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ABSTRACT

The increasing production of biodiesel globally over the last 20 years has increased the
supply of “crude” glycerol. Initially, glycerol was a valuable by-product but is now low
value or a waste product, due to mismatch between supply and demand. Valorisation
of glycerol is an obvious route to improving the process economics. In this work, we
investigated glycerols in situ valorisation by conversion to various oligomers (used in the
pharmaceutical, food, and cosmetics industries) and glycerol ethers (used as oxygenated
compounds to improve fuel combustion in Diesel engines). This is an example of
"reactive coupling”", a technique in which the by-product of one reaction is
simultaneously converted to an added value product in a second reaction (in a single

"pot"), thereby reducing the number of process steps.

The main objective for this work is to produce glycerol free biodiesel with reduced
methanol usage and fast triglyceride conversion using reactive coupling as a novel
technique. This work will for the first time demonstrate the production of biodiesel and
glycerol ethers in a single pot. This aimed to reduce glycerol byproduct and methanol
recycling. First, the study the convert glycerol in a stainless steel reactor. Reactive
coupling was then performed to convert triglyceride with simultaneous conversion of
the glycerol to added value products. Sulfuric acid was used as catalyst for the reaction,
as it is compatible with all the desired reactions. It is also cheap and can tolerate
triglyceride with high FFA levels during biodiesel production. High temperature in
transesterification results in fast conversion of triglyceride. The catalyst and

temperatures used are suitable for both biodiesel reaction and glycerol etherification.

Highest conversion of glycerol achieved was 68%, with over 90% selectivity to diglycerol
in 5h. To avoid producing undesired by-products (such as acrolein) and higher oligomers
(such as pentaglycerol), the recommended conditions are 3 wt% catalyst concentration,
and a temperature of less than 150 °C. Furthermore, a kinetic model was fitted to the
experimental data with activation energy of 112 kimol? and pre-exponential factor of
2.18x10*' L.mol's?. The thermodynamic analysis showed the reaction to be
endothermic, less disordered, and non-spontaneous with an enthalpy (AH) 109 kJmol?,

entropy (AS) — 38.1 Jmol*K%, and Gibbs free energy (G) 125 kimol* respectively.



Reactive coupling achieved complete conversion of triglycerides and 100% FAME vyield
in 1h. About 60% of the glycerol was converted in parallel, with approximately 90%
selectivity to glycerol ether and 10% to diglycerol. A temperature of not more than
150 °C is sufficient for this process with 3 wt% catalyst concentration and molar ratio
4:1 — 6:1. Some of the benefits of the reactively coupled process vs conventional
processing are the rapid separation of the biodiesel phase from the glycerol phase, low
alcohol to oil ratios, and the production of value-added products from the crude

glycerol. The model should make scale-up of this process more predictable and robust.

Combined reactive extraction and reactive coupling were also studied, i.e., reactive
coupling on the oilseeds, rather than the oil. Over 90% of biodiesel production was
achieved and complete conversion of the glycerol to glycerol ether and polyglycerol.
However, a substantially higher molar ratio of methanol to oil (400:1) was required,
likely to be uneconomic. There were various non-triglyceride products in the extract,

which would probably necessitate extra downstream processing.

In summary, for the first time, this work demonstrates reactive coupling to produce
biodiesel, polyglycerol, and glycerol ether production using sulfuric acid as catalyst. The

main advantages of this technique were:

i.  Reduced glycerol by-product by up to 60%.
ii. Reduced methanol usage, from 20:1 to 4:1 — 6:1. This will remove/reduce
downstream processing.
iii.  Rapid conversion of triglyceride.

iv.  Easy/fast separation of glycerol phase from FAME phase.

Furthermore, this study demonstrated proof-of-concept for combined reactive
extraction and reactive coupling. Hence, oil in seeds can be converted directly to
biodiesel, glycerol, and added-value products. This study’s success shows that the
glycerol by-product can be converted to a useful product directly during biodiesel
production. Potentially, this will reduce waste generation and diversify the market of

biodiesel producers.
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Chapter 1. INTRODUCTION

The Earth population is increasing rapidly, and so are the consequences of the ever-
increasing demand for energy. Hence, one of the key challenges worldwide is the future
provision of energy. Generally, the production and utilisation of energy can measure
the rate at which a nation is developing (Karthikeyan et al., 2014, Yang et al., 2012).
Therefore, these have triggered the use of sustainable energy by must nations and their
availability for the future. For centuries, fossil fuels have been the major sources of
energy for industrial and domestic purposes (Shah et al., 2014). However, these energy
sources have significant disadvantages, such as depleting reserves and rising demand
leading to increasing cost, and environmental impact, mainly in the form of global
warming through the emission of greenhouse gases (Chee Loong and lIdris, 2017,

Endalew et al., 2011).

These challenges necessitate research into alternative or renewable energy sources.
These renewable energy sources include solar, wind, tidal, geothermal, hydro, and
biofuel energy sources. They are associated with benefits such as energy security,
increased job opportunities, and reduced emissions (Karmakar et al., 2012). According
to the BP statistical review of global energy 2020, renewable energy consumption has
increased with over 40% in primary energy in 2019. To meet up with the current target
of "net-zero by 2050" the use of renewable energy becomes more essential. However,

developing renewable energy for transport poses a range of problems such as:

I. Intermittency: Weather or geographical location can disrupt the continuous
supply of solar or wind energy sources.

Il.  Storage capabilities: Though batteries are developed to store energy from solar
or wind, they come with extra cost and environmental concern during disposal.

lll.  Space: Large farm spaces are required to harvest solar or wind energy sources.
Ideally, these sources should be renewable, degradable, available, efficient, accessible,
relatively cost-effective, reliable, and environmentally friendly. Biofuels have been
developed that have must of these qualities. They are energy sources produced from
biomass that are renewable and environmentally friendly and can be used in place of

fossil fuels (Zhang et al., 2003). Some of the biofuels other key benefits are improving



energy security for certain fossil fuel-poor nations, its economic value, and direct benefit

to the local populations domestic livelihood (Demirbas, 2008).

Biofuels include biogas, bioethanol, and biodiesel (Demirbas, 2011, Nigam and Singh,
2011). They can be classified into the first, second, third, and fourth generation, as
shown in Figure 1-1 below. The classification is based on the feedstock used for
production. The first-generation biofuels are sourced from edible feedstocks (rich in
sugar and starch). These biofuels compete with food, especially for feedstocks that are
produced in low quantities. The idea of using biomass waste such as lignocellulosic and
non-edible crops (e.g., wood, straw, or grass) dominate the second-generation. Third-
generation fuels are usually algae. This was due to its availability in large and small water
bodies and also non-edible. In the fourth-generation, genetically modified crops are

used due to the high yield. Most of these crops are mainly produced for biofuels

production.
15T ZND 3RD 4TH
Generation Generation Generation Generation
Feedstock: bio waste, plant

FEEdsto(lf: sugar, vegetable oil, straws, non edible crops, energy Feedstock: Algae Feedstock: genetically madify

animal fat, starch crops L P
s . Examples: biodiesel, vegetable crops, vegetable oil, biodiesel

Examples: biogas, biodiesel, Examples: bio oil, biochydrogen, il Examples: biogasoline

bioalcohol bioalcohol, bio DMF, bio ples: biog

Fischer-Tropsch diesel

Figure 1-1: Classification of biofuels.

Bioethanol and biodiesel are the two main biofuels produced worldwide. The world
bioenergy association (WBA) in its 2019 statistics report, reported global bioethanol
production of 85.1 billion litres for 2017. This accounts for 62% of global biofuels

production. The global biodiesel production for the same year was 36.1 billion litres,



equivalent to 26% of the world biofuels production. Both bioethanol and biodiesel
accounted for 88% of the global biofuel production in 2017. According to the BP
statistical review of world energy, 2020, biodiesel production grew strongly to 37% in
2019. Although biodiesel production is less than bioethanol, biodiesel yields 93% more
energy on a lifecycle analysis than the energy used for its production. This is far greater
than 25% recorded for bioethanol (Hill et al.,, 2006). This is because, in bioethanol
production, fermentation is slow and requires lots of energy during distillation. In
contrast, biodiesel is a fast reaction and can be separated by gravity. Also, less air
pollution is produced by biodiesel compared to bioethanol. With the increasing demand
for biodiesel, coupled with the aforementioned advantages, biodiesel production will

continue for the foreseeable future.

1.1 Biodiesel

Biodiesel is a monoalkyl ester that contains long-chain fatty acids obtained from
vegetable oil or animal fat (Demirbas, 2008). It is a renewable fuel for Diesel engines,
produced by reducing the size of triglyceride molecules (oils or fats) to flow and atomise

properly in a Diesel engine (Van Gerpen, 2005).

Biodiesel is usually produced through “transesterification”, a reaction between
vegetable oils or animal fats and alcohols (Figure 1-2 and Figure 1-3). This reduces the
molecule size by removing the glycerol "backbone" of the molecule, rendering it more
like Diesel fuels, particularly by reducing the high viscosity of feedstock (Demirbas,
2005). The conversion takes place in three consecutive reversible reactions: vegetable
oil (triglyceride) to diglyceride, diglyceride to monoglyceride, and finally monoglyceride
to fatty alkyl ester and glycerol (Galadima and Muraza, 2016, Demirbas, 2011), as shown

below (Figure 1-2):



T
T
T = T
< o o .
=
Catalyst \)i o . o
°© OH R’O
o)

o + ROH ~———
T
T

o
T 0 N
| T
T

Triglyceride Alcohol Diglyceride Fatty alkyl ester

T T
T
T = N~
T = + [e)
o Catalyst o
R

o
_— . o
+ ROH _— \)i
o
J HO~ o
° OH
T 0
|
T
Diglyceride Alcohol Monoglyceride Fatty alkyl ester

Catalyst OH T
T —_— \i + T, =
r ) HO oH o
° + ROH
.0
R

Monoglyceride Alcohol Glycerol Fatty alkyl ester

Figure 1-2: Consecutive conversion from Triglyceride to Fatty Alkyl Ester.

=
(o]
T R
T
= OH T
o Catalyst Ho\)i i N
\)io i + 3ROH - — OH o
o o R’o
T o 21
| 1 T
T N~
(o]
R,O
Triglyceride
& Aleohol Glycerol Fatty alkyl ester

Figure 1-3: Transesterification reaction of Triglyceride with an alcohol.

Figure 1-3 shows the overall transesterification reaction. The reaction occurs in the

presence of a catalyst, usually sodium hydroxide (NaOH) or potassium hydroxide (KOH).



The product is then purified downstream, such that it combusts easily in a Diesel engine

in its pure form or can be blended with petroleum diesel (Anastopoulos et al., 2009).

In this study, biodiesel is produced using rapeseed oil. This is due to it availability and
less cost in UK compared to the other triglycerides available. This will motivate farmers
in this region to grow more. The technique used in this study produced biodiesel with
reduced alcohol usage. These techniques were considered to intensify the biodiesel
process. Example of such intensification technique is reactive extraction in which a
reaction (such as transesterification) is performed simultaneously with an extraction,
usually with both processes benefits. Here, biodiesel is produced in situ from the oil-
bearing seeds. Oil is simultaneously extracted from the oilseed and converted to alkyl
ester in a single reactor. On the other hand, reactive coupling in this system is an
intensification process in which the co-product of biodiesel (glycerol) is simultaneously
converted to an added value product. Combining the two techniques (combined
reactive extraction/reactive coupling) would extract the oils from the oil-bearing
feedstock, transesterify, and convert the glycerol by-products to added-value products

in one step.

There has been rapid growth in biodiesel production worldwide over the last 20 years.
Naylor and Higgins (2018) reported an over 700% increase in production between 2005
and 2015. "Crude" glycerol is the major co-product (Figure 1-3). It accounts for 10 to 18
wt% of the total product. It typically contains catalyst, alcohol, and unreacted feedstock,
depending on the production conditions (Shah et al., 2014, Santibaiiez et al., 2011). Pure
glycerol is non-toxic, renewable, and environmentally friendly. It can be used in food,
cosmetics, or pharmaceutical industries (Algoufi et al., 2017, da Silva et al., 2009,
Bookong et al., 2015). However, the high cost of purifying crude glycerol obtained from
biodiesel production (using different methods in combination depending in the level of
purity required which includes distillation, filtration, adsorption using activated carbon,
ion-exchange using resin, extraction, decantation, and crystallisation) is usually too high
due to the high capital cost of the equipment, especially for small-scale biodiesel
producers. The market for crude glycerol is poor due to oversupply. Furthermore,
disposal of crude glycerol has adverse environmental effects due to impurities such as
alcohol, catalyst (acid or base), salts (organic and inorganic), water, and soap (Anitha et

al., 2016, Tan et al., 2013).



As the crude glycerol is potentially an inexpensive feedstock, this has encouraged
research into alternative ways of converting the crude glycerol into the value-added
products. This includes processes such as gasification to syngas, dehydration to acrolein,
etherification to fuel-oxygenate, fermentation to alcohol, digestion to biogas,
liguefaction to bio-oil, pyrolysis to biochar, steam reforming to hydrogen, and
polymerisation to polyglycerol (He et al.,, 2017, Tan et al.,, 2013). The use of such
processes could make the “biodiesel industry” into a more profitable “biorefining
industry” (Garcia-Sancho et al., 2011, Frusteri et al., 2009). Figure 1-4 shows various

products that can be produced from glycerol using different methods.
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Table 1-1: Comparison of market size for glycerol and glycerol derivatives.

Product Market value Reference
size ($ billion)

GcheroI 3.0 (2020) https://www.grandviewresearch.com/industry-analysis/glycerol-market

Acrolein 1.5 (2020) https://www.marketwatch.com/press-release/acrolein-market-2021-
revenue-growth-rate-market-size-restraints-forecast-analysis-by-2026-
with-top-countries-data-2021-03-18

Propanoic acid | 0.7 (2020) https://www.marketwatch.com/press-release/global-propionic-acid-
market-2021-industry-analysis-by-future-scope-business-size-revenue-
growth-development-leading-players-regional-analysis-with-top-
countries-forecast-to-2027-2021-03-09

Propylene 4.5 (2020) https://www.wicz.com/story/43076566/propylene-glycol-market-size-

| | rising-at-cagr-of-78-during-2020-2026-global-industry-brief-analysis-of-

glyco
top-countries-data-trends-and-drivers-with-top

Hyd rogen 120 (2020) https://www.grandviewresearch.com/industry-analysis/hydrogen-
generation-market

Acetaldehyde 1.6 (2020) https://www.marketwatch.com/press-release/acetaldehyde-market-
2021-analytical-overview-key-players-growth-factors-demand-market-
size-trends-and-forecast-to-2026-with-top-countries-data-2021-03-01

Acetic acid 93 (2020) https://www.grandviewresearch.com/industry-analysis/acetic-acid-

market

Polyurethane

70.7 (2020)

https://www.grandviewresearch.com/industry-analysis/polyurethane-pu-

market

Methanol 31.8 (2018) https://www.grandviewresearch.com/industry-analysis/methanol-market

Solketal 0.019 (2020) https://www.marketwatch.com/press-release/solketal-market-share-
analysis-with-demand-status-2021-latest-technological-advancement-
industry-trends-competitive-landscape-explosive-factors-of-revenue-by-
key-vendors-size-forecast-analysis-2027-2021-03-05

PonegceroI 1.9 (2017) https://www.grandviewresearch.com/industry-analysis/polyglycerol-

market



https://www.grandviewresearch.com/industry-analysis/glycerol-market
https://www.marketwatch.com/press-release/acrolein-market-2021-revenue-growth-rate-market-size-restraints-forecast-analysis-by-2026-with-top-countries-data-2021-03-18
https://www.marketwatch.com/press-release/acrolein-market-2021-revenue-growth-rate-market-size-restraints-forecast-analysis-by-2026-with-top-countries-data-2021-03-18
https://www.marketwatch.com/press-release/acrolein-market-2021-revenue-growth-rate-market-size-restraints-forecast-analysis-by-2026-with-top-countries-data-2021-03-18
https://www.marketwatch.com/press-release/global-propionic-acid-market-2021-industry-analysis-by-future-scope-business-size-revenue-growth-development-leading-players-regional-analysis-with-top-countries-forecast-to-2027-2021-03-09
https://www.marketwatch.com/press-release/global-propionic-acid-market-2021-industry-analysis-by-future-scope-business-size-revenue-growth-development-leading-players-regional-analysis-with-top-countries-forecast-to-2027-2021-03-09
https://www.marketwatch.com/press-release/global-propionic-acid-market-2021-industry-analysis-by-future-scope-business-size-revenue-growth-development-leading-players-regional-analysis-with-top-countries-forecast-to-2027-2021-03-09
https://www.marketwatch.com/press-release/global-propionic-acid-market-2021-industry-analysis-by-future-scope-business-size-revenue-growth-development-leading-players-regional-analysis-with-top-countries-forecast-to-2027-2021-03-09
https://www.wicz.com/story/43076566/propylene-glycol-market-size-rising-at-cagr-of-78-during-2020-2026-global-industry-brief-analysis-of-top-countries-data-trends-and-drivers-with-top
https://www.wicz.com/story/43076566/propylene-glycol-market-size-rising-at-cagr-of-78-during-2020-2026-global-industry-brief-analysis-of-top-countries-data-trends-and-drivers-with-top
https://www.wicz.com/story/43076566/propylene-glycol-market-size-rising-at-cagr-of-78-during-2020-2026-global-industry-brief-analysis-of-top-countries-data-trends-and-drivers-with-top
https://www.grandviewresearch.com/industry-analysis/hydrogen-generation-market
https://www.grandviewresearch.com/industry-analysis/hydrogen-generation-market
https://www.marketwatch.com/press-release/acetaldehyde-market-2021-analytical-overview-key-players-growth-factors-demand-market-size-trends-and-forecast-to-2026-with-top-countries-data-2021-03-01
https://www.marketwatch.com/press-release/acetaldehyde-market-2021-analytical-overview-key-players-growth-factors-demand-market-size-trends-and-forecast-to-2026-with-top-countries-data-2021-03-01
https://www.marketwatch.com/press-release/acetaldehyde-market-2021-analytical-overview-key-players-growth-factors-demand-market-size-trends-and-forecast-to-2026-with-top-countries-data-2021-03-01
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https://www.grandviewresearch.com/industry-analysis/methanol-market
https://www.marketwatch.com/press-release/solketal-market-share-analysis-with-demand-status-2021-latest-technological-advancement-industry-trends-competitive-landscape-explosive-factors-of-revenue-by-key-vendors-size-forecast-analysis-2027-2021-03-05
https://www.marketwatch.com/press-release/solketal-market-share-analysis-with-demand-status-2021-latest-technological-advancement-industry-trends-competitive-landscape-explosive-factors-of-revenue-by-key-vendors-size-forecast-analysis-2027-2021-03-05
https://www.marketwatch.com/press-release/solketal-market-share-analysis-with-demand-status-2021-latest-technological-advancement-industry-trends-competitive-landscape-explosive-factors-of-revenue-by-key-vendors-size-forecast-analysis-2027-2021-03-05
https://www.marketwatch.com/press-release/solketal-market-share-analysis-with-demand-status-2021-latest-technological-advancement-industry-trends-competitive-landscape-explosive-factors-of-revenue-by-key-vendors-size-forecast-analysis-2027-2021-03-05
https://www.grandviewresearch.com/industry-analysis/polyglycerol-market
https://www.grandviewresearch.com/industry-analysis/polyglycerol-market

The market size for polyglycerol is higher than some of the glycerol derivatives (as shown
in Table 1-1). The polymerisation of glycerol by etherification to produce polyglycerol
has recently been a topic of interest due to its significant applications in food,
pharmaceutical, cosmetics, polymers, biomedical and drug industries, among others.
One of the common applications is in producing polyglycerol esters, which are used as
emulsifying agents in the food industry. Gholami et al. (2014) reported that in 2012,
two-thirds of the total emulsifiers were polyglycerol ester and polyglycerol
polyricinoleate. It has been projected that the food emulsifier market will increase with
an annual growth rate of 5.2% from 2013 to 2018. The demand for polyglycerol is clear:
the polyglycerol market was estimated at $1.91 billion in 2017 (see Table 1-1). With the
increasing demand in most sectors, a compound annual growth rate (CAGR) of 9% was

projected (Grand View Research, 2020).

The polymer is produced by the condensation of two or more glycerols in the presence
of a catalyst to form diglycerol, triglycerol, tetraglycerol, or any of the higher
polyglycerols (as shown in Figure 1-5 below), depending on the reaction conditions, with

water as the by-product (Sivaiah et al., 2012).
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Figure 1-5: Polymerisation of Glycerol.

The reactions to produce the higher polymers (triglycerols, tetraglycerols) take place in

series, as the “chain” grows (see Figure 1-5).

The polymerisation of crude or pure glycerol through etherification has been

successfully documented by various researchers using various catalysts (acid or alkaline

8



and homogeneous or heterogeneous) for different applications. There is currently no
report on studies of the kinetics of polyglycerol production from pure or crude glycerol.
In principle, in situ conversion of glycerol to polyglycerol is possible but has not been
reported. The reaction would combine transesterification and etherification in a single
process. Furthermore, this process could reduce the methanol-to-oil molar ratio below
that (6:1) used in the conventional method, significantly changing biodiesel production

economics.

1.2 Aim and Objectives

The principal aim of this research is to develop and understand the new intensified
conversion process by converting the glycerol produced when producing biodiesel into
value-added products in situ via reactive coupling, and in so doing, reduce the excess

methanol requirement.

This aim shall be achieved through the following objectives:

1. To understand the effect of process variables on the production of polyglycerol
from pure glycerol. The effect of acid (H2S0a4) catalyst concentration (0 — 6 wt%),
temperature (130 — 160 °C), and reaction time shall be study in a pressurised
vessel.

2. Data shall be collected from the glycerol polymerisation process to develop the
kinetic rate expressions. The model shall be simulated using MATLAB to fit the
experimental result.

3. Process variables in co-production of biodiesel and added value products from
extracted vegetable oil using reactive coupling shall be study in a modify reaction
rig. Low molar ratio of methanol to triglyceride, suitable temperature, and catalyst
concentration shall be used with reaction time of up to one hour.

4. To develop and validate a kinetic model for the reactive coupling, it should help
establish insight into the reaction and determine optimal conditions. The model
shall be simulated to fit the experimental data using MATLAB.

5. Parametric study of combined reactive extraction and reactive coupling for

biodiesel and added value products shall be studied using rapeseed. The modified



reaction rig shall be use for the study with similar reaction temperature but higher

molar ratio (150:1 — 450:1).

