increases. The
reaction time has no significant effect after 80 min, and the methyl ester production starts decreasing, it
is indicating that the FAMEs reached the distribution equilibrium. As the duration increases, further,
the reaction process will begin to react backward, and the ester yield will certainly begin to decrease
by 88% at 100 min. This is consistent with the literature data showing that longer reaction times will
result in lower yields due to the reverse reaction of transesterification (hydrolysis), which tends to
produce more fatty acid to forming soaps [34,35]. According to the experimental results, the reaction
time has an important role in the increase and decrease of biodiesel conversion. The minimum yield
was obtained at 40 min, and the optimum yield occurred at 80 min.
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Figure 7. The effect of reaction time on RTOB yield.

3.2. Physio-Chemical Characterization of R. typhina Methyl Ester

The physicochemical properties of the Rhus typhina seed oil biodiesel (RTSOBD) were evaluated
and examined according to ASTM and EN standards and matched well except kinematic viscosity.
The kinematic viscosity (6.3 mm2/s) is slightly higher than ASTM D6751 (1.9–6.0 mm2/s). Kinematic
viscosity needs further modification to improve its value under the limits. Accordingly, the kinematic
viscosity of the BD produced from the RT seed oil is slightly high than those of conventional biodiesels,
and thus must be blended with other less viscosities diesel fuels (biodiesels or petrodiesel fuel) to
lessen its properties to the acceptable limits. Also, the results obtained were matched with reported
data from the same source of biodiesel mentioned by other researchers and compared with petrodiesel.
The results are shown in Table 3.

336



Energies 2019, 12, 4290

T
a

b
le

3
.

Ph
ys

io
ch

em
ic

al
ch

ar
ac

te
ri

za
ti

on
s

of
R

.t
yp

hi
na

se
ed

oi
lb

io
di

es
el

.

S
tu

d
ie

d
P

a
ra

m
e
te

rs
E

N
1
4
2
1
4

A
S

T
M

D
6
7
5
1

P
e
tr

o
-D

ie
se

l
R

T
E

x
p

e
ri

m
e
n

ta
l

R
e
su

lt
Z

H
A

N
G

e
t

a
l.

,
2
0
1
8

[2
1

]
R

u
a
n

e
t

a
l.

,2
0
1
2

[2
0
]

O
il

co
nt

en
t%

-
-

-
20

–2
2%

12
%

9.
7%

D
en

si
ty

@
15
◦ C

(g
/c

m
3 )

0.
86

–0
.9

0
0.

86
–0

.9
0

0.
81

–0
.8

7
0.

87
9

0.
87

9
-

K
in

em
at

ic
vi

sc
os

ity
@

40
◦ C

(m
m

2 /
S)

3.
5–

5.
0

1.
9–

6.
0

1.
3–

4.
1

6.
3

6.
87

-
Fl

as
h

po
in

t,
(◦

C
)

M
in

12
0.

0
M

in
13

0
≥5

2
16

8
16

5
-

Fr
ee

fa
tt

y
ac

id
(%

)
M

ax
0.

50
<

1
-

1.
0

-
-

Sa
po

ni
fic

at
io

n
va

lu
e

(m
g

K
O

H
/g

)
-

-
-

17
5.

6
-

-
Io

di
ne

va
lu

e
(g

I 2
/1

00
m

g)
M

ax
.1

20
M

ax
.1

20
-

85
-

-
C

lo
ud

po
in

t(
◦ C

)
-

-
−1

5–
5

7
-

-
Po

ur
po

in
t(
◦ C

)
-

-
−2

.0
−1

1
-

-
Fi

re
po

in
t(
◦ C

)
-

-
-

19
8

-
-

O
xi

da
ti

on
st

ab
ili

ty
(1

10
◦ C

,h
)

M
in

6
M

in
.3

25
.8

18
.3

-
-

A
sh

co
nt

en
t(

g/
10

0
g)

-
-

-
0.

3
-

-
Sp

ec
ifi

c
gr

av
it

y
-

-
-

0.
85

5
-

-
C

ol
d

fil
te

r
pl

ug
gi

ng
po

in
t(

C
FP

P,
◦ C

)
M

ax
.1

9
M

ax
.1

9
−1

6
14

-
-

Su
lp

hu
r

co
nt

en
t(

w
/w

%
)

<
0.

01
<

0.
01

-
0.

01
-

-
Ph

os
ph

or
ou

s
co

nt
en

t(
m

g/
kg

)
<

10
<

10
-

4
-

-
C

ar
bo

n
re

si
du

e
(w
/w

%
)

-
-

-
0.

19
-

-

337



Energies 2019, 12, 4290

3.3. NMR Spectroscopy

3.3.1. 1H NMR Analysis

The biodiesel yield during the transesterification process was determined by using 1H NMR
techniques, and the progression of its characteristic spectra was depicted. When 1H NMR was used,
the produce methyl ester was used to monitor the product by the protons of the methylene group
adjacent to the ester moiety in the TAG and the protons of the alcohol moiety. Though by 1H NMR
spectroscopy technique, the RT seed oil biodiesel was characterized, the spectra of which are shown in
Figure 8 and Table S3 (Supplementary Materials). The distinguishing proton methyl ester peaks were
detected to be a singlet at 3.663 and triplet of the α-CH2 proton at 2.308 ppm correspondingly. The
existence of methyl ester in biodiesel was approved by these two distinctive peaks. At 0.895 ppm, the
peaks were detected to be terminal methyl proton; at 1.319 ppm, the associated methylene protons of
the carbon chain were detected, which shows a strong confirmation. A strong signal was detected
for the β-carbonyl methylene proton at 1.623 ppm and olefin hydrogen at 5.342 ppm, respectively.
According to the literature review, several studies specified that this diverse standardization curve
established on 1H NMR spectroscopy was used to enumerate the reaction yield throughout biodiesel
production by transesterification of a mixture of methanol and fatty acids [36–39]. In this regard, the
1H NMR spectrum of RT oil biodiesel can be used to quantify the conversion of triglycerides to methyl
esters during transesterification, as evidenced by previous studies [40,41]. In this study of 1H NMR
spectra, the divers and distinctive analyses were existing in the Rhus typhina seed oil biodiesel methyl
ester spectrum. The appropriate indications selected for incorporation are the methoxy group of the
methyl ester at 3.66 ppm and the methyl ester group of the α-carbonyl methylene proton at 2.308 ppm.
Thus, 1H NMR spectroscopy showed a strong conversion of TAG to Rhus typhina methyl ester.

 
Figure 8. 1H NMR spectrum shows RT FAMEs.

3.3.2. 13C NMR Analysis

Ester carbonyl important peaks (-COO-) 174.24 and (C-O) 51.32 ppm associated with RT biodiesel
were depicted by using 13C NMR spectroscopy. The Rhus typhina biodiesel 13C NMR spectra are shown
in Figure 9, Table S4 (Supplementary Materials). The unsaturated methyl ester peaks were detected
at 130.21 and 127.89 ppm, respectively. The other associated peaks at 14.1 ppm and 22.5–34.1 ppm,
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correspondingly represent the terminal carbon of the methyl group and the methylene carbon of the
long-chain fatty acid ester. The present experimental work spectra were closely matched with the
literature work [42] and thus approve our verdicts.

Figure 9. 13C NMR spectrum of RT FAMEs.

3.4. FT–IR Spectroscopy Analysis

To identify the various stretching and bending vibration corresponding functional groups and
bands of the pure RT seed oil biodiesel sample, the FTIR spectra mid-infrared regions were used. The
FT-IR carbonyl group position is highly sensitive to both molecular structure and substituent effects [43].
The two strong characteristic ester absorption bands which are derived from a carbonyl group are
vC=O at 1750–1730 cm−1 and C-O at 1300–1000 cm−1. At 2980–2950, 2950–2850, and 3050–3000 cm−1,

respectively, the stretching vibrations of CH3, CH2, and CH appear, and at 1475–1350, 1350–1150, and
723 (ρCH2) cm−1 respectively the bending vibrations of these groups appear [44]. As presented in
Figure 10 and Table S5 (Supplementary Materials), at 1743 cm−1, the Rhus typhina seed oil biodiesel
methoxy ester carbonyl group has appeared. The peak 3464 cm−1 indicated an overtone of the ester
function [45]. The C-O stretching vibration exhibited two asymmetric coupling vibrations at 1170 cm
due to O-C-C and 1016 cm−1 due to νC-C(=O)-O. The stretching bands of methylene appeared at
2854 cm−1, and methane appeared at 3007, 2925 correspondingly. The bending vibration appeared
at 1435, and 1361 cm−1 belong to the methyl group, and the bending vibration appeared at 723 cm−1

belongs to the methylene group. The peak at 1641 cm−1 shows that C=C is not saturated in RT seed oil
biodiesel. It is worth noting that the chromatography and spectroscopy techniques can be used to
assess biodiesel, making observing, and its superiority. GC-MS, IR, 1H NMR, and 13C NMR was in
the FAME-determined features, and different functional group structure is considered to be effective,
fast, and easy to use techniques. Therefore, they are used for precise facts elucidation in biodiesel is
sensible and dependable.
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Figure 10. FTIR spectrum of RTME (FAMEs) functional groups.

3.5. Profiling of R. typhina Oil Fatty Acid Methyl Esters Using GC–MS Analysis

For the analysis of biodiesel, the most widely used method is gas chromatography. Generally, it is
the perfect method to enumerate the trace components configuration accurately. In the present research
work, to evaluate the particular methyl ester conversion of prepared RT seed oil to biodiesel, we have
applied the gas chromatography and mass spectroscopy. The data on the GC-MS spectrum was shown
in Figure 11. We used the GC spectrum and reported seven major peaks, which is consistent with
the literature [46]. By using library matching software (NO. NIST 14), the peak was identified, and
every peak matched with a fatty acid methyl ester. The retention time of the identified FAMEs and its
position are presented in Table 4. Though by retention time data, the properties of fatty acid methyl
ester were prepared and verified by mass spectrometry, and from EI ion source, the mass spectra were
obtained [47]. The experimental results were compared and matched with the reported results of the
RT seed oil biodiesel.
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Figure 11. GC–MS analysis of fatty acid compositions of RT seed oil Biodiesel.
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3.6. ICP-OES and EA Analysis

The occurrence of elements within the biodiesel is offensive, as these elements cause many
complications such as stimulating biodiesel deprivation, deterioration of engine, operability
complications [48]. The essentials whose capacity in biodiesel requires to be controlled are sodium
(Na) and potassium (K), which come from the mechanism in biodiesel manufacture. The amount
of metal phosphorus (P) is also significant that originate from the raw materials. The elemental
concentrations in RT oil biodiesel (RTOBD) were matched with Petro-diesel. It is confirmed from
the results that the concentrations of elements were reasonably lower in RT seed oil biodiesel than
high-speed diesel (HSD).

Prerequisites (Elements) such as potassium (K), sodium (Na), magnesium (Mg), and calcium (Ca)
within biodiesel guide to the injector, stimulate drain, piston and circle wear, locomotive deposit and
pass through a filter plug [49]. The recorded concentrations of C, H, N, and O were mentioned in
Table 5 and Figure S3 (Supplementary Materials). The high oxygen content results in a low calorific
value in the pyrolysis liquid product. The presence of oxygen reduces the ignition delay time, improves
the combustibility and burning degree, thereby reducing CO, PM, and other exhaust emissions. Many
researchers [50–52] found that high oxygen content in biodiesel can effectively reduce PM emissions
from diesel engines. Table 5 shows that the oxygen content of BD100 is 11.12%. The most common
biodiesel has an oxygen content of about 10% [53–55]. The high hydrogen contents (13.02%) of biodiesel
are attractive for its utilization as fuel [56]. High H to C ratio means higher hydrogen molecules in
the fuel. As hydrogen has the highest burning velocity between all fuels, whether gases or liquids.
Increasing hydrogen ration in the fuel combination means that the fuel-burning velocity will be better
and cleaner. The heating value generally increases as the proportion of H to carbon atoms increases
due to the higher heating value of hydrogen than carbon. The HHV is an important property to define
the energy content and efficiency of fuels. The HHV of biodiesel (23.73 MJ/kg) was lower than that of
diesel (49.65 MJ/kg). The structural oxygen content of fuel improves its combustion efficiency due
to an increase in the homogeneity of oxygen with the fuel during combustion. We compared with
some reported results (Table 5), our experimental results matched them well. The nitrogen content
is moderate. Though K, Na, Mg, and Ca Values Table S6 (Supplementary Materials) RTOBD (3.219,
70.29, 32.74, 7.360 μg/g) were low as compared to HSD (213.3, 868.3, 35.6, and 21.4 μg/g). The highest
acceptable concentration of Na and K in biodiesel was 5 mg·kg−1, while P is 10 mg·kg−1 [57], Figure 12.
The concentration of Na and K was lower in RTOBD, but in HSD, its amount is very high; that’s why
RT biodiesel will be more capable of utilizing and environmental friendly.

Table 5. RTBD EA (Elemental Analyser) analysis in comparison with other plant seed and
shells biodiesel.

Ultimate
Analysis

RT-BD
Pistachio
Shell [58]

Peach
Stones [59]

Apricot
Kernel

Shells [60]

Cherry
Stones [61]

Mahua Seed
[62]

C% 74.89 42.41 45.92 47.33 52.48 61.24
H% 13.02 5.64 6.09 6.37 7.58 8.40
N% 1.97 0.070 0.580 0.370 4.54 4.12
O% 10.12 51.87 47.38 45.93 35.30 25.50

HHV
(MJ/kg) 23.73 22.21 24.07 24.29 24.11 25.30
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Figure 12. Elemental analysis of RTBD ICP-OES.

4. Conclusions

In conclusion, the crude RT seed oil transesterification was done to produce biodiesel with a
highest yield of 93.33% by using a base catalyst. We obtained the optimal transesterification conditions
and achieved a maximum oil content of 22%. Seven fatty acids were detected in the RT FAMEs
production. ICP-OES and element analyzer indicate it could be environment-friendly energy. RT
FAMEs were matched and follow well the recognized biodiesel standards of ASTM D6751 and EN
14214. The RT could be a better choice for renewable energy. This crop can be grown on barren
wasteland on a large scale for the mass manufacture of biodiesel to fulfil the energy demand and
reduce the energy crises.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/22/4290/s1,
Figure S1: R. typhina plant with fruit, Figure S2: (a) RT crude oil filtration (b) optimization (transesterification)
(c) BD washing (d) RT biodiesel. Figure S3: RTBD EA (Elemental analysis) for C, H, O, and N, Table S1: Source
collection, oil extraction and transesterification of non-edible R. typhina (Sumac fruit) seed oil as biofuel, Table S2:
RT FAMEs detail process of optimization, Table S3: 1H NMR spectroscopic data showing the chemical composition
of various methyl esters (Methoxy proton) in RT, biodiesel (FAMEs) sample, Table S4: 13C NMR spectroscopic data
showing the chemical shift values corresponding to various structural features in RT (Methoxy carbon) FAMEs,
Table S5: FTIR data presenting various functional groups in RT FAMEs, Table S6 Comparison ICP-OES elements
concentration (ug/g) of RT-BD with petro-diesel.
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Abstract: Forward osmosis (FO) and pressure-retarded osmosis (PRO) have gained attention
recently as potential processes to solve water and energy scarcity problems with advantages over
pressure-driven membrane processes. These processes can be designed to produce bioenergy and
clean water at the same time (i.e., wastewater treatment with power generation). Despite having
significant technological advancement, these bioenergy processes are yet to be implemented in full
scale and commercialized due to its relatively low performance. Hence, massive and extensive
research has been carried out to evaluate the variables in FO and PRO processes such as osmotic
membrane, feed solutions, draw solutions, and operating conditions in order to maximize the
outcomes, which include water flux and power density. However, these research findings have not
been summarized and properly reviewed. The key parts of this review are to discuss the factors
influencing the performance of FO and PRO with respective resulting effects and to determine the
research gaps in their optimization with the aim of further improving these bioenergy processes and
commercializing them in various industrial applications.

Keywords: concentration polarization; draw solution; feed solution; forward osmosis; pressure-retarded
osmosis; operating conditions; membrane fouling; osmotic membrane

1. Introduction

The demand for water and energy has been raising continuously and their shortage has resulted
in the development of alternative renewable energies and water treatment systems which require
less energy. Two of the osmotically driven membrane processes (ODMPs), namely forward osmosis
(FO) and pressure retarded osmosis (PRO), have attracted the most attention in the past years as
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the emerging technologies for numerous applications such as wastewater treatment and biomass
processing for bioenergy [1].

Osmosis refers to the movement of solvent molecules mostly water from the feed solution (FS)
which has lower solute concentration into draw solution (DS) which has higher solute concentration
across a semipermeable membrane. The osmotic pressure difference (Δπ) between the two solutions is
the driving force for ODMPs and the same quantity of hydraulic pressure is required to terminate the
osmosis process. In contrast, pressure-driven membrane processes (e.g., nanofiltration, RO, etc.) rely
on externally applied hydraulic pressure [2]. The key benefits of ODMPs compared to the latter are
that they consume less energy and have lower fouling tendency, which results in high water flux, high
rejection of salt, and less membrane cleaning [3].

FO processes occur without any applied hydraulic pressure (ΔP = 0) [4]. Once the solvent starts
moving from FS to DS, the hydrostatic pressure on the DS side gradually becomes greater and the
water flow will stop eventually; mathematically, the water flux (Jw) stops when ΔP equals to Δπ

(where Δπ–ΔP = 0; hence Jw = 0) [5]. On the other hand, reverse osmosis (RO) employs hydraulic
pressure differential as its driving force to move water from the saltwater to the freshwater, resulting in
a negative flux across the membrane. This occurrence is relatively due to the large pressure (ΔP > Δπ)
exerted to the concentrated side.

PRO processes are intermediate between FO and RO. Similar to RO, hydraulic pressure is applied
to the DS side against the osmotic pressure gradient, but it is smaller than the osmotic pressure
difference (ΔP < Δπ). Thus, the net water flux, Jw is still towards concentrated DS, which is in a similar
direction as FO [4]. To generate the power steadily, a constant concentration and pressure must be
set for the DS so that a constant flow of FS across the membrane can occur. Subsequently, there is
more volume flow on the concentrated region and this additional flow can be employed for power
generation regarding bioenergy production [5].

There are several differences between FO and PRO in terms of the fundamentals and applications,
even though both processes utilize a similar driving force, which is salinity gradient difference [6].
For instance, FO processes are employed to produce clean water, dilute draw solution, or concentrate
feed solution in applications including brine treatment and desalination [2]. On the other hand,
PRO processes are employed to generate electricity or power using osmotic pressure from the DS.
The application difference is caused by the fundamental difference in their operations as FO processes
involve direct use of osmotic pressure to transport less concentrated solution across semipermeable
membrane barrier while PRO processes utilize hydraulic pressure to pressurize the DS to help in
converting the osmotic pressure to hydraulic pressure [7].

Besides PRO processes with power generation as the main application, FO processes can be
integrated with other systems for bioenergy production. For instance, bioenergy from organic matter
found in wastewater can be converted into electricity via forward osmosis-bioelectrochemical hybrid
systems (FO-BESs) which use electrochemically active bacteria [8]. One example of FO-BESs is osmotic
microbial fuel cell (OsMFC) which separates anode and cathode with an FO membrane. It produces
more electricity compared to the conventional microbial fuel cell with a cation exchange membrane [9].
Moreover, energy recovery (e.g., biogas production) can be carried out through an anaerobic osmotic
membrane bioreactor (An-OMBR) which integrates FO with anaerobic treatment by submerging an FO
membrane inside the bioreactor. FO processes can be used to concentrate nutrients and harvest algae
which is a bioenergy source, where biodiesel can be produced from its lipid extract and bioethanol can
be fermented from its carbohydrates [10,11].

Although there are several ODMPs applications for bioenergy production, these processes are so
far applied in lab-scale studies only and up-scaling to full scale is essential. To achieve at that stage,
optimization of process parameters has to be investigated. Therefore, this paper comprehensively
reviews the factors influencing the performance of the ODMPs, which is generally measured by
water flux, reverse solute flux, and power density. Various aspects of an osmotic membrane such as
concentration polarization, membrane materials, membrane configurations, and fouling are discussed.
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The next sections focus on the feed solutions and draw solutions which provide the osmotic pressure
difference to drive the ODMPs. Operating conditions including cross-flow rate and temperature
are also studied for their effects on the performance of FO and PRO. This review provides insights
into the concerned researches in practically designing an optimum osmotic membrane system for
bioenergy production.

2. Osmotic Membrane

During the past 40 years, membrane development has been focused on pressure driven processes
but the attention in ODMPs, like FO and PRO, has increased in the last decade [12] since they
demonstrate significant promise to leverage the global water-energy nexus [13]. It is crucial to
formulate customized membranes for these technologies since membrane properties such as structural
parameters, water permeability and solute permeability affect the overall performance of FO and
PRO processes. For instance, asymmetric FO membrane is an essential component to determine the
performance of FO-BES where its properties such as mass transfer resistance and proton transfer ability
affect the bioenergy production [8]. Generally, there are two methods to prepare membrane including
(1) direct phase inversion, which involves phase inversion of a polymer dope in a non-solvent followed
by formation of integrally skinned membranes, and (2) interfacial polymerization (IP), which is
utilized to create thin-film composite (TFC) membranes [14]. Modifications on membrane including its
microporous substrate and selective layer have been the main research area to improve the performance
of FO and PRO processes. For instance, specific functional compounds or groups have been introduced
on the surface of the selective layer to tackle the problems of fouling and low productivity [15]. In short,
a desired osmotic membrane should be thin, highly selective, and antifouling while compatible with
the chosen draw solution, produce high water fluxes, decline dissolved solutes, and tolerate mechanical
pressures caused by operation conditions [15,16].

2.1. Concentration Polarization

An osmotic membrane consists of an active layer and a support layer. The former selectively
allows movement of solvent molecules but declines at least some dissolved ions whereas the latter with
a side bond to the former comprises a phase-inversion sub-layer and an electrospun-fiber sub-layer.
Concentration polarization (CP) happens when the salt concentration difference across the active layer
is different from the concentration difference of the bulk solutions itself [17]. Since DS is diluted by
the incoming water flux, there is an immediate reduction in the osmotic pressure at the surface of
membrane facing the concentrated DS, causing the solute concentration on the other membrane side
facing the FS to increase, since the diffusion of water is towards the DS [18].

Depending on the membrane orientation, these two CP phenomena can happen either on the
active layer or on the support layer since the asymmetric membrane is used in the FO process. Although
any of the membrane orientations can be used to operate ODMPs, for clarity, the process is said to be in
FO mode (also known as AL-FS orientation) given that the active layer faces FS and support layer faces
DS. Generally, this mode can be used for any membrane separation process. In contrast, the process is
termed as PRO mode (also known as AL-DS orientation) when the active layer faces the DS and the
support layer faces the FS. PRO mode is normally used for osmotic power generation [19].

On the other hand, there are two kinds of CP where the formation of a concentration layer at
the membrane surface and in the porous structure of asymmetric membranes is defined as external
concentration polarization (ECP) and internal concentration polarization (ICP), respectively [20]. ECP
is usually associated with the concentrations of DS and FS whereas ICP is mainly affected by the
support layer structure and thick dense membrane [4]. The presence of CP can significantly affect the
effective osmotic pressure difference (Δπ) across the membrane leading to a sharp decline in water flux
and operational performance of FO and PRO processes [21,22].

In PRO mode operation, water from FS moves into the porous support layer and permeates
through the active layer. The salt from FS also enters the support layer however, it cannot pass through
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the active layer, resulting in an increase of concentration within the support layer, which is called
concentrative ICP. In FO mode operation, dilutive ICP takes place when water permeate dilutes the DS
within the porous support layer, causing slow solute mass transfer [23]. ICP could become acute in
ODMPs and it cannot be erased by manipulating hydraulic conditions like increasing turbulence or
shear force since it happens within the support layer, thus membranes specially designed for ODMPs
are desired for applications [2]. Optimization on porosity, thickness, and tortuosity of the substrate
structure is essential for minimizing the severe effects of ICP. For example, an FO membrane that has a
highly porous substrate with low tortuosity and a detect-free thin selective layer is the most effective
approach to alleviate ICP [15].

2.2. Membrane Materials

To develop a system with optimal flux, the choice of material to fabricate a membrane is significant
because membrane fouling can directly affect the membrane flux. The material selection also depends
on the purpose of the membrane since the operational parameters of FO and PRO are quite different.
They require different selectivity degrees for the membrane skin layer where FO needs highly selective
membranes whereas PRO which targets high power density requires just sufficient salt decline to
maintain the driving force and govern concentration polarization [24]. Furthermore, most conventional
FO membranes, which are usually tailored to be porous and thin to lower ICP and structural parameters,
will either be damaged or deformed under high pressure of PRO [14]. This may cause serious leakage
of DS and failure towards the entire process [25]. This indicates that PRO membranes must be robust
enough to tolerate the operational hydraulic pressure. Micro-void type support layers that tend to
reduce CP can be beneficial for the FO process; however, their applications in PRO are restricted to
lower pressure processes since the micro-void structure can easily be collapsed under the effects of
high hydraulic pressure [26].

Early attempts to fabricate FO and PRO specialized membranes were restricted to cellulose
triacetate (CTA) and TFC membranes [25]. Cellulose is the most abundant existing natural polymer and
derivatives of cellulose such as cellulose acetate (CA) and CTA are appropriate materials to fabricate
membranes due to their good separation, moderate flux, and non-toxicity [27]. In order to produce
CTA membranes (as demonstrated in Figure 1A), a dense active layer is formed by casting CTA with an
embedded polyester fabric where the thickness of the active layer is minimized to improve the water
permeability while maintaining the membrane integrity or contaminant rejection [15]. However, CTA
membranes have restrictions in their application for desalination due to their comparatively low water
permeability and solute rejection. Severe CP has been induced in CTA membranes by a sponge-like
structure which was initially designed to improve flux [15]. In addition, cellulose-based materials not
only have low stability to pH and temperature but also undergo biodegradation and hydrolysis [27].

Therefore, enhanced TFC membranes have been developed to keep the high water flux obtained
by CTA membranes and to improve the mechanical robustness of the membranes [25]. This is because
highly selective and permeable TFC membranes have high flexibility in structural design with the
ability to individually optimize the two membrane layers (selective and substrate layer) for specific
needs [15,28]. Modification on the structure of the support layer significantly reduces ICP while having
the dense thin film layer allows great water permeability and salt rejection [7]. A TFC membrane (as
shown in Figure 1B) generally consists of (1) a very thin polyamide active layer, (2) a polymeric support
layer, and (3) a fabric layer for mechanical support [29]. Some examples of the artificial polymers
are polysulfone (PSF), polyether sulfone (PES), polyvinylidene fluoride (PVDF) and polyacrylonitrile
(PAN) [27]. The standard preparation method of TFC membrane layer-by-layer assembly using the
microporous substrate obtained through phase inversion and the polyamide layer formed through IP
between chloride and amine monomers such as trimesoyl chloride and m-phenylenediamine [15].
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Figure 1. Cross-section SEM micrographs of (A) commercial CTA-HTI and (B) TFC membrane.
Reproduced with permission from Yip, Tiraferri, Phillip, Schiffman and Elimelech [16], Copyright
(1969) American Chemical Society.

Wang, et al. [30] had compared the characteristics of CTA and TFC FO membranes provided by
Hydration Technologies Innovation (HTI, Albany, NY, USA) and the results are shown in Table 1.
The smaller contact angles indicate a higher hydrophilicity degree, which means permeation of water is
easier and higher water flux is expected [31]. Indeed, higher water flux was observed in TFC membrane
compared to CTA membrane under the same operating conditions [30]. It is noteworthy that in a
more recent study by Li, et al. [32], a self-made TFC membrane in comparison with a commercial
CTA-HTI membrane also exhibited higher flux loss due to membrane fouling [32]. Flux loss is one
of the important criteria to be considered for overall flux performance when designing an osmotic
membrane system. Nevertheless, higher reverse salt flux was observed with TFC membranes in both
studies [30,32].

Table 1. Comparison of commercial CTA and TFC membrane produced by Hydration Technologies
Innovation (HTI, Albany, NY, USA). Adapted with permission from Wang, Tang, Zhu, Dong, Wang
and Wu [30], Copyright (2014), Elsevier B.V.

Parameters Cellulose Triacetate Thin-Film Composite

Thickness of active layer (μm) 6.1 ± 2.0 4.9 ± 1.1
Thickness of support layer (μm) 51.4 ± 6.7 47.8 ± 2.5

Pore size of SL (μm) 5.3 ± 1.0 3.9 ± 2.0
Contact angle of active layer (◦) 86.0 ± 4.5 79.2 ± 6.3

Contact angle of support layer (◦) 72.8 ± 1.9 73.8 ± 6.0
Water permeability (A) (L/(m2 h bar)) 0.70 ± 0.07 1.24 ± 0.04

Salt permeability (B) (L/(m2 h)) 0.53 ± 0.03 0.37 ± 0.08
Salt rejection rate (%) 94.7 ± 0.1 97.7 ± 0.5

Water flux Lower Higher
Reverse solute flux Lower Higher

In another study [33], which compared the PRO performance of five different membranes including
CTA-HTI, CTA-HTI spiral, CTA-FTS, TFC-FTS, and TFC-Aquaporin (Fluid Technology Solutions (FTS)
and Aquaporin A/S are commercial membrane companies), it was found that although TFC membranes
have higher flux, CTA membranes with higher pressure stability show higher power densities because
the latter with a thicker rejection layer is less likely to be damaged at high pressure while the former is
more prone to compaction. To summarize, it is obvious that each material has better performance in
different aspects and more comparison studies should be carried out to provide evidence that support
the hypothesis of one being better than another.
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The development of the membrane materials and synthesis methods has been enhanced by
the research and commercial attention on FO and PRO, resulting in the use of other materials [25].
For instance, a variety of nanomaterials, as shown in Table 2, has been used to alter the membrane
substrates, either only form the active layer, or fabricate the whole thin film nanocomposite (TFN)
membranes [34]. Incorporation of hydrophilic nanomaterials such as carbon-based nanomaterials
functionalized with hydrophilic moieties can alleviate ICP by forming higher hydrophilicity, bigger
porosity, and lower tortuosity [35]. Since the synthesis processes for TFC membranes are well established,
any discovery on new membrane materials can be scaled up effortlessly for commercialization [36].
For example, aquaporins, which are water channel membrane proteins, have been incorporated into
membrane substrate and this biomimetic Aquaporin membrane has been large scale commercialized
for academic and industrial applications [37]. Nonetheless, it must be noted that there is a limited
number of pilot-scale research carried out to apply TFC membranes in commercial-scale FO and PRO
processes. More extensive researches at a bigger scale are needed for osmotic membranes to find out
their feasibility for a sustainable operation to the point of commercialization despite the promising
findings in laboratories.

Table 2. Recent nanostructured osmotic membrane and their experimental performance.

Type of
Nanomaterials

Nanoparticles
Incorporated

Effects
Water Flux (Jw, L/m2 h)

Ref.
Unmodified Incorporated

Carbon
nanotubes

400 ppm sulfonated
carbon nanotubes

• Better
separation performance

• Better permselectivity
• Enhanced hydrophilicity
• Decreased

surface roughness

21.3 ± 2.1 29.9 ± 1.6 Li, et al.
[38]

Zeolites 0.4 wt % modified
clinoptilolite

• Increased
membrane porosity

• Higher eccentricity
• Reduced structural

parameter (S)
• Minimized ICP

16.3 24.61 Salehi, et
al. [39]

Zwitterions

Poly [3-(N-2-methacry
loylxyethyl-

N,N-dimethyl)-
ammonatopropan

esulfonate] (PMAPS)

• Lower water
contact angle

• Enhanced hydrophilicity
• Remarkable

anti-fouling properties

12.54 15.79 Lee, et al.
[40]

Graphene
oxide

0.1% graphene oxide
nanosheets

• Increase in
the hydrophilicity

• Increase in a surface
roughness value

• Better water permeability

7.9 14.5
Shokrgozar
Eslah, et
al. [41]

Carbon
quantum dots

Na+-functionalized
carbon quantum dots

• Higher roughness
• Larger effective

surface area
• Decreased

membrane thickness
• Increased interstitial

space among the
polyamide chains

24.25 ± 2.8 34.86 ± 1.41 Gai, et al.
[42]
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Table 2. Cont.

Type of
Nanomaterials

Nanoparticles
Incorporated

Effects
Water Flux (Jw, L/m2 h)

Ref.
Unmodified Incorporated

Metal and
metal oxide

nanoparticles

0.5 wt % molybdenum
oxide NPs

(MoO3)

• Increased wettability
• Enhanced surface

roughness,
hydrophilicity, and
water permeability

~21 67 Amini, et
al. [43]

Polyelectrolytes
Layer-by-layer

polyvinylidenefluoride
(PVDF)

• Enhanced hydrophilicity
and porosity

• High pure
water permeability

• Low
structural parameter

5.4 24.1 Gonzales,
et al. [44]

Metal–organic
frameworks

0.12 w/v % copper
1,4-benzenedicarboxylate

nanosheets,
CuBDC-NS

• Reduced contact angles
• Increased

surface hydrophilicity
• Much lower reverse

solute flux

18 28 Dai, et al.
[45]

2.3. Membrane Configurations

In addition to membrane materials, membranes have been fabricated into two membrane
configurations based on geometry that is flat sheet and hollow fiber configurations to improve
performance such as achieving high water fluxes and superior rejection properties [46]. Generally, as
compared to the hollow fiber membrane, it is easier to engineer a thinner support layer in a flat sheet
membrane, thus it has higher water flux and power density [7]. However, due to the thin support
layer and lower packing density, flat sheet membranes are less mechanically stable and more likely
to experience structural destructions under pressure, even with a macro-void free support layer [14].
Compaction due to pressure always negatively affects the properties of the flat sheet membranes, such
as increasing the resistance of porous substrates, decreasing the permeability of the selective layers,
and enhancing the salt leakage by spacer [47].