1.3 Scope

This study will be limited to glycerol conversion to polyglycerol and simultaneously
biodiesel production from the seed using a novel method (combined reactive extraction
and reactive coupling). The conversion rate of the crude glycerol shall also be examined
together with the degree of polymerisation. The study will also monitor the extent of
methanol consumption, emphasising reducing short-chain alcohol during

transesterification.

Different authors have studied the production and characterisation of polyglycerol from
pure and crude glycerol and their works documented (Kumar et al., 1984, Gholami et al.,
2014, Ardila-Suarez et al., 2015, Anuar et al., 2013, Garcia-Sancho et al., 2011, Gholami
et al., 2013a, Guerrero-Urbaneja et al., 2014, Bookong et al., 2015, Ayoub et al., 2014,
Garti et al., 1981, Soi et al., 2014, Salehpour and Dubé, 2012, Sivaiah et al., 2012).
However, the detailed reaction kinetics of the process are not apparent in the literature.
Also, the interaction of the process variables should be studied. The production of
polyglycerol and other value-added products in a single pot has never been considered,
nor has the rate at which the polymers are produced during the process. The kinetic
model should predict the production of polyglycerol at a given condition of the reaction

and aid process design.

The biodiesel and polyglycerol simultaneous production will add value to the crude
glycerol in a single step. In conventional processes, biodiesel is produced separately, and
the crude glycerol is converted to the polymer, making the process time-consuming,
thereby adding to the cost of the biorefinery. This method will also reduce the
consumption of methanol. Since excess alcohol is required for the efficient production
of fatty alkyl esters, the removal of glycerol by conversion into other value-added
products can reduce the excess alcohol use. This can be achieved through Le-Chatelier’s
principle by continuous removal/conversion of one of the co-products. This is based on

the second law of thermodynamics in which the entropy (S) predicts if the reaction is

10



reversible (Sfinal = Sinitial) Or irreversible (Sfinal > Sinitial). The entropy can be related to Gibbs

free energy and enthalpy as shown in the equation below.
AG = AH — TAS 1.1

At equilibrium, AG is zero (0) hence the reaction stops. However, when AG is not zero,
the reaction occurs either favouring the forward or backward reaction until equilibrium
is achieve. With the process intensification such as reactive coupling, the equilibrium

constant is altered thereby changing the Gibbs free energy.

Similar process occurs with reactive extraction and has been studied for biodiesel
production. The combination of reactive extraction and reactive coupling will decrease
production cost with the simultaneous production of biodiesel and polyglycerol. The
study of the process variables for the production will help determine the best conditions

and the extent of the excess methanol used.

1.4 Summary of Chapter One

The increasing population of the world increased the demand for energy with fossil fuel
in fore front of the energy source. Due to its environmental effect, increasing economy,
employment opportunities, and government policies, renewable energies were
researched and utilised to consolidate the fossil fuel. Biodiesel as example of such
renewable energy have been produced commercially by reacting triglyceride with an
alcohol in the presence of a selected catalyst. Glycerol is the by-product of the reaction,
which requires series of steps for purification. The use of reactive coupling technique
was introduced as a novelty to convert glycerol by-product to added value products in a
single-pot during biodiesel production. The major achievements expected from this
research is the reduction in the use of the molar ratio of vegetable oil to alcohol, fast
triglyceride conversion to biodiesel using acid catalyst, and reduction/free glycerol by-

products in biodiesel production.

1.5 Outline of the Thesis

This thesis is presented in a sequence of five chapters. The results from this report were

obtained from experimental work performed.
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Chapter 1. Introduction. The introduction explains the background and motivation for

this research.

Chapter 2. Literature Review. The review includes a brief history of the biodiesel process
and the techniques (conventional and intensification processes) of biodiesel production.
It also includes the effect of the process variable and the kinetics of the process. The
chapter also reviewed the various process for the valorisation of glycerol. The various
product reviewed includes polyglycerol, acetins, acetals, alkyl tert-butyl ether, ethyl

ether, acrolein, hydrogen, and acrylic acid.

Chapter 3. Materials and Methods. The procedure for glycerol conversion to
polyglycerols was reported. Then, the steps involved in reactive coupling for biodiesel
and glycerol valorisation was explicitly reported. It was then followed by the steps for
the combined reactive extraction and reactive coupling method. The analytical tools and
conditions are also reported. A kinetic model for glycerol to polyglycerol is developed

and then extended to reactive coupling.

Chapter 4. Results and Discussion. This chapter covers:

i.  The production of polyglycerol from pure glycerol. The yield and selectivity of
the different oligomers formed during the reaction were examined and
compared to previous authors. Other side-products were investigated.
Development of a kinetic model, iteration, and comparison to the result.

ii.  Full reactive coupling experiments, as a function of various variables with
comparison to related literature.

iii.  The kinetics for the biodiesel production was studied and combined with the
kinetics for the etherification. The model obtained was simulated with MATLAB
and compared with the experimental result.

iv.  Combined reactive extraction for biodiesel production and reactive coupling of
glycerol valorisation.

Chapter 5. Conclusions and Further Work. This chapter is a summary of the whole

work reported in the previous chapters.
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Chapter 2. LITERATURE REVIEW

2.1 Biodiesel and Biodiesel Production

Biodiesel is an alkyl ester produced mainly through the transesterification of vegetable
oil, animal fat, grease, or waste vegetable oil with short-chain alcohol (usually methanol
or ethanol) (Wang et al., 2005). The reaction proceeds in the presence of a suitable
catalyst, which can be homogeneous, heterogeneous or enzymatic (Ma et al., 2017). In
most of the processes, inexpensive homogeneous alkaline catalysts such as NaOH or

KOH is used.

The biodiesel can be used in a Diesel engine directly or as a blend of fossil diesel fuel
without necessarily changing the engine specification (Galadima and Muraza, 2016,
Sanli and Canakci, 2008). The use of biodiesel can also raise the social well-being of
developed and developing nations, via creating job opportunities and increase the
economic status of nations through enhanced energy security, particularly for fossil fuel-

poor nations, with substantial arable land (Liu et al., 2017, Saifuddin et al., 2015).

The use of biodiesel considerably increased Worldwide over the last 20 years. This has
been mainly driven by government policies aimed at increasing the use of renewable,
environmentally friendly fuels, and reducing fossil fuel dependence (Muthukumaran et
al., 2017b, Galadima and Muraza, 2016, IEA, 2019). World energy demand is predicted
to increase by 1.3 % yearly to 2040 (IEA, 2019). The production and utilisation of
alternative energy sources, such as biodiesel, have been encouraged to meet this
demand. The industrial and domestic use of renewable energy sources can reduce
greenhouse emission compared to fossil fuel. These led to no increase in CO; emission

between 2018 and 2019 with 33 gigatonnes (Gt) of CO, equivalent (IEA, 2019).

2.2 History of Biodiesel Production

The conventional biodiesel production method is via the transesterification reaction
with extracted vegetable oil or animal fat as feedstock (Fan et al., 2011, Tremblay et al.,
2008). The fuel can also be produced by an in situ (Reactive extraction) method using
the oilseed directly as feedstock (Shuit et al.,, 2009, Kasim and Harvey, 2011). The

method used and the feedstock account for the high percentage cost of production. This
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implies that research into various feedstocks and methods to intensify the process is

necessary (Lim and Lee, 2013, Alptekin and Canakci, 2011).

Biodiesel production and utilization started in the 1890s by applying pure vegetable oil
as fuel in the Diesel engine by Dr Rudolph Diesel (Pahl, 2008). The main idea behind the
invention was to increase efficiency over existing steam engines and provide an engine
more suited for agricultural purposes (Demirbas, 2008). Dr Diesel patented the
compression ignition engine in 1893. The application of peanut oil (vegetable oil) on the
Diesel engine was first used in 1900 at the World’s Fair in Paris (Demirbas, 2008,
Demirbas, 2005). With the growth in crude oil and its products during the 1900s, Diesel
engines were changed to be suitable for the petrol Diesel (Pahl, 2008). As the energy
demand increased, and problems in obtaining fossil fuel during World War Il were
confronted, vegetable oil was again investigated. However, problems were encountered
in making vegetable oil work with the new Diesel engines due to its high viscosity

(Abdalla and Oshaik, 2013).

Pyrolysis, blending with different solvents, and emulsifying with water or alcohol were
some of the methods investigated to reduce the vegetable oil's viscosity. These methods
present significant technical issues that need to be overcome for large-scale applications
to fuel production (Pahl, 2008). E. Duff and J. Patrick in 1853 were the first to work on
the transesterification of vegetable oil. However, no application of the product as a
source of fuel was mentioned (Abdalla and Oshaik, 2013, Demirbas, 2008). In 1937 G.
Chavanne, a Belgian inventor developed transesterification for reducing the viscosity of
vegetable oil to be used in a Diesel engine without the requirement for significant
adjustments to the engine (Krahl et al., 2010). Chavanne used ethanol as the short-chain
alcohol for the reaction granted a patent for converting vegetable oil to useful fuels.
This was the start of biodiesel production, though it was not named biodiesel until 1984.
Since then, there have been numerous investigations into the production of biodiesel
(Knothe et al., 2005, Demirbas, 2008). However, methanol is nowadays used due to it

higher reactivity and absorb less water than ethanol (Musa, 2016).

The first commercial biodiesel plant was constructed in Austria in 1987. By 1992,
commercial production was established across Europe and in the United States. In 2004,

the number of biodiesel plants in the United States had increased to 25. Data shows
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global production in 2005 to be over 1 billion gallons and increased to 1.3 billion gallons
in 2006 as reported by the United States Environmental Protection Agency (EPA)
Moderated Transaction System (EMTS). In 2013 biodiesel production in the United
States alone exceeded 1.3 billion gallons. Strong growth in the production of over 1.7
billion gallons was produced in 2019 (see Figure 2-1). Massive increase was also
observed in United Kingdom from 175 million liters in 2010 to 573 million liters (see

Figure 2-2).
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Figure 2-1: US biodiesel production from 2001 to 2020. Source:
https://www.statista.com/statistics/509875/production-volume-of-biodiesel-in-the-us/
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Figure 2-2: Biodiesel production in UK from 2010 to 2019 in million liters. Source:
https://www.statista.com/statistics/791692/biodiesel-production-united-kingdom-uk/.
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2.3 Methods of Biodiesel Production

There are different methods for biodiesel production. Among the most reported in the
literature is the conventional and reactive extraction (in situ) methods. Others include
microemulsion, supercritical fluid, ultrasound-assisted, membrane technology,

microwave-assisted, and microreactor.

2.3.1 Microemulsion

Microemulsions reduce vegetable oil viscosity by isotropic mixing of the vegetable oil to
solvent (usually methanol, ethanol, or 1-butanol) and surfactant (Bora et al., 2016). The
surfactant (amphiphilic molecules either ionic or non-ionic) lowers the surface tension
and improves the vegetable oil and solvent miscibility. Unlike conventional methods
that require catalysts, microemulsions do not require any catalyst. However, surfactants
are necessary, which in some cases are effectively more expensive than the catalyst used
for the conventional method. Some surfactant and co-surfactants used in previous work

are shown in Table 2-1.

Table 2-1: Review of biodiesel production using microemulsion method

Feedstock Solvent Surfactant Reference
Soybean oil Methanol lipase Tan et al. (2014)
Waste cooking | Ethanol 1-butanol Bora et al. (2016)
oil
Canola oil Ethanol Carboxylate-base Attaphong et al. (2012)
Jatropha Ethanol Ethylene oxide Sankumgon et al. (2018)
curcas oil
Canola oil Ethanol Carboxylate-base, Ethoxylate, Attaphong and Sabatini (2013)
Sorbitan monolaurate, Sorbitan
monooleate, Sorbitan trioleate, Oleyl
alcohol
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Algae, Canola, | Ethanol Oleyl alcohol, Oleyl amine, 2 Ethylhexanol, 2 | Do et al. (2011)

Palm oil Ethylhexylnitrate, n-Octanol, Ethylene glycol
butyl ether
Peanut oil Rhamnolipid, Sophorolipid, Lecithin, Sodium | Nguyen et al. (2010)

bis(2-ethyl) dihexyl sulfosuccinate, Oleyl

alcohol

Another drawback of this method is the deposition of carbon and incomplete
combustion in the Diesel engine (Ma and Hanna, 1999). Most of the previous work (as
shown in Table 2-1) used ethanol for the formulation. This result to lower miscibility
with diesel. The formulation with vegetable oil is also less stable than formulation with
diesel (Attaphong et al., 2012). Another drawback from this method is the selection of
suitable surfactant and co-surfactant. Due to the environmental friendliness, surfactant
and co-surfactant that do not contained nitrogen and sulfur are encouraged (Bora et al.,

2016).

2.3.2 Process Intensification Methods for Biodiesel Production

According to Reay et al. (2013), process intensification is “Any chemical engineering
development that leads to a substantially smaller, cleaner, safer and more energy
efficient technology”. For a process to be intensified, it is expected that one or more of
the following point is achieved;

I.  Capital investment is appreciably reduced

I. Reduce operating cost

lll.  Reduced energy usage

IV. Increase quality
V. Increased process flexibility and inventory reduction
VI.  Process safety
VIl.  Better environment
VIIl.  Size reduction
IX.  Increase speed of the process

X. Reduced waste

(Reay et al., 2013, Kiss, 2014, Klemes and Varbanov, 2013)
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Process intensification in biodiesel production is necessary due to wastewater
generated, high energy requirement, thermodynamic equilibrium, limited mass
transfer, and multiple downstream processing (Shuit et al., 2012). Various techniques
has been applied for the intensification of biodiesel production process. These methods
are used to either reduced reaction time, increase quality of the product, reduced size
of the reaction process, or decrease both capital and operating cost. Some of these
methods include membrane technology, microwave irradiation, supercritical,

ultrasound, oscillatory baffle reactors (OBR), and micro reactors.

2.3.2.1 Membrane Technology

Membrane technology also refer to as membrane-based reactive separator combines
transesterification and separation technology. The membrane act as a barrier and
regulate the flow of substances with different mass transfer rates. The mass transfer is
controlled by the permeability of the membrane. The process simultaneously reacts and
separates the glycerol from the product stream or retain the unreacted triglycerides

from the FAME produced, as shown in Figure 2-3.

FAME,
glycerol,
methanol, catalyst

il

® ® ® @
] glycerol
Cross @ @ @ @ methanol, catalyst

flow

Membrane

Stainless steel shell

Figure 2-3: Membrane technology for biodiesel production (Cao et al., 2007).

This method has an added advantage of separating the unreacted triglyceride from
FAME, reducing the side reaction, and recycling needs (Baroutian et al.,, 2011).
Membrane technology has been applied in biodiesel production and Table 2-2 below

shows some previous studies.
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Table 2-2: Review of biodiesel production using membrane technology.

Feed Catalyst Membrane Reaction Conversion Reference
pore size (um) conditions (%)

Canola oil H2S04, NaOH | 0.05 60 — 70 °C, 6 h, | 96 Dubé et al.

0.5 - 6 wt%, 138 (2007)
kPa

Canola, NaOH 0.02 65°C,1h,37-43 Cao et al.

Soybean, Palm, kPa (2008a)

Yellow grease

Canola oil NaOH 0.02 65 °C, 8 h, 173 | >90 Cao et al.

kPa (2008b)

Waste cooking | PSSA/PVA 8h, 64°C 92 Zhu et al.

oil (2010)

Canola oil NaOH 20 — 60 °C, 2 h, | 100 Cheng et al.

0.05-0.5 wt% (2010)

Palm oil KOH/palm 0.05 50-70°C >90 Baroutian et
shell al. (2011)
activated
carbon

Canola oil NaOH 0.05-1.4 55 °C, 0.5 wt%, | 99 Cao et al.

550 kPa, 2.5 h (2007)

Canola, Corn, | H2S04 0.03 90 kPa, 65 °C, 6 h, Falahati and

Sunflower, Soy, 0.5-1.4 wt% Tremblay

Waste cooking (2012)

oil

The method is expensive for a targeted application and poor separation (Atadashi et al.,
2011). The technique also support leaching when reaction is perform with solid catalyst,
limited to the shape of the material to be filtered and pore size of the membrane

(Atadashi et al., 2011, Atadashi et al., 2013).

2.3.2.2 Supercritical Fluid

This method produced biodiesel at the supercritical condition. The biodiesel is produced
in the absence of a catalyst with a short reaction time. Feedstock such as grease, animal
fat, or high free fatty feedstock is more suitable for biodiesel production than

conventional transesterification. Some drawbacks of the method include the need for
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high temperatures (above 250 °C), high pressures (above 10 MPa), and high alcohol

(usually methanol or ethanol)-to-oil molar ratio (Marulanda et al., 2010b, Velez et al.,

2012). These conditions make the method uneconomic even on a large-scale, hence may

have fewer industrial competitors. Some of the documented works are reviewed in the

Table 2-3 below.

Table 2-3: Review of biodiesel production using supercritical method.

Feed Methodology Yield (%) Reference
Supercritical Molar Temp Pressure
ratio (°C) (bar)
Lamb fat CO2 5:1 - | 45-50 200 53.5 Al-Zuhair et al.
20:1 (2012)
Palm oil Ethyl acetate 30:1 380 160 90.9 Komintarachat et
al. (2015)
Waste Methanol 37:1 253.5 198.5 91 Aboelazayem et
cooking oil al. (2018a)
Jatropha oil Methyl 20:1 - 330 47 68 Niza et al. (2013)
acetate 60:1 420
Sunflower oil | Ethanol 40:1 300 165-200 |91 Velez et al. (2012)
345
Waste canola | Methanol 1:1-2:1 | 240 100 102 Lee et al. (2012)
oil 270
Chicken fat Methanol 3:1-6:1 | 300 411 88 Marulanda et al.
400 (2010b)
Waste Methanol 20:1 - | 240 85-185 98.8 Aboelazayem et
cooking oil 40:1 280 al. (2018b)

From Table 2-3, it is clear that high yield is achieved with supercritical method. However,

high molar ratio, temperature, and pressure is required which makes the method

economically not viable.
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2.3.2.3 Ultrasound-Assisted

The ultrasound-assisted method is frequently used on low-cost feedstocks with a high
free fatty acid such as animal fat. It is performed in ultrasound condition with low
frequencies between 20 — 40 kHz and without a mechanical stirrer (Veljkovi¢ et al.,
2012). When compared to the conventional method, the ultrasound-assisted method
produces biodiesel faster. The method is also known for the high yield of biodiesel
production and less energy requirement (Tan et al., 2019). Table 2-4 shows review of

previous literatures using different catalyst type.

Table 2-4: Review of biodiesel production using ultrasound-assisted method.

Feedstock Frequency | Power | Catalyst type Operation Yield Reference
(kHz) (W) conditions (%)
Blend of non- | 35 35 Thermomyces | Methanol, 4:1- | 94 Malani et al.
edible oil lanuginosus 10:1, 1-5 wt%, 25- (2019)
(WCO 30%, 45 °C, 120 min

crude palm
oil 30%,
rubber 25%,
jatropha 15%

Sunflower oil | 24 200 NaOH Methanol, 7:1, 1-2 | 95 Georgogianni
wt%, 60 °C, 5-60 et al. (2008)
min

Orechromis 40 60 H2S04 Methanol, 3:1-9:1, | 98 Santos et al.

niloticus oil 30 °C, 0.5-2 wt%, (2010)

90 min

Coconut oil 40 132 Novozym 435 | Ethanol, 40-70 °C, | 80 Michelin et
5-20 wt%, 3:1- al. (2015)
10:1, 360 min

Canola oil 20 60 Ca0, calcined | Methanol, 4:1- | 99 Korkut and

dolomite, 12:1, 45-60 °C, 75- Bayramoglu
calcium 135 min (2018)

diglyceroxide

Palm fatty | 25 1000 H2S04 Isopropyl, 3:1-9:1, | 80 Deshmane et
acid distillate 30-60 °C, 5 wt%, al. (2009)
360 min
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Solid food | 40-70 H2S04, Methanol, 4.5:1- | 94 Carmona-
waste oil 6.5:1, 0.8-2 wt%, Cabello et al.
40-65 °C, 120 mins (2019)
Canola oil 20 20-50 Calcined Methanol, 4:1- | 97 Korkut and
dolomite, 15:1, 3-7 wt%, 25- Bayramoglu
Ca0 60 °C, 60-120 min (2016)
Neat 28-40 400 NaOH Methanol, 6:1, | 98 Stavarache
vegetable oil 0.5-1.5 wt%, 25 °C, et al. (2003)
10-40 min

High yield is produced using ultrasound-assisted method. However, the method requires
high catalyst concentration which increases the waste generation and cost of

production.

2.3.2.4 Microwave-Assisted

This method uses electromagnetic waves within the frequencies of 0.3 — 300 GHz and
wavelengths from 0.01 — 0.1 m (Motasemi and Ani, 2012). It has an advantage of short
reaction time, and higher yield when compared to conventional transesterification
(Khedri et al., 2019). Microwave-assisted method of biodiesel production do not
improved mixing, rather utilized irradiation to directly transfer energy to the mixture.
This makes the method faster than the conventional method used (Qiu et al., 2010, Shuit
et al., 2012). Microwave-assisted transesterification is suitable for low-cost feedstocks
with high free fatty acid (Nayak and Vyas, 2019, Jaliliannosrati et al., 2013). This is
because of its effective heat transfer. Table 2-5 below is the review of some previous

studies performed using microwave-assisted technique.

Table 2-5: Review of biodiesel production using microwave-assisted method.

Feedstock Power Catalyst type Operation conditions Yield Reference
(W) (%)
Papaya oil 700 NaOH Methanol, 3:1-15:1, 0.5- 99 Nayak and Vyas
1.5 wt%, 50-70 °C, 0.5- (2019)
10.5 min
Waste cotton 900 KOH, CaO Methanol, 6:1-12:1, 0.3-2 | 96 Sharma et al.
seed cooking oil w/w%, 6-12 min, 50 °C (2019)
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Waste cooking oil | 100- H2S04 Methanol, 1:0.1, 0.17-1 Supraja et al.
400 min, 1 wt% (2020)
Wet microalgal 700 lonic liquid (1-ethyl- Methanol, 4:1-12:1, 65-95 | 40.9 | Wahidin et al.
3- °C, 5-25 min, methanol to (2018)
methylimmidazolium | ionic liquid 1:0.5-1:1
methyl sulphate)
Waste cooking oil | 10 —55 | Novozym 435 Dimethyl carbonate, 2:1- 94 Panadare and
9:1, 5-15 w/w%, 300 min, Rathod (2016)
50-80 °C
Rapeseed oil 1000 KSF montmorillonite | Methanol, 9:1-18:1, 170 56 Mazzocchia et al.
°C, 10-60 min, 10 %w/w (2004)
Palm Qil 900 KOH Methanol, 2-10 min 97 Jimmy (2015)
Palm oil 450- CaO from eggshell Methanol, 12:1-24:1, 5-15 | 97 Khemthong et al.
900 wt%, 1-4 min (2012)
Coconut oil, rice 800 NaOH Ethanol, 9:1, 0.5-1 min, 1 100 Lertsathapornsuk
bran oil, Waste % et al. (2005)
cooking oil
Jatropha curcas 110 H2S04/KOH Ethanol to seed 10.5 90 Jaliliannosrati et

%(v/w), 7.5 wt%, 35 min

al. (2013)

Generally, the method produced biodiesel with high yield and short reaction time.