Therefore, recent approaches in developing flat sheet membranes focus on enhancing their
mechanical robustness, which is crucial for the PRO applications since it decides the maximum
applicable hydraulic pressure. For example, the selective layer of flat sheet membranes is normally
post-treated with chemical and physical modification for better mechanical strength [48]. Another
approach to improve the pressure tolerance of flat sheet membranes is by utilizing customized spacers.
Membrane with customized tricot fabric spacers was able to tolerate a stable 48 bar hydrostatic pressure
for exceeding 10 h and achieve 14.1 W/m2 at 20.7 bar [14]. The restrictions of pressure observed in
numerous previous PRO research are primarily because of the unsuitable selection of spacer material.

Hollow fiber membranes (as shown in Figure 2) are tubular-shaped membranes and this
configuration provides key benefits including a self-supporting structure and high packing density in
membrane modules [49]. Hollow fiber membranes commonly feature a higher mechanical strength
due to their geometrical (circular) structure. The fabric support-free hollow fiber configurations
could also give rise to better control of the structural parameters [49]. Furthermore, the hollow fiber
membrane module demonstrates higher efficiency (flux) of mass transfer compared to the flat-sheet
(spiral-wound) module [50]. Wang, et al. [51] discovered that contact angles of FO hollow fiber
membranes were much smaller than the commercial flat sheet membranes suggesting that they have
higher hydrophilicity and lower fouling tendency. Besides, Chou, Wang and Fane [47] reported much
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lower specific reverse salt flux in the hollow fiber membrane as its self-supporting structure can
eliminate the deformation-enhanced reverse solute flux which is common for flat-sheet membranes.

Figure 2. Hollow fiber membranes.

Moreover, hollow fiber membranes do not require spacers to effectively support the flowing of
liquids on both sides of the membranes. Without spacers, deformation of the membrane caused by
the spacer under high pressures could be minimized and more membranes could be packed into the
modules. Also, with a self-supporting structure, higher pressures can be achieved by keeping the
pressurized DS on the shell side rather than on the bore side of the fiber [52]. Since a spacer is not
required in hollow fiber membranes with DS on the shell side, power density can be improved without
the potential energy loss from the interface between membrane and spacer [53]. The Japanese Mega-ton
project had tried a prototype by modifying and upscaling CTA-based RO hollow fiber membrane into
PRO membrane module and achieved a power density of 7.7 W/m2 at 25 bar [54]. However, they
usually have smaller initial water flux compared to the flat sheet membranes (before deformation takes
place), and they are likely to face pressure drop problems within each hollow fiber [6]. In addition,
increasing pressure causes a reduction in the dimensions of fiber, leading to an increase in feed pressure
loss on the bore side [52]. These are research gaps that researchers can look into so that there will be an
enhancement in hollow fiber membranes and the performance of ODMPs.

Power density is a significant parameter in selecting the membrane for the PRO process. Although
increasing the membrane area can scale up the energy generation, membranes with high power density
which produce greater power per unit area reduce the membrane size required and the capital cost.
As demonstrated in Table 3, various enhanced hollow fiber TFC membranes have been developed
recently and applied in PRO processes where the highest power density in the literature so far is
38 W/m2. In contrast, there is limited literature on the application of flat sheet membranes in osmotic
power generation recently, after Han et al. [14] had summarized PRO performance of TFC flat sheet
membranes up to 2015. One of the recent studies is research by Sharma, et al. [55] which discovered
that CA flat sheet membrane modified with PEG 6000 achieved power density of 3.1 W/m2. In brief,
flat sheet membranes are more appropriate for FO applications due to their highly engineered support
layer while hollow fiber membranes that have simple fabrication, high-pressure resistant structures,
and high membrane surface area per module are comparatively suitable to harvest energy through
PRO process [25].
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Table 3. PRO performance of recent hollow fiber membranes.

Membrane Feed Solution Draw Solution
Hydraulic

Pressure (Bar)
Power Density

(W/m2)
Ref.

TFC DI water 1.2 M NaCl 30 38 Wan, et al. [56]
TFC DI water 1 M NaCl 16.5 14.6 Park, et al. [57]
TFC DI water 0.81 M NaCl 20 18.8 Zhang, et al. [58]
TFC DI water 1.0 M NaCl 20 12.1 Gonzales, et al. [59]
TFC DI water 1 M NaCl 21 16.7 Lim, et al. [60]
TFC DI water 1 M NaCl 20 20 Wan, et al. [61]
TFC DI water 1 M NaCl 20 27 Wan and Chung [62]

2.4. Membrane Fouling

Membrane fouling, which happens due to the deposition of particles and/or solutes at the
membrane surface or inside membrane pores, is one of the main factors influencing membrane
performance in ODMPs [12]. There are four types of fouling and their respective model foulants
are shown in Table 4. The chemical and hydrodynamic interactions between the foulants and the
membrane surface either temporarily or permanently decrease membrane water flux [63], leading to
lowered permeate quality, reduced water recovery, shortened membrane life, and increased operating
cost [13]. This is because foulants not only react with the membrane surface physically but also
deteriorate membrane material chemically [63]. In addition, the accumulation of foulant influences
power density used to generate energy in PRO. A layered model by Nagy, et al. [64] demonstrated a
50% reduction of power production due to a 500 μm-thick cake layer.

Table 4. Fouling types and model foulants.

Type of Fouling Model Foulants

Organic Alginate, humic acid (HA), and bovine serum albumin (BSA)
Inorganic Calcium salts and silica
Colloidal Colloidal silica particles
Biological Escherichia coli bacteria suspensions

A lot of academic studies, industrial researches and development efforts have been carried out
since the early 1960s to mitigate membrane fouling [63], which is influenced by various factors such as
operation conditions, membrane properties, level of pretreatment and solution chemistry [21]. The
properties and characteristics of membranes that influence fouling formation are their morphology
(i.e., surface roughness, surface pattern, or pore size) and chemical structure (i.e., charge, hydrophilicity,
and functional groups). In general, low surface roughness, high hydrophilicity, and negative surface
charge are desirable [65].

In ODMPs, the accumulation of foulants takes place on different surfaces of membrane depending
on the membrane orientation, hence fouling can be categorized into internal and external fouling [66].
In FO mode, foulants are accumulated on the relatively smooth active layer and a cake-type layer is
subsequently formed. The deposition of foulants is influenced by both shear force and permeation
drag, resulting from bulk cross-flow and permeate flux, respectively [67]. This manner of fouling is
referred to as external fouling.

The mechanism of fouling is more complex in PRO mode. The foulants which are relatively small
compared to the pores of the rough support layer can enter the membrane porous support layer and be
adsorbed on the walls, or eventually be retained by the dense active layer and deposited at the back of
the active layer. Subsequently, foulants which penetrate the support layer attached to the foulants
which have been accumulated on the active layer, resulting in clogging of the membrane pores. This is
the most serious case of fouling and is very difficult to clean up [68]. At the beginning of fouling in PRO
mode, the effect of hydrodynamic shear forces is absent since cross-flow velocity disappears within
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the support layer [67]. Fouling in this manner is called internal fouling. Under severe conditions of
fouling, more foulants continue to accumulate outside of the support layer, resulting in both external
and internal fouling [66].

External fouling, in comparison with internal fouling, happens on the surface of the membrane
so it is more able to be removed and reversed via optimizing feed water hydrodynamic conditions
or chemical cleaning [69]. Therefore, AL-FS orientation is recommended by most researchers for FO
application to avoid unwanted internal fouling [70], although there is relatively higher water flux in
PRO mode since crossflow shear on the membrane surface can mitigate dilutive ECP [18]. On the other
hand, PRO membranes are usually in operation of PRO mode due to higher mechanical stability (to
avoid rejection layer damage) and higher power density (in the absence of fouling) [71].

Even though the osmotic backwash method has been developed to clean foulants within the
support layer [72], it is essential to develop internal fouling control which is more effective for PRO
because the requirement of pretreatment of feed water and membrane cleaning increases energy
consumption and incurs additional costs [73]. It is also urgent to develop an appropriate PRO
membrane to mitigate support layer fouling where material and roughness of the surface of the support
layer should be taken into account [12]. Nevertheless, it should be clarified that both internal and
external fouling can be irreversible depending on feed water constituents and their interactions with
the membrane [74].

3. Feed Solutions

A variety of FSs, such as sewage [75,76], grey water [77], and microalgae [76,78], have been
examined for their feasibility in different FO applications. Study on these commercially available
FSs and other unexplored FSs is very important to understand their applicability, sustainability and
economic feasibility in FO processes. Since FO is driven by the osmotic pressure difference, increasing
feed concentration leads to lower initial flux due to the higher osmotic pressure of FS followed by
a thinner foulant layer due to lowered convection of foulants to the membrane [64]. Furthermore,
the presence of salt in the FS increases ICP in the membrane and reduces the achievable power
density. Madsen et al. [33] reported a 55% reduction in power density (8 W/m2 to 3.6 W/m2) when
FS was changed from MilliQ ultrapure water to a 2 wt % NaCl solution. The reduction in power
density was not linear and the biggest difference occurred when changing MilliQ water to 0.01 wt %,
which is the typical salinity of the river water model. This indicates that the suitability of river water
as a FS should be investigated and DS with higher salinity should be studied to generate higher
power. Moreover, the presence of other solutes (either dissolved or suspended) in FS could directly
influence the FO performance [18]. This is because an increase in total dissolved solids of FS results
in a reduction of net osmotic pressure, thus reducing water flux [18]. Composition and chemistry of
FS—including the availability and concentration of divalent ions, ionic strength, and pH—strongly
affect the fouling behavior in FO since characteristics of the foulants (e.g., membrane surface charge) and
the foulant–foulant and foulant–membrane interactions are influenced [79]. For instance, comparatively
high retention of ammonia was observed at a pH of 5 and the retention gradually decreased when the
pH increased. Meanwhile, there was an enhancement in the retentions of nitrite, nitrate, and phosphate
when pH was increased from 5–8. This is because the electrostatic repulsion between the membrane
and the negatively charged ions was strengthened by the increasing negative charge on the surface of
the membrane [76].

Feed waters with different qualities have been researched to determine the major foulants since
water flux and osmotic power generation are reduced by membrane fouling, making the overall
cost as high as other membrane processes [80]. In addition, for certain quick fouling, high cleaning
frequency and long downtime processing are required making the conventional backwash approaches
impractical. Also, adding a large amount of chemicals that are expensive to alleviate fouling in PRO
processes is not viable economically [81].
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Pretreatments

In order to reduce membrane fouling and to improve the performances, various pretreatment
approaches—including microfiltration [82], vacuum filtering [83], low-pressure nanofiltration [84],
low-pressure reverse osmosis [81], and coagulation [85]—have been investigated. Water flux increases
when pretreatment is carried out since the suspended solids in feed solution are removed. However,
Yang, Gao, Jang, Shon and Yue [83] reported that the increment associated with sewage pre-filtration
decreased with time. Seker, et al. [86] presented similar findings where initial water flux with
pretreatment (8.5 L/m2 h) was lower but water flux of pretreated whey decreased slowly and final flux
(4 L/m2 h) was the same as the flux of non-pretreatment. Therefore, it should be noted that pretreatment
only delays, but does not mitigate, the fouling formation.

In addition, the power density increases after the pretreatment. Results shown by Yang, Wan,
Xiong and Chung [81] demonstrated that the PRO process without pre-treatment at 15 bar generated
a power density of 2.92 W/m2 (only 40% of its initial power density) while the PRO process using
filtrates from nanofiltration could produce a stable power density of 7.3 W/m2 with only a 10.7%
drop. Nonetheless, Kim and Kim [87] suggested omitting pretreatments in designing and operating
PRO because pretreatments need more energy (0.1–0.4 kWh/m3) than the extractable net energy
(0.1 kWh/m3) and net energy extraction from seawater and river water could be done using PRO even
with severe fouling. Therefore, an economical and less energy-intensive approach should be developed
for pretreatments, otherwise pretreatments might not be that helpful in both FO and PRO processes.

4. Draw Solutions

Identifying an appropriate draw solute/solution is one of the major challenges to the FO and
PRO processes. Since the mid-1960s, a variety of DS has been proposed and examined to maximize
the efficiency of these processes but none of them have been successful for commercialization [88].
There are several important criteria to be fulfilled by an ideal DS, which are (i) high water flux (high
osmotic pressure), (ii) simple and cheap recovery from the diluted DS, and (iii) low reverse solute flux
(RSF) [89]. However, the first two requirements are in fact a conflict between one another since good
osmotic potential requires a strong association between water molecules and draw solutes, which
subsequently complicates the recovery process [90]. The recovery of DS remains one of the main
challenges even though various approaches have been proposed including RO, heating/distillation,
ultrafiltration, nanofiltration, magnetic separation, physical triggers, precipitation, and membrane
distillation [91].

There are various additional criteria for an ideal draw solute, such as having no damage, scaling or
fouling on the membrane surface even after prolonged use, intrinsic properties (e.g., at or near neutral
pH), low viscosity even at high concentrations, low toxicity without adverse effect on environment
and human health, a high diffusion coefficient to reduce ICP, being chemically stable for repeated use
as well as cost-effective [91]. However, some contradictions between or deviations to some of these
criteria may exist. For instance, solutes with small size like NaCl are more likely to achieve a high
diffusion coefficient which reduces ICP, but there is also relatively high RSF due to their size [92].

Considering the diversity of feed solutions, it may not be possible that a single universal DS can
treat all kinds of feed solutions [93]. Hence, before applying practically to the real-world industries, a
draw solute should be extensively evaluated regarding their suitability through examining its various
aspects and the priority order of assessment measure is entirely based on each application. For example,
the primary property of a draw solute for power generation via PRO should be water induction
ability (high osmotic pressure) since the relationship between power density and water flux is direct
proportional [89].

As demonstrated in Figure 3, DS is widely classified into two groups which are synthetic
compounds and commercially available compounds that can be further categorized into four main
kinds in accordance with their physicochemical properties: volatile compounds, nutrient compounds,
inorganic salts, and organic salts but overlapping may occur as this grouping is not strict [94].
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Commercially available draw solutes were dominant before 2007 and there have been efforts in
exploring them but the outcomes are still far from satisfactory, therefore various synthetic DSs that
exhibit superiority with lower RSF and less energy consumption in recycling have been proposed
recently [95].

 
Figure 3. Classification of draw solutes/solution.

There is another classification of DSs based on the recovery methods of draw solute which are
either responsive or non-responsive to some external stimuli [93]. The non-responsive draw solutes
which include the commercially available compounds refer to those without significant variation
in their water affinity upon exposure to stimuli like a magnetic field, thermal, pressure, or light
whereas the responsive draw solutes are mostly the synthetic compounds which respond to stimuli by
undergoing substantial changes in water affinity. Phase transitions between two states with different
water affinities usually happen. Draw solutes can then be easily regenerated or separated from the
diluted draw solutions while maintaining drawing ability which is sufficiently high [90].

When the concentration of DS increases, the osmotic pressure difference also increases, resulting
in greater water flux. However, this is temporary because there is an enhanced dilutive ICP inside the
membrane support layer caused by the increased incoming water flux, reducing the available driving
force drastically [18,96]. In addition, increased concentration of DS results in a greater draw solutes loss
because of RSF, despite being less significant in comparison to the increased Jw. It is noteworthy that if
DS concentration is further increased beyond a certain level, the pumping energy will be increased due
to the increased viscosity. The use of highly concentrated DS could also result in other implications; for
example, chemical exposure to increased ionic concentrations could affect membrane stability [18].
Hence, it is essentially important to develop draw solutes which can produce high water flux at low
concentration as this could lead to momentous energy and cost savings.

5. Operating Conditions

Furthermore, operating conditions are another factor that highly affects the treatment efficiency
of FO. Examples of operating conditions are draw solution concentration, membrane orientation,
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cross-flow velocity and temperature, which are shown in Figure 4. This is also applicable to PRO where
the extractable power per unit membrane area (i.e., the specific power) is affected by local conditions
such as concentration and temperature of seawater [97]. Moreover, the combined effects of operating
conditions should be investigated extensively and the relationship between each variable should be
understood so that the performance of ODMPs can be maximized. For example, Hawari, et al. [98]
reported a 93.3% increase in the membrane flux when both the DS temperature and the flow rate are
increased from 20 to 26 ◦C and from 1.2 to 3.2 L/min, respectively.

Figure 4. Factors affecting osmotic membrane processes.

Nonetheless, it is a challenge to define a general set of best-operating parameters since they
are highly dependent on a particular system where each system has its own membrane parameters,
equipment specifications, element geometry, site conditions, and system losses [99]. Maximum power
point tracking (MPPT) has been proposed recently to have real-time control of PRO systems by either
controlling of only one parameter which is the pressure exerted [100–102] or simultaneously controlling
of few parameters including feed flow rates, draw flow rates and pressure exerted [103]. Maximum
net power and maximum specific energy can then be extracted from the PRO system at both the design
stage and in the field with varying conditions [103]. Nevertheless, laboratory-scale studies are still in
great need even though numerous simulation and model-based optimization studies [104–106] have
been carried out.

5.1. Cross-Flow Rate

According to film theory, the thickness of the mass transfer boundary layer at the membrane
surface is changed by varying the flowrate of solutions [107]. When the flow rates are higher, there is
an increase in permeate flux because the boundary layer is thinner, resulting in a higher rate of mass
transfer, thus reducing ECP and fouling; however, in some cases, it was found that at higher flow
rates, the residence time along the membrane will be shorter which will result in lower permeation
across the membrane [23,108]. Increasing cross-flow velocity induces mixing in the porous support
layer making the ICP less severe, especially for those membranes with thin and highly porous support
layers [109]. In a cross-flow system, two main forces are applied to the feed particles. Hydrodynamic
drag which is perpendicular to the surface of the membrane forces the foulant molecules to move
towards the membrane while the shear rate which is tangential to the surface of the membrane causes
the molecules to move back towards the bulk solution. Higher tangential shear force at high cross-flow
velocities reduces the accumulation of foulants [110]. The removal rate of foulant is also higher [64].
Furthermore, the power density can be influenced by changing the flow rate ratio due to the higher
water fluxes obtained from the membrane with a higher flow rate ratio. By understanding the influence
of the input flow rate ratio, the potential power output from a PRO system can be increased [111].

A relatively low DS flowrate compared to the FS flowrate will cause dilution effect affecting
the permeate flux, which is also more serious with a higher concentration of DS. There should be a
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sufficiently high cross-flow rate of the DS (dilution factor <2) to restrict the adverse dilution effect [96].
In fact, by altering the flow rates of both the FS and the DS could achieve a greater increment in
water flux compared to altering the flow rate of either one. An increase in both flow rates causes a
simultaneous reduction of CP effect at both sides of the membrane [98]. It shall be noted that high
ratios of flow rate can induce great force to the membrane surface which has the potential to damage
the membrane [111]. Hence, research works should be conducted to determine the optimal ratio of
flow rates to be implemented.

The study conducted by Phuntsho, Sahebi, Majeed, Lotfi, Kim and Shon [18] has shown higher
FO water flux at higher crossflow rates with optimum crossflow rate between 400 and 800 mL/min,
although the increase is logarithmic and the effect of crossflow is insignificant beyond this level.
Seker, et al. [112] supported this wherein their study, there was no variation in water flux while
increasing flow rate from 2500–7500 mL/min as the flow rates used were higher than the optimum.
There was a reduction in water fluxes when the flow rate was further increased to 10,000 mL/min. Also,
Gulied, et al. [113] found out that a small increase in water flux (∼1.5%) and %W recovery (1.2%) were
resulted from increasing the flow rate from 1600–2800 mL/min. However, when the circulation flow
rate increased, the ECP effect could become smaller reducing the water flux where the WF and %W
recovery decreased gradually with increasing flow rates from 2800–3200 mL/min.

In addition, there is a requirement of extra pumping energy for high cross-flow rates yet the
enhancement on water flux may be limited. For instance, the study reported by Gulied, Al Momani,
Khraisheh, Bhosale and AlNouss [113] observed there was no significant effect on FO performance by
increasing circulation flow rate (from 1.6 mL/min to 3.2 mL/min) but energy consumption increased
from 36.1 W/m3 to 144.2 W/m3. This indicates that energy consumption increased by ~4-fold when
doubling the flow rates. The efficiency of the PRO process is reduced as a result of increased energy
need for pumping even though increasing cross-flow rates leads to increased power densities [114].
In certain cases and up to certain limits, improvement in osmotic performance and power generation
can justify the energy invested for additional pumping [103]. At the optimal cross-flow, a balance of
pumping energy and osmotic performance shall be accomplished [96].

5.2. Temperature

Operating temperature is a crucial factor which affects the osmotic performance. This is because
it has a direct influence on the thermodynamic properties of both solutions, (e.g., osmotic pressure,
diffusion, and viscosity) [115]. In fact, according to the van ’t Hoff equation (π = βCRT), there is a
direct proportional relationship between osmotic pressure and the temperature. Although the osmotic
pressure is not proportional to the concentration if the solutions are highly concentrated, there is still an
assumption of the proportionality between the osmotic pressure and the temperature [116]. Variation
in the thermodynamic properties not only affects the water flux but also influences membrane fouling
and solute rejection/diffusion [117]. Heating both sides (FS and DS) simultaneously is more effective
since the difference among the water fluxes with increased temperature of either one solution is not
significant [115].

An increase in the temperature improves the water flux due to reduced water viscosity in solutions
(and/or solubility), and increased water solubility and diffusivity within the membrane [117]. Besides
variations in properties of solvent, solute, and solution, there is higher water flux because the polymeric
membrane expands upon heating producing larger effective pore sizes, which also unfortunately
gives rise to more serious solute diffusion [118]. RSF increases with the increase of temperature as the
membrane has less resistance to draw solute transmembrane diffusion [115]. Although the increased
solute diffusion alleviates the concentrative ICP in the support layer and increases the water flux,
dilutive ECP can be enhanced because such an improved water flux carries more solutes from the feed
bulk phase to the surface of the support layer, thereby reducing the available driving force [117].

Furthermore, an increase in water flux leads to a reduction of operation time; for example, Yang,
Gao, Jang, Shon and Yue [83] demonstrated reducing sewage to one-quarter volume using FO filtration
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took 46 h and 15 h at 15 ◦C and 35 ◦C, respectively. In addition to increasing water flux, higher
temperature generally results in higher power density. Simulated model by Anastasio, et al. [119]
predicted that power density is greater at elevated temperature since membrane hydraulic permeance,
draw osmotic pressure and solute diffusivity all raise with temperature. Table 5 demonstrates how
an increase in temperature affects water flux and/or specific power in previous studies. Most of the
studies reported the improvement with increasing temperature, but higher temperatures can be tested
for the resulting performance together with their effects on membrane and energy efficiency.

Table 5. Increase in water flux and/or specific power due to increase in temperature.

Membrane FS DS
Temperature

(◦C)

Increase in
Water Flux
Per ◦C (%)

Increase in
Specific

Power Per
◦C (%)

Ref.

CTA-HTI Brackish
water

1.5 M
Na2SO4

25–35 3.1 - Zhao and
Zou [120]35–45 1.2

CTA-HTI 10 mM NaCl 1 M NaCl 25–35 4.1 3.4 She, Jin and
Tang [71]

CTA-HTI Brackish
water

0.5 M KCl
25–35 1.7 - Phuntsho, et

al. [121]25–45 3.2

CTA-HTI 0.5 M NaCl
1 M NaCl

20–30
7.1 6.5 Kim and

Elimelech
[122]

1.5 M NaCl 3.9 3.3
2 M NaCl 5.0 4.7

CA-HTI DI water 1.5 M NaCl 20–40 - 5.2

Anastasio,
Arena, Cole

and
McCutcheon

[119]

CTA-HTI DI water 2 M NaCl
5–20 2.9 - Heo, et al.

[123]20–45 3.3

TFC-TCK 0.01 M NaCl
0.6 M NaCl

25–50
2.9 3.2 Wang, et al.

[124]1.2 M NaCl 3.0 3.1

TFC Municipal
wastewater

Synthetic
seawater

concentrate

15–25 4.0 -
Yang, Gao,
Jang, Shon

and Yue [83]25–35 1.9

6. Conclusions

There is an extensive potential in ODMPs, specifically FO and PRO, to act as a sustainable
bioenergy solution on water and energy scarcity. However, technological developments and large-scale
investigations are required to improve their feasibility and performance. This review provides a
comprehensive summary of factors affecting their performance so that these efficient and green
bioenergy processes can be further improved and implemented in the industrial applications in the
near future. Membrane FS and DS, which are the major components of ODMPs, have high impacts
on the performance of FO and PRO. These components which are commercially available should be
modified for better performance. For example, research should be carried out to improve the pressure
stability of TFC membranes for higher power density. Efforts must also be carried out on exploring
new materials to fabricate membrane as well as to synthesize FS and DS so that higher water flux and
greater power density can be achieved, thereby improving the bioenergy production. Draw solution
with high salinity should be explored and examined to enhance the power generation to compete
with other renewable energies. Also, optimization of operating parameters and understanding of the
relationship between these parameters are essential to maximizing the bioenergy output. Although the
performance of osmotic membrane processes (i.e., water flux and power density) is not affected by
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their economics, the cost aspect—including membrane cost and pretreatment cost—is an important
criterion for consideration when designing an osmotic system, especially for bioenergy applications.
Therefore, a techno-economic assessment of these osmotic membrane processes is essential to examine
their feasibility even though there is a lack of full-scale FO and PRO applications to validate the cost
assumption. In short, this paper has summarized the factors affecting FO and PRO processes which
help in bioenergy production while outlining research needs and future directions on each factor.
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Abstract: The world energy production trumped by the exhaustive utilization of fossil fuels has
highlighted the importance of searching for an alternative energy source that exhibits great potential.
Ongoing efforts are being implemented to resolve the challenges regarding the preliminary processes
before conversion to bioenergy such as pretreatment, enzymatic hydrolysis and cultivation of biomass.
Nanotechnology has the ability to overcome the challenges associated with these biomass sources
through their distinctive active sites for various reactions and processes. In this review, the potential of
nanotechnology incorporated into these biomasses as an aid or addictive to enhance the efficiency of
bioenergy generation has been reviewed. The fundamentals of nanomaterials along with their various
bioenergy applications were discussed in-depth. Moreover, the optimization and enhancement
of bioenergy production from lignocellulose, microalgae and wastewater using nanomaterials are
comprehensively evaluated. The distinctive features of these nanomaterials contributing to better
performance of biofuels, biodiesel, enzymes and microbial fuel cells are also critically reviewed.
Subsequently, future trends and research needs are highlighted based on the current literature.

Keywords: bioenergy; biofuel; nanotechnology; nano-catalysts; nano-additives

1. Introduction

The current primary energy consumption is dominated by conventional fossil fuels including
coal, oil and gas [1], leading to sustainability problems such as a declining amount of fossil fuels,
environmental impacts and huge price fluctuations [2]. Greenhouse gas emissions, global climate
change as well as intense energy demand have driven a number of professionals to develop novel
solutions to replace fossil fuels. Among the alternative energy sources, biomass accounts for around
80% of the energy produced by global renewable energy carriers [3]. It can be stored and employed to
generate heating, fuels and electricity when required. These are called bioenergy which is defined as
solid, liquid or gaseous fuels produced from biological origin.

Bioalcohol derived from corn, wheat, sugar beet and sugarcane as well as biodiesel produced
by transesterification of oils extracted from rapeseed, palm, soybean and sunflower are examples
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of bioenergy generated from first-generation feedstock. Non-food feedstocks like lignocellulosic
and microalgae biomass are second- and third-generation feedstocks used to produce bioenergy,
respectively. The biomass can be processed using thermal conversion technologies such as combustion,
gasification and pyrolysis which converts biomass to bio-oil (a liquid fuel) and biochar (a solid residue),
while syngas, which can be further processed to biofuels and electricity, is produced by the gasification
of biomass [4]. Furthermore, anaerobic digestion has been employed commercially to produce biogas,
which is also a type of bioenergy. The biogas produced has been utilized to generate heat and electricity.
It plays an important role to provide the necessary energy to rural areas for cooking and lighting [4].
In addition, bioenergy can be produced by microbial fuel cells (MFCs) which uses naturally occurring
microorganisms with biological electricity-generation ability.

Despite having numerous scientific breakthroughs, there are still various technical barriers to
tackle for bioenergy production so that it can compete with fossil fuels. For instance, for microalgal
biofuels production, cultivation of algae on a large scale effectively and efficiently, maintenance of the
desired culture with alien species, harvesting cost of algae and energy efficiency and the best conversion
method to biofuels remain uncertain [5]. Moreover, pretreatment methods are required to extract
fermentable sugars from lignocellulosic biomass before proceeding to biofuel generation processes [6].
Other than technological barriers in production, challenges like insufficient existing infrastructure for
the production process and high production cost compared to first-generation biofuels are apparent [7].
These drawbacks necessitate the development of production and optimization strategies to achieve
high quality and high yield of bioenergy. For example, processes regarding pre-treatment, enzymes
and fermentation can be looked into so that bioenergy production can be made to more energy-efficient
and cost-effective [8].

Nanomaterials are the fundamental principle of nanoscience and nanotechnology application.
The application of nanostructure science and technology covers a wide interdisciplinary area of research
and development activity which has grown explosively worldwide in the past research discipline.
Nanoscale materials are defined as a set of substances, where at least one dimension is less than
approximately 100 nm. This extremely tiny size gives a large ratio of surface area to volume and
increases the number of active sites for various reactions and processes. These nanoparticles (NP)
also have the ability to exhibit different morphologies that have broadened their applications in
different fields [9]. In addition, nanostructured materials, in comparison with large particles, have a
faster reaction rate with other molecules [10]. The existence of nanomaterials has already influenced
significant commercial impact, and the awareness of nanomaterials will raise due to its unique optical
scale properties which are impactful for various fields such as bioenergy, electronics, mechatronics,
medicine, pharmaceutical, ionic liquids, polymer and many more.

A number of direct and indirect applications of nanomaterials in bioenergy production have been
reported. Nanomaterials are exceptional candidates in numerous biofuel systems due to their large
surface areas and special characteristics including high catalytic activity, crystallinity, durability, efficient
storage, stability as well as adsorption capacity [11]. The effects on metabolic reactions of bioprocesses
producing biofuel are enhanced with nanoparticles such as nanofibers, metallic nanoparticles and
nanotubes [9]. Nanoparticles, which are usually used as catalytic agents, take part in enhancing the
activity of anaerobic consortia, reducing inhibitory compounds and transferring electrons in order to
improve the process yields. Nanomaterials such as nano-crystals, nano-droplets and nano-magnets
are also used as nano-additives in order to enhance the blending efficiency of biofuel with petrol and
diesel [12].

This paper comprehensively reviews the recent approaches and applications related to
nanotechnology incorporated processes for bioenergy production. The fundamentals of nanotechnology
are introduced with the uses and benefits of various nanoparticles. Then the next section covers
applications of nanotechnology on biomass including microalgal biomass and lignocellulosic biomass.
Then, recent advances in the nanotechnology-based biofuel industry including nano-catalysts for higher
biofuel yields and nano-additives for better fuel blends performance are presented. The conversion
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of chemical energy to electrical energy via MFCs with the aid of nanoparticles is also discussed.
Moreover, future works and challenges are highlighted to provide insights for the future development
of bioenergy production using nanomaterials. This study with in-depth comparison analysis will
contribute to the bioenergy field where it provides a clear outline to the concerned researchers in how
nanotechnology can improve bioenergy production.

2. Fundamental of Nanomaterials

Redesigning a material at the molecular level state is also known as engineered nanomaterials
in which modification is made toward their small size and novel properties which are generally not
visualized in their conventional and bulk counterparts. The distinct properties of these materials at the
nanoscale are their relatively large surface area which triggers the novel theory of quantum effects.
Nanomaterials provide a much greater surface area to volume ratio compared to their conventional
forms, which is beneficial as this can provide greater chemical reactivity created by their specialty [13].
Considering the reaction on a nanoscale level, the properties and characteristics of materials including
novel optical, electrical and magnetic behaviors can be more vital due to the quantum effects [14].

The most common terms for nanostructured materials are classified as zero-dimensional (0-D),
one-dimensional (1-D), two-dimensional (2-D) and three-dimensional (3-D) nanostructures [15]. These
dimensionalities of nanomaterials are characterized using an ultrafine grain size less than 50 nm or
limited to 50 nm. Various modulation dimensionalities can be formed such as 0-D (e.g., atomic clusters,
filaments and cluster assemblies), 1-D (e.g., multilayers), 2-D (e.g., ultrafine-grained overlayers or buried
layers) and 3-D (e.g., nanophase materials composed of equiaxed nanometer-sized grains). Common
types of nanomaterials include nanotubes, dendrimers, quantum dots and fullerenes. Nanomaterials
have applications in the field of nanotechnology where they display different physical and chemical
characteristics from normal-sized chemicals.

The most fundamental component in a nanostructure fabrication is nanoparticles. NPs with
diverse size and morphology can be fabricated via several synthetic routes which offer superior
quality of NPs, but the fabrication procedures such as biosynthesis are still under development for
further improvement [16]. Organic nanoparticles have been widely investigated up-to-date, with
liposomes, polymersomes, polymer constructs and micelles, all being employed for imaging or drug
and gene delivery techniques [17]. Meanwhile, inorganic nanoparticles have also attracted attention
in recent years attributed to their unique material- and size-dependent physicochemical properties,
which are incomparable with traditional lipid- or polymer-based nanoparticles. A common reason to
what makes inorganic nanoparticles attractive is their physical properties (e.g., optical and magnetic),
in addition to their chemical properties such as inertness, stability and ease of functionalization [18].
Thus, inorganic nanoparticles such as magnetic, gold, quantum dots and carbon nanotubes have vast
potential in various modern applications. For example, carbon nanotubes, metal-oxide and magnetic
nanoparticles (MNPs) are employed for bioenergy production. Table 1 summarizes the advantages
and disadvantages of magnetic nanoparticles.

Table 1. Advantages and disadvantages of magnetic nanoparticles [19].