However, the method still has fewer industrial competitors due to the high capital cost.

2.3.2.5 Micro-reactor

Micro-reactor is an emerging technique with a reduced internal dimension of between

1000 — 10 um for the continuous reaction. Transesterification with a micro-reactor has

fast conversion, reduced mass, and energy transfer limitation. This is due to the high

surface area to volume ratio created in the channel (Pontes et al., 2017). Due to the high

heat transfer rate with micro-reactors, it has the tendency to consumed less energy

when compared to stirrer tank reactor (Shuit et al., 2012). Review of some previous

studies on biodiesel production using micro-reactor are shown in Table 2-6 below.
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Table 2-6: Review of biodiesel production using micro-reactor method.

Feedstock Reactor Catalyst Operation conditions Yield Reference
Cat. | Temp | Residence | Molar | (%)
(wt%) | (°C) | time (min) | ratio

Palm oil i.d=1.6-0.58 mm | KOH 0.5-5 60 1-3 21:1 98.8 | Azametal.
| = 1000 mm (2016)
T-shape

Soybean oil | I=1.07 m NaOH 0.55- 40-75 | 0.3-0.47 4:1- 99.5 | Wenetal.
dn=0.24-0.9 15 17:1 (2009)
zigzag

Rapeseed i.d=0.25 mm KOH 1 60 6 6:1 99 Sun et al.

Cottonseed | =30 m (2008)

Microalgal | i.d=0.25 mm H2S04 2 80- 10-35 Liu et al.
I=20 m 100 (2018)
Y-shape

Vegetable NaOH 1 60 25 6:1 100 Fatoni et al.

oils (2018)

Soybean oil | dp=1-10 mm NaOH 55-65 | 15 6:1 100 Kalu et al.
w=2mm (2011)
I=15.24 cm
T-shape

Microalgae | i.d=0.5 mm DBSA 1-15 30- 5-30 5:1- 99 Jazie et al.
=500 mm 140 50:1 (2020)
T-shape

Sunflower | i.d=0.076 mm NaOH 60 4 6:1 99 Lépez-

oil [=5m Guajardo et

al. (2011)

Castor oil I=1m NaOH 1 50 10 12:1 93.5 | Martinez Arias
dh=0.5 mm etal. (2012)
T-Shape

High yield and short residence time is obtained using micro-reactor. As shown in Table

2-6, micro-reactor technique requires high molar ratio. Another drawback of this

method is the industrial scaling and volumetric production.
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2.3.2.6 Oscillatory Baffled Reactor (OBR)

Oscillatory baffle reactor has been referred to as a plug flow reactor in a continuous

state. The reactor contains equally spaced orifice plate baffles combined with oscillatory

flow. This increase mixing by the production of vortices thereby increase mass and heat

transfer (Shuit et al., 2012, Phan et al., 2011, Qiu et al., 2010). Also, the technique has

advantage of an improved residence time distribution and multi-phase suspension.

Figure 2-4 below shows different configurations of oscillatory baffled reactors.
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Figure 2-4: Oscillatory baffled reactors with different configurations (Bianchi et al.,
2020).

According to Qiu et al. (2010), the techniques has low capital cost, reduced cost of

pumping, and easy to control due to the smaller length to diameter ratio. Table 2-7

below show previous studies on biodiesel production using oscillatory baffled reactors.

Table 2-7: Review of biodiesel production using oscillatory flow reactor method.

Feedstock Reactor Catalyst Operation conditions Yield Reference
Cat. | Temp | Residence | Molar | (%)
(wt%) (°C) | time (min) | ratio
Waste i.d=14.4cm, o.d= | NaOH 1 60 20-30 6:1- 78.8 | Garcia-Martin
cooking oil | 17.4 cm, h=110 10:1 et al. (2018)

cm, 0.33-0.67 Hz
6 baffles, 15.3 cm
space, Discd=5

cm
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Rapeseed d=5mm, =340 KOH 60 10-40 4:1 - >90 Phan et al.
oil mm, baffles 12:1 (2011)
(central sharp-
edge and helical-
[round cross-
section wire and
sharp-edge
helical])
Rapeseed =340 mm, v=20 KOH 0.35- 60 5-15 >95 Phan et al.
oil mL, baffles CH3ONa | 1.5 (2012)
(integrally baffled,
wire wool, and
sharp-edge
helical)
Rapeseed i.d=25mm, |=1.5 | NaOH 20-70 | 10-30 Harvey et al.
oil m, i.v=1.56 dm? (2003)
Waste I=70cm, i.d =15 NaOH 44 6 92 Mazubert et
cooking oil | mm, spaced = 26 H2S04 al. (2014)
mm, 0.4—-1.4 Hz
Hexanoic i.d=5mm, =340 | PrSOsH- | 5 60 30-60 6:1 Eze et al.
acid mm, df=2.5mm, | SBA-15 (2013)
spaced =7.5 mm
Waste d=0.06m, h=0.55 | KOH 1 40-60 | 5 6:1 81.9 | Soufietal.
cooking oil | m, 2.4 —-4.9 Hz, (2017)
spaced = 0-05 —
0.09 m
Waste V=300 mL, I= KOH 2.5- 65 0.6-1 9:1- 98 Santikunaporn
cooking oil | 448.5cm, i.d=6 H2S0a4 3.5 15:1 et al. (2020)
mm, spaced= 14.5
mm, 0-8 Hz
Vegetable i.d=5mm, [=20 NaOH 4.2 60 30-40 6:1 >98 | Zhengetal.
oil cm, meso tube (2007)
(d=5mm, A=
15.2 mm, 6=6.4
mm), 6-15 Hz

High yield of biodiesel and short residence time is possible for the production of

biodiesel using oscillatory flow reactors. However, the drawback from this technique is
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the complicated design of the reactors and difficulty with a viscous fluid. The method is

currently not use for commercial biodiesel production.

2.3.3 The “Conventional Method”

The conventional biodiesel production method transesterified the oil/fat/grease
feedstock with short-chain alcohol. Transesterification is currently by far the most
widely used commercial method of biodiesel production across the globe. Typically, in
this process, following pretreatment steps such as drying and grinding (Salimon et al.,
2010), oil is extracted from the oilseeds using a solvent (Islam et al., 2015, Bhuiya et al.,
2016) and mechanical press (Subroto et al., 2015, Ahmad et al., 2016) or (more usually)
a combination of the two methods (Tan et al., 2017) for optimal extraction. The
extracted oil contains impurities such as sterols, odour, water, and free fatty acids,
which in most cases are removed before use (Ma and Hanna, 1999). Error! Reference
source not found. is a flow diagram showing the biodiesel production process. After
extraction, the oil is esterified (if the FFA exceeds 0.5 wt% ) to remove free fatty acids
(Lotero et al., 2005) by reaction with short-chain alcohol in the presence of an acid
catalyst, usually sulphuric acid. The esterification reaction conditions mainly depend on
the feedstock FFA and water content (Lotero et al., 2005). During this step, the free fatty
acid in the vegetable oil is converted into esters (Lotero et al., 2005, Lotero et al., 2006,
Tesser et al., 2010). The esterified sample is then dried. The next step is
transesterification of the triglycerides to their alkyl ester, biodiesel. The reaction rate of
this step is much higher with a base catalyst than an acid. However, the base catalyst
can only be used if the feedstock's free fatty acid is reduced to < 1 %. Otherwise,
saponification will occur simultaneously as the biodiesel reaction, converting at least
some of the triglyceride into soap rather than biodiesel (Fadhil et al., 2017, Ong et al.,

2013a). It can also consume the catalyst since FFA can react directly with the catalyst.
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Figure 2-5: Process flow diagram for conventional biodiesel production.

The two phases resulting from the transesterification reaction, the GRP (glycerol-rich
phase) and the BRP (biodiesel-rich phase) are separated by gravity. The BRP is purified
by neutralising the catalyst used, wet-washing with warm water repeatedly,
centrifuging, and drying (Figure 2-5). The alcohol and glycerol purification is performed
using the various technique (neutralisation, distillation, adsorption, ion-exchange,
crystallisation, decantation, filtration). For high purification, some of the techniques are
used in combination. This increases the cost of production. One benefit this current
work wishes to achieve is eliminating the "alcohol recovery and glycerol purification"

section.
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The conventional method varies with the catalyst type. This includes homogeneous
alkaline and acidic, heterogeneous alkaline and acidic or enzyme-catalysed methods as
reported by various authors (Atadashi et al., 2013, Saifuddin et al., 2015, Manique et al.,
2017, Lotero et al., 2005, Demirbas, 2009).

2.3.3.1 Homogeneous base-catalysed transesterification

Base-catalysed transesterification is favoured due to its fast rate compared to acid-
catalysed transesterification. It is not corrosive and does not produce water. Complete
triglyceride conversion can be achieved within 30 — 60 minutes. However, for quality
biodiesel production, the feedstock must have it FFA less than 0.5 wt%, else the reaction
produced soap. This means the feedstock (if FFA is greater than 0.5 wt%) must be
purified or pretreated (with an acid catalyst) before transesterification with alkaline.
Also, after transesterification, the waste must be adequately managed. Some examples
of these catalysts include sodium hydroxide (NaOH), potassium hydroxide (KOH),
sodium methoxide (CH3ONa), and potassium methoxide (CHsOK). Table 2-8 below

includes previous work using the alkaline catalyst for biodiesel production.
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Table 2-8: Review of biodiesel production using base catalyse

Feedstock Process variables Result Reference
Catalyst Temp Ratio Conc. Time Conv Yield
(°C) (wt%) | (mins) (%) (%)
Silybum KOH 60 6:1 09 100 95 Fadhil et al.
marianum (2017)
Chicken fat NaOH 25-60 | 6:1 1 60 - >90 Alptekin
KOH 360 and Canakci
CH3ONa (2011)
CHs3OK
Sunflower oil | NaOH 65 6:1 1 85.9 Vicente et
KOH 91.7 al. (2004)
CH3ONa 99.3
CH30K 98.5
Cottonseed NaOH 53 7.9:1 1 45 97 Fan et al.
oil (2011)
Sunflower oil | NaOH 30-60 | 6:1 05-1 | 120 94-99 | 97.1 Rashid et al.
KOH (2008)
CH3ONa
CH30K
Waste CH3ONa 60 6:1 -]106-3 |0.5-60 98 Eze et al.
cooking oil 18:1 (2018)

From Table 2-8, it can be concluded that high biodiesel yield is produced with a base
catalyst within 60 minutes. However, the process still required additional process to

recover the excess alcohol and purify the glycerol.

2.3.3.2 Homogeneous acid-catalysed transesterification

The yield of biodiesel with an acid catalyst is high, although the reaction is (4000 times)
slower and requires a high molar ratio (Lotero et al., 2005). These make it a less
favourable technique for commercial purposes. It is corrosive and produces water.

However, it is suitable for feedstock with high FFA. Examples of this catalyst include
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hydrochloric acid (HCI), sulfuric acid (H2S0a4), sulfonic acid (H2S0s3), and ferric sulfate

(Fe2(S0a4)3).
Table 2-9: Review of biodiesel production using acid catalyse.
Feedstock Process variables Result Reference
Catalyst Temp Ratio Conc. Time Conv Yield
(°C) (wt%) (mins) (%) (%)
Used frying | H2SO4 65 3.6:1 0.1 2400 64—-79 | Nye et al.
oil (1983)
Trap grease H2S04 95 35:1 11.27 275 ~90 Wang et al.
(2008)
Soybean oil H2S04 25-60 | 30:1 1-5 2880 — 98.4 Canakci and
5760 Van Gerpen
(1999)
Waste tallow | H2SO4 50-60 | 30:1 1.25 - | 1440 93-99 Bhatti et al.
5 (2008)
Waste frying | H2S04 70-80 | 174:1- 240 99 Zheng et al.
oil 245:1 (2006)

Table 2-9 shows the review of transesterification with an acid catalyst. It can be
concluded that high biodiesel yield or conversion is achieved using feedstocks with high
FFA. However, the process required long reaction time and a high molar ratio. It also
requires recovery of the excess alcohol and purification of both biodiesel and glycerol

by-product.

2.3.3.3 Heterogeneous base-catalysed transesterification

The advantages of homogeneous base catalysts were fast reaction and high yield. Apart
from the waste generated after neutralisation with an acid, the catalyst cannot be
recovered. It is also not suitable when used in feedstocks with high FFA and water
content. On the other hand, a solid base catalyst is reusable and can be used in a

continuous fixed bed reactor. It also has high activity and achieved good yield with a
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moderate condition. However, the reaction rate is also slow, and the catalyst is leached
during transesterification. Some of these catalysts have complicated preparation steps

and expensive. Examples of this catalyst include CaO, ZnO, Ca(OH),, and MgO.

Table 2-10: Review of biodiesel production using solid base catalyse.

Feedstock Process variables Result Reference
Catalyst Temp | Ratio | Conc. | Time | Conv | Yield
(°C) (wt%) | (mins) | (%) | (%)
Soybean Zeolite/ 65 9:1 30 180 95 Wu et al. (2013)
oil Cao
Jatropha Wood ash/ | 65 12:1 180 97 - Sharma et al. (2012)
oil K2CO3 and 99
CaCOs
Sunflower | CaO 60 13:1 |1 90 60 — | Granados et al. (2007)
90
Fried Cao 65 6:1 5 180 92 Viola et al. (2012)
vegetable | SrO 86
oil K3POa 78
Olive oil SrQ/Si02 45 - |61 5 10 -] 95 Chen et al. (2012)
65 60
Palm Limestone | 60 30:1 | 6 180 49 Ngamcharussrivichai
kernel Dolomite 98 et al. (2007)

Although the technique achieved high triglyceride conversion and biodiesel yield (Table
2-10), it depends on the catalyst activeness. It also takes a long reaction time and a high

molar ratio.

2.3.3.4 Heterogeneous acid-catalysed transesterification

Homogeneous acid catalysts are more effective than heterogeneous acid catalysts.
However, it has a contamination problem and makes separation difficult, which
translates to a high production cost. To increase the process economic viability, the solid

acid catalyst is used in a continuous process to reduce waste generation. Solid acid
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catalyst has a low reaction rate due to low catalytic activity. This might be due to mass

transfer limitation during mixing (Semwal et al., 2011).

Table 2-11: Review of biodiesel production using solid acid catalyse.

Feedstock Process variables Result Reference
Catalyst Temp | Ratio | Conc. Time Conv | Yield
(°C) (wt%) | (mins) | (%) (%)
Castor Si-MMT-Ph-SOsH 60 12:1 5 300 90 Negm et al.
Jatropha 110 6:1 150 98 (2017)
Rubber Fe/C 50 -|91 -|45 -]|60 97 Dhawane
seed oil 60 15:1 5.5 etal.(2017)
Soybean oil | WO3/ZrO, 200 - | 40:1 1200 - | >90 Furuta et
S04/Sn02 300 6000 al. (2004)
S04/2r0>
Palm kernel | SO4/ZrO2 200 6:1 1-3 240 >90 Jitputti et
oil al. (2006)
Coconut oil
Eruca Cs2.5Ho.sPW12040 60 5.3:1 60 98 Chai et al.
sativa (2007)

The catalyst can be used in feedstocks with high FFA, although it requires long reaction
time and high temperature (Table 2-11). Also, preparing some of these catalysts is

complicated and expensive, which makes it economically not viable.

2.3.3.5 Enzyme-catalysed transesterification

Enzyme-catalysed transesterification is used on feedstocks with high FFA. Hence, it can
be used for both transesterification and esterification. This technique produced a high
yield and is environmentally friendly. Also, previous works have reported it to have high
purity and to be easily separable. However, its cost makes it uneconomic. Some
examples of such catalysts includes Candida sp, Pseudomonas cepacian, and

Pseudomonas fluorescens.
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Table 2-12: Review of biodiesel production using enzymes as catalyse.

Feedstock Process variables Result Reference
Catalyst Temp Ratio Time Yield
(%)
(°C) (mins)
Jatropha oil Candida rugosa 40 4:1 480 71 Shah et al.
Chromobacterium viscosum (2004)
Soybean oil Pseudomonas cepacia 35 7.5:1 60 67 Noureddini
et al. (2005)
Cottonseed Candida antarctica 50 1440 95 Royon et al.
oil (2007)
Jatropha oil Pseudomonas cepacia 50 4:1 480 98 Shah and
Gupta (2007)
Soybean oil Thermomyces lanuginose 30 - |31 -|180 -|92 Du et al
50 5:1 720 (2003)
Canola oil Thermomyces lanuginose 50 6:1 1440 97 Dizge et al.
(2009)
Pomace oil Thermomyces lanuginose 25 6:1 1440 93 Yicel (2011)

The catalyst is used at relatively low temperatures in a feedstock with high FFA or water
content. The technique also can easily separate the biodiesel rich phase from the
glycerol rich phase. However, the cost of the catalyst makes it economically not viable.
All the catalysts used have their merit and demerit. This can be summarised in Table

2-13.
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Table 2-13: Various catalyst effects.

Catalyst Type Example Advantage Disadvantage
Homogeneous acid | HCI, H2S04, H2S03 Used in esterification | Corrosive, waste
catalyst and transesterification, | generated, low

no soap formation, | reaction rate, high
used in feedstock with | energy consumption,
high FFA not recyclable
Homogeneous base | NaOH, KOH, CHsONa, | High reaction rate, less | Used on pretreated or
catalyst CH30K corrosive, moderate | feedstock with low FFA,
reaction condition high purification cost,
soap formation, high
waste generated
Heterogeneous acid | WO3/ZrO2, S04/Sn0, | Less waste generated, | Leaching, expensive
catalyst S04/Zr0> environmentally than homogeneous,
friendly, recyclable, | complicated
easy separation, high | preparation steps, slow
glycerol purity rate
Heterogeneous base | CaO, MgO, ZnO Less waste generated, | Leaching, expensive
catalyst environmentally than homogeneous,
friendly, recyclable, | complicated
easy separation, high | preparation steps, slow
glycerol purity rate
Enzymatic catalyst Pseudomonas cepacia, | environmentally High cost
Thermomyces friendly, high purity of
lanuginose, Candida | the  product, easy
antarctica separation

In summary, the conventional method for biodiesel production combines three
processes (extraction, esterification, and transesterification, as shown in Figure 2-5) to
achieve the desired product. However, the methods can be improved for process

intensification. One method used to do this was reactive extraction; hence, no
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purification of the vegetable oil (degumming, neutralisation, dewaxing,

dephosphorisation, dehydration) is required.

2.3.4 Reactive Extraction Methods

Reactive extraction combines extraction and transesterification in a single step, making
the production process faster with fewer process operations and equipment. The
difference between the two methods is the direct contact of the raw seed feedstock
with alcohol, in the presence of a catalyst. This makes it possible for simultaneous
extraction and transesterification to occur. The alcohol is the extraction solvent and
esterification or transesterification reagent (Shuit et al., 2009). Reactive extraction is an

intensified process of the conventional method, as shown in Figure 2-6.
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Solvent
A 4
. Drying and Solvent
Raw See Grinding Extraction

A 4

Alcohol and
i Esterification Alcohol and
Acid Catalyst Water

Alconelsnd Reactive Couplin
Base Catalyst pling

Crude Phase Crude Added value
Biodiesel Separation products

Purification
(Neutralization,
Washing, Centrifuging,
Drying)

Purification

Added value
product

Biodiesel

Figure 2-6: Process flow diagram of the reactive extraction method of biodiesel
production.
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Many studies on reactive extraction have been reported in the literature using various
feedstocks and catalyst types. Feedstocks with low FFA (free fatty acid) contents are
treated using an alkaline catalyst, while acid catalysts are used for feedstocks with high
FFA (Liu et al., 2017) or water content. There are also reports of the use of enzymes in
the reactive extraction method (Su et al., 2009). However, the high cost of the enzymes
and their denaturing due to reaction with short-chain alcohols are significant
disadvantages, due to which they have not been used commercially (Atadashi et al.,

2013). Few of the documented works on reactive extraction are reviewed in Table 2-14

below.

Table 2-14: Review of reactive extraction with various feedstock and reaction condition.

Feed Variables Yield Reference
(%)
Catalyst Mole ratio | Temp. (°C) | Time (min)
Jatropha curcas | H2SO4 7.5ml/g 60 1440 99.8 Shuit et al
(2009)
Jatropha curcas | Supercritical | 5.0mL/g 300 30 100 Lim and Lee
(2014)
Jatropha curcas | Supercritical | 10mL/g 200-300 | 45-80 103 Lim et al. (2010)
Cottonseed $208%ZrO>—~ | 5-21ml/g | 35-55 60—-1380 | 98.5 Wu et al. (2014)
TiO2—Fe304
Rapeseed NaOH 170:1 - | 60 120-240 | 80.6 Koutsouki et al.
550:1 (2016)
Solid  coconut | KOH 10mL/g 55-65 60-420 88.5 Sulaiman et al.
waste (2013)
Crude palm oil KOH 147:1 - | 60 480-660 | 97.3 Jairurob et al.
225:1 (2013)
Jatropha curcas | H2SOa4 5-20mL/g | 30-60 60-1440 | 98.1 Shuit et al
(2010)
Rapeseed NaOH 300:1 - | 60 350 > 85 Zakaria and
900:1 Harvey (2012)
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From Table 2-14 reactive extraction was successful using various feedstock, catalyst,
techniques, and reaction time. However, high alcohol and reaction are required for
higher yield. Also, similar to the conventional method, reactive extraction requires
purification of the products and recycling of short-chain alcohol. Purifying crude glycerol
increases the cost of the process (Tan et al., 2013). This encourage research on utilising
crude glycerol to produce value-added chemicals such as acrolein, acetic acid, methane,
hydrogen, or polyglycerol. Using reactive coupling as an intensification process, the

downstream can be reduced, as shown in Figure 2-6.

2.4 Glycerol and Glycerol Properties

Stoichiometrically, transesterification reaction requires 3 moles of short-chain alcohol
per mole of triglyceride, to produce 3 moles of biodiesel and a glycerol mole (Figure
2-7). However, conventional biodiesel production uses excess alcohol to increase the
rate of reaction and equilibrium conversion. This increases the cost of biodiesel
production due to the costs of excess alcohol recovery and recycling. This recovery
process is a significant part of economics, especially for small and medium biodiesel

producers, as it requires distillation.
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Figure 2-7: Transesterification based on stoichiometric.