Advantages Disadvantages

• Excellent biodegradability
• Readily to be customized
• Ease of separation
• Low cytotoxicity to biomass cell
• Ease of synthesis
• Ability to bind multiple targeted compounds
• Large surface-to-volume ratio
• Maintain stability after mechanical, physical and

chemical modification

• Poor dispersion abilities
• High cost of synthesis material
• Limitation in scale up production processes
• Mobility dependent on environment compatibilities
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MNPs which comprise of a magnetic core (e.g., magnetite (Fe3O4) or maghemite (g-Fe2O3)) are
some of the most profound inorganic nanomaterials [20]. The MNPs are most frequently used over all
the nanoparticles examined for bioenergy production since their magnetic properties give them easy
recoverability. Enzymes used in biodiesel or bioethanol generation can be immobilized with MNPs
as a carrier. High coercivity and great paramagnetic property of MNPs during the methanogenesis
process also make them useful for biogas production [21]. However, metals such as cobalt and nickel
which are incorporated in the synthesis exhibit toxic and susceptible compounds when subjected to
the oxidation process, thereby more research studies are required to overcome these problems [22].

3. Biomass

The world energy production of CO2 has been tremendously rising due to the exhaustion of
fossil fuels. On top of that, the concern relating to energy safety and environmental pollution has
been an appointment in searching for alternative sources for bioenergy production. Lignocellulosic
biomass involves plants and agricultural residues composed of cellulose, hemicellulose, lignin as
well as other components (i.e., proteins, pectins and extractives). It was estimated that only 3% out
of 13 billion t/y of plant residues were fabricated into manufacturing goods and the remaining were
left for decomposition [23]. Thereby, these lignocellulosic residues should be properly managed by
converting them into bioenergy where researchers have proven that the composition of lignocellulose
has the capability to transform their monomers or building block into biofuels (e.g., bioethanol and
biodiesel). On the other hand, ongoing studies have also shown the ability of microscopic filamentous
photosynthetic microorganism, or well-known as “microalgae”, regarding the conversion of algal lipids
into biofuels. These microalgae-based biofuels have similar chemical properties compared to those
from fossil fuels which are deemed to be a promising natural source for bioenergy production. Thus,
incorporating nanotechnology into these alternative biomasses could greatly contribute to bioenergy
production by acting as an aid to improve efficiency in various applications such as manufacturing,
energy resources, transportation, mechatronics, health care and pharmaceutical technologies.

3.1. Lignocellulose for Conversion of Cellulose to Biofuel

The conversion of cellulose to biofuels faces some difficulties such as the recalcitrant structure of
cellulose and the rigidity of the cell wall from lignocellulose biomass. The preliminary step involves
depolymerization of cellulose polymer into its monomers, delignification of cellulose into cellulolytic
enzymes, hydrolysis of cellulolytic enzymes into carbohydrates and fermentation of hydrolyzed sugars
into biofuel production [24]. In some cases, enzymatic hydrolysis and fermentation (e.g., simultaneous
saccharification (SS), simultaneous saccharification and co-fermentation (SSCF) and consolidated
bioprocessing (CB)) were combined to reduce the major steps involved in biofuel production from
lignocellulose biomass.

A study has shown the capabilities of nanotechnology where acid-functionalized magnetic
nanoparticles (MNPs) are used as catalysts to hydrolyze the cellobiose (β-glucose) from lignocellulose
biomass [25]. However, the disadvantage of the dispersion from some nanoparticles is the difficulty to
disperse in the aqueous solution where the hydronium ions were ineffective in the solution due to the
wettability of the sample. The results showed that the acid-functionalized MNPs with 6% of sulfur
content achieved cellobiose conversion up to 96.0% more than the conventional conversion (32.8%)
without catalyst [25]. The presence of these acid-functionalized MNPs could enhance the hydrolysis
reaction by their nanobiocatalyst properties for the immobilization of different enzymes. Aside from
that, the high surface-to-volume ratio of these MNPs facilitates the rate of hydrolysis compared
to the chemical pretreatment approach. Likewise, the separation of these magnetic nanoparticles
can be recycled for the subsequent hydrolysis process which is more preferable in minimizing the
process cost as they can be separated from the reaction medium magnetically. This was supported
by Lai et al. [26] and Erdem et al. [27] who demonstrated the sulfonate-supported silica MNPs
for the hydrolysis of lignocellulose biomass which was deemed as a promising hydrolysis catalyst.
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The presence of the silica-coated on the MNPs accelerates the mass transport in the acidic reaction
due to its relatively porous structure and higher stability of the magnetic core. On the other hand,
propyl-sulfonic acid-functionalized MNPs were subject to pretreatment and hydrolysis of wheat straw
lignocellulose biomass, however the efficiency was not as promising compared to the above studies [25].
Recent technologies using microwaves-, ultrasonication- and electricity-assisted approaches are also
recommended to be explored in the field of nanotechnology. A study by Su et al. [28] has demonstrated
the potential of incorporating microwave-assisted technology with carbonaceous acid MNPs for the
pretreatment and hydrolysis of sugarcane bagasse, Jatropha hulls and Plukenetia hulls. The hydrolysis
performance obtained for sugarcane bagasse, Jatropha hulls and Plukenetia hulls was 58.3%, 35.6%
and 35.8%, respectively. Table 2 summarizes the efficiencies of the MNPs for the hydrolysis of
lignocellulose biomass.

Table 2. Comparison studies on the efficiencies of magnetic nanoparticles.

Magnetic Nanoparticles (MNPs) Biomass Strain Operating Condition Yield (%) References

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H

Amorphous
cellulose 1.0 g, 15 mL H2O at 150 ◦C for 3 h 50 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Cellulose 1.0 g, 15 mL H2O at 150 ◦C for 3 h 26 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Starch 1.0 g, 15 mL H2O at 150 ◦C for 3 h 95 [26]

Sulfonate-supported silica MNPs,
FE3O4-SBA-SO3H Corn cob 1.5 g, 15 mL H2O at 150 ◦C for 3 h 45 [26]

Perfluoroalkylsulfonic MNPs,
PFS-MNPs Wheat straw 2.5% (w/w) biomass, 160 ◦C for

24 h 66.3 ± 0.9 [25]

Alklysulfonic MNPs, AS-MNPs Wheat straw 2.5% (w/w) biomass, 160 ◦C for
24 h 61.0 ± 1.2 [25]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Sugarcane bagasse 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 58.3 [28]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Jatropha hulls 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 35.6 [28]

Carbonaceous acid MNPs,
C-SO3H-Fe3O4-MNPs Plukenetia hulls 0.027 g, 15 mL H2O, 160–200 ◦C

(0.5–2.2 MPa) for 3 min 35.8 [28]

Yet, the limitation of MNPs has evolved nanobiocatalysts through using silica-based NPs (Si-NPs),
nickel-based NPs and carbon nanotubes. Si-NPs are usually coated on the surface of the nanoparticles
which functions to immobilize a lignocellulolytic enzyme such as cellulase. It has been reported that
Si-NPs improved the catalytic activity in the simultaneous saccharification reaction for bioethanol
production from Trichoderma viride cellulase [29]. Factors such as particle size, pore size and surface
area are also crucial points as stated by Chang et al. [30], who evaluated two mesoporous silica NPs
(MS-NPs) on commercial cellulose. These MS-NPs have the chemical binding ability to immobilized
cellulase on their porous size surface for cellulose-to-glucose conversion up to 80%. Alternatively,
nickel-based NPs (Ni-NPs) are also commonly used for the hydrogenation process for the conversion
of glucose to a sorbitol molecule [31]. Gasification of biomass for the production of synthesis gas,
also known as syngas (CO +H2), can be useful as their intermediates can be further converted into
biofuels. Subjecting these unstable enzymes into a high operating temperature and pressure catalytic
processes would result in a lower productivity yield of biofuels. Another study has shown the use
of nickel-cobaltite NPs on the stability of Aspergillus fumigatus cellulases at different concentrations
of synthesized NPs. The results showed that the addition of 1 mM of nickel-cobaltite NPs increased
enzyme activity of endoglucanase, β-glucosidase and xylanase by 49%, 53% and 19.8%, respectively [32].
Contrast to these, carbon nanotubes (CNTs) are widely known for their attractive features in electricity,
thermal properties and mechanical strength [33]. Most studies have reported that multi-walled carbon
nanotubes (MWCNTs) performed more effectively than single-walled carbon nanotubes (SWCNTs)
as the immobilization of enzymes is compatible with their structural arrangement which enhanced
catalytic activities of immobilized enzymes [33,34]. These MWCNTs outperformed the hydrolysis
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of cellulose from Aspergillus niger within 85%–97% efficiency and retained its recyclable activity at
52%–75% after six cycles of hydrolysis process [33,34].

3.2. Nanotechnology for Bioenergy Production from Microalgal Biomass

Microalgae are widely researched as the third-generation biofuels feedstock with a diversity of
photosynthetic species [35,36]. The ability of microalgae to grow in harsh environments, high carbon
dioxide uptake and rapid productivity have made them an alternative biofuel feedstock. In addition,
the composition of microalgae which is rich in proteins, carbohydrates, lipids and carotenoids makes
them an excellent choice compared to lignocellulosic biomass [37]. However, these microalgae-based
biofuels face some challenges such as being difficult to manage in industrial-scale production, in
addition to the high cost for biomass production and harvesting, which requires efficient technologies
for biofuel conversion.

Previous studies have shown the feasibility of using MNPs for the hydrolysis of the microalgae cell
wall by immobilizing cellulase on MNPs followed by lipid extraction [38]. Subjecting the immobilized
cellulase to MNPs allows the microalgae cell wall composed of polysaccharide cellulose to be hydrolyzed
for the release of lipid composition. Under optimal conditions, the maximum yield (93.56%) of biodiesel
was achieved. A similar study also utilized MNPs replaced with metal-oxide MgO as an aid linked with
the cellulase enzyme to improve the hydrolysis of cellulose from Chlorella sp. CYB2. The results showed
that the glucose yield obtained was 91% performed by the mechanism of metal-oxides. Meanwhile,
Nematian et al. [39] reported the use of superparamagnetic nano-biocatalysts for the conversion of
bio-oil extraction from Chlorella vulgaris microalgae to biodiesel production. The results showed that
the transesterification reaction using 3-aminopropyl triethylenesilane-glutaraldehyde (MNPs-AP-GA)
was 69.8 wt %. The study also claimed that the covalent bonding of lipase showed a reliable method for
improving enzyme loading and productivity. Apart from that, microwave-assisted with MNPs for the
enhancement of biogas and biohydrogen production from microalgae were also studied. The biogas
and hydrogen productions were 328 mL and 51.5%, respectively [40]. However, there is still a lack of
study regarding the feasibility and economic analysis of these MNPs in large-scale production which is
a gap to-be-filled for researchers dealing with nanomaterials.

4. Impacts of Nanomaterial for Enhancement of Biofuels Production

The development of nanomaterial has expanded by modification with different functionalized
groups (e.g., amino-based, nickel-based, hydrophobic-based, gold-based) for the enhancement of
biofuel production. Nanomaterials are also capable of improving these enzymes’ activities by
introducing it into the cultivation medium [41]. The properties of these nanomaterials have proven to
generate stress during cultivation conditions such as high metal concentration (Fe), which affects lipid
accumulation in Chlorella vulgaris microalgae [42]. Introducing these nanoparticles with silica and iron
oxide composition in the cultivation medium would result in a strong sheer between the nanoparticles
and the cell as these nanoparticles act as a competitor for nutrients uptake. In terms of extraction and
recovery of lipids, these nanoparticles have also demonstrated excellent extraction ability to replace
these conventional solvents (e.g., chloroform, methanol and hexane) in the extraction. The benefits of
these nanoparticles are to prevent algae from dying and bring up the re-cultivation process from these
extracted microalgae [43].

4.1. Nanomaterial Incorporation as Nanocatalyst in Microalgae Processing

These unique nanomaterials stimulate the photosynthesis growth of microalgae by inducing a
mild stress condition for the accumulation of lipid without harming the cells. Several studies have
implemented nanoparticles as a nutrient in the culture medium (e.g., iron and magnesium) [42].
The iron nanoparticles also generate various reactive oxygen species (ROS) via Fenton-type reaction
which causes oxidative stress to the microalgae [44]. However, a study by Kang et al. [45] reported that
a high concentration of TiO2 nanoparticles in the presence of light would induce the viability of the
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cell. On the other hand, Mg-aminoclay nanoparticles have also been tested positively for the growth of
Chlorella sp. KR-1 and Chlorella vulgaris as the amino clay nanoparticles are composed of metal cations
such as Ca2+, Mg2+ and Fe3+ covalent bonded on the center of the nanoparticles [46]. The supplement
of MgSO4-NPs has shown its enhancement activity in both photosynthesis and reduced glycerol
consumption in the mixotrophic cultivation of C. vulgaris [47]. The implementation of MgSO4-NPs
induces the flocculation of microalgae by reducing the penetration of light, resulting in an increase of
chlorophyll content.

The impact of these nanoparticles has also been applied as an enzyme immobilizer via covalent
bonding for biodiesel production. The previous study has reported that Porcine pancreas lipase,
Candidarugosa lipase and Pseudomonas cepacia lipase were subjected to amino-functionalized MNPs for
enzymatic transesterification reaction and achieved a high conversion of biodiesel up to 67% [48,49].
A similar study also modified the amino-functionalized MNPs with a glutaraldehyde crosslinker
which aided a higher immobilized lipase on the surface of the MNPs [50]. Results showed that the
presence of this crosslinker coated on the MNPs was efficient to achieve a biodiesel conversion of
90% where the superior properties of glutaraldehyde activated the surface availability for enzyme
immobilization. Aside from that, hydrophobic MNPs were also investigated for the transesterification
of immobilized lipase to biodiesel. These hydrophobic MNPs have the ability to adsorb lipases or
immobilize lipase on their hydrophobic interfaces by their lids and protein chains [51]. The conversion
of extracted oil to fatty acid methyl esters was 70% along with a biodiesel production rate of 43.5 g/L/h
under optimized conditions [52]. The enhancement and separation of C-phycocyanin from Spirulina
platensis microalgae using a fabricated chitosan-modified nanofiber membrane has also shown a
purification factor of 3.3-fold and 66% recovery, respectively [53]. The function of this fabricated
chitosan-modified nanofiber membrane enables the coordination binding of contaminated proteins via
electrostatic interaction by separating and purifying the targeted C-phycocyanin molecules during the
separation process. A recent study by Cheah et al. [54] also utilized a fabricated chitosan-modified
nanofiber on the antibacterial activity with Escherichia coli which exerted antibacterial activity up to
99.5% effectively. The presence of a polycationic charge from the fabricated chitosan-modified nanofiber
membrane forms an electrostatic bond with the negatively charged site on a bacterium cell wall. This
deformed the permeability of the cell wall due to the stress condition, hence leading to cell lysis and
death. Other fabricated nanomaterials such as carbon nanotubes, mesoporous, nanofibers, electrospun
nanofiber, ferric-silica and gold-based support were also incorporated as engineered nanoparticles
to enhance the immobilization of enzymes for higher biofuel production [51,55,56]. Yet, there is still
a lack of insight and studies regarding its optimized condition for an ideal immobilized enzyme for
biodiesel conversion.

The controversy in utilizing nanomaterials especially carbon nanotubes (e.g., Al2O3, CuO, ZnO
and TiO2) faces challenges due to its toxicity to microalgae which covers oxidative stress, agglomeration
and the inconsistent supply of nutrients and synthesis cost of these nanomaterials. In addition, on
a molecular chemistry level, the internalization mechanisms of these functionalized NPs are still
not clearly understood. This calls for researchers to further evaluate these problems where to date,
the economic analysis, environmental safety and life cycle analysis (LCA) are subjects of interest as
standardized processes are much more preferable for an appropriate assessment of these lacking issues.

4.2. Nano-Additives Blended Biodiesel in Diesel Engines

Nanomaterials have also been tested as nano-additives on fuel properties due to their distinctive
properties of nanofluid which enhance various properties such as viscosity, flash point density, cetane
number and many more. An experiment has evaluated the effect of physicochemical properties of
biodiesel using metal-oxide NPs as a fuel additive [57]. The presence of these metal-oxide NPs acts as an
oxygen buffer resulting in a simultaneous oxidation process of hydrocarbons by reducing the emission
of oxides from nitrogen. Metal-oxide NPs exhibit a high surface-to-volume ratio that improves the fuel
efficiencies of this biodiesel compared to those of a conventional powder form. The results showed

377



Energies 2020, 13, 892

that a higher dosage of these cerium oxide NPs increases the fluid layer resistance and viscosity where
lower fuel viscosity is incapable of lubricating the fuel injection pump which will cause leakage and
easily wear off, reducing the fuel delivery performances. Clearly, this showed that metal-oxides NPs
are thermally stable to promote the oxidation of hydrocarbon and the reduction of nitrogen oxide.