One of the key issues in biodiesel process economics is the fate of the crude glycerol by-
product. Glycerol is an odourless and colourless viscous liquid, which is also known as

1,2,3-propanetriol (Krahl et al., 2010). It has been known since 2800 BCE as a by-product

38



in soap formation from reactions of ash and fat (Quispe et al., 2013). Glycerol is
hygroscopic and very soluble in water, because of the hydroxyl groups in its structure.
As such, it is a useful molecule. However, supply has outstripped demand for the last 20

years due to the biodiesel industry, so prices have fallen to historic lows.

Crude glycerol constitutes ~10 wt.% of the products of biodiesel production and has low
quality and market value. It is projected that global crude glycerol output will increase
significantly over the next 5 years (see Figure 2-8 (Ciriminna et al., 2014)). Currently,
crude glycerol from biodiesel production has a market value of about 0.44 $/kg,
approximately half the price (1 $/kg) for refined glycerol after purification (Corma et al.,

2008).

World crude glycerine production by sector, 2000-2025

Million tonnes
w

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
W Biodiesel mSoap  Fatty Acid ™ Fatty Alcohol © Other

Figure 2-8: Prediction amount crude glycerol around the world (Ciriminna et al., 2014).

2.5 Glycerol Valorisation from Conventional Biodiesel Processes

The enormous amount of glycerol worldwide makes it important to find an economical
way to upgrade into various valuable products. Many alternatives have been suggested,
including the production of animal feed, drugs, cosmetics, tobacco, fuel additives, waste
treatment, and production of various chemicals (Leoneti et al., 2012, Mu et al., 2006,
Papanikolaou et al., 2002, Ashby et al., 2004, Krahl et al., 2010, Yang et al., 2012). These

glycerol valorisation processes, and more, are shown in Figure 2-9.
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Figure 2-9: Possible reaction processes for glycerol valorisation.

There is a wide range of processes by which crude glycerol can be valorised. However,
to be usable in the reactive coupling, the reactions "operating windows" must overlap
with either transesterification or esterification. There must be no other unwanted side
reactions, with the other reagents introduced (the triglyceride, methanol, and acid or

base catalyst).

2.6 The Concept of Reactive Coupling in the Biodiesel Process

Reactive coupling is when two or more reactions take place simultaneously and convert
co-products of the initial reaction to the higher added value products in the subsequent
reaction. Some examples of the coupled reactions (which will be discussed later) are
shown in Figure 2-10. It is a form of a process reducing the overall number of process
steps, e.g., reducing the need to recycle methanol, in biodiesel production (see Figure
2-5 and Figure 2-6). This should reduce the capital cost of the plant, following the original

drivers of process intensification.
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Biodiesel production via reactive coupling typically involves continuous removal of one
of the products (i.e., glycerol) from the reaction mixture, which shifts the equilibrium to
the right, favouring biodiesel formation in this case. This should reduce alcohol usage in
biodiesel production and increase the revenue generated from the valorised glycerol.

Examples of such reactions are shown below.

2.6.1 Acetins

Glycerol can be valorised through esterification with acetic acid or acetic anhydride to
produce monoacetins, diacetins, and triacetins. Acetins can also be produced through
transesterification using methyl acetate with methanol as the by-product. The products
have applications in polymers and cryogenics (Kale et al., 2013, Bedogni et al., 2014).
Triacetins are used as anti-knocking agents in gasoline, diesel, and biodiesel, and as
octane boosters in gasoline to replace alkyl ethers such as mono-tert-butyl ether (MTBE)
di-tert-butyl ether (DTBE) or, tri-tert-butyl ether (TTBE) (Veluturla et al., 2017, Smirnov
et al., 2018). Triacetin also has applications in cosmetics, explosives, plasticisers, and
pharmaceutical industries (Veluturla et al., 2017, Smirnov et al.,, 2018). Glycerol
esterification proceeds, as shown in Figure 2-11 to produce esters and water. The
reaction rate and conversion depend on the ratio of glycerol to acetic acid or acetic
anhydrides. In industry, excess acetic acid/acetic anhydrides increase the conversion by
favouring the forward reaction. Removing the reactively formed water also improves
the production of the triacetin. This is because the reaction is reversible and removing

the water will favour the forward reaction.
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Figure 2-12: Glycerol transesterification with methyl acetate.

In the production of acetins, various homogeneous and heterogeneous acidic catalysts
have been investigated (Bedogni et al., 2014). Homogeneous catalysts have been
reported to be more active in the acetylations, but they have disadvantages including
corrosion, poor separation of the catalyst after the reaction, and lack of recyclability.
Heterogeneous catalysts can be reused, although the cost of production and activeness

of these catalyst type still requires improvement.

Veluturla et al. (2017) reported a kinetic study of acetin production using a solid catalyst.
The authors reported the effects of temperature, catalyst loading, and a molar ratio of
acetic acid to glycerol. The maximum conversion achieved was 98% at 5% catalyst
concentration, 110 °C, and 9:1 molar ratio of acetic acid to glycerol. In another study,
Kale et al. (2015) used toluene as an entrainer in an acidic ion-exchange catalyst for
glycerol acetylation. The authors reported that the toluene was able to constantly

remove the water by-product produced during acetylation, thereby favouring the
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production of triacetins. Complete glycerol conversion was reported with over 95%
selectivity to triacetins, while the 5% consists of monoacetins and diacetins. Kim et al.
(2014) compared the acetylation of glycerol with various solid acid catalysts at low
temperatures. The authors reported the rate of the acetylation with the different
catalyst to follow the order: PrSOsH-SBA-15 > Amberlyst-15 > HPMo/Nb;0s >
HPMo/SBA-15 > HUSY > SCZ > SiO>—Al;03. The complete conversion was reported with
amberlyst-15, PrSOsH-SBA 15, SO3H-SBA 15, and SOszH-Cell and total selectivity of DAG
and TAG was 79%, 84%, 89%, and 68%, respectively.

Bedogni et al. (2014), reported the esterification of glycerol with acetic acid using
Amberlyst 36 as the catalyst. The optimum condition used was 6:1 molar of acetic acid
to glycerol, 140 °C, 5 wt% catalyst concentration, and 800 rpm agitation. The reaction
was performed for 4 h exhibited a maximum glycerol conversion of 93%. Liu et al. (2011),
studied the “esterification of glycerol with acetic acid using double SOsH-functionalized
ionic liquids as a recoverable catalyst”. The reaction was conducted batch-wise in a 50
mL round bottom flask at 100 °C for 1 h. The highest glycerol conversion achieved was
96% with about 40% selectivity to the monoacetin, while the diacetin was over 50%. The
authors concluded that the nature of the ionic liquid determined the performance of

the catalyst.

The table below shows some of the reported literature in the production of acetins from

glycerol. All the work used glycerol as feed rather than in situ from triglyceride.

Table 2-15: Glycerol acetylation with different catalyst.

Catalyst Conditions Result Reference
Temp | Time | Molar | Conversion Selectivity %
°C h ratio | %

MAG | DAG | TAG

Bu2SnCly, MeaSnCla, | 40- 3 3:1- 100 25.7 43.5 | 30.8 | daSilvaetal.
BuSnCls, Buz2SnLaua, | 120 5:1 (2020)
BuSnO(OH), Bu2SnO

Synthesized catalyst | 120 1-5]|6:1 >97 5.8 32.2 | 58.9 | Nda-Umar et
from palm kernel shell al. (2020)
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Purolite CT-275 70 5.8 4-9 | 100 Banu et al.
110 (2020)
ZSM-5 110 5 9:1 99 Almas et al.
(2019)
H-ZSM-5, H-Beta, Pr- | 120 4.5 6:1 96 13 55 32 Dalla Costa
SO3H-SBA-15 et al. (2017)
SBA-15 150 4 9:1 94 11 51 38 Trejda et al.
(2012)
Amberlyst 15 80- 3:1- >97 46 43 Zhou et al.
110 9:1 (2012)
Zeolite Beta 60- 0.33- | 41 100 100 | Silva et al.
K-10 Montmorillonite 120 1.33 (2010)
Amberlyst 15
Niobium phosphate
Fea(SiW12040)3 60 2 3:1- 99.9 Da Silva et al.
12:1 (2016)
Zeolite 120 1:1- 100 41-0 | 59- Konwar et al.
5:1 100 | (2015)
Mesoporous sulfonated
carbon
Dodecatungsto 60— 7 6:1- 99 24 70 Ferreira et al.
phosphoric acid 120 16:1 (2009)
Sulfated activated | 60— 5:1- 91 28 34 Khayoon and
carbon 135 10:1 Hameed
(2011)
Sulphated zirconia 55 62 98.3 Dosuna-

Rodriguez et

al. (2011)

Table 2-15 shows that higher conversion of glycerol to acetins can be achieved with a

solid catalyst. These may also be efficacious for coupled reactions since the catalyst

could also take part in transesterification. However, the drawback of this method in
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reactive coupling is the addition of acetic acid and heterogeneous catalysts, which

increase the cost of production.

The concept of reactive coupling for the simultaneous production of biodiesel and
acetins is possible. There is literature that reports the simultaneous production of
biodiesel and acetins. This could be carried out by esterification of acetic acid with
methanol to produce methyl acetate and water. The methyl acetate can then further
react with triglyceride to produce biodiesel and acetins. This method might be
accompanied by low biodiesel yield due to the water content during the esterification.
To avoid this, transesterification of triglyceride with methyl acetate and methanol
without the esterification is used. It is possible to have all reactants in a single pot or use

two steps, as shown in Figure 2-13.

The advantage of using methyl acetate is to produce methanol as a by-product, which
will be used for the biodiesel step, unlike the esterification of acetic acid that produces
water as a by-product and deactivates the catalyst. However, this will require recovery
or purification of the methanol before recycling. The transesterification is initiated by
the addition of methyl acetate, methanol, and catalyst. The glycerol then reacts with the
methyl acetate to produce the acetins and methanol by-product (Figure 2-13). With this
reaction, it is possible to produce biodiesel with even less methanol than required from
the stoichiometric. A suitable catalyst is chosen for both triglyceride transesterification

and glycerol esterification.
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Figure 2-13: Transesterification reaction for the acetins production.

Some of the reviews for the simultaneous biodiesel and triacetin production are

reported in Table 2-16 below. The authors directly reacted alkyl acetate to triglycerides

to produce fatty alkyl esters and acetins. This method is also referred to as

interesterification.
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Table 2-16: Reactive coupling for biodiesel and triacetin.

Operating conditions Yield % References
Catalyst Temp. °C Mole ratio Time h
CH30K 30-50 1:8-1:24 0.5 98 Medeiros et al.
(2018)

v-Al203 225-300 1:10-1:40 1 82 Ribeiro et al. (2018)
Ferric sulfate 120 1:10-1:30 3-24 83 Tian et al. (2018)
CHs0OK 50 1:12-1:48 77 Casas et al. (2013)
KOH, CH30K, 50 77 Casas et al. (2011)
and PEG
Supercritical 350 1:42 0.25-0.75 98 Goembira et al.
method (2012)
Supercritical 340-420 1:20-1:60 0.25-1.25 99 Tan et al. (2011)
method

Homogeneous alkaline catalyst has proven to be attractive for this process with the high
conversion and less reaction temperature than the heterogeneous catalyst. Although
supercritical is non-catalytic and has higher conversion, the process is not economically
viable due to the high temperature and high pressure. However, the process generally

required the use of excess methyl acetate.

2.6.2 Acetals

Conversion of glycerol into acetals such as solketal and glycerol formal via reactions with
ketones or aldehydes in the presence of an acid catalyst as shown in Figure 2-14 is one
of the most economical and promising ways of utilising crude glycerol (Mota et al.,
2010). The oxygenated compound produced by glycerol reaction with a ketone such as
acetone (to produce solketal) or aldehyde such as formaldehyde (to produce glycerol
formal) can be used as an additive to improve fuel properties. They also have
applications in pharmaceutical cosmetics and polymer industry (Nanda et al., 2014,

Chen et al., 2018, Smirnov et al., 2018).
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Figure 2-14: Producing solketal and glycerol formal from glycerol.

The glycerol by-product from biodiesel production has been converted to various
oxygenated compounds. Chen et al. (2016) studied the production of oxygenated
compounds by acetalisation of glycerol with formaldehyde using solid acidic catalysts
such as mesoporous organosilicas, ZSM-5, heteropoly compounds, and Amberlyst 15,
due to their water tolerance to reduce deactivation. The highest glycerol conversion
achieved was over 70%. This might not be suitable for reactive coupling due to the long
reaction time required when using an acid catalyst in biodiesel production. Umbarkar et
al. (2009) react benzaldehyde with glycerol in the presence of a solid acid catalyst for
solketal production. The maximum conversion obtained was 72% at 100 °C after 8 h. The
conversion is low and long reaction time to be economically viable. However, Nanda et
al. (2014) used a continuous flow reactor to produce solketal, with the highest yield of
94+2% at 25 °C and 4:1 molar ratio of acetone to glycerol. They also observed that both
water and salt (which can be present in the crude glycerol from biodiesel) in the reaction
reduces the yield. The water can create a thermodynamic barrier, thereby limiting
solketal production. It was also reported that the salt (NaCl) might deactivate the acid
resin (Amberlyst 36) used as a catalyst. Based on their economic analysis, the authors
concluded that methanol as a co-solvent would make the process economically feasible
due to the high conversion and cost of the solvent. This would, of course, complement
reactive coupling since methanol is used in the biodiesel process. Feliczak-Guzik and

Nowak (2019) used solid catalysts to acetalise glycerol at 50 — 100 °C for 24 h to achieve
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approximately 65% conversion. The work was repeated in a microwave reactor at 30 °C
for 20 to 40 min to achieve about 90% conversion. The author concluded that the

synthesised catalyst was both reusable and water-tolerant during the reaction.

Ammaji et al. (2018) modified SBA-15 as catalysts to produce solketal. Niobium-doped
SBA-15 exhibited a higher conversion compared to the other metals used. The author
reported a 95% conversion of the glycerol and 100% solketal selectivity at 3:1 molar ratio
and 100 mg catalyst loading for 1 h. Narkhede and Patel (2014) produced solketal at
room temperature, using benzaldehyde silicotungstates attached to MCM as a catalyst.
About 91% glycerol conversion was reported when the catalyst was increased from 10

to 30% silicotungstate loading.

The concept of reactive coupling for simultaneous biodiesel production and in situ
acetalisations of glycerol to produce solketal was established for the first time by Al-

Saadi et al. (2019) and Eze and Harvey (2018).

The reactive coupling for the simultaneous production of biodiesel and solketal can
either be a single or two-step process. In the single step, all reactants are charged into
the reactor simultaneously, as shown in Figure 2-15. One of the advantages of the single
step is that acetone increases triglyceride miscibility with methanol during
transesterification (Luu et al., 2014). A two-step process can be adopted to ensure high
triglyceride conversion before ketone additions (acetone) (Figure 2-16).
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Triglyceride Acetone Fatty methyl ester Solketal

Figure 2-15: Single-step reactive coupling for biodiesel and solketal production. Source:
Eze and Harvey (2018).
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Figure 2-16: Two steps reactive coupling for biodiesel and solketal production. Source:
Eze and Harvey (2018).

Al-Saadi et al. (2019) in a recent study performed reactive coupling of biodiesel and
solketal in the presence of surfactant acid catalyst, 4- Dodecylbenzenesulfonic acid
(DBSA). It was observed that at operating conditions of 7:10:1 molar ratio of acetone to
methanol to rapeseed oil, up to 82 % of the crude glycerol was converted to solketal in
two-steps compared to about 39% from a single step. However, 98% of the FAME yield
was achieved with each method. A previous study has also shown that glycerol produced
from the reaction of triacetin with methanol in a continuous process can be in situ
converted to solketal (Eze and Harvey, 2018). The study was conducted with mesoscale
oscillatory baffled reactors (meso-OBRs) in the presence of Amberlyst 70-SOsH resin
with acetone. About 99% triacetin conversions to methyl acetate were reported with

48.5 + 2.7 % solketal yield achieved in the single-step process, as compared to 76.5%
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yield in the two-stage process after 35 minutes. A high yield of the oxygenated
compound was produced from the reactive coupling. The addition of acetone will

increase the purification of the downstream.

2.6.3 Alkyl tert-butyl ether

Glycerol can be etherified with olefins (such as isobutene), alcohol (such as ethanol), or
self-reaction to produce glycerol tert butyl ether, glycerol ethyl ether, or polyglycerol,
respectively. The production of glycerol tert butyl ether involves glycerol reacts to
olefins, alcohol, or another ether such as methyl tert butyl ether. When glycerol is
reacted with isobutene (as shown in Figure 2-17), mono, di, and tri-tert butyl ether are
produced. It is an excellent additive to the diesel and biodiesel fuel. Di and tri-tert-butyl
ether are desired due to their excellent mixture with the fuel. They have low water
solubility, density, and viscosity compared to mono-tert-butyl ether (Bozkurt et al.,
2019). These additives improve engine performance and reduce the unwanted emission

of carbon monoxide, particulate matter, and hydrocarbons (Da Silva et al., 2019).

OH OH
HO\)\/OH + /l‘\ HO\)\/O

Glycerol Isobutene Mono-tert-butyl ether
OH
[E— (0]
HO O +
HO o
Mono-tert-butyl ether Isobutene Di-tert-butyl ether
O
—_— o
HO o +
o o
Di-tert-butyl ether Isobutene

Tri-tert-butyl ether

Figure 2-17: Production of glycerol tert butyl ether.

Bozkurt et al. (2019) studied the blend of tert-butyl ethers in gasoline. The authors used

di and tri tert-butyl glycerol which they prepared in various concentrations with the
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reference gasoline. A slight increase in the octane number after blending and good
emission properties were reported. This makes glycerol tert-butyl ether an excellent
replacement for the methyl tert-butyl ether due to its environmental challenge. Various
acid catalysts have been used for production. Table 2-17 below shows the conditions,

catalysts, and results obtained from literature in glycerol tert-butyl ether production.

Table 2-17: Glycerol tert-butyl ether production.

Catalyst Operating conditions Conversion (%) Reference
Temp °C Stirring Cat. Time
RPM % h

Sulfonated 90 1200 7.5 10 80 Miranda et al.

graphene (2019)

Amberlyst 15 75 1200 7.5 6 Bozkurt et al.
(2019)

Zeolite beta

Tin (1 | 90 10 4 95 Da Silva et al.

phosphotunstate (2019)

heteropolyacid salt

Amberlyst 15, silica, | 90 1200 10 64 Miranda et al.
alumina, silica- (2018)

alumina, FAU, MOR,

BEA and MFI
Sulfonated  hybrid | 70 -85 2.5- 17 74 Estevez et al
silicas and 7.5 (2016)

Amberlyst 15

Nanostructured MFI | 120 5 12 78 -83 Simone et al.
zeolites (2016)

Conversion to glycerol tert butyl using solid acid catalysts is accompanied by long
reaction times and high stirring rates. This will reduce its economic viability. The concept

of reactive coupling for productions of biodiesel and glycerol tert-butyl ether has been
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reported. Farobie et al. (2014) used a single step (Figure 2-18), by reacting canola oil

with methyl tert-butyl ether in supercritical conditions to produce biodiesel glycerol

tert-butyl ether. The authors reported a first-order kinetics rate with an ester yield of

94% after 12 mins reaction at 400 °C and 40:1 molar ratio of MTBE to canola oil at 10

MPa. The authors also confirmed the complete conversion of glycerol in the reaction.

However, the supercritical method is not viable for biodiesel production economically.

This is due to the high energy requirement of the method which translate to high capital

expenditure of the technique. It also requires a high ratio of the solvent, which increased

the production cost.

Triglyceride Methy! tert-butyl ether -

FAME

LK
et

Glycerol tert-butyl ether

Figure 2-18: Reactive coupling for biodiesel and glycerol tert-butyl production.
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Figure 2-19: Two steps reactive coupling for biodiesel and glycerol tert-butyl ether
production.

The reaction is also possible in two steps (Figure 2-19) by reacting the triglyceride with
methanol and adding tert-butyl alcohol to couple the glycerol. The two-step reaction
with tert-butyl alcohol (such as methyl tert-butyl alcohol) will produce alcohol as a by-
product. In contrast, only biodiesel and glycerol tert-butyl ether will be produced when
isobutene is used. However, there is currently no reactive coupling report for the

simultaneous biodiesel and glycerol ethyl ether using two steps.

2.6.4 Glycerol carbonate

Another promising way to valorised crude glycerol is by transesterification to produce
glycerol carbonate (GLC). This reaction is mainly performed with dialkyl carbonates, such
as dimethyl carbonate (DMC), to produce GLC as a main product and methanol as a side
product (Esteban et al., 2015, Ishak et al., 2016). DMC is a mutual solvent for triglyceride
and methanol, leading to an increased rate of reaction (Zhang et al., 2010, Luu et al.,
2014). Itis also a methanol source and can replace methanol in biodiesel reaction (Zhang

et al., 2010, Dawodu et al., 2014).
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The reactive coupling process for producing glycerol-free biodiesel via triglyceride
reactions with dimethyl carbonate (DMC) to form FAME alongside glycerol carbonate
(GLC) has been established, as shown in Figure 2-20. This reaction occurs in base
catalysts, producing biodiesel as a main product and GLC as a by-product. Except when

the supercritical method is used which does not require a catalyst.

Rathore et al. (2014) obtained up to 97 % FAME vyield and 93.2 % glycerol carbonate
selectivity in 45 min under supercritical conditions. The authors used 40:1 of DMC to
non-edible oil (jatropha and pongamia oil) with 325 °C at 150 bar. The supercritical
process was fast, but energy-intensive due to operations at high temperatures and
pressure. Also, a high molar ratio of the DMC to oil was required. Seong et al. (2011),
used Novozym 435 as a catalyst at 60 °C and 6:1 of DMC-to-soybean oil molar ratio.
About 84.9% yield of biodiesel was achieved and 92 % glycerol carbonate. The biodiesel
yield was observed to improve when tert-butanol was used as a solvent by Lee et al.
(2017). The authors obtained up to 95 % biodiesel yield and 99 % glycerol carbonate
production with the enzymatic catalyst at 9.27:1 DMC to soybean oil and 52.56 °C.
However, the high cost of the enzymatic catalysis is one of the major disadvantages in

these works.