The addition of nano-additives blended with fuel improves the cetane number and calorific value
resulting in better performance of combustion. Studies have shown that aluminum- and silicon-based
NPs improve the combustion quality of biodiesel engines [58]. This was also supported by another study
using zinc oxide-based NPs diesel–pomoplion stearin wax biodiesel blends where the improvement
of calorific value and cetane index were observed significantly [59]. Carbon nanotubes were also
used by Singh and Bharj [60] who reported that the cetane index improves when the concentration
of carbon nanotubes increases. Other nanoparticles such as iron oxide-based NPs were evaluated
showing the benefits from these NPs in enhancing both cetane number and calorific value for an ideal
combustion quality as well as reducing the emission release from diesel engines [61,62]. Nanofluids as
additives are also promising for the improvement of brake thermal efficiency of diesel engines, as these
additives promote complete combustion due to the higher evaporation rates, reduced ignition delay,
high flame temperatures and lengthy flame sustenance [58,63]. Other effects such as carbon monoxide
emission, hydrocarbon emission, NOx emission, combustion and evaporation can be resolved by
adding nano-additive blends into biodiesel fuel.

Despite its benefits, the major issues of NPs remain at the production cost that hindered the
commercialization of nanofluids. Studies regarding NPs as fuel additives are still limited to be
implemented at this point in time. Problems regarding nanoparticle aggregation, settling and erosion
are yet to be resolved and this requires better characterization of nanofluids to boost its effective usage.
On top of that, insufficient experimental results and poor understanding of the theoretical mechanism
of heat transfer are the main points to be tackled before commercializing these nano-additives in
diesel engines.

5. Bioelectrochemical System (BES)

Bioelectrochemical system (BES) is defined as the combination of biological and electrochemical
processes, involving the use of electrochemically-active bacteria to degrade organic matters in various
sources, such as industrial wastewater and biomass wastes [64,65]. The end products obtained are
electricity, hydrogen or other valuable compounds such as ethanol, hydrogen peroxide (H2O2) and
formic acid (CH2O2). BES is widely applied for wastewater treatment, and at the same time, the
production of bioenergy. Therefore, BES is a promising technology for managing water pollution
and global energy crisis [65]. Basic microbial fuel cells (MFC), photosynthetic MFC, plant MFC and
biophotovoltaics [66] are examples of several forms of BES. Due to the simple operation and mild
conditions, MFC nowadays attracts great interest from researchers worldwide as a new source of
renewable bioenergy of the future.

5.1. What Is MFC

In 1911, Potter first came up with the idea of utilizing the microbes to produce electricity [67]
followed by the development of first microbial half fuel cells by Cohen in 1931. MFC involves the
electrochemical interactions between the microorganisms or electrogenic microbes and organic matters
in which the electrons are transferred from the substrate to the anode electrode. This process is
known as extracellular electron transport (EET) [68]. The electrogenic microbes are the microorganisms
that serve as the main biocatalysts by transferring the electron produced from the metabolism of
organic compounds to the electrode through a series of chemical reactions, for instance, c-type
cytochrome or nanowires of the bacteria [69]. The examples of electrogenic microbes are bacteria
(e.g., Geobacter sulfurreducens, Shewanella putrefaciens, Clostridium cellulolyticum, Enterobacter cloacae,
Rhodoferax ferrireducens, Clostridium butyricum) and fungi (e.g., Aspergillus awamori, Phanerochaete
chrysosporium) [70–73]. The microbes on the anode are responsible for generating electrons and protons
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by utilizing the organic substrates. The protons (H+) produced will pass through the membrane and
the electrons then flow through the electric circuit to the cathode at which oxygen reduction reaction
(ORR) occurs [74,75]. As a result, bioelectricity is produced.

A typical MFC (Figure 1) is made up of two electrodes (anode and cathode) and a semi-permeable
membrane known as the proton exchange membrane. Different types of materials such as metals have
been used in the fabrication of electrodes. The most common materials for electrodes are carbon and
graphite [64]. For the production of non-carbon based electrodes, the metals used are stainless steel,
cobalt, copper, silver, nickel, titanium and gold [76]. There are some factors that affect the generation
of bioelectricity by MFC including the surface area, stability, porosity, durability of the anode, cathode
and membrane. The ideal electrodes should have the following characteristics [77]:

• Good electrical conductivity;
• Good thermal stability;
• Low resistance;
• Good biocompatibility with the system;
• Strong stability and anti-corrosion toward the chemical used in MFC;
• Large surface area;
• Good mechanical strength;
• Low cost.

 

Figure 1. The component of microbial fuel cells (MFC).

The anodic chamber of MFC is made up of an anode, microbes (bacteria) and a substrate
(wastewater) [66]. Being the most significant component of MFC, anode with the microbes attached to
it allows the electrons flow via the electrochemical reactions of the microbes through the degradation
of substrates. An essential aspect of the anode is the ability of the microbes to facilitate the formation
of biofilms and increase the probability of EET to occur [66]. The most common materials used in the
fabrication of anode are graphite or carbon that comes in various sizes or geometrics, for instance,
carbon nanotubes, rods, felt, cloth, paper and plates [66,77–81]. On the other hand, the cathode is the
electrode where the oxygen reduction reaction (ORR) will happen [75]. Overall, the ORR occurred
at the cathode is the limiting factor of MFC and will affect the maximum power density, efficiency
and performance of the entire MFC [66]. The catalysts have been integrated to improve the cathodic
ORR [82]. The preferred cathode catalyst is platinum (Pt) due to high surface areas but the production
cost is high [66]. Hence, graphite, which is cheaper than platinum, and possesses a large surface area is
utilized as the cathode material to increase the efficiency of MFC [83,84]. Another component of MFC is
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the proton exchange membrane (PEM), a physical membrane that separates anode and cathode. There
are various types of membranes that exist; for instance, cation or anion exchange membrane, nylon
fibers, ultrafiltration membrane, microfiltration membrane, glass fibers and porous fabrics, but most of
the membranes are not cost-effective [66]. This urges researchers to explore the low-cost material for
use in the production of membrane and simultaneously increase its efficiency as the barrier between
anode and cathode and proton transfer rate.

5.2. Modification of MFC Components with Nanomaterials

There are a few challenges that need to be addressed to produce bioenergy in pilot-scale by MFC.
First, low power density that is insufficient to support a large population is the main bottleneck faced
by MCF [85–88]. The maximum power density achieved by the conventional electrodes is about
26 mWm−2 for 3D graphite rods [89] or 611.5 ± 6 mWm−2 for 2D carbon cloth [90]. The performance of
MFC is also affected by temperature as microbes cannot grow and carry out their activities at extremely
low or high temperatures [91,92]. Thus, MFC needs to be conducted at an optimal temperature
that is suitable for microbes. Besides, the complex, toxicity and high-cost process of manufacturing
of components of MFC could hinder the practical applications and economical usage of MFC [93].
Therefore, researchers have been searching for a replacement or new materials in the production of the
main components of MFC, such as anode, cathode and separator in order to improve performance
and enhance the conductivity of electrons. Figure 2 demonstrates the advantages and disadvantages
of MFC.

Figure 2. Advantages and disadvantages of microbial fuel cells (MFC).

Recently, nanotechnology or use of nanomaterial has revolutionized the fabrication of components
of MFC to improve the performance and efficacy of traditional MFC in terms of electron conductivity,
power density, cost, thermal stability, ORR rate and anti-corrosion [94,95], particularly the modification
of electrodes (anode and cathode) by nanomaterials. This is because the materials used in the production
of electrodes that are the major constituent of MFC are essential to determine the overall performance
of MFC [96]. Thus, the production of bioenergy through MFC will be enhanced. The examples of
nanomaterials for electrodes that will improve the function of MFC are metal nanoparticles (i.e., copper,
gold, platinum, palladium and silver), quantum dots (i.e., Cds, CdSe, ZnS), metal-oxides (i.e., CeO2,
TiO2, ZnO, SiO2, Al2O3 and MnO2) [93,97], graphene (2D-nanomaterials) [76], carbon nanotubes and
nanocomposites (multiphase materials). However, the use of nanomaterials in the modification of
components of MFC in the pilot-scale is still in progress of development due to the high production
cost. Table 3 illustrates the examples of nanomaterials used in the modification of components of MFC.
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6. Future Works

To develop a cost-effective system of bioenergy production, a techno-economic assessment must
be carried out with consideration on the cost of nanoparticle synthesis which can influence the overall
production process. This also emphasizes the development of economically viable nanoparticles
to make the whole process economically feasible for commercialization. Pilot-scale research is
necessary to examine the viability of incorporating nanoparticles on a large-scale bioenergy production
basis. Furthermore, future researches are not limited to sources and production of bioenergy where
nanotechnology could address the technical limitations in science and engineering by contributing to
areas of transformation, transportation, energy efficiency and storage, as well as the use of bioenergy
end-product [11]. Apart from that, there are still limited studies on using NPs as fuel additives
up-to-date where approaches to solving nanoparticle aggregation, erosion and settling are still required.
There is a lack of practical results and an understanding of heat transfer mechanisms to commercialize
these nano-additives in diesel engines. In addition, safety assessment must be carried out because
nanoparticles have demonstrated obvious exposure effect in terms of human and environment with
the increasing use in biofuel applications. The toxicity of nanoparticles has been examined using
several approaches wherein in vitro investigation of nanotoxicity is mostly involved [109]. However,
in vivo interaction should be studied extensively focusing on the nanoparticles particularly used to
produce bioenergy as well as biofuel [21]. This also applies to microorganisms as nanoparticles that
are safe, non-toxic and compatible with enzymes and microbes should be synthesized. For instance,
NPs are toxic to microalgae as they result in agglomeration, oxidative stress and inconsistent nutrient
supply. Therefore, screening studies of nanoparticles are required to investigate their broad range of
concentrations with an influence on microbial and enzymatic activity. Research at the molecular level
should be conducted to study the mechanism involving nanoparticles and proteins in the production
process. Subsequently, the optimum process conditions of bioenergy production can be established.

7. Conclusions

The depletion of fossil fuels and intensive energy demand has motivated researchers to develop
alternative energy sources. Among the renewable energy technologies, bioenergy from biomass
has its unique advantages. To meet future energy requirements while overcoming the technological
barriers of bioenergy production, incorporation of nanomaterials in bioenergy production has been
investigated since it can improve both quality and quantity of bioenergy produced by biomass, biofuel
and microbial fuel cells. The bioenergy production process can be enhanced by NPs in different
approaches. Firstly, acid-functionalized MNPs could be used to improve the hydrolysis reaction
of biomass using different immobilized enzymes. Furthermore, metal-oxide NPs have been tested
as nano-additives to enhance the performance of combustion as well as the blending performance
of biofuel and conventional diesel. BES, or more specifically MFC, which is widely employed for
wastewater treatment and bioenergy production, has also been modified by fabricating its components
with nanomaterials in order to promote better performance and efficacy. However, there are still
technical gaps in the world of nanotechnology-based bioenergy, whereby there are limited studies on
the application of NPs as fuel-additives, in vivo toxicity of NPs and molecular-scale mechanism of
NPs-protein. Last but not least, economic analysis, safety assessment and life cycle analysis (LCA) on
the incorporation of nanomaterials in bioenergy production are essential for providing insights and
outlines for future research.
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Abstract: As a promising alternative renewable liquid fuel, biodiesel production has increased
and eventually led to an increase in the production of its by-product, crude glycerol. The vast
generation of glycerol has surpassed the market demand. Hence, the crude glycerol produced should
be utilized effectively to increase the viability of biodiesel production. One of them is through
crude glycerol upgrading, which is not economical. A good deal of attention has been dedicated to
research for alternative material and chemicals derived from sustainable biomass resources. It will
be more valuable if the crude glycerol is converted into glycerol derivatives, and so, increase the
economic possibility of the biodiesel production. Studies showed that glycerol carbonate plays an
important role, as a building block, in synthesizing the glycerol oligomers at milder conditions under
microwave irradiation. This review presents a brief outline of the physio-chemical, thermodynamic,
toxicological, production methods, reactivity, and application of organic carbonates derived from
glycerol with a major focus on glycerol carbonate and dimethyl carbonate (DMC), as a green chemical,
for application in the chemical and biotechnical field. Research gaps and further improvements have
also been discussed.

Keywords: crude glycerol; glycerol carbonate; dimethyl carbonate; microwave irradiation;
reaction kinetics

1. Introduction

Throughout history, the survival of human beings has been fully dependent on the resources
found on the Earth. In recent times, the world has been threatened with increasing environmental
problems, particularly global warming. Statistics show that the carbon dioxide (CO2) levels in
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the atmosphere have been increasing every year and touched a record of 411.93 ppm in February
2020 [1]. Moreover, it is projected that conventional petroleum in Malaysia will run out by 2050
with the current consumption rate [2]. Hence, sustainable development by replacing conventional
fossil fuels with alternative renewable and sustainable resources is a must to overcome the fossil fuel
depletion issue and protect the global environment. Governments have also shown their initiatives by
adopting new laws and regulations to ensure that the emission standards are being constricted for
off-road, marine and stationary engines. Hence, alternative fuels have been explored and fostered,
especially for transportation, construction, cultivation and electricity generation. Among the available
renewable energy resources, biomass plays a significant role as feedstock in most biofuel production [3].
In the chemical industry, raw material origins are usually not the main issue. In contrast, cost and
process effectiveness are the major driven of innovation. Nevertheless, the growth of sustainable
consciousness, reinforced by both general society attitude and government initiatives, has pushed
the researcher/chemist to take the naturally available raw material into consideration. As a result,
the interest of researchers in exploring the alternative material and chemicals derived from sustainable
biomass resources has been increased. The main aim of this article is to review the recent publications on
the process of glycerol upgrading into glycerol carbonate. The catalytic activities, such as hydrotalcites,
zeolites, heteropoly acids, and oxides, are emphasized. Further, the effect of different reaction
conditions on the catalytic activities and selectivity of glycerol carbonate are also discussed in this
article. Furthermore, issues that require further investigation have also been highlighted.

2. Biodiesel and Renewable Diesel

Petroleum diesel, i.e., conventional fossil fuel, is produced from petroleum-based crude oil.
Crude oil is the combination of hydrocarbons, organic compounds, and small amounts of metal, which
formation takes millions of hundreds of years. Crude oil is removed from the ground and transferred
into a refinery. The crude oil is then passed through a heat-and-pressure based process within the
refinery. To replace the conventional non-renewable petroleum diesel, biodiesel and renewable diesel
are introduced (Figure 1). The major difference between biodiesel and renewable fuel will be explained
shortly. As biodiesel and renewable diesel are in the form of liquid, unlike other renewable energy
(i.e., hydro energy and solar energy), they can be directly used to operate current engines, especially
transportation vehicles and industrial machines that are mostly operated by liquid fuel, without
modification to their design.

Unlike petroleum diesel, biodiesel does not depend on fossil fuel. Biodiesel is usually produced
from vegetable oils and/or animal fats through the transesterification process. In 2019, petrol stations
in Malaysia switched from B7 to B10, to increase the sustainability of energy sources [4]. The next
renewable alternative fuel is called renewable diesel. Renewable diesel, almost similar to biodiesel,
is formed from waste agricultural products [5], mainly waste vegetable oils and animal fats. The main
difference between renewable diesel and biodiesel is the production method. The production process
of renewable diesel and petroleum diesel is the same, and hence, it is chemically similar to each
other. However, the greenhouse gas emissions of renewable diesel (also known as hydro-treated
vegetable oil or HVO) and traditional biodiesel are both smaller than those from fossil diesel. From an
environmental perspective, the usage of biodiesel and renewable diesel fuel can significantly reduce
the emissions of hydrocarbon, carbon monoxide, and particulate matter [6]. However, it is well-known
that the combustion of biodiesel in diesel engine emits 10% more of NOx in comparison to petroleum
diesel. On the other hand, this increase in the NOx emission issue can be solved by using renewable
fuel combustion as it was reported that the use of renewable fuel leads to lower NOx emission when
compared to petroleum diesel [7,8]. Furthermore, as the chemical properties of renewable diesel and
petroleum diesel are similar, that would mean a few things:

• The hydrogenation process makes the renewable diesel devoid of oxygen. Hence, the problem
related to freezing temperature and storage, which are faced by biodiesel, will be avoided.

• Due to hydrogenation, the combustion of renewable diesel is cleaner than biodiesel.
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• The engines that are designed for conventional diesel fuel are also compatible with renewable
diesel, with no blending necessary since they are chemically the same.

• Along with the above, since the process is not a transesterification reaction, there will be no
production of waste glycerol. Hence, the crude glycerol issue, which is the major concern of
biodiesel production, will be eliminated.

 

Figure 1. Processing for renewable diesel and biodiesel production.

The demand for biodiesel, as a renewable liquid biofuel, has been increasing. Global biodiesel
production is expected to reach 23.57 billion litres by 2025 [9]. Biodiesel is produced from vegetable
oils or animal fats along with methanol via transesterification reaction [10,11]. The transesterification
process is usually catalysed by sodium methoxide (CH3NaO) for a single-feedstock biodiesel plant,
and potassium hydroxide (KOH) or sodium hydroxide (NaOH) for a multiple-feedstock biodiesel
plant. As an important source of sustainable energy fuel, the annual biodiesel production increased
year by year. Worldwide, biodiesel production uses primarily vegetable oil as its raw feedstock. In the
European Union, rapeseed oil is used as main feedstock, while in the United States it is soybean oil,
and in Asia it is mainly palm oil. Moreover, algae has also been identified as a potential feedstock for
biodiesel production [12]. Crude glycerol is the major by-product formed from biodiesel production via
the transesterification reaction. The simplified biodiesel production process is shown in the flowchart
(Figure 2).

Figure 2. An overview of a standard biodiesel production process - Biodiesel and glycerol are the two
main products.

3. Crude Glycerol – By-product of Biodiesel Production

Although the growth of the biodiesel industry has increased dramatically, especially between 2005
and 2015 (from 10% of total biofuel output to 25% in 2015), the biodiesel production still highly depend
on the government policy and economic subsidies due to the high production costs of biodiesel [13].
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Moreover, another major issue of biodiesel production is the generation of a by-product, crude glycerol.
It is reported that 10 g of glycerol is generated for every 100 g of biodiesel produced [14–16]. Hence,
the development of sustainable methods for exploiting this low cost organic raw material is imperative.
Nevertheless, as there are impurities present in the crude glycerol, making the direct applications
of crude glycerol restricted. The world markets for biodiesel are going into a period of precipitous,
transitional growth, creating both uncertainty and opportunity [17]. Hence, an urgent solution is
required to mitigate the problem of oversupply of this crude glycerol. Over the long term, biodiesel
producers that are best able to evolve and adapt to advancement in technology, markets, feedstock,
and government policies are most likely to succeed. One of the obvious ways to significantly improve
the economic aspect of overall biodiesel production is the utilization and conversion of the glycerol
by-product into value-added products [18]. With the estimate of the world market for biodiesel
reaching 150 billion litres per year by 2016, this potentially means a stockpile of over 15 billion litres of
crude glycerol available for refining and converting into value-added products per year [19]. The crude
glycerol stream from the biodiesel process typically is about 50% glycerol or less and also contains an
unused catalyst, alcohol, soap, water and salts. As mentioned previously, the presence of impurities
lowers the value of the crude glycerol. Its value varies according to the level of impurities, which in turn
is directly dependent on the type of feedstock used and the biodiesel synthesis method. The untreated
crude glycerol can be used as animal feed, and for the co-digestion/co-gasification process but this can
only be done on a short-term basis. The by-product crude glycerol will require a stringent purification
process before it can be utilised in food, pharmaceutical or cosmetics fields. There are three main
procedures in purifying crude glycerol. The first stage is the removal of free fatty acids, soap, and
carried over catalyst via neutralization. The second step involves the evaporation of the excess
methanol present in the crude. The third procedure, however, includes selective purification with the
purpose to achieve the final product purity, through several methods, such as distillation (vacuum
or azeotropic type), cation exchangers, which remove positively charged ions, or anion exchangers,
which remove negatively charged ions, membrane separation with vaporization (pervaporation), and
absorption [20]. In a recent review, a more detailed description of the purification of crude glycerol
was reported [21]. The typical steps are summarised in Table 1 [22].

Table 1. Typical steps in crude glycerol purification [22].

Steps Methods Description

1 Neutralization

• Remove catalyst and soap by using acids.
• If using sulphuric or hydrochloric acid, the final product of this stage will be in

two phases.
• If phosphorous acid is used, three phases of the final product will be obtained.
√

Upper fraction: free fatty acids; middle fraction: glycerol and methanol;
lower fraction: catalyst.√
Advantage: less harmful to the environment and tri-potassium phosphate,
that is broadly used as fertilizer, is obtained as a by-product.

2 Methanol removal

• It is a must to remove methanol from glycerol fraction as it is toxic.
• There is a huge amount of methanol in crude glycerol as a result of the excess

addition of methanol during transesterification.
• To remove the methanol, the evaporation process is conducted at 50–90 ◦C for at

least 2 hours under vacuum.

3

Vacuum distillation

• Basically, glycerol can be polymerized into polyglycerol at a temperature above
200 ◦C. Hence, vacuum distillation is essential so that the purification process can
be conducted without the polymerization of polyglycerol.

• This method is optimal for small and medium-sized companies due to its high
energy consumption as glycerol has high heat capacity.

Ion exchange resins • Removal of inorganic salts, free fatty acids, and free ions from crude glycerol.
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One of the major drawbacks of the methods mentioned above is the high energy consumption.
Therefore, it has triggered the researchers to find different ways for crude glycerol purification, such as
membranes separation. The membrane separation process is driven by the concentration or electric
potential difference between the two mediums [23,24]. As membrane separation is an eco-friendly
technology, it has become more well-known recently in terms of biodiesel’s waste glycerol purification.
Despite all the processes mentioned, they are economically not viable for the smaller biodiesel producers.
It is vital to develop a more eco-friendly, more efficient and economical process for crude glycerol
purification, which could improve the cost-effectiveness of the overall biodiesel production [25,26].

Innovative methods for transforming glycerol into high value-added platform chemicals are being
developed. Glycerol is one of the most versatile known chemicals with a wide variety of uses and
applications such as in food, pharmaceutical, cosmetic, coating, and other industries. In the literature,
several protocols for the synthesis of value-added products from glycerol have been reported and a
significant number of platform molecules have been synthesized. Some of them have high potential
in replacing petroleum-based products. As stated by Behr et al., all chemical products derived from
glycerol are a result of one of many processes [27], as shown in Figure 3. These processes include
the synthesis of glycerol esters, ethers, acetals and ketals, propanediols, epoxides, the oxidation and
dehydration products of glycerol, and the production of synthesis gas. Several important chemicals
can be obtained, among the more common ones are propane-diols, glycerol carbonate, epichlorohydrin,
acrolein, esters of glycerol, fuel additives and glyceric acid [18,28–30]. Among these products, glycerol
carbonate is one of the most attractive derivatives of glycerol reported in the last couple of years because
of its high reactivity with amines, alcohols, carboxylic acids, ketones, and isocyanates. According to
the market source, the cost for glycerol carbonate in 2017 ranged from US$2.4 to US$3 per kilogram,
which means US$2400 to US$3000 per metric tonne [31].

 

Figure 3. Different Chemical pathway for glycerol conversion to chemical derivatives (Adapted
from [32]).
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4. Glycerol Carbonate

Among the valuable raw chemicals derived from glycerol is glycerol carbonate (Gly-C)
(i.e., 4-(hydroxymethyl)-1,3-dioxolan-2-one). Glycerol carbonate is a cyclic carbonate and its molecular
structure presents a structural duality. It bears a hydroxyl group and 2-oxo-1,3-dioxolane group that
gives Gly-C wide reactivity [33]. The Gly-C has excellent properties, such as good water-solubility,
high boiling point, low toxicity, low flammability, good biodegradability, and a high flash point [34].
The glycerol carbonate is advocated as a useful and green building block in the field of organic
chemistry as it is bio-based and has wide reactivity. Gly-C has a molar mass of 118.09 g/mol, and is
widely used as a polar high boiling solvent, a surfactant component, a membrane component for gas
separation and a component for industrial of coating, detergent, polymers, ink, paint, lubricant and
electrolyte [28,35,36]. Furthermore, glycerol carbonate can also be used as chemical intermediates for
the synthesis of other chemical compounds such as glycidol, which is employed in textile, plastics,
pharmaceutical, and cosmetics industries [28,37].

Figure 4 shows the structural formula of glycerol carbonate. The hydroxyl group of glycerol
carbonate consists of H-bonding and hence, glycerol carbonate has higher density properties. Besides,
it has the potential to substitute petrochemically derived propylene carbonate. The general properties
of glycerol carbonate and pure glycerol are shown in Table 2.

Figure 4. The glycerol carbonate molecular structure.

Table 2. The comparison of properties between glycerol carbonate and pure glycerol.

Properties Unit Glycerol Carbonate Pure Glycerol

Molecular weight g/mol 118.09 92.094
Density at 25 ◦C g/ml 1.4 1.261

Boiling point ◦C 354 290
Melting point ◦C −69 17.8

Vapour pressure at 177 ◦C bar 0.008 0.003
Flash point ◦C 190 177

Dielectric constant at 20 ◦C ESU 111.5 42.5
Hansen solubility parameter delta D at 25 ◦C MPa1/2 17.9 17.4
Hansen solubility parameter delta P at 25 ◦C MPa1/2 25.5 12.1
Hansen solubility parameter delta H at 25 ◦C MPa1/2 17.4 29.3

Hildebrand solubility parameter at 25 ◦C MPa1/2 34.1 36.1
Viscosity at 25 ◦C cP 85.4 1500

Glycerol carbonate (Gly-C) has several distinctive reactive locations: (a) the dioxolane ring with
three carbon atoms, and (b) the suspended hydroxyl moiety. Hence, Gly-C has the ability to react
not only as a nucleophile via its hydroxyl group, but also as an electrophile through its ring carbon
atoms. These reactive sites provide potentials for utilizing glycerol carbonate as a precursor molecule
for conversion to other intermediate chemicals, which ultimately are used in numerous direct and
indirect applications. It has vast industrial applications and some of the potential industrial uses of
Gly-C are presented in Table 3.

A sustainable route is to react urea with glycerol to produce glycerol carbonate, which has a vast
perspective to be used as a replacement for fossil-fuel derived compounds. More studies were carried
out to find environmentally friendly alternative paths in upgrading the waste glycerol into glycerol
carbonate. Among the other promising routes for glycerol carbonate production, include reactions
based on easily available raw materials, which are inexpensive and bio-based. Using enzymes as
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catalytic systems could generate more environmentally friendly alternatives. Based on an in-depth
analysis of the recent publications on the subject, the present review will focus on glycerol carbonate
syntheses routes, it’s broad reactivity, and current applications.

Table 3. The potential application of glycerol carbonate in various industries.

Chemical Industry Application References

Glycerol
Carbonate

• Polymers and plastics
• Polyesters
• Polycarbonates
• Polyamides
• Polyurethane plastic coatings
• Hyperbranched polyethers
• Solvent for plastics and resins

[38]

• Cosmetics and personal care
• Emollient and solvent in nail polish remover, lipsticks, anti-perspirant sticks
• Wetting agent for cosmetic clays

[33]

• Chemicals
• Chemical intermediate
• Glycidol
• Biolubricants
• Biobased polar solvents
• Liquid membrane in gas separation
• Surfactants and detergents
• Blowing agent

[39]

• Pharmaceutical
• Solvent for medicinally active species
• Carrier in pharmaceutical preparations

[36]

• Semiconductor
• Electrolytes in lithium and lithium-ion batteries [40]

• Agricultural
• Plant-activating agent [41]

• Building and Construction
• Curing agent in cement and concrete [42]

5. Existing Production Routes for Synthesis of Glycerol Carbonate

As mentioned previously, the conventional glycerol market is limited and any large increase in
biodiesel production will cause a sharp decrease in its market price. In the last few years, there have been
numerous reports in the literature concerning the synthesis of glycerol carbonate from glycerol. While
some production methods are being applied at an industrial scale, several new promising synthesis
methods were reported recently which are more sustainable. The greener pathway for synthesis of
glycerol carbonate involves chemicals such as CO/H2, organic carbonate (e.g., ethylene carbonate,
dimethyl carbonate, and diethyl carbonate), and also carbon dioxide [36,37,43]. These pathways, overall,
results in the chemical fixation of CO2. Among these pathways, the transesterification between glycerol
and dimethyl carbonate is one convenient method that could be performed under mild conditions
(at 50–100 ◦C; under atmospheric pressure) in the presence of a catalyst, as shown in Figure 5 [37,43,44].
The catalysts used to convert glycerol to glycerol carbonate can be homogeneous catalysts such as
K2CO3, NaOH, and H2SO4 [44,45], enzymatic catalysts [44], or heterogeneous catalysts such as CaO,
NaOH/γ-Al2O3, and Mg/Al/Zr mixed oxide [28,35,45]. Table 4 summarizes the reaction conditions for
various types of synthesis pathway for glycerol carbonate production. Meanwhile, Table 5 presents the
advantages and limitations of the different routes for the synthesis of glycerol carbonate.
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Figure 5. Reaction mechanism between glycerol and dimethyl carbonate for glycerol carbonate
production [37].

6. Microwave Assisted Conversion of Glycerol/Glycerol Derivatives to Organic Carbonates

Organic carbonates are very important compounds having a simple structure, high polarity,
low viscosity, low toxicity and degradability [79]. These compounds are able to replace hazardous
reagents in some organic processes. Two main classes of organic carbonates are cyclic and linear
carbonates. The total market production of both cyclic and linear organic carbonates is about 18 million
tons per year and mainly produced from phosgene [80]. Figure 6 shows some of the more commercially
important organic carbonates (dimethyl carbonate (DMC), diethyl carbonate (DEC), cyclic carbonates
(CC), diphenyl carbonate (DPC)) and their properties.

Figure 6. The properties of various organic carbonates (Adapted from [80]).

Different methods have been deployed for the typical synthesis of glycerol carbonate from glycerol
as depicted in Table 4 (such as the reaction of glycerol with urea, direct carbonation of glycerol with
phosgene, or carbon monoxide and oxygen reaction). However, there are technical and environmental
drawbacks accompanying the reaction of glycerol with urea, such as high reaction temperature (150 ◦C)
required. The carbonation reaction is known as an environmentally hazardous process due to the
toxicity of phosgene and CO [70]. Given the toxicity of phosgene, alternative routes for the synthesis
from carbon dioxide are becoming more and more relevant. A greener method for the production of
glycerol carbonate is the carbonation of glycerol with carbon dioxide (catalysed by Sn). This method,
however, has low yield (below 35%) due to the thermodynamic limitation [81]. Most of the other
methods also have disadvantages such as low Gly-C yield, vacuum operation condition to separate
ammonia continuously, or difficulty in the separation of products [82,83]. Several new non-phosgene
methods including alcoholysis of urea, carbonylation of alcohols using CO2, oxy-carbonylation of
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alcohols, and transesterification of alcohols and carbonates have been developed for synthesizing
organic carbonates. If applied, some of these new routes would lower the emission of CO2 into the
atmosphere about seven times (0.92 tons per ton of product, compared to 6.62 tons at present) [28,35,36].
Carbon dioxide (the most significant and long-lived greenhouse gas) is produced by most significantly
by combustion of organic materials and fossil fuels. Instituting chemical processes and industries
based on carbon as a building block would be paramount to reduce CO2 levels in the atmosphere.
As stated earlier, a specific problem in this context is the issue of CO2 reactivity (the carbon atom
in CO2 is in its most oxidized state, - hence, makes the molecule highly stabile with low reactivity).
The suitable catalyst system can overcome the high reaction barrier, but in general, these reactions
still require rather harsh conditions. Researchers are discovering new, environmentally benign, green
processes for the synthesis of value-added chemicals and platform molecules.

Microwave irradiation has been used for the synthesis of many organic compounds. The uptake
of this technique was sluggish for about 12–14 years after the original publications on the benefits of
conducting organic reactions in a microwave in the mid-1980s. However, since the year 2000, there has
been an upsurge in publications describing the utilization of microwave synthesis. This trend is most
probably correlated to the availability of instruments designed specifically for organic synthesis, hence,
allowing microwave reactions to be conducted in a safe and reproducible manner. Among the obvious
advantages of microwave heating include more uniform and rapid heating resulting in reduced reaction
time for the synthesis of chemicals. Since glycerol is a very good absorber of microwave radiations,
microwaves could play a greater role in the synthesis of Gly-C. In microwave irradiation, efficient
internal heating is produced by the direct coupling of microwave energy with the solvent, reagents or
catalysts in the reaction mixture. The radiation passes through the walls of the vessel directly into the
whole reaction mixture, since the reaction vessels are made out of microwave-transparent materials.
In typical microwave reactors, the magnetrons (microwave generators) produce microwave radiation of
wavelength 12.25 cm, which corresponds to a frequency of 2.45 GHz. Two mechanisms are responsible
for the microwave heating, dipolar polarisation and ionic conduction. By using closed vessels, higher
pressures can be attained and the superheating effects are greatly magnified, hence, it is possible to
maintain solutions at temperatures above their conventional reflux temperature. The higher purity of
products often observed in microwave-assisted reactions is largely attributed to the homogeneous and
smooth in situ heating. The heating process is also easily controllable because the energy input stops
immediately when the power is turned off. It is important to point out that microwave energy cannot
break chemical bonds. Compared to classical heating, microwave irradiation provides the advantage
of allowing high-temperature reaction. Another advantage of microwave heating is the non-thermal
effects due to specific heating of polar intermediates produced during the reaction. These polar
intermediates will lead to modified selectivity, enabling polymerization which otherwise could not be
performed with thermal heating. For a more detailed account of microwave-assisted reactions, some
excellent reviews can be referred [84–87].

Despite all the studies on the synthesis of Gly-C, only a few studies mentioned the
microwave-assisted synthesis of Gly-C. In a microwave-assisted reaction, the rate of a reaction
involving glycerol as a reactant can be greatly improved due to the high dielectric properties of
glycerol [88]. Along with similar scope, polyglycerols has been evaluated over several years as a way of
utilizing excess crude glycerol. Polyglycerol have received a lot of attention as a hydrophilic component
for neutral surfactants and emulsifiers for food, cosmetic and pharmaceutical. They comprise mainly of
glycerol oligomers of low molecular mass. The conventional synthesis of polyglycerols is from glycerol.
It involves drastic conditions (high temperature and alkaline conditions), resulting in a complex mixture
of oligomers with no well-defined chemical composition [89]. Recently, the production of polyglycerols
derivatives and glycerol carbonate using microwave irradiations has been demonstrated [88]. By using
microwave irradiation, the synthesis of glycerol oligomers, can be performed under relatively mild
conditions using glycerol carbonate as a valuable starting material. In this case, the reaction did not
require any solvent or reactant and was completed in a relatively short time. Hence, microwave-assisted
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polymerization of glycerol carbonate presents the advantages of using less-hazardous conditions and
better energy efficiency. On top of that, the experimental conditions allow no usage of any solvent,
reactant, or purification steps [90].