Zhang et al. (2010) showed that operating at the dimethyl carbonate boiling point (90
°C) can achieve more than 96 % FAME with 9:1 DMC to palm oil, 8.5 wt% KOH, and 8 h.
Fan et al. (2017) used 110 °C in a high-pressure reactor with 5:1 of DMC to rapeseed oil
molar ratio, 25wt% of 1-propyl sulfonate-3-methylimidazolium hydrogen sulphate as a
catalyst and 5 h to achieved 95% biodiesel yield. Even though moderate reaction
conditions were required to attain high biodiesel yields, these reactions required long
residence times (> 5 h) (Zhang et al., 2010) and a high concentration of catalysts, making

it economically not viable increase the purification in downstream.
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Figure 2-20: Reactive coupling for biodiesel and glycerol carbonate production. Source:
Al-Saadi et al. (2018)

The addition of methanol as a co-solvent can result in high biodiesel yield in a short time.
A recent study showed that at 1:90:30 of methanol to DMC to soybean oil molar ratio
and 150 °C takes 3 hours to achieve 97.3 % biodiesel yield and 93.2 % glycerol carbonate
selectivity (Dhawan and Yadav, 2018). In this study, the time required for getting
equilibrium triglyceride yield was reduced, but large amounts of methanol and DMC
were used. Al-Saadi et al. (2018) used 2:1 methanol to rapeseed oil molar ratio and was
found to be a very effective route, with about 90% of crude glycerol converted to

glycerol carbonate and 98% of FAME yield at 3:1 of DMC: RSO and 60 °C.

2.6.5 Acrolein

The dehydration of glycerol to acrolein is another chemical route for utilising the surplus
crude glycerol from biodiesel production. Acrolein has various applications in
agricultural and chemical industries as an intermediate, such as acrylic acid, fragrance,
dyes, and herbicide (Alhanash et al., 2010). Its production from glycerol will reduce the
use of propene from fossil derivative. The conventional oxidation of the propene is as

shown in Figure 2-21 below:
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Figure 2-21: Oxidation of propene for acrolein production.

The dehydration of glycerol for acrolein production has been recorded since the early
nineteenth century (Corma et al., 2008). The reaction removes two molecules of water
from glycerol. The reaction pathway indicates the possible production of other products
such as 3-hydroxypropanal (or 3-hydroxypropionaldehyde) and hydroxyacetone (or
acetol) (see Figure 2-22). The conversion occurs in either liquid or gas phase. Higher
yields of the acrolein were reported in the gaseous phase than the liquid phase.
However, a higher temperature is required in the gaseous phase than the liquid.
Aqueous solutions of glycerol were used as feed during the dehydration for high yield of
the acrolein. Increasing the percentage glycerol in the solution lowered the yield of the
acrolein during dehydration. Corma et al. (2008) reported that high glycerol
concentrations in the aqueous solution favoured condensation reactions, acetol
production, and the formation of other larger molecules oxygenates. Low
concentrations of glycerol in the solution, favoured cracking, and formation of

acetaldehyde.

Various authors have reported various catalysts (homogeneous or heterogeneous) on
the dehydration of glycerol. Must of the literature uses a solid acid catalyst in a fixed-
bed reactor. Corma et al. (2008) reported the possibility of coke formation in the event

of using glycerol from biodiesel production due to the presence of basic impurity.
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Figure 2-22: Dehydration of glycerol for acrolein production.

Table 2-18 is based on a review of the literature concerning acrolein production from
glycerol. The effect of temperature, the concentration of glycerol (molar ratio of

glycerol to water), and time are some of the conditions that affect its production.
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Table 2-18: Acrolein production from glycerol.

Catalyst Reactor Phase Reaction condition Result Reference
Glycerol Temp °C Timeh Conversion Selectivity
wt% % %

Zr-supported catalyst Fixed bed 36.2 315 71 Chai et al. (2009)
Cs 12/HPW Fixed bed gas 275 - 350 1-6 100 98 Alhanash et al. (2010)
W/HA Fixed bed gas 30 350 15 100 33 Stosi¢ et al. (2012)
Ca/P/HA 51
HPW/TiO: Fluidise bed Gas 280 0.5-3 48 Dalil et al. (2016)
HZSM-5, HBeta, | Fixed bed 10-50 275 - 400 7 100 81 Witsuthammakul and
HMordenite and HY Sooknoi (2012)
W, Mo, Mo/V and W/V | Fixed bed Gas 20 250 -350 50.3 Shen et al. (2014a)
oxides
V20s/MFI Fixed bed Gas 10 300-350 97 Possato et al. (2015)
WOs/ZrSBA Fixed bed 10 325 2-8 97 41 Cecilia et al. (2016)
HPW/Cs-SBA Fixed bed 20 300 60 85 Liu et al. (2016a)
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HSiW/ZrO; and HSiW/ Al,Os | Fixed bed Gas 10 280-320 97 88.5 Talebian-Kiakalaieh et al.
(2016)

Heteropolyacid catalyst | Fixed bed 21-34 270-310 8 60—-75 Martinuzzi et al. (2015)

(ZR24)

Silica-supported nickel | Fixed bed Gas 20 340 90 70 Gu et al. (2013)

sulfate catalyst

VPO Fixed bed 20-50 290-340 50 100 70.1 Feng et al. (2015)

Various brgnsted acidic | Semi batch liquid 250-270 0-4.6 50 Shen et al. (2014b)

ionic liquids

H-ZSM5 treated with | Fixed bed 20 1-5 80 Decolatti et al. (2015)

alkaline medium (NaOH)

Montmorillonite clay | Fixed bed 10 240 - 380 54.2 44.9 Zhao et al. (2013)

activated by sulfuric acid

W/Zr Fixed bed Gas 20 280 - 320 100 Ginjupalli et al. (2014)

Various mixed oxides Fixed bed 40 280 5-40 80-90 Deleplanque et al. (2010)

Zr/SiW Fixed bed 10 300 3 92 63.75 Talebian-Kiakalaieh and

Amin (2015)
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From the literature reviewed, solid catalysts are used in a fixed bed reactor. This results
in the application of high temperatures (>240 °C), leaching, and longer reaction times.
Some of the catalysts have complexed preparation and used precious metals that can
add to the cost of production. Another problem with this reaction is the decrease in the
selectivity due to the deactivation of catalyst from cokes formation. However, excess
acid sites in the catalyst might make the complete conversion steady within the reaction
period. For high acrolein production, excess water is required to make the aqueous
solution of glycerol. Hence, the idea of reactive coupling to produce acrolein during
biodiesel production can be hindered due to biodiesel hydrolysis in the presence of

excess water.

2.6.6 Hydrogen

Hydrogen has been identified as a “clean” form of energy due to its combustion without
the production of CO,. It can be produced from biomass, making it renewable and
environmentally friendly (Zhang et al., 2007, Adhikari et al., 2007). The crude glycerol
by-product from biodiesel production is currently used as feedstock for hydrogen

production due to its availability (Yurdakul et al., 2016).

The technologies for hydrogen production include steam reforming, partial oxidation,
and auto thermal reforming. These technologies can be applied to the glycerol
feedstock, as shown in Figure 2-23. The impurities in glycerol after biodiesel production

can also serve as catalyst or reactant in the hydrogen production.

Figure 2-23: Different technology for hydrogen production.
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There is various work on the production of hydrogen. The reaction mostly requires high
temperature (above the boiling point of the feed) and pressure. Just as in acrolein, the

feedstock (glycerol) is made to an aqueous solution.
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Table 2-19: Glycerol reforming for hydrogen production.

Catalyst Method Feed wt% Temp °C Pressure Result Reference
MPa
Conversion % | Selectivity %
Pt/Al,03, Rh/ Al>O3 Autothermal steam | Methanol 90 100 89 Dauenhauer et al. (2006)
reforming
Ethylene glycol 230 100 92
Glycerol 300 100 79
Ru/Al,03 Supercritical water 40 700-800 24.1 100 70 Byrd et al. (2008)
Pt Aqueous phase | 5-10 180-220 1.14-2.5 95 Luo et al. (2008)
reforming
Ni/ CeOz and Ni/ Al203 Steam reforming 10 500-600 0.4 100 Iriondo et al. (2010)
Ni—Cu—Al Steam reforming Glycerol:  Water | 500-600 72 78.6 Dou et al. (2014)
(1:9)
NiAlLa Aqueous phase | 10 -50 200-240 3.8-5.0 100 55% Remoén et al. (2016)
reforming
NiO/NiAl204 Steam reforming 425-700 96.5 Dou et al. (2016)
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As shown in Table 2-19, the hydrogen production process required catalyst that some
includes precious metal. This can increase the cost of production. The process might
have the difficulty of reactive coupling. A similar problem as in the case of acrolein will
affect its coupling. This is because of the high water requirement in the reaction,
especially during the water-gas shift reaction. This might compromise the yield of
biodiesel production. Also, the reaction conditions for biodiesel and hydrogen
production differs. Again, the possibility of coke or other solid carbon residue production

is possible, especially when the water content in the reaction is low.

2.6.7 Acrylic acid

Acrylic acid is mainly used in the production acrylate esters as an intermediate during
the production of adhesives, textile, plastics, paints, diapers, resins, and coatings (Sun
et al., 2017). The high demand for acrylic acid in the chemical industries has inevitably
made it a subject of interest for research. The acrylic acid has been produced from
propylene (source from fossil fuels) by converting to acrolein and finally acrylic acid, as
shown in Figure 2-24. Various catalysts (such as Bi-Mo oxide or Bi-V oxide) have been

used for production (Kim and Lee, 2017).

(0]
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Figure 2-24: Acrylic acid production from fossil fuel source propylene.

Crude glycerol from biodiesel production has been used as feedstock to replace
propylene from fossil, due to its availability, cheap, and sustainability. Converting
glycerol to acrylic acid has environmental and economic advantages, considering its

marketability and numerous applications (Paula et al., 2016). The reaction pathway can
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be via dehydration to form acrolein as an intermediate, followed by oxidation to form

acrylic acid. Another method is to directly convert glycerol in one pot to acrylic acid by

oxidative dehydration. It can also be produced through the deoxydehydration method

with allyl alcohol as an intermediate (see Figure 2-25). Kim and Lee (2017) reported

producing acrylic acid through an intermediate such as allyl alcohol or acrolein rather

than one step conversion was to increase the yield of the product.

Acrylic acid has another pathway with propylene as an intermediate. It involves

hydrogenolysis of the glycerol to propylene then oxidation of the propylene to acrylic

acid. A method using lactic acid as an intermediate is also possible. The pathway requires

converting the glycerol to lactic acid by oxidation, then followed by dehydration to

acrylic acid.

OH
HO\)\/OH

Glycerol

Dehydration \J
> \

@)

Oxidation

Acrolein

Direct oxidative dehydration
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>

Deoxydehydration /\/OH Oxidation
' —_—

Allyl alcohol
Hydrogenolysis /\ Oxidation
Propylene
O
) OH Dehydration
Oxidation —y>
HO
Lactic acid

Ho)v

Acrylic Acid

Figure 2-25: Various pathways to acrylic acid production from glycerol.
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Table 2-20: Acrylic acid production using a different method.

Method Catalyst Temp. °C Flow mL/h Conc. Wt% Conv. % Sel. % Reference
Oxidative dehydration Fe-MCM-22 320 2.2 97 24.8 dos Santos et al. (2019)
Oxidative dehydration Mo-V mixed oxides 290-350 3 10 100 33.5 Rasteiro et al. (2017)
Deoxydehydration-Oxidation Au/Ce0, 210 87 Kim and Lee (2017)
Oxidative dehydration Vanadosilicates 320 3 93.6 85.4 Paula et al. (2016)
Oxidative dehydration Fe-BEA zeolites 275 0.6 90 23 Diallo et al. (2016)
Oxidative dehydration POM/AI;O3 90 20 84 25 Thanasilp et al. (2013)
Oxidative dehydration V20s/MFI 300-350 3 10 97 17 Possato et al. (2015)
Oxidative dehydration Mo3VOy/ HaSiW12040/ 300 15 20 100 46.2 Liu et al. (2015)

Al203

Oxidative dehydration Nb/Oxides 355 100 81.8 Omata et al. (2016)
Oxidative dehydration V20s/ZSM-5 300 3 10 100 Possato et al. (2017)
Oxidative dehydration Co, Fe, V / AIPO4 220-280 36 90 Lopez-Pedrajas et al. (2018)
Oxidative dehydration Mo/V and W/V 250-350 6 20 25.7 Shen et al. (2014a)
Oxidative dehydration Zeolites and V-Mo oxides | 275-400 10-50 100 40 Witsuthammakul and Sooknoi

(2012)
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From Table 2-20, the selectivity for acrylic is generally low, due to the production of
acrolein as an intermediate. Hence, reactive coupling with this technique will as well
produce low yield. Again, the requirement of excess water in the intermediates
production will hinder the production of fatty acid alkyl ester, which is the main reason

for the reaction.

2.6.8 Glycerol etherification

Glycerol can undergo self-etherification to polyglycerol or react with alcohols such as
methanol or ethanol to produce glycerol ether. The reactions occur at suitable

conditions favourable for biodiesel production.

2.6.8.1 Glycerol ethyl ether

Etherification of glycerol with ethanol produces glycerol ethyl ether and water (Figure
2-26). The reaction requires an acid catalyst such as sulphuric acid, phosphoric acid, or
a solid acid catalyst. Glycerol ethyl ether is an oxygenated compound capable of
improving fuel properties (Pinto et al., 2016). Like the properties of glycerol-tert-butyl
ether, glycerol ethyl ether can reduce the emission of particulate matter, hydrocarbon,

and carbon monoxide, and also improve the cold flow properties of the fuel (Yadav et

al., 2017).
OH OH
M HO\)\/O +
HO \)\/ OH /\ oH \/ H,0
Mono-ethyl ether Water
Glycerol Ethanol

HO\)\/O\/ + /\OH—> HO\)\/O\/ +  Ho

Mono-ethyl ether Ethanol Di-ethyl ether Water

B
o1

Di-ethyl ether Ethanol

+ H,0
o
\/

Tri-ethyl ether Water

Figure 2-26: Glycerol ethyl ether production.
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Various authors have reported the production of glycerol ethyl ether. Pinto et al. (2016)
studied the effect of various solid catalysts (K-10 Montmorillonite, Amberlyst-15, Zeolite
H-ZSM-5, and Zeolite H-Beta) for the etherification of glycerol and ethanol. The authors
reported that Amberlyst 15 gave the highest conversion of glycerol (96%) and selectivity
to ethyl ether (80%) at 180 °C and 3:1 molar ratio of ethanol glycerol after 4 h of reaction.
The authors confirmed the reduction of the pour and cloud point after blending glycerol
ethyl ether with biodiesel. Similarly, Veiga et al. (2017) used USY, H-ZSM-5, and H-Beta
zeolite to etherify glycerol with tert-butyl and ethyl alcohols. Five different ether isomers
(3-ethoxy-1,2,-propanediol, 2-ethoxy-1,3-propanediol, 1,3,-diethoxy-2-propanol, 2,3-
diethoxy-1-propanol and 1,2,3-triethoxy-propane) were produced. The highest
conversion was 81% with ethyl alcohol and 74% with tert-butyl alcohol. However, the
downside of this catalyst was leaching, which was directly proportional to the glycerol

conversion.

Mravec et al. (2017) also produced glycerol ethyl ether using solid catalysts (BEA, MOR,
FAU, H-Beta, and Amberlyst 35). The reaction was performed in an autoclave with 1000
rpm stirring speed, constant catalyst loading, and temperature of 180 — 220 °C. The
highest conversion was 51.7% with H-Beta. The selectivity of the catalysts was towards
the mono ethyl ether. Lemos et al. (2018) used analysis of variance (ANOVA) to study
the effect of temperature (180 — 250 °C), ethanol to glycerol molar ratio (4:1 — 20:1),
and catalyst loading (0 — 0.8 g) with conversion and yield as responses. The reaction was
performed in a fixed bed reactor in the presence of Amberlyst-15 as a solid catalyst. The
authors reported an optimum condition of the yield at 238 °C, 16:1 molar ratio, and 0.61
g catalyst loading. The optimum was achieved with excess ethanol (16:1), which would
increase production costs, mainly due to the energy costs of separation for recycling and
increased downstream washing. Sulfonic acid modified catalysts were used by Melero
et al. (2012) for the etherification of glycerol with anhydrous ethanol. The highest
conversion (74%) was reported at 200 °C with a 15:1 molar ratio of ethanol to glycerol
and 19 wt% catalyst concentration after 4 hours of reaction. An oxygenated compound
was produced with the etherification of glycerol and ethanol. But the downsides of the

process were high temperature, molar ratio, and reaction time.
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The method is suitable for reactive coupling, as excess alcohol can be used for biodiesel
production. However, the high ratio of alcohol will still require recovery and purification

steps in the downstream.

2.6.8.2 Polyglycerol

Production of polyglycerols has become more common in recent years due to the
availability of the glycerol feedstock in bulk from the biodiesel processing (Mohammed
et al.,, 2019). This polymer is attractive due to its potential applications in
pharmaceuticals, food, and cosmetics (Clacens et al., 2002, Sivaiah et al., 2012). The
polymerisation takes place with the production of water, as hydroxyl groups of the

glycerol are lost during the reaction, being replaced by the ether groups Figure 2-27.

OH OH OH OH
Catalyst
HO. OH + HO. OH — Ho. o oH + HO0

Glycerol Diglycerol

OH OH OH OH OH OH
Catalyst
HO\)\/OH + HO\)\/O\)\/OH _y> HO\)\/O\)\/O\)\/OH +  H0

Diglycerol
Glycerol Triglycerol

OH
OH
on on on oH OH OH
Catalyst HO O\)\/O\)\/O OH 4 H,0
HO\)\/OH * HO\)\/O\)\/O\)\/OH —_—

Tetraglycerol

Glycerol Triglycerol

Figure 2-27: Reaction path for polyglycerol production.

It has been reported (Gholami et al., 2013a, Ardila-Sudrez et al., 2015, Anuar et al., 2013,
Salehpour and Dubé, 2012) that polyglycerol can be produced at temperatures between
100°C and 270 °C and atmospheric pressure, in the presence of selected catalysts.
Though polyglycerols can be produced in the absence of the catalyst, the conversion will
be slow, and the vyield relatively low (Soi et al.,, 2014). Either homogeneous or
heterogeneous catalyst, in acidic or alkaline, can be used for polyglycerol production as

shown in Table 2-21 below.
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Table 2-21: Glycerol etherification for polyglycerol production.

Catalyst type Temp (°C) Time (h) Conv (%) Reference

KOH 150-240 2 - Shikhaliev et al. (2016)
LiOH 230-260 1-12 35.7 Nosal et al. (2015)

Na2COs 220-270 0.5-3 93 Bookong et al. (2015)
Ca(OH)2, CaCoOs, | 140 4 72 Salehpour and Dubé (2011)
H2S04, and PTSA

H2S04 140 42 Salehpour and Dubé (2012)
H2S04 280 2 90 Medeiros et al. (2009)
CsHCO3 260 0-24 100 Richter et al. (2008)

NaOH 220-280 0.5-5 Garti et al. (1981)

MgAl and CaAl — | 235 24 98 Pérez-Barrado et al. (2015)
LDH

Zeolite Y/LiOH 240 - 260 8 99 Ayoub et al. (2014)
Li/MK-10 240 12 98 Ayoub and Abdullah (2013b)
Mg-Fe/ oxides 220 24 41 Guerrero-Urbaneja et al. (2014)
CaixAlixLax0O3 200 - 260 8 91 Gholami et al. (2013a)
Cai6Alo.6Lao.a03 200 - 260 8 96 Gholami et al. (2013b)
Mg-Al/ oxides 220 24 50.7 Garcia-Sancho et al. (2011)
BaO, SrO, CaO, | 220 20 80 Ruppert et al. (2008)

and MgO

Na2COs 260 0-24 94 Clacens et al. (2002)

Similar catalyst types have proven to be successful for glycerol etherification and
biodiesel production (compare Table 2-21 to Table 2-8 - Table 2-11) which makes them

suitable for reactive coupling. However, higher conversions are achieved for
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polyglycerol production when homogenous acid catalysts are used (see Table 2-21).
Although the catalyst type from previous works shows lower selectivity for the short-
chain polyglycerol and favour side reaction such as acrolein production (Garti et al.,
1981, Salehpour and Dubé, 2011). On the other hand, heterogeneous catalysts achieve
higher selectivity to produce short-chain polyglycerols, especially with mixed oxides.
Their drawback is low glycerol conversion, high temperature and longer reaction time
required, which are less economically viable. Since heterogeneous and alkali
homogeneous catalyst produced lower glycerol conversion, required higher
temperature and longer reaction time than homogenous acid catalyst, this makes

homogeneous acid catalyst an excellent choice for reactive coupling.

2.6.8.3 Glycerol methyl ether

The methylation of glycerol produces glycerol ether, an oxygenated product that can be
used as a fuel additive (Chang et al., 2012). Oxygenated compounds are added to
enhance the combustion of the fuel and reduce harmful emissions. It also has medical
applications (as a cryoprotectant for the preservation of tissues, bone marrow, and
blood cell), biological (such as antifungal, antibacterial, anti-inflammatory, and anti-
tumour), polymer, cosmetics, lubricant, solvent, and ink (Bruniaux et al., 2019, Gu et al.,

2008, Cucciniello et al., 2016).

Both homogeneous and heterogeneous catalysts have been used to produce methyl
ethers. The first hydroxyl group of glycerol reacts to methanol. It produces 2 — methoxy
— 1,3 — propanediol and 3 — methoxy — 1,2 — propanediol (as shown in Figure 2-28). It is

also known as mono-alkyl glyceryl ethers (MAGE) or alkyl propanediol.

H;C

OH ~
| \)\/ |
(0} OH
HO\)\/OH + CHOH —» H3c/ and/or HO\)\/OH
glycerol methanol 3-methoxy-1,2-propanediol 2-methoxy-1,3-propanediol

Figure 2-28: Methylation of glycerol to methoxy propanediol.
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When glycerol reacts with two methanol molecules, methoxy propanol is produced, as
shown in Figure 2-29. When 3 — methoxy 1,2 — propanediol reacted, either 1,3 —
dimethoxy — 2 — propanol or 2,3 — dimethoxy — 1 — propanol is produced. But when 2 —
methoxy 1,3 — propanediol reacted, only 2,3 — dimethoxy — 1 — propanol is produced.

They are also called dialkyl glyceryl ethers (DAGE) or dialkyl propanol.

OH o
OH \)\/ \)\/
(0] (0] HO O
HO\)\/OH + 2CHOH——  He” gy, andor en,
glycerol methanol 1,3-di-methoxy-2-propanol 2,3-di-methoxy-1-propanol

Figure 2-29: Glycerol methylation to produce methoxy propanol.