In a recent report the transesterification of crude glycerol (GLY) at 70% and 86% purity with
dimethyl carbonate (DMC) using calcium oxide (CaO) as catalyst was performed with both the
conventional heating and microwave-assisted process [91]. In both the processes, it was found that
70% purity of crude GLY gave a higher yield of Gly-C, with the microwave technique showing better
energy efficiency. In their work the highest yield of Gly-C (93.4%) was obtained under the microwave
system (crude GLY purity of 70%, 1 wt% of CaO as catalyst, 2:1 M ratio of DMC: GLY at 65 ◦C,
5 minutes reaction). While the impurities and leftover catalyst residue in the crude GLY are generally
undesirable for the conventional transesterification process, it is interesting to note that some impurities
(methanol, soap, salt, and fatty acids) in the crude glycerol had demonstrated positive effect [92].
According to the authors, crude GLY performs better than pure GLY in microwave heating because of
greater energy efficiency. Thus, direct utilization of crude GLY from the biodiesel plant to produce
GLY-C via microwave irradiation transesterification is a viable and economical option [91].

More microwave efficiency in synthesis was demonstrated in a reaction for the production of
2,3-dihydroxypropyldecanoate using glycerol derivatives. In this process the microwave-assisted
synthesis (solvent-free) was performed by esterification of decanoic acid in the presence of two distinct
glycerol derivatives, glycidol, and glycerol carbonate. The process uses microwave irradiation with
an output power of 200–400 W, involving decanoic acid and glycerol derivatives (stoichiometric
proportions), with an organo-catalyst. The microwave-assisted synthesis notably enhances the
selectivity in 2,3-dihydroxypropyl decanoate (at 300 W, 91%), reinforcing the efficiency and selectivity
of the microwave-assisted method [93].

7. Dimethyl Carbonate

Dimethyl carbonate (DMC) is a valuable and green platform chemical and /or solvent which
continues to attract a lot of attention. Dimethyl carbonate (DMC) is an environmentally benign chemical
and is widely used as a carbonylation agent. DMC has been classified as one of the greenest solvents in
terms of safety, health and environmental criteria [94,95]. It is a nonpolar aprotic solvent having good
miscibility with water. It is non-toxic and biodegrades readily in the atmosphere. In terms of its usage,
DMC can be a potential replacement for methyl ethyl ketone, ethyl acetate, methyl isobutyl ketone, and
most other ketones. Moreover, DMC is a green substitute for highly toxic and hazardous compounds
such as (i) dimethyl sulfate and halohydrocarbons in methylation reactions and (ii) phosgene (COCl2)
in carboxymethylation (methoxycarbonylation) reactions [96]. Among the reaction routes for the
production of DMC, the transesterification route and direct synthesis from methanol and CO2 is the
most attractive one due to the inexpensive raw material and the avoidance of corrosive reagents, such
as phosgene and dimethyl sulphate [97]. Various catalysts have been studied extensively. Different
dehydrating agents and additives have been used to minimize the effect of water produced during
the reaction and improving the catalytic performance of the catalyst. Currently, the most established
commercial pathway for the production of DMC is through oxidative carbonylation of methanol
using O2. In addition, new alternative processes for DMC from CO2 are being developed. Direct
synthesis of dimethyl carbonate (DMC) from CO2 and methanol is a very attractive reaction. This is
because CO2 as a greenhouse compound can be consumed in this process [96]. Patents have already
been registered for use of DMC and DEC as a fuel additive in gasoline due to their excellent blending
properties, high octane number, and oxygen content. Diesel engines are much more efficient than
gasoline engines, however, they suffer from NOx and particulate emissions. Many studies have already
been reported on the reduction of hydrocarbons, CO, NOx, and particulate emission from diesel
engines because of the use of organic carbonates as oxygenate in the fuel [98–100].
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The conventional way for the direct synthesis of DMC requires the use of an autoclave along with
solid base K2CO3 and CH3I additive, high pressure and long reaction time of over 2 h. In this reaction,
the dimethyl ether (DME) appeared as a by-product and its proportion reached 7%–31% of the total
products [101]. More studies, including the mechanism of reaction are directed towards the conversion
of CO2 and methanol to DMC. The synthesis of dimethyl carbonate (DMC) from CO2 and methanol
under milder reaction conditions using reduced cerium oxide catalysts and reduced copper-promoted
Ce oxide catalysts were reported recently [102]. The report stated that the conversion of methanol
was low (0.005%–0.11%) when the milder condition was used. The mild reaction conditions for
DMC synthesized were as follows: the reaction time was 2 h, low temperature of 353 K, and low
total pressure of 1.3 MPa using reduced Cu–CeO2 as catalyst (0.5 wt% of Cu). New development
in organic synthesis is the increasing interest in applying microwave irradiation. With high heat
efficiency, microwave irradiation can accelerate the reaction and decrease the run time resulting in fewer
by-products than by conventional heating, but there was very few literatures on the synthesis of DMC
concerning microwave energy. Conventional heating methods are not an effective method to transfer
energy to the reactants of a reaction mixture because the thermal conductivity of the various materials
affects the energy transfer process. On the other hand, during microwave irradiation, molecules are
efficiently heated internally by the direct coupling of energy from microwaves. Furthermore, current
microwave instruments can precisely control the temperature, even allowing reaction mixtures to be
superheated in a closed vessel. A study reported that the synthesis of dimethyl carbonate (DMC)
from CO2 and methanol required about 2 min for maximum yield of DMC when a power of 800 W
was used. In the case of decreasing microwave power to 450 W, this reaction could be completed in
10 min and the yield of DMC was at least the same as in non-microwave reaction using conventional
heating (autoclave) [101]. The reaction temperature under microwave irradiation was obviously
lower than that with conventional heating, but the corresponding DMC yield was higher. It is very
likely that microwave energy could be efficiently absorbed by the reactants, especially by methanol
leading to a rate acceleration effect. The authors also claimed that in the reaction conditions used,
about 2.5% of DME formed as a by-product in the conventional heating (autoclave). In contrast,
only 0.4% of DME (by-product) was produced when the reaction was irradiated by microwave [101].
In the microwave irradiation, due to the interaction of the microwave energy with the molecules at a
very fast rate, the real reaction temperature is higher than the average temperature of the medium.
Hence, both energy consumption and reaction time are reduced by means of microwave irradiation.
On the down-side, the microwave-assisted reaction has some disadvantages such as difficulty in the
scale-up from laboratory to industrial scale due to the penetration depth of microwave radiation into
the material is only a few centimeters. There are safety issues concerning the industrial vessel that
need to be addressed, especially for uncontrolled heating.

Recently, there were reports on the usage of dimethyl carbonate instead of using alcohol as an
alternative method to produce biodiesel. In this reaction, the product of triglyceride and dimethyl
carbonate reaction is fatty acid methyl ester (FAME) and fatty acid glycerol carbonate (FAGC).
Subsequently, FAGC then reacts with another molecule of dimethyl carbonate to generate another
FAME molecule and glycerol dicarbonate. Accordingly, the overall reaction involves one molecule of
triglyceride and two molecules of dimethyl carbonate to generate three molecules of FAME and one
molecule of glycerol dicarbonate. This would enable biodiesel production without the production of
waste glycerol as a by-product. Ilham and Saka firstly investigated biodiesel production from rapeseed
oil in supercritical dimethyl carbonate using a batch-type reactor [103]. The reaction steps for biodiesel
production under supercritical dimethyl carbonate conditions are shown in Figure 7.

A study about biodiesel production under supercritical dimethyl carbonate conditions is still limited.
A complete conversion to biodiesel about 94% (w/w) was made at 350 ◦C, 20 MPa, oil-to-dimethyl
carbonate molar ratio of 1:42 after 12 min [103]. In addition, there is no previous report about reaction
kinetics of oil conversion to biodiesel in supercritical dimethyl carbonate. Optimization studies on
biodiesel production using supercritical dimethyl carbonate method have also been carried out in recent
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years. Recently, Kwon et al. performed non-catalytic biodiesel production from coconut oil using
dimethyl carbonate under ambient pressure [76]. They conducted an experiment via a continuous flow
mode using a tubular reactor. They reported that a complete conversion to biodiesel was achieved
in a short reaction time of 1–2 min at 365-450 ◦C under ambient pressure, obtaining 98%. By using
DMC to produce biodiesel, it is envisaged that the glut of crude glycerol in the market will be reduced.
The glycerol carbonate obtained from the reaction is a much valuable product. It has higher economic
value and it is used in many reactions as green chemical or solvent. The properties and benefits of
glycerol carbonate have been mentioned earlier.

Figure 7. Reaction scheme for biodiesel production under supercritical dimethyl carbonate condition.

8. Kinetic Model of Transesterification of Glycerol with Dimethyl Carbonate

Transesterification of glycerol is also known as transcarbonation. As its name implies, it involves
the carbonate exchange reaction between the alcohols and carbonate sources [33]. One of the carbonate
sources is dimethyl carbonate, DMC. DMC is an environmentally friendly chemical and has been
widely studied in producing the value-added glycerol carbonate with different catalysts such as,
potassium methoxide (CH3OK) [104], trisodium phosphate [78], calcium oxide (CaO) [91], Mg-Al
hydrotalcite [105], guanidine ionic liquids [106], lipase [107], K-zeolite [108], and others. Notice that the
transcarbonation of glycerol with DMC is a reversible reaction as shown in Figure 5. Thus, an excess
amount of DMC should be used in order to shift the chemical equilibrium towards the formation of
glycerol carbonate. Moreover, Jiabo Li and Tao Wang concluded that the chemical equilibrium constant
of the reaction of glycerol and DMC increased as the reaction temperature increased. In order words,
the formation of glycerol carbonate is more favourable by increasing the reaction temperature [61].

To gain more understanding about the transesterification of glycerol, its kinetic study has been
conducted and reported by several researchers [104,109,110]. The kinetic study is usually performed
to obtain the kinetic parameters (reaction rate) for the ease of comparison with other works. Typically,
the kinetic analysis includes the investigation of the effect of different factors on reaction speed,
which is essential for the system design, and the optimization of chemical reaction [111]. In addition,
more information regarding the characteristics of a reaction mechanism can be obtained [112]. Moreover,
it allows the construction of a mathematical model that can represent a specific chemical reaction.
In determining the unknown parameters for a mathematical model, a series of experiments with high
accuracy should be conducted. However, recent times different types of modelling technique has been
introduced and eventually reduce the number of experiments [113].

Based on previous work there are four suitable kinetic models in describing the reaction of
transesterification of glycerol with DMC, as summarized in Table 6 [104]. Each model involves two
equations for the reaction before and after a certain conversion value, the critical conversion, Xcrit to
account for the effect of different phase regime on the catalytic behaviour. The first equation describes
the reaction under the biphasic regime in which the catalysts are soluble only in the glycerol-rich
stage with certain concentration, Ccat’. Moreover, the first order was assumed with respect to the
concentration of glycerol, Cgly. The DMC, however, reacts at a constant concentration, CDMCsol.
The second equation of the proposed models describes the reaction under the single-phase stage
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(at X larger than Xcrit) where the catalysts are assumed to be dissolved in the entire reaction medium
at Ccat. In addition, unlike the previous equation, the first-order effect was estimated for both
concentrations of glycerol, Cgly and DMC, CDMC. As mentioned previously, the transesterification of
glycerol with DMC is a reversible reaction. With the use of excess DMC, the reaction tends to shift
to the production of glycerol carbonate. Nevertheless, the effect of reversible should be taken into
consideration in proposing the kinetic model, and thus, kinetic models 2 and 4 are suggested.

In addition, more complex kinetic models (kinetic models 3 and 4) were contemplated by
accounting for the nature of the catalyst and its potential deactivation. This is because it had already
been investigated that some of the catalysts suffered from deactivation in the transesterification process
of glycerol with DMC [104,108,114,115]. Catalyst deactivation is defined as the loss of catalytic activity
over time. It is a continuing concern in the catalytic reaction, especially in the practice of industrial
catalytic process. Generally, the causes of catalyst deactivation can be divided into three groups,
which are chemical, mechanical and thermal. More specifically, the catalyst deactivation process
can be explained by six basic mechanisms, including poisoning, fouling, thermal degradation and
sintering, vapor formation, vapor-solid and solid-solid reactions, and crushing. Despite the best effort
to avoid catalyst deactivation, it is inevitable that all catalyst will decay. To restore the catalytic activity,
regeneration of the catalyst is usually the first choice, and disposal of the catalyst is the last resort.
However, the ability to regenerate the catalyst highly relies on the reversibility of the deactivation
process mentioned previously. As an example, sintering is basically irreversible. On the other hand,
some poisons can be removed through chemical washing, oxidation and/or mechanical and heat
treatment. Further details can be obtained from [116].

Li and Wang investigated the deactivation effect of the alkali solid catalyst (calcium oxide, calcium
hydroxide and calcium methoxide) in the transesterification process of glycerol with DMC [114].
They found that the alkali solid catalysts reacted with glycerol and glycerol carbonate, transformed
into basic calcium carbonate and eventually, deactivated the catalysts as the basic calcium carbonate
consists of less catalytic strength. In the transesterification of glycerol with DMC that utilized K-zeolite
as the catalysts, the deactivation phenomenon observed might be attributed to the reduction of the
available active spaces for the conversion of glycerol to glycerol carbonate [108]. Moreover, it is
reported that the use of crude glycerol led to rapid catalyst deactivation, which was not observed for
runs with pure glycerol [117]. This is because the impurities present in the crude glycerol has limited
the catalytic activity, resulting in significant deactivation of the catalyst. However, pure glycerol is far
more expensive than crude glycerol. Hence, understanding the effect of impurities in crude glycerol
on catalyst performance is crucial to optimize the overall production cost of glycerol carbonate.

Table 6. Kinetic models for the transesterification of glycerol with dimethyl carbonate.

Model
Number

Reaction
Type

Potential Catalyst
Deactivation

If X≤Xcrit If X>Xcrit

1 Irreversible
Excluded r1 = k1·Ccat

,·CGly·CDMCsol
r1 = k1·Ccat·CGly·CDMC

2 Reversible r1 = k1·Ccat·CGly·CDMC
r2 = k2·Ccat·CGC·CMeOH

3 Irreversible
Included

r1 =

k1·Ccat
,·
[
(1− β)·e−kd·t + β

]
·CGly·CDMCsol

r1 = k1·Ccat·β·CGly·CDMC

4 Reversible r1 = k1·Ccat·β·CGly·CDMC
r2 = k2·Ccat·β·CGC·CMeOH

In conjunction with the kinetic models stated in Table 6, the Arrhenius equation is applied to
consider the temperature effect, T as in equation (1):

ln k = ln A− Ea

R
· 1
T

(1)

where k indicates the kinetic constants of the reaction, A is the pre-exponential factor, Ea symbolizes
the activation energy (kJ/mol), and lastly, R is the ideal gas constant (8.314 J/mol.K).
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9. Summary and Future Perspectives

The worldwide inclination to embrace a sustainable and bio-compatible process has led to
the development of systems focused on the use of CO2 and CO2-based compounds as feedstocks,
promoters, and reaction media. In the present article, the synthesis of various carbonates has been
reviewed with the main emphasis on the usage of crude glycerol as the raw material. Production of
surplus glycerol in the biodiesel industry is a pressing issue and the industry is looking for ways to
utilize and transform crude glycerol into valuable products, such as glycerol carbonate, with green
solvent, the dimethyl carbonate (DMC) especially. DMC is one of the simplest carbonates and is termed
as the green compound of the 21st century due to its low toxicity, high biodegradability and peculiar
reactivity. Although studies on organic carbonates have been done extensively, there remain some
shortcomings that must be resolved. In this regard, different ways to improve the thermodynamically
limited equilibrium conversion to shift towards DMC formation is crucial (DMC yield is only around
1%, even at thermodynamically favourable, high-pressure conditions). Therefore, the development
of high activity and high stability catalysts are crucial. Determining the mechanistic kinetics in the
synthesis of organic carbonates has the potential to inspire improved catalyst design, which will
result in mitigating the problems of long reaction times and high reaction temperatures. Furthermore,
microwave-assisted organic synthesis is well known due to its shorter reaction time, lower operating
temperature, volumetric heating mechanism, specific microwave effect, and rapid heating. The specific
microwave effect is the non-thermal effect of microwave irradiation which causes the specific heating
of polar intermediates and leads to a modified selective reaction, that normally cannot be performed
using conventional heating. However, non-thermal microwave effects should be further investigated
as their presence is still a controversial issue, especially in the chemical synthesis area. Moreover,
mechanisms and process improvements using microwave irradiation are very limited and further
work is needed in order to develop an understanding of these synthesis routes.
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