Finally, when glycerol reacts with three methanol molecules, all the hydroxyl groups will
be replaced with the methoxy group to produce 1,2,3 —tri— methoxy propane, as shown
in Figure 2-30. Either of the methoxy propanols will react to methanol to produce the
methoxy propane. However, previous authors limitations were side reactions such as
dehydration, self-etherification, and poly-etherification of glycerol and alcohol

(Cucciniello et al., 2016, Liu et al., 2013).

[
0]
i \)\/
o] 0)
HO\)\/OH T 3CH0H ——— H3C/ \CHa
glycerol methanol 1,2,3-tri-methoxy propane

Figure 2-30: Glycerol methylation to produce 1,2,3 trimethoxy propane.

There are documented works on the production of glycerol ethers. Bruniaux et al. (2019)
produce 3 — methoxy 1,2 — propanediol in subcritical methanol. The reaction was
performed in an autoclave by mixing glycerol and methanol at 180 — 260 °C in the
presence of a various base catalyst for 15 h. The highest yield produce was 40%, which
is low compared to the long reaction time and higher temperature. It might also be due

to the alkaline catalyst used just as in the case of polyglycerol. Gu et al. (2008) used
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various solid acid catalyst at 80 °C for 7.5 h. A higher yield (96%) of the methoxy
propanediol (also known as mono-ether glyceryl ether) were produced. Waggoner and
Hatcher (2016) used two different continuous flow reactors. The authors mixed glycerol
with methanol containing 25% tetramethylammonium hydroxide at 330 °C.
Approximately 90% conversion was achieved with higher selectivity towards dimethoxy
propanol. Although the process is continuous and high conversion achieved, the
addition of tetramethylammonium hydroxide might increase the downstream

processing.

Chang et al. (2012) reacted glycerol with dimethyl sulfate in the presence of sodium
hydroxide. The reaction was performed in a stirred tank with a temperature of 70 °C for
48 h. About 93.5% conversion was achieved as the best conversion after 24 h with a
combined yield of dimethoxy propanol and trimethoxy propane of 71%. Cucciniello et
al. (2016) achieved 100% conversion and 99% selectivity of methoxy propanediol at 25
—100 °C for 1 h with various metal salt as catalyst. The authors used various alcohol and
glycidol (which can be produced from glycerol) as feedstock through the catalytic ring-
opening method. This method achieved high conversion and selectivity. However, to
produce glycidol from glycerol before converting to glycerol ether will be an additional
step and resource. It will also be complicated for reactive coupling because more than a
single catalyst might be needed, introducing more side reactions. Also, Yadav et al.
(2017) reported the production of glycerol ether using glycerol and ethanol in an
autoclave at 120 — 150 °C in the presence of various solid catalysts under the nitrogen
environment. The highest glycerol conversion achieved was about 15% with H-Beta

zeolite as a catalyst.

Liu et al. (2013) mentioned that the acid-catalysed etherification of glycerol with alcohol
is desirable. This is because transition metals are avoided in the reaction. However, acid
catalysts have less selectivity towards the target products. The authors reacted glycerol
with butanol in various metal salt as the catalyst at 150 °C for 24 h. 30% was the highest
glycerol conversion that was achieved with about 70% selectivity of alkyl-propanediol.
Ricciardi et al. (2018) used various heterogeneous catalysts for the production by
reacting glycidol with alcohol at 80 °C for 3 h. The authors recommend Nafion as the
best catalyst due to its reusability and higher selectivity (94%). However, the conversion

with Nafion (56%) is lower compare to Amberlyst (91%), though low selectivity (33%)
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towards the glycerol ether. Pariente et al. (2009) also used various acidic heterogeneous
catalyst at 100 — 200 °C for 0.5 — 10 h in a stainless-steel reactor with a mechanical
stirrer. The highest glycerol conversion achieved was 68% with 100% combined

selectivity of alkyl-propanediol and di-alkyl-propanol.

This process is promising for reactive coupling, considering excess alcohol is used for
transesterification. The excess alcohol can, however, take part simultaneously in
glycerol etherification. The reaction might occur together with self-etherification and

poly-etherification. Hence a catalyst with high selectivity will be required.

From the previous literature on self-etherification of glycerol (to polyglycerol) and
glycerol etherification, the reactions occurred at a temperature between 80 — 280 °C
using either acid or alkaline catalyst, with homogeneous or heterogeneous catalyst but

at relatively longer reaction time.

Reactive coupling for biodiesel, polyglycerols, and glycerol ethers productions are
possible and will be reported as a proof-of-concept in this work. The triglyceride will be
reacted with various alcohol (methanol) to oil ratio in the presence of sulphuric acid as
a catalyst at 130 — 160 °C. The triglyceride conversion is expected to be very high
(approximately 100%) after an hour of reaction. The production of the polyglycerol
might be low, while glycerol ether is high. This is because glycerol etherification can
occur at a much lower temperature than 80 °C. The reactive coupling reaction is shown

in Figure 2-31 below.

ol

o

T. o g
\ T

-

Triglyceride Methanol Fatty methyl ester Glycerol Fatty methyl ester ~ Polyglycerols 1,2,3-tri-methoxy propane

T
T T
2
T Zz
o
o]
o
T ’ L
T CH
T 3
¢ . T |
e} 4 oH T OH OH o
+  3CH;0H — 3= o+
o 3 HO\)\/OH - o Mo © o /0\/‘\/0\
0 o HyC CH
/
T
T T
7z
T 7z
o
o]

o
A 0

Figure 2-31: Reactive coupling for biodiesel and polyglycerol production.
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2.7 Kinetics of Biodiesel Production

The kinetics depends on the reaction steps and mechanism of the reaction. Biodiesel is

produce based on the reaction sequence as shown in Figure 2-32.
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T A N7 T
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o kg N7
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kg, 0 oH _0
O\)io N T
T | o 4 T |
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Figure 2-32: Reaction sequence for biodiesel production.

Depending on the catalyst type (acid or base) the reaction in Figure 2-32 above proceed
with different activities due to the mechanism of the reaction (Lotero et al., 2005, Lotero
et al., 2006, Darnoko and Cheryan, 2000, Freedman et al., 1986, Noureddini and Zhu,
1997). The reaction mechanism with a base catalyst produced an alkoxide (methoxide)
ion which is a strong nucleophile (Figure 2-33(a)). It attack the carbonyl moiety in
triglyceride molecules (Figure 2-33(b)) to produce alkyl ester (Figure 2-33(c)). The

procedure continue with diglyceride and monoglyceride to produce more esters.
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Figure 2-33: Homogenous base-catalysed reaction mechanism for alkyl esters
production (Lotero et al., 2005).

With acid-catalysed reaction of the triglyceride, protonation of the carbonyl oxygen is
the important step. This increases the electrophilicity of the carbon, which makes it

more vulnerable to nucleophilic attack. See Figure 2-34 below.
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Figure 2-34: Homogenous acid-catalysed reaction mechanism for alkyl esters
production (Lotero et al., 2005).

The difference in the activity of the reaction mechanisms observed can influence the
kinetics of the reaction. This is due to the formation of strong nucleophile with base
catalyst and more electrophile with acid catalyst (Lotero et al., 2005). The kinetics of the
biodiesel production has been reported by several authors depending on the feedstock,
catalyst type, alcohol used, conditions for the reaction or transesterification method.
These kinetics studies provide data that help understand the reaction condition and the
extent of conversion of the reaction (Darnoko and Cheryan, 2000). The data also help
during designs and optimisation of the process. Some of the reported literature are

reviewed below.

Sahani and Sharma (2018) determined the kinetics and thermodynamics of biodiesel
production using Madhuca indica oil and methanol as feedstock. The oil was esterified
with 2 wt% sulphuric acids, 1:12 oil to methanol ratio, 75 minutes at 60 °C and a stirring

speed of 500 rpm. The process was followed with transesterification at 60 °C with
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various synthesised solid catalysts and 97.5% conversion achieved. The kinetic model
was developed by assuming the process to be elementary (hence the intermediates
formed (diglyceride and monoglyceride) were not considered) and pseudo-first-order
due to excess used of the methanol (this is because the concentration of the methanol
is approximately constant during the reaction). The rate constant of 0.0052, 0.0073 and
0.011 min? as the temperature varies from 45, 55 and 65 °C, respectively, were
obtained. The activation energy (E.) was determined using the Arrhenius equation as

34.44 kJmol™* and pre-exponential factor (A) as 7.94 min2,

A similar kinetic method was used by Ma et al. (2017) for waste cooking oil with FeCls —
modified resin as heterogeneous catalyst. Methanol to oil ratio (10:1), reaction time (2
h) and catalyst loading (8%) at 90 °C was applied for the experiment with 92%
conversion. The authors developed a model which fitted the experimental values with
rate constant of 0.0073, 0.0093, 0.0135 and 0.0210 min! at 60, 70, 80 and 90 °C,
respectively. And obtained activation energy of 35.51 kJ-mol? and pre-exponential
factor of 2.55x103. Wu et al. (2017) used a novel mesoporous catalyst at 50 — 70 °C and
molar ratio 6:1 — 15:1 for 24 h. They also varied the catalyst concentration (1 — 2.5 wt%)
and obtained the highest biodiesel yield of 91.9%. The authors assumed a pseudo-first-
order reaction due to the excess use of the methanol. The authors reported an
agreement between the model and the experimental data. The rate constant for the
forward reaction increase (ki = 0.082 — 0.139 L-mol*mint-.g?') while the backward
reaction decrease (k-1 =0.062 —0.010 L-mol*-mint-g?) with an increase in temperature,

mole ratio and catalyst loading.

Muthukumaran et al. (2017a) used various catalyst for the reaction and methanol as the
short-chain alcohol. Approximately 92% yield was obtained as the highest. The power-
law method was used for the kinetic, assuming that the reaction is not reversible due to
the excess methanol and that the order of the reaction is first order. The model fits well
to the experimental result with a rate constant of 0.011, 0.014, 0.014 and 0.014 min-tat
40, 50, 60 and 70 °C, respectively. The activation energy (Ea) was 22.306 kJ-mol* and
pre-exponential factor of 60.51 min. Zeng et al. (2017) study the kinetics of biodiesel
production with supercritical methanol. They reported maximum biodiesel yield of
97.42% at 20 minutes using 250 °C with 23:1 methanol to oil ratio and 1 wt% catalyst

concentration (sodium methoxide). The authors reported 1.4 as the order of reaction
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and 0.0387 as the rate constant. Also, activation energy was 27.06 kJ-mol*and 102.71

as the pre-exponential factor.

Berrios et al. (2007) esterified triglyceride from sunflower oil with methanol using
sulphuric acid as the catalyst. The reaction was performed for 2 h, and varied mole ratio
from 10:1 to 80:1 assumed pseudo-first-order. The authors reported an increase in the
rate constant for the forward reaction, increasing the mole and catalyst concentration.

In contrast, the rate constant for the reverse reaction is negligible.

The kinetics model for biodiesel production can be developed using the reaction as
shown in Figure 2-32. Where r1,2,3 is the rate, ke1,2,3 is the rate constant for the forward
reaction, kri23 is the rate constant for reversed reaction Crgpememp is the
concentration of triglyceride, diglyceride, monoglyceride, methanol and biodiesel

respectively. Hence, using power rate law as

dCrg

n=- d: = kp1CrcCy — kr1CpCpg
dCpg

r, =- d? = kpyCpgCy — kr2CpCuye
dCyg

r3 = — dt = kp3CygCy — kr3CpCs

Some assumed the reaction is elementary and not reversible and used the equation

dCrg
dt

r= = kFCTGCM3 - kRCBDSCG

Arrhenius equation is applied to determine the rate constant

E
k= Aexp(_ﬁ)

Some of the reported activation energy (E) and pre-exponential factor (A) reported in

literatures are shown in Table 2-22.
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Table 2-22: Kinetics parameters for biodiesel production.

Catalyst A1 Aa A; A A3 As Arra A-rra Ex E1 E> E-2 Es Es Erra E-rra Reference
H2S04 1.59 0.33 3.194 | 5.97 1.01 4.03 9.5 1.67 38.7 38.7 38.7 38.7 107.11 | 38.74 | 37.99 | 12.76 Marchetti et al.
x101 x10™ x10 (2010)
L-(mol-s)? kJ-mol?
H3PW12040 | 0.0087 | 0.6971 | 7.211 | 0.0022 2.113 0.0022 31.3 35.2 46.1 10.5 44.1 14.7 Yuan et al.
(2013)
m3-(geat.s)! kJ-mol*
Al/Sr 3.38x10’ 72.86 Feyzi and
Shahbazi (2017)
st kJ-mol?
Zr/W 1.5x10%° 51.9 Zubir and Chin
(2010)
L%(mol-g-min)* kJ-mol?
NaOH 3.7x 9.4x 5.82x | 1.06x 5.33x 9.16x 13.14 | 993 | 19.86 | 14.64 6.42 9.59 Bashiri and
107 10° 10%2 10% 103 103 Pourbeiram
(2016)
L-(mol-min)*? kcal-mol?
Base 1176.67 36.01 Ong et al.
(2013b)
Acid 1372.9 2.11 28.38 | 5.66
min? kJ-mol?
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NaOH 0.110 | 0.482° | 0.171 | 0.482? 0.076 0.482° 3.1° 0.062°¢ 48.7 | 57.9 | 49.3 | 57.9° 53.9 57.92 57.9¢ | Reyero et al.

(2015)
L%(mol2s)? / (L-(mol-s)?) < kJ-mol?

H2S04 2.92x10° 3.84x10%3 79.24 119.76 Yingying et al.

(2012)
Forward (h?) Reverse L:(mol-h)? kl-mol?
H2S04 702.7 1926 3.57x% 1028.6 20685.7 47.4 55.8 | 264.5 46 58.1 Liu et al.
2.2 10¥ (2016b)
L-(mol-min)*? kJ-mol?
F*-SO47/ 1.88 1.90 32.73 32.61 Shu et al. (2019)
MWCNT
L-(mol-h)? kJ-mol*?

NaOH 13.1 9.9 199 | 14.6 6.4 9.6 300 rpm Noureddini and
Zhu (1997)

30-70°C 13.6 9.8 18.8 11.2 5.2 9.9 600 rpm

kcal-mol?

NaOH 14.0 10.7 16.0 13.9 7.2 11.0 Bambase et al.
(2007)

25-60°C kcal-mol?

KOH 14.7 14.2 6.4 Darnoko and
Cheryan (2000)

50 - 65 °C kcal-mol?

@js the TG, DG and MG to soap

b ethoxide and hydroxide reaction
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As shown in Table 2-22 the activation energy (E) for the reaction are within the same
range (less than 100kJ-mol?). This shows the kinetics and reaction mechanism compared
well and follows similar trend. However, from all the many documented literature on
kinetics of biodiesel production, no literature has been reported on the kinetics of
reactive coupling for biodiesel, polyglycerol, and glycerol ether production. The data
obtained from the kinetics of reactive coupling will give better understanding of the

reaction conditions, design process, optimizing and scaling up of the process.

2.8 Summary of Chapter Two

Various techniques have been applied for biodiesel production with selected catalyst.
Higher molar ratio of methanol to triglyceride were used, leading to increase in cost for
the purification of both biodiesel and glycerol by-product. The glycerol (if purified) are
converted to various products, to increase the revenue for biodiesel industries. For the
purpose of this research, the novelty is to reduce the molar ratio of alcohol to
triglyceride by converting the glycerol by-products to added value products in a single
pot using reactive coupling technique. The effect of process variables for the technique

shall be determined and the kinetic model of the process developed.
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Chapter 3. MATERIALS AND METHODS

This chapter reports the materials, equipment, and methods used in this research. All
chemicals were purchased from vendors and used without further treatment. The first
part of this chapter concerns glycerol valorisation using commercial glycerol as
feedstock. The second part contains reactive coupling procedures for the simultaneous
production of biodiesel and valorisation of glycerol. The third part is the methodology
used for combined reactive extraction and reactive coupling. This includes extraction of
rapeseed oil using Soxhlet extraction, reactive extraction, and combined reactive
extraction and reactive coupling. The fourth part describes the model developed for the

production of polyglycerol from commercial glycerol and reactive coupling.

3.1 Materials
Table 3-1: List of materials, supplier, and the purity.
Name Supplier Purity
Glycerol Sigma-Aldrich 99.5 wt%
Sulfuric acid Sigma-Aldrich 99.999%
Acetonitrile Fisher Scientific HPLC Grade
Distilled Water Fisher Scientific HPLC Grade
Diglycerol Inovyn 90.6%
Polyglycerol —3 Inovyn 49%
Polyglycerol — 4 Inovyn 28.5
Anhydrous Methanol Sigma-Aldrich >99.5%
Anhydrous Pyridine Sigma-Aldrich 99.8%
N, O-Bis (trimethylsilyl) trifluoroacetamide Sigma-Aldrich >98.5%
Methyl Heptadecanoate (Analytical Standard) Sigma-Aldrich >99%
3-methoxyl 1,2-propanediol (Analytical Standard) Sigma-Aldrich
Propan-1-ol Acros Organics 99.5%
Toluene Sigma-Aldrich
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Hexane with mixed Isomers Alfa Aesar 98.5+%

Rapeseed Oil Tesco vegetable oil

Rapeseed Newcastle farm

3.2 Polyglycerols Production from Commercial Glycerol

This section explains the procedures to produce polyglycerols from commercial glycerol.
The reaction was conducted in a pressurised vessel at low temperature, compared to
the previous works (Salehpour and Dubé, 2011, Ardila-Sudrez et al., 2015, Gholami et
al., 2013a, Bookong et al., 2015) that used a distillation flask equipped with the Deans —

Stark apparatus.

3.2.1 Experimental Apparatus for Polyglycerol Production

The experimental rig is shown in Figure 3-1 below. The reactor was made of stainless
steel (T316 Parr instrument 4760) with a volume of 300 mL and was pressure-rated to
200 bar. The vessel was 101.63 mm in height and had an inner diameter of 63.30 mm. It
was equipped with a pressure relief valve set at 20 bar. The vessel was also equipped
with a 7 bar pressure gauge to measure the pressure, a thermocouple, catalyst line,
liqguid sampling line, and gaseous sampling line. Wet gas from the reactor is dried using
packed ice and the dried gas collected through the gas sampling point. The polymerised
sample was collected through the liquid sampling point. The experimental rig was set to

accommodate the reaction conditions for both polyglycerol and biodiesel production.
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Figure 3-1: Pressurised vessel equipped with thermocouple and pressure gauge.

3.2.2 Reaction Procedure for Polyglycerol Production

100 g of glycerol was poured into the reaction vessel and heated to the desired
temperature. Then 1 wt% sulfuric acid was added through the catalyst line, initiating the
reaction. The reactor was nitrogen blanketed (filled and closed). Both gas and liquid
samples were collected at intervals (0 — 5 hours). The composition of gas samples was
determined using a GC. Liquid samples were analysed with FTIR and HPLC for the
functional groups and compositions, respectively. The experiment was repeated with

various temperature (130 — 160 °C) and catalyst concentration (1 — 6 wt%).

The conversion of glycerol, the selectivity of the individual oligomers, the total

oligomers, and the percentage yield were calculated using the equations below:

initial concentration—final concentration
x 100 3.1

Glycerol conversion (%) = — ,
initial concentration

.. inal concentration of DG
Selectivity of DG = —— ! , , A — X 100 3.2
initial concentration—final concentration
.. sumof final concentrationof PG
Selectivity of PG = — 1 : . ! — X 100 33
initial concentration—final concentration
. lycerol conversionxsum of selectivit
Yield (%) = 22 ! Y 3.4

100
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3.2.3 Sample Preparation and Characterization

Both gas and liquid samples were collected at the interval. The gas sample was
characterised using the GC while HPLC, FTIR, and refractive index were used to
characterise the liquid samples. The GC and HPLC were used to determine the
concentration of samples while the refractive index is for easy monitoring of the reaction

progress.

3.2.3.1 Gas Chromatography (GC) Analysis of Gas Sample

The gas sample was collected into a 1-litre PVF film gas sampling bag with polypropylene
fittings. The dry gas was carefully collected by connecting the fittings of the gas bag to
the sampling point. A syringe was then used to collect the gas from the sampling bag

and injected it directly into GC.

The GC used was Varian/Agilent technology (Varian 450 — GC). It was equipped with a
thermal conductivity detector (TCD) to measure the permanent gases and flame
ionisation detector (FID) to determine hydrocarbons and alcohols. It consists of 2 ovens;
the first has three (3) columns (Haye Sep T 1.64 ft (0.5 m) long by 0.125 inch outer
diameter UltiMetal, Haye Sep Q 1.64 ft (0.5 m) long by 0.125 inch outer diameter
UltiMetal and Molsieve 13 by 1.5 m by 0.125 inch UltiMetal for permanent gases). The
second contains two (2) columns (CP —SIL5 CB FS 25 m long by 0.25 mm inner diameter
for hydrocarbons and CP — WAX 52 CB FS 25m long by 0.32 mm inner diameter for

alcohols).

The GC was connected to four gas cylinders: nitrogen, as the make-up gas; hydrogen and
compressed air combusting gases, and argon as the carrier gas. Both front and middle
injector set points were at 250 °C. The initial and final oven temperatures were 40 and
120 °C, respectively, with a ramp of 10 °C-min! and end time of 13.25 min. The flow rate
at the column pneumatics for both the front and middle column was 1.0 mL-min! with
the front TCD set point of 175 °C, and filament temperature of 275 °C and positive

polarity while the middle FID is at 255 °C set point.

88



3.2.3.2 High Performance Liquid Chromatography (HPLC) Analysis of
Samples

The sample was prepared by diluting a known amount of the product with 5 mL HPLC-
grade water. The mixture was then shaken to homogeneity. It was then filtered into 2
mL vials using a 4 mm syringe filter of 0.45 um PVDF (polyvinylidene fluoride) material.
The vials were then sealed with a PTFE (polytetrafluoroethylene)/ silicone septa screw

cap (11 mm) from Restek.

The liquid samples were analysed with the Perkin Elmer "Flexar" HPLC. A hypersil GOLD
Amino column ((from Restek) with 250 mm by 4.6 mm diameter by 5 um particle size)
was used at a flow rate of 1.5 mL-min’! and temperature of 40 °C. The eluate was a
mixture of acetonitrile and water (70:30). The HPLC was equipped with a photodiode
array (PDA) detector and a refractive index (RI) detector. The LCs were analysed using
"Chromera” software. The samples were arranged in the autosampler tray according to
the sequence number. The method was loaded, and the sequence was run. The method
used was based on the work of previous authors (Wan et al., 2015, Soi et al., 2014,

Kumar et al., 1984, Din et al., 2013).

3.2.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

The analysis was performed using an Agilent Technologies Cary 630 FTIR spectrometer,
with a spectral range of 4000 to 650 cm™. Salehpour and Dubé (2012) used a similar

system.

The sample holder and the diamond ATR (attenuated total reflection) cell were cleaned
with 2-propanol. The sample was added dropwise to cover the diamond ATR using a
transfer pipette for liquid samples. In solid samples, tweezers or spatulas are required
to drop the sample to cover the diamond ATR. Before spectrum capture for the solid

samples, the cap was then screwed down to lock the sample to the diamond ATR.

3.2.3.4 Refractive Index

The refractive index was measured using a refractometer (Mettler Toledo Refracto
30PX). The refractive index of the tool ranges between 1.32 — 1.5. Using a transfer
pipette, the sample was taken and carefully dropped onto the illuminated surface, which

holds the sample.
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3.3 Reactive Coupling for Biodiesel and Glycerol Valorisation

Commercial (Tesco) rapeseed oil was used as biodiesel feedstock. It was purchased from
a local store in Newcastle. The same experimental set-up as in the polymerisation of

glycerol (3.2.1) was used with modification.

3.3.1 Reaction Rig for Reactive Coupling

The apparatus for this experiment (see Figure 3-2 below) is like the experimental set-up
for polyglycerol production with the addition of a pressurised vessel. This is because
alcohol is required and is used at a higher temperature than its ambient pressure boiling
point. The additional pressurised vessel was connected through the catalyst line so that

the alcohol could be added at pressure. The additional vessel also had a dedicated relief

valve.
Catalyst line
Pressure gauge Valve Vessel “B” Safety relieve
Nitrogen line valve (12 bar)
Pressure vessel
B
Thermocouple
Vessel “A” Safety Relief
o ) ) Valve: 20 bar Pressure gauge \S8
Liquid sampling point %
Condenser Heating
band Gas
| A Sampling
) point
Sample (Triglyceride and Water |n|EtTWater OUtIEti Tl ===
solvent in presence of ff .‘f;
catalyst)
Heating source |D B0 Dl o o f,._" 2
Heating and stirring Ice pack

device

Figure 3-2: Experimental set-up for reactive coupling.

3.3.2 Procedure for the Reactive Coupling

100 ml of triglyceride were poured into the reaction vessel (A) and heated to the desired
temperature. The required methanol (4:1, 5:1, 6:1, and 8:1) and sulfuric acid (1%, 2%,
3%, and 5%) were measured into the pressure vessel (B). Nitrogen gas was then allowed

into the vessel (B), which pushes the mixture of the methanol and catalyst into the main
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reactor (vessel A), initiating the reaction. The reaction was conducted in a nitrogen
environment to minimise dehydration of glycerol into acrolein and acetol. Liquid
samples were collected at the end of the experiment to determine the percentage of

FAME content.

3.3.3 Preparation and Characterization of Reactive Coupling Sample

The gas sample was characterised as reported in 3.2.3.1. Also, the FTIR and refractive
index were performed as reported in section 3.2.3.3 and 3.2.3.4, respectively. The liquid
phase, which consists of the FAME rich phase and the heavy glycerol rich phase separate
almost immediately after the reaction using gravity, were characterised for density,

viscosity, and compositions.

3.3.3.1 GC Analysis of FAME

1000 mg of methyl heptadecanoate was measured into a 100 mL volumetric flask. It was
dissolved in propan-1-ol and made up to 100 mL. The mixture was used as the internal
standard for the GC analysis of the FAME percentage content. About 50 mg of the FAME
sample was measured into a 2 ml vial, and using a pipette, 1 ml of the methyl

heptadecanoate standard solution was added.

The FAME content was analysed following the report by Al-Saadi et al. (2018). The GC
(HP6890 series) with a fused silica capillary column of 30 m by 0.32 mm by 0.25 pm was
used. The oven was ramped at 15 °C-min! from 120 to 260 °C after an initial time of 5
mins. The final temperature was held for another 15 mins. The injector was set at 250
°C while the flame ionisation detector (FID) was set to 260 °C. The prepared sample was
injected using an autosampler. The FAME content was then calculated using the

equation below.

pp = &422AD (VD 00 3.5
A mg
mp = PFT% 3.6
Yield of FAME (%) = == x 100 3.7
w mre

91



Pr is percentage FAME content, SAp is the summation of the peak area from the GC, A,
is the internal standard area, and C; is the internal standard concentration. The internal
standard volume is represented as V| while the mass of the sample analysed is ms. Also,
me is the mass of FAME, mer is the total mass of the upper layer after separation and mg:

is the theoretical mass of FAME.

3.3.3.2 GC Analysis of Polyglycerol

Derivatisation of the polyglycerol was necessary to have good separation from the GC
or MS by enhancing the sample volatility and detectability. Derivatisation of analytical
samples for GC is often applied to compounds that contain active hydrogen atoms in
their functional groups. These groups (hydroxyl (-OH), amine (-NH), carboxylic acid (-
COOH), and thiol (-SH)) are either thermally unstable, not sufficiently volatile, or too
strongly bound to the stationary phase of the GC column (Knapp, 1979). Must
derivatisation for GC are acylations, alkylations, esterifications, or silylations. Silylation
is used for polyglycerols to modify the —OH groups, as they interact with the stationary
phase too strongly. Typically, silylation increases the volatility and decrease the surface
adsorption by displacing the active hydrogen of hydroxyl (-OH), amine (-NH), or thiol (-
SH) groups (Moldoveanu and David, 2019). The silylation mechanism comprises a
nucleophilic attack by the silicon, which removes the low basicity leaving group. The
leaving groups low basicity stabilises the negative charge in the transition state (Knapp,

1979).
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Figure 3-3: Silylation of polyglycerol with BSTFA as the silylating agent.

Here, the polyglycerol analysis produced in the GC was performed after silylation,
following Guerrero-Urbaneja et al. (2014). About 50 mg of the heavy phase was
measured and dissolved in 0.5 mL of dried pyridine as bought. Using a micropipette, 0.04
mL of the dissolved sample was taken into a 2 mL vial. A 25 mg-mL* concentration of
the standard (butan-1, 2, 4-triol) was prepared with the dried pyridine, and 0.04 mL was
added to the sample in the vial. The mixture was then added 0.06 mL of N, O-Bis
(trimethylsilyl) trifluoroacetamide (BSTFA), and the vial sealed. The mixture was then

allowed to age for an hour in an oven at 60 °C before analysis with the GC.

A Hewlett Packard 5890 series Il was used, equipped with Elite-5MS column (30 m by
0.32 mm by 0.25 um) and FID. The injector temperature was operated at 250 °C, and FID
was set at 280 °C. The tool was operated with the initial temperature set at 150 °C and
an initial time of 2 minutes. It was ramp at the rate of 10 °C:min! to the final
temperature of 300 °C. The final temperature was held for 15 minutes. 1 pL of the

silylated sample was injected manually.

The equations below were used to calculate the contents, yield, and selectivity of the

compositions of the sample.

A CxXV 1
P, —Ac, CxvD) 1
Ar mg Gg

x 100 3.8
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Ppe = Ape o (CxXVD 1 100 3.9

Ar mg Gpg

Arg , (CrxVp) 1

Prs =—X——=x—x100 3.10
Af ms Grg
Pprg = ATTG o (Crxvy) s —1_ % 100 311
Af mg GTTG
_ Ampp , (C1XV]) 1
Pypp = yy X e X G x 100 3.12
m, = 2T 3.13
100
S; = —H—x 100 3.14
megi—me
Xe = TEET6 % 100 3.15
mrg
L = xS 3.16
100

Where Pg, bg, 16, 16, Mpp are the percentage content by weight of glycerol, diglycerols,
triglycerols, tetraglycerols and 3-methoxyl 1,2-propanediol. Ag, os, 16, 716, Mmpp are the area
and Geg, b, 16, TT6, Mpp are the slopes of calibration for glycerol, diglycerols, triglycerols,
tetraglycerols and 3-methoxyl 1,2-propanediol, respectively. A, C;and V, are the peak area
of the internal standard from the GC, concentration of internal standard and volume of the
internal standard. Mass of the various species was represented as m;, total mass of the glycerol
heavy phase after separation mr and percentage content of the different species Ci. The
selectivity of the specie is S;, while mgi1and mg are the theoretical mass of glycerol base on the
conversion of triglyceride and mass of the glycerol after reactive coupling. The yield of the

coupled species are Y; and the conversion of glycerol is Xe.

3.3.3.3 Density of FAME

The density of the sample was measured using Mettler Toledo Densito 30PX. The
portable meter can be set to analyse the liquid sample for density or specific gravity. The
meter has an accuracy of + 0.001 g-cm3and a temperature range of 5 — 35 °C. Distilled

water is used to clean the measuring cell before the analysis of the sample.
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3.3.3.4 Viscosity of FAME

The viscosity of the FAME was measured using Haake viscotester 2 plus. The device has
a rotor speed of 62.5 rpm with a maximum temperature of 150 °C. The rotor was
connected to the device and clamp to the support stand. The sample was then carefully
poured into the measuring cup. The rotor was gently immersed into the measuring cup

with the sample. The device was then switched on, and the viscosity was measured.

3.4 Combined Reactive Extraction and Reactive Coupling

The extraction of the rapeseed, reactive extraction and Soxhlet reactive extraction using
the Soxhlet apparatus is explained in this section. It also includes the procedure for the

combined reactive extraction and reactive coupling.

3.4.1 Soxhlet Extraction

The seed was grounded using a manual grain crusher (Eschenfelder). A known amount
of the ground seed was taken into a thimble and carefully inserted into the Soxhlet
apparatus extractor. 60 mL of hexanes with mixed isomers was poured into the three-
neck distillation flask, equipped with a thermocouple. The extraction was performed at
70 °C (above the boiling point of the solvent). The effect of time was observed by

extracting from 10 — 60 mins. The experimental set-up is, as shown in Figure 3-4.

The percentage of oil yield in the seed was determined using the equation below.
Oil Yield % = =2 x 100% 3.17
N

Where W, = weight of the oil extracted (g)

W; = initial weight of the seed (g)
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Figure 3-4: Soxhlet extraction apparatus for rapeseed oil extraction.

Methanol was also used as a solvent for the extraction. The mixture of the extracted oil
and solvents was separated by evaporating the solvent at room temperature in an open
flask inside the fume cupboard for 24 h. Samples were analysed for density, viscosity,
refractive index, free fatty acid, and FTIR. The cake was also analysed for the morphology

using SEM/EDX.

3.4.2 Reactive Extraction for Biodiesel Production

A known amount of the grounded rapeseed was measured and poured into the three-
neck round bottom flask. The flask was equipped with a thermocouple, condenser, and
a magnetic stirrer, as shown in Figure 3-5. The distillation flask was heated and stirred
with the aid of the combined hot and stirring plate. A known amount of methanol (200:1,
300:1, 400:1, and 480:1) was preheated to the desired temperature (65 °C) before
introducing the three-neck distillation flask. The reaction was initiated with the addition
of 1 wt% sulfuric acid. Samples were withdrawn at intervals. The experiment was

performed with a stirring speed of 200 rpm.
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Figure 3-5: Set up for the reactive extraction.
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reaction block

Samples were analysed with the GC for the FAME content after separation. Selected

samples of the seed residue were also characterised for the FTIR and SEM.

3.4.3 Soxhlet Extraction with Parallel Reaction for Biodiesel Production

The concept of Soxhlet extraction and reactive extraction were combined in this
method. Unlike reactive extraction that the ground seed is mixed and stirred with the
solvent, Soxhlet extraction with parallel reaction has its sample in a thimble and placed

into the Soxhlet apparatus extractor, as shown in Figure 3-6.
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Figure 3-6: Soxhlet reactive extraction.
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A known amount of the grounded sample was poured into a thimble and placed into the
extractor. Methanol was mixed with 1 wt% of a catalyst (sulfuric acid) and stirred at
200 rpm at 65 °C. The condensed solvent overflow through the siphon, which contains
the extracted triglyceride, will mix with the catalyst in the three-neck distillation flask to
initiate the reaction. The experiment was repeated with various molar ratios (200:1,

300:1, 400:1, and 480:1). The GC characterised the samples for composition.

3.4.4 Combined Reactive Extraction and Reactive Coupling

The same experimental set-up as in section 3.3.1 was used, as shown in Figure 3-7.
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Figure 3-7: Combined reactive extraction and reactive coupling.

The grounded rapeseed was poured into the reaction vessel (A). A measured amount of
methanol was taking and divided into two-part. The first part was added into the vessel
(A) to mix with the grounded rapeseed. The mixture was then heated until the required
temperature was attained. The second part of the methanol was then poured into the
pressure vessel (B) and 1 wt% sulfuric acid. Nitrogen gas was used to push down the
mixture (vessel B) into the main reactor (vessel A) as the temperature required was
attained. At the end of the reaction time, samples were analysed for each phase as in
section 3.3.3. The reaction was repeated with various molar ratio (150:1, 200:1, 250:1,
300:1, 400:1 and 450:1), temperature (130, 140, 150 and 160°C) and catalyst

concentration (0.5, 1, 2, 3 and 5 %).

3.4.5 Sample Characterizations

Gas chromatography was used to analyse the liquid samples composition in the
combined reactive extraction and reactive coupling as in section 3.3.3.1 and 3.3.3.2. A
similar procedure was used for reactive extraction and pseudo reactive extraction
method. Samples from Soxhlet extraction, reactive extraction, Soxhlet extraction with
parallel reaction, and combined reactive extraction and reactive coupling were also

characterised for density (see section 3.3.3.3), viscosity (see section 3.3.3.4), refractive
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index (see section 3.2.3.4), FTIR (see section 3.2.3.3), free fatty acid, and acid value. The
rapeseed water content was determined before grounding, and the SEM of the residue

before and after the various experiment.

3.4.5.1 Water Content in the Rapeseed Sample

Rapeseed used for this work was obtained from Cockle Park farm (Newcastle University
farm) and was stored airtight. The experiment to determine the water content was
performed following the work of Zakaria (2010), which was based on the American Qil
Chemist Society (AOCS) Ca-2d-25 method. A known amount of the ungrounded sample
was weighed and oven-dried at 100 °C until a constant weight was achieved. The
percentage of water content was calculated using the equation below.

Water Content % = % X 100% 3.18

N

Where Wt = final weight of the seed (g) W; = initial weight of the seed (g)

3.4.5.2 Free Fatty Acid and Acid Value

The American oil chemist society method (AOCS) Ca 5a-40 for the determination of free
fatty acid (FFA), and acid value (AV) was used as reported by (Zakaria, 2010). A known
amount (in gram) of the extracted oil was poured into a conical flask and mixed with
75 mL ethanol preheated to 40 °C. The mixture was gently swirled before adding 2 mL
of phenolphthalein indicator. The mixture was then titrated over sodium hydroxide
solution with constant stirring using a magnetic stirrer. The percentage of free fatty acid
and acid number were then calculated using the equations below:

(V—B)XNx28.2

mg

% FFA (as oleic acid) = 3.19

AV =FFA X 2 3.20

Where V = titration value of the sample, B = titration value of the blank, N =

concentration of sodium hydroxide
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3.5 Kinetics

The conditions used for the glycerol etherification in this work produce polyglycerol and
traces of by-product such as acrolein and hydrogen. The assumed reaction pathway is,

as shown in Figure 3-8.

OH OH OH OH

k
HO\)\/OH . HO OH — 1 » HO\)\/O\J\/OH +H0

(ai) Etherification of glycerol to diglycerol

OH OH OH K OH OH OH
HO\)\/OH . HO\)\/O\)\/OH KX Ho\)\/o\)\/o\/\/OH “H,0

(aii) Etherification for triglycerol production

OH OH OH OH ks oH OH OH OH
HO\)\/OH o K _o K _o A ot —= Ho\)\/o\)\/o\)\/o\/\/w +H,0

(aii1) Etherification for tetraglycerol production

OH K
Ho A _on ———t > COtHytCOtC

(b) Glycerol decomposition as a side product

|o
OH

© 2H,0
HO\)\/OH ks \) :

Acrolein
(ci) Glycerol dehydration to produce acrolein

o O

Acetone

(cii) Acrolein hyrogenation to produce acetone

Figure 3-8: Possible reaction pathway for (a) polyglycerol production (b) glycerol
decomposition (c) glycerol dehydration.

This shows that glycerol can undergo a parallel reaction of etherification, dehydration,
and decomposition due to the three-hydroxyl group. However, the reaction favours the
etherification reaction. This was because it was performed in a nitrogen environment,

and dehydration is favoured in an air environment. Also, the temperature was limited

101



to 160 °C to reduce the decomposition of glycerol. The following assumptions were

made for this kinetics study:

All polyglycerols are diglycerol and triglycerol. Early proof of concept studies
has demonstrated that diglycerols are the main form of the polyglycerol
product, accounting for approximately 90% of the polyglycerols. Triglycerols
and tetraglycerols production (through the pathway of k, and ks3) are only
significant at higher temperatures, catalyst concentrations or/and times.
However, triglycerols are produced within the first hour, while tetraglycerols
are not. Hence tetraglycerol is assumed negligible for this scheme.

Higher polyglycerols are produced in parallel to the glycerol feed. Since
there is not enough data for the higher polyglycerol, the trial and error
method was used to develop the model. The model was developed based on
the selectivity of the diglycerol.

Acrolein formation is minimal. The formation of the acrolein is minimised
here by using an atmosphere of inert gas. Hence, ks and ks can be assumed
to be negligible.

Hydrogen production is minimal. In proof-of-concept experiments,
hydrogen was detected. However, the yield was negligible (about 4%
maximum, see Figure 4-3 to Figure 4-6) compared to the amount of
polyglycerol (over 60%, see Figure 4-7) produced. Hence, ks can also be

assumed negligible.

Error! Reference source not found. can then be reduced to Figure 3-9 after

removing the pathway for ky, ks, ks, ks, and ke.

OH OH oH OH
Catalyst
HO OH + HO OH — Ho o) oH + HO0

Glycerol Diglycerol

Figure 3-9: Reaction for diglycerols production.
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Base catalyst (OH )

OH HO
Catalyst
oH +HO OH— Ho o oH * H,0

2nd carbon
Ist carbon terminal

terminal Diglycerol Water

Glycerol

Acid catalyst H"
OH OH HO
Catalyst
OH2 + HO OH—> Ho o oH * H,0

Glycerol Water

Diglycerol

Figure 3-10: Reaction path for alkaline and acid catalyst for glycerol oligomerisation

The reaction mechanism with either base or acid catalyst can proceed in accordance
with nucleophilic chemical substitution Sn2 type (Krisnandi et al., 2008, Salehpour and
Dubé, 2011). The base catalyst will deprotonate one of the OH group of the glycerol
feed. This aid to increase the nucleophilic strength of the oxygen to enhance attack on
the carbon terminals of another glycerol molecule. This will now give out water in the
process and form the much needed oligomer. Similarly, the process occurs with an acid
catalyst by the protonation of one of the OH group of the glycerol to produce a good
leaving group. The production of this good leaving group makes the acid catalyst process

faster than the base catalyst due to it low activation barriers.

The overall kinetic equation for the consumption of glycerol is used.
R = kCg,"C.™ 3.21
At constant catalyst concentration,
R = kypsCol™ 3.22
Where k,ps = kC:.™ 3.23

CeL = glycerol concentration, Cc = catalyst concentration, n = order of reaction with
respect to the glycerol, m = order of reaction with respect to the catalyst, and k = rate

constant.

Using the second order kinetics, n in equation 3.22 was substituted to give
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R =2 = kopsCo,’ 3.24
1 1
C_GL - E + kobst 3.25

1
plot — vs t.The intercept is and the slope is k,ps

CGL CGLO
Note that k,,s = kC.™
Ink,,s = Ink + minC, 3.26

The plot of Lnkobs against LnCc will give a slope of m (order of the catalyst) and intercept

Lnk (rate constant).

E
From Arrhenius equation, k = Ae RrT 3.27

= -5

1 E
Plot Ink vs T Intercept is InA and slope is — R

The reactive coupling model was developed by adopting the conventional kinetics model
of biodiesel using an acid catalyst as reported by previous authors (Marchetti et al.,

2010, Qing et al., 2011). It was combined with the model developed for the polyglycerol
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production from this work and glycerol ether using trial and error method. The reaction

pathway is as shown in Figure 3-11

T
T =
(o]
_0
NG T
© S OH
o +  3CH;OH — 3 o *
Ji 0 HO\)\/OH
o]
b
°© o
T i o A1 T
T T
T =

Triglyceride Methanol Fatty methyl ester Glycerol

(a)

OH k OH OH
nHO\)\/OH —2 s HO o OH + nHO

Polyglycerol

(0}

_0O

(b)

OH
3 HO o
HO\)\/OH +  CH;0H _— N + H,0

3-Methoxy-1,2-propanediol

(c)

Figure 3-11: Reaction pathway for the reactive coupling showing (a) Biodiesel
production (b) Polyglycerol production (c) Glycerol etherification with the excess
methanol of transesterification.

The conversion of triglyceride to biodiesel and glycerol occurs with an intermediate
(diglyceride and monoglyceride) production in a three-consecutive reaction. Both

reactions were reported to be reversible, as shown in Figure 3-12 below.

The rate of both the forward and reverse reaction of the FAME production with respect

to the intermediate can be represented in the equations below.
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Tr = kFICTGECM 3.28

Tr1 = kr1CpeeCh 3.29
Tr2 = kp2CpeeCy 3.30
TRz = Kr2CumceCh 3.31
ez = kp3CyeeCy 3.32
Tr3 = kr3CcCp 3.33

The rate of each of the intermediate can be determined as shown in equation 3.34 —

3.36.

[ ——
+  CH0H

(o]
o
2 k
O\)i “ ° o
o T. o
o 2t |
T T

T
T
T
=
T. = ° T
kg N7
O + o
\i 0
T

Triglyceride Methanol Diglyceride Fatty methyl ester
T T
T LN~ T A
T o+ o
=
o) kFZ
E—— o _O
+ CHoH ~ ——
\):O ’ kRZ HO\iOH
° OH
T o
{
T
Diglyceride Methanol Monoglyceride Fatty methyl ester

kg3 OH T
: L
_—
T A + CH30H Kns Ho oH o
o
/O
()
HO\iOH
Monoglyceride Methanol Glycerol Fatty methyl ester

Figure 3-12: Consecutive reaction of triglyceride to biodiesel.

71 =Tp1 — Tr1 = kp1CrgeCy — Kr1CpeeCh 3.34
T =Tpp — TRz = kp2CpeeCy — kr2CumgeCe 3.35
T3 = Tp3 — T3 = kp3CyeeCu — kr3CsCh 3.36
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T - d + H20
T A + CH,OH ~ K 0
o R4
_O
OH
. Water
Free fatty acid Methanol Fatty methyl ester

Figure 3-13: Reaction of the free fatty acid to produce biodiesel.

Since the FFA can also be converted to biodiesel as shown in Figure 3-13, the equation

for the FFA was derived as shown in equation 3.37 —3.39.

TF4- = kF4CFFACM 337
TR4 = kR4-CWCB 338
Ty = Tpy — Tra = KpaCrpaCy — kraCy Cy 3.39

The overall rate for each component is shown in the equations below.

% =-n 3.40
“;;tcw =1 -1 3.41
“d# =1 — 15 3.42
%: S 3.43
d%m =, 3.44
‘%Bzr1+r2+r3+r4 3.45

Equation 3.21 for the polyglycerol production was adapted into the kinetics of reactive
coupling. The model for glycerol ether was obtained using “trial and error” method. The
trial and error from this work is an equation adopted from a similar process to glycerol

ether. This is due to insufficient data for the glycerol ether to develop model or kinetics
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model from previous literature. Both self-glycerol polymerisation and glycerol ethers are
etherification process, hence, the adapting of the model from polyglycerol production.
The model developed for the polyglycerol was used as the starting point and tested with
various order of reaction. Also, the percentage selectivity were tested with the model

to test the fitness to the experimental data.

3.6 Summary of Chapter Three

Polyglycerol was produced using a stainless steel vessel in presence of acid catalyst, with
concentration varied from 1 — 6 wt%. The reaction was performed at 130 — 160 °C for
up to 5 hours and the samples were analysed using HPLC and GC. The rig was modified
to be suitable for reactive coupling because of methanol that will be introduced. With
reactive coupling, triglyceride was converted to biodiesel in presence of acid catalyst
with concentration 1 -5 wt%, temperature 130— 160 °C, and molar ratio 4:1 — 8:1. Same
modified rig was used for combined reactive extraction and reactive coupling as a proof-
of-concept. Samples produced from the process were analysed using GC. Kinetic model
for glycerol etherification and reactive coupling were developed. It will be simulated

using MATLAB to fit the experimental data obtained from this work.
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Chapter 4. RESULT AND DISCUSSIONS

The first part of this chapter shows the results for the glycerol valorisation using
commercial glycerol as feedstock. It also discusses the effect of the process variables
and the kinetics of the process. The second section results from the reactive coupling
for the simultaneous production of biodiesel and glycerol valorisation. Also, the kinetics
of reactive coupling are discussed in this section. The last part of this chapter results
from the combined reactive extraction/reactive coupling process, including the
extraction of rapeseed oil using both hexane and methanol. It also explains the result of
conventional reactive extraction and Soxhlet extraction in parallel with reaction, then

the combined reactive extraction and reactive coupling findings.

4.1 Glycerol Valorisation

As mentioned in chapter two (section 2.5), glycerol can be valorised into various
products or intermediates. This section concerns the conversion of glycerol to

polyglycerol through the etherification process.

4.1.1 Properties of the Glycerol Feed

The glycerol and polyglycerols (diglycerol, triglycerol, and tetraglycerol) used as
analytical standards in this research were characterised for the density, refractive index,
and viscosity. These physical properties can be used in determining the changes in a
polymer. The results were compared to the polyglycerol samples produced at various

temperature (130 — 160 °C) and 6 wt% catalyst concentration. The result is shown

inTable 4-1.
Table 4-1: Properties of glycerol and polyglycerol.
Density (g-cm™3) Refractive index Viscosity (Pa's)
Glycerol 1.25 1.473 0.961
Diglycerol 1.28 1.487 1.270
Triglycerol 1.29 1.491 -
Tetraglycerol 1.28 1.497 -
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Polyglycerol sample at | 1.26 1.480 1.040
130°C
Polyglycerol sample at | 1.27 1.484 1.170
140 °C
Polyglycerol sample at | 1.27 1.485 1.210
150 °C
Polyglycerol sample at | 1.28 1.487 1.230
160 °C
Glycerol 1.261 - 1.500

One of the main reasons triglycerides are not used directly in combustion engines is their
high viscosity, resulting in incomplete combustion in the Diesel engine. This high
viscosity can be reduced by removing the glycerol, leaving the alkyl ester. Clearly,
polymerising the glycerol increases the density and viscosity. Viscosity increases from
1.04 to 1.23 Pa-s as the reaction temperature increased from 130 — 160 °C. This leads to
the production of higher degree polymer as the temperature increased to 160 °C. The
density of polyglycerols (1.29 g-cm3) is very similar to glycerol (1.25 g-cm3). This might

be due to the incomplete conversion and presence of impurity such as acrolein.

The refractive index of the polyglycerol samples obtained were higher than 1.473
obtained for glycerol. However, the results were lower than 1.491 and 1.497 recorded
for triglycerol and tetraglycerol, respectively, used as a standard sample. The values of
the polyglycerol samples are within 1.487 obtained for diglycerol. This might be an

indication of the higher composition of diglycerol than other oligomers are produced.

4.1.2 Total glycerol conversion

The conversion of glycerol to polyglycerols, and other by-products, was studied as a
function of catalyst concentration (1 — 6 wt%) and temperature (130 — 160 °C). This was
to understand the reaction before incorporating to biodiesel. Using H.SO4 as catalyst,
the kinetics was determined to understand the rate of the reaction. The products were

characterised using HPLC. Some typical chromatograms are shown in Figure 4-1:
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Figure 4-1: HPLC of spectrum of standard samples and polymerised sample.

Distilled water, glycerol and polyglycerols used as standards were analysed with HPLC
using the method described in section 3.2.3.2. The experimental polyglycerol samples
were analysed using the same method. The water appears at 2.3 min while glycerol has
a retention time of 3.0 min. Diglycerol, triglycerol, and tetraglycerol appear at 3.1, 3.3
and 3.5 min, respectively. Calibration curves for the glycerol, diglycerol, triglycerol, and
tetraglycerol were plotted as shown in Figure A- 1 to Figure A- 4 of appendix A. Areas
from the peaks were determined and matched to the calibration curve to obtain the
concentration. Conversion and selectivity were determined as shown in equation 3.1 —

3.4.
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Figure 4-2 below shows the conversion of glycerol, as a function of catalyst
concentration (1, 2, 3 and 6 wt% H;S0a), time (up to 5 h) and temperature (130, 140,
150, and 160 °C).
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Figure 4-2: Glycerol conversion at (a) 130 °C (b) 140 °C (c) 150 °C and (d) 160 °C at
various catalyst concentration.

Clearly, conversion increases monotonically with time, temperature, and catalyst
concentration, as might be expected. At the lowest reaction temperature used (130 °C),
between 7 and 30% glycerol conversion was achieved. Increasing the temperature to
140 °C, the conversion increased (13 — 47%). When the reaction was set at 150 and
160 °C, the conversions increased from 16 —62% and 33 — 68%, respectively. The highest
glycerol conversion within this parameter space (68%) was obtained at 160 °C, 6 wt%
catalyst concentration, and 5 h. This is slightly lower than the 72% conversion reported
by Salehpour and Dubé (2011) at 140 °C for 4 h with 4.8 wt% catalyst concentration, but
this is due to their constant removal of the product water using Dean-Stark apparatus.
The result is also lower than 79% reported by Sayoud et al. (2015) at 150 °C and 5 h.
However, they used various triflate homogenous acid catalysts, which are also referred

to as superacid.
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4.1.3 By-products

The decomposition and dehydration side reactions, which produce hydrogen/CO and
acrolein, respectively, at must account for about 2.4% of the total yield and broadly
increase with time, temperature, and catalysts concentration (see Figure 4-3 to Figure
4-6), as expected. This side-products might explain why the samples are dark brown in
colour. Hasenhuettl (2019) reports that the side-products are favoured over the
etherification of glycerol at higher temperatures. Garti et al. (1981) reported that side
products such as acrolein and other condensation products are produced by oxidation
when there is a trace of acid or oxygen in the reaction. Both sources (Hasenhuettl, 2019,

Garti et al., 1981) state that side-products caused the final products dark colour.

©— Acrolein —&— CO —&— Acetone H2 co2

6 64
(a) 130°C 1% (b) 130°C 2%

Yield (%)
w
Yield (%)

0t T T T T i [o] R — . : ; ;
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (min) Time (min)

(c) 130°C3% (d) 130 °C 6%

Yield (%)
w
Yield (%)

T T 7 T + 7 T T
0 50 100 150 200 250 300 0 150 200 250 300

Time (min) Time (min)

Figure 4-3: Yield of various by-products produced at 130 °C with (a) 1 wt% (b) 2 wt% (c)
3 wt% and (d) 6 wt% catalyst concentration.

Figure 4-3 shows the by-products yield at 130 °C with various catalyst concentration (1,
2, 3, and 6 wt%) for up to 5 h. At the lowest temperature (130 °C) used, the by-product
of the reaction was hydrogen, carbon dioxide, acrolein, and acetone. The yield of
hydrogen produced increased from 0.5% with 1 wt% to 1.7% when the concentration

was increased to 6 wt%. Acrolein also increased from 0.2% to 0.3% as the catalyst
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concentration increased from 1 to 6 wt%. Carbon dioxide was within the same range
within acrolein, while the only trace of the carbon monoxide was obtained at this
temperature. The yield of by-product at these conditions was clearly observed to be
low. However, it increases with an increase in catalyst concentration and time as

expected.

The reaction temperature was increased to 140 °C at various catalyst concentration (1 -

6 wt%). The yield obtained for the by-product is shown in Figure 4-4.
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Figure 4-4: Yield of various by-products produced at 140 °C with (a) 1 wt% (b) 2 wt% (c)
3 wt% and (d) 6 wt% catalyst concentration.

The yield of hydrogen increased from 0.8 to 3.5% as the catalyst concentration was
increased from 1 to 6 wt%, respectively. This is higher than the yield of hydrogen
obtained at 130 °C. Acrolein is the next highest by-product produced after hydrogen.
The highest yield of acrolein obtained with 140 °C was 0.6%, which is higher than 0.3%
obtained at 130°C. On the other hand, the yield of carbon dioxide at 140 °C was
approximately 0.3%, similar to the yield obtained at 130 °C. Although a trace amount of
carbon monoxide was recorded at 130 °C, the yield increased to 0.3% at 140 °C. All the

by-product increases with an increase in both time and catalyst concentration.
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As the reaction temperature was increased to 150 °C at various catalyst concentrations
(1 -6 wt%), the by-product yields were also affected. Figure 4-5 shows the yield of the
by-products at 150 °C.
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Figure 4-5: Yield of various by-products produced at 150 °C with (a) 1 wt% (b) 2 wt% (c)
3 wt% and (d) 6 wt% catalyst concentration.

As expected, the same by-products produced at 130 and 140 °C were produced at
150 °C. Hydrogen recorded the highest yield of 4.3% with 6 wt% catalyst concentration.
This is the highest yield of hydrogen with all the temperatures considered in this
research. The highest yield of acrolein (0.9%) obtained at 150 °C is obtained with 6 wt%
catalyst concentration. This is slightly higher than 0.6% obtained with 140 °C. Just as
hydrogen, the highest yield of acrolein in this research was obtained with 150 °C. This
shows that the highest acrolein as a by-product that can be produced from this reaction
is less than 1% due to the nitrogen environment the reaction was subjected. The yields
of both carbon oxides (CO; and CO) are the same as when the reaction was conducted
at 140 °C. However, there is an increase from 0.3% at 140 °C to 1% at 150 °C. Another
by-product produced is acetone. However, the yields with 130 and 140 °C were in trace

quantity. At 150 °C, the highest yield of 0.3% was obtained. This indicates that the by-
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products in this reaction are favoured must with a temperature of 150 °C while catalyst

concentration and time are varied.

The temperature was increased to 160 °C using catalyst concentrations of 1, 2,3, and
6 wt% with a reaction time of up to 5h. The yields of the by-product are shown in Figure

4-6.
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Figure 4-6: Yield of various by-products produced at 160 °C with (a) 1 wt% (b) 2 wt% (c)
3 wt% and (d) 6 wt% catalyst concentration.

A decrease in hydrogen yield was observed at 160 °C. The highest yield of hydrogen
produced at 160 °C was 3.9% after 2.5h. A decrease to 2.9% was observed when the
reaction was allowed for 5h. Similarly, the yield of carbon dioxide, acrolein, and acetone
decrease to 0.5%, 0.8% and 0.2% respectively, as the highest with 160 °C. Carbon
monoxide was the only by-product that slightly increased in yield to 1.2% at 160 °C,
compared to 1% at 150 °C. Generally, this indicates that the by-products yield decreases
at a temperature beyond 150 °C after 5h. This is because, at a higher temperature, the
conversion of the feedstock is towards polyglycerols production. The concentrations of
acrolein were low. It is not the desired product for this reaction. Hence, the reaction was
blanketed using nitrogen gas to minimise the condensation reaction that produces

acrolein.
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4.1.4 Effect of Process Variables

The variables considered were the catalyst concentration (1, 2, 3, and 6 wt%),
temperature (130, 140, 150 and 160 °C), and time (up to 5 h). The catalyst (sulfuric acid)
concentration used was from 1 — 6 wt% of the glycerol feed. The range chosen was
within that used by other investigators. The reaction temperature for this work was 130
— 160 °C. This value is low compared to the previous literature (Anuar et al. (2013) —
240 °C; Ardila-Suarez et al. (2015) — 130 to 170 °C; Ayoub and Abdullah (2013a) — 240 °C;
Barros et al. (2017) — 200 to 245 °C) which generally used temperatures around 240 °C,
especially when the alkaline or heterogeneous catalyst was used (Ayoub et al. (2014) —
LiOH and Li-ZeY; Nguyen et al. (2017) — K,COs; Bookong et al. (2015) — Na,COs). Since
this research was to incorporate transesterification later, the reaction was limited to 5h.
This is because longer reaction time will not be economically viable for biodiesel
production. However, Nosal et al. (2015) reported that low catalyst concentration and

short reaction time would favour the production of diglycerol and triglycerol.

4.1.4.1 Catalyst Concentration

Figure 4-7 below shows the effect of catalyst concentrations (1, 2, 3, and 6 wt%) on

polyglycerol oligomers production.

704 —&— DG TGS —TIG o PG 704 —&—DG—=—TG—e—TTG—=— PG

] (@130°C | (140°C

o o
- §‘/

7 ;7 a—
8
. _—— |
|

] 0 NS E e —
7 . ; | |
0 2 4 . 1 : 4 :
Catalyst Concentration (wt%) Catalyst Concentration (wt%)

—6—DG—&—TG—o—TTG—=— PG 7 —o— DG—o— T6—o—TTG—>— PG I
6] (©150°C o] (@160°C I i

Yield (%)
\

[

Yield (%)
8 &
»
\M

0 ————— ; 0 : , ;
0 2 4 6 0 2 4 6
Catalyst Concentration (wt%) Catalyst Concentration (wt%)

Figure 4-7: Yield of polyglycerol produced after 5 h with (a) 130 °C (b) 140 °C (c) 150 °C
and (d) 160 °C and various catalyst concentration (1, 2, 3, and 6 wt%).
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The yield of polyglycerol increased with increasing catalyst concentration (Figure 4-7).
The highest polyglycerol yield obtained here was 62.7%, achieved at 6 wt% catalyst
concentration, at 160 °C after 5 h (Figure 4-7). The product was 47% diglycerol, 9.4%
triglycerol, and 6.2% tetraglycerol. At 3 wt%, the total polyglycerol yield was 58%, 42%
of which was diglycerol, 9% triglycerol and 7% tetraglycerol. Using 2 wt% catalyst
concentration, the total polyglycerol yield was 42%. The oligomers include 31%
diglycerol, 7% triglycerol, and 4% tetraglycerol. As expected, the increase in polyglycerol
yield as catalyst concentration increases is due to the fast conversion of the glycerol feed

to the desired product.

One of the advantages of using sulphuric acid as the catalyst for glycerol etherification
is that it can be used at relatively low temperatures (130 — 170 °C). On the other hand,
base catalysts require temperatures of 220 — 270 °C (Galy et al., 2017, Shikhaliev et al.,
2016, Nosal et al., 2015, Bookong et al., 2015). However, acid catalysts also promote
dehydration; hence, the acrolein yield increases with increasing catalyst concentration

and turns the final product dark.

100 100 b) 140 °C
(a) 130°C —e— 1% 2% —<—3% < 6% (b) —e— 1% 2% 3% = 6%
95 95
B— @ & 5 i
0 904 — S %}
s a
g g 81 7/
Zz F z o
> 80 /4 = 80
s / g
< Q/‘ <
& 154 & & 154 ©
70 70
65 65
60 T T T T T T 60 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
100 o 100
(c) 150°C —o— 1% 55— 2%—~<— 3% <— 6% (d) 160 °C —e—1% 2% ©°—3% 6%
95 4 95
90 + % 1 90
g 1 P S - g o1 ,
z B I | z 2 -
> 80+ e > 804 \|
k51 A l © \
<@ & <@ &
Q O (7] &\
& 75 b & 754 SN
g~
70 = 70 5 7777?7”7”77%
65 - 65 -
60 T T T T T T 60 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (min) Time (min)

Figure 4-8: Selectivity for diglycerol (a) 130 °C (b) 140 °C (c) 150 °C and (d) 160 °C at 1,
2, 3, and 6 wt% H;504.
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The selectivity to diglycerol formation was generally approximately 90% (Figure 4-8). A
20% decrease in the selectivity to diglycerol was observed when the catalyst
concentration increased due to the conversion of the diglycerol to higher polyglycerols
and the direct conversion of glycerol to other side products. Hence, the minimum
selectivity to diglycerol was approximately 70%. The yield of higher oligomers increased
as the catalyst concentration increased. Catalyst concentrations above 3% produce
higher polymers and other, undesirable side products. This may be why previous
researchers (Barros et al., 2017, Ayoub and Abdullah, 2013a, Anuar et al., 2013) used
2 wt% catalyst concentrations. However, none of the previous authors reported
hydrogen produced among the by-products. They constantly condense the vapour and

remove the water produced using a Dean-Stark apparatus from the reaction.
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Figure 4-9: Selectivity at various temperature and catalyst concentration for (a) TG and
(b) TTG.

The selectivity to higher polyglycerol production (triglycerol and tetraglycerol) is ~10%
at 150 and 160 °C (see Figure 4-9). The other by-products totalled ~12%.
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Figure 4-10: Selectivity of acrolein with various catalyst concentration for (a) 130 °C (b)

140 °C (c) 150 °C (d) 160 °C.
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Figure 4-11: Selectivity of acetone with various catalyst concentration for (a) 130 °C (b)
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Figure 4-14: Selectivity of hydrogen with various catalyst concentration for (a) 130 °C
(b) 140 °C (c) 150 °C (d) 160 °C.

Acrolein accounted for about 2% selectivity (Figure 4-10), acetone 0.5% (Figure 4-11),
and carbon oxides approximately 1.5% (see Figure 4-12 and Figure 4-13). Hydrogen was
the abundant by-product with approximately 8% selectivity (see Figure 4-14). Clearly,
the selectivity’s were both catalyst and temperature-dependant, especially the higher

oligomers production.

41.4.2 Time

Reaction time is another important variable in glycerol etherification. Generally, glycerol
oligomerisation has been reported to be "slow" due to high viscosity of glycerol (Galy et
al.,, 2017). Hence, reaction times of up to 24h have been used in previous studies
(Clacens et al., 2002, Richter et al., 2008). Here, the total glycerol conversion and the
total polyglycerol yield increased monotonically with time, as would be expected.
However, the diglycerol selectivity was observed to peak, due to its conversion to higher
oligomers. This agrees with previous research in this area (Krisnandi et al., 2008, Richter
et al., 2008, Ayoub and Abdullah, 2013a). All the previous authors reported a

monotonical increase with time as expected. Salehpour and Dubé (2011) used up to 7h
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with H2S04. The authors achieved the highest conversion of 72% after 4h with 4.8 wt%
catalyst concentration. However, method used by Salehpour and Dubé (2011) removed

water produced as the reaction proceeds using Dean-Stark apparatus.

Figure 4-8 shows the selectivity of diglycerol using a temperature range of 130 °C to
160 °C at catalyst concentration 1, 2, 3, and 6 wt% and time up to 300 min. The highest
selectivity achieved was approximately 90% at 130 °C at various catalyst concentration
(1, 2, 3, and 6 wt%). The lowest selectivity of the diglycerol was 68% at 160 °C after
300 min. The selectivity decreases with an increase in time and temperature. This is due

to an increase in production of both the higher oligomers and other by-products.
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Figure 4-15: Yield of polyglycerol produced at various temperature and reaction time.

Figure 4-15 shows the effect of time at 6 wt% catalyst concentration and temperature
of 130 — 160 °C. The reaction time considered was from 150 to 300 min. As expected,
the yield of polyglycerol produced increases from 150 to 300 min. The highest yield
obtained was 62% at 160 °C after 300 min. Lowest yield (26%) was achieved using

130 °C after 300 min. The low yield is associated with the high viscosity of the feedstock.

Anuar et al. (2013) reported that long reaction time with heterogeneous catalysts was
due to glycerol viscous nature, diffusing into the pores of the catalyst. Anuar et al. (2013)
used hydrotalcite heterogeneous catalysts to achieve 77% conversion after 960 min

with 240 °C reaction temperature to reduce the reaction time and energy requirement.
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Ayoub and Abdullah (2013a) reported about 80% glycerol conversion after 120 min and
100% after 240 min with LiOH. In contrast, 720 min was used with an acid-treated
heterogeneous catalyst (lithium-intercalated montmorillonite (clay Li/MK-10)) for
complete conversion. They also reported that the micropores in zeolite-based catalysts
shorten the reaction time due to their high activity. Generally, homogeneous acid
catalyst converts glycerol faster due to their higher activity than the alkaline. While with
heterogeneous catalysts, the low diffusion of glycerol into the catalyst pores makes the

reaction slow.

4.1.4.3 Temperature

Reaction temperature above 200°C has been reported for glycerol step-growth
polycondensation with an alkaline catalyst. Salehpour and Dubé (2011) reported results
at 140 °C with a different catalyst (Ca(OH);, CaCOs, H2SOa4, and p-Toluenesulfonic acid)
but with lower conversion (7 — 72%) and reaction time (4 — 9h). In this research, the
influence of the reaction temperature was observed from 130 — 160 °C. As expected, a

high polyglycerol yield (62%) was produced at 160 °C (see Figure 4-15).

A similar trend was reported by Ardila-Suarez et al. (2015) with sulfuric acid as catalyst
and temperature at 130 to 170 °C. Although the authors did not calculate conversion or
yield, they determined the hydroxyl number of the product. The authors suggest that a
lower hydroxyl number refers to higher polyglycerol production. As expected, 170 °C
produced the lowest hydroxyl number. However, Ardila-Suarez et al. (2015) used
glasswares and removed water using Dean-Stark, which differs from this research
methodology. Galy et al. (2017) used 230 — 270 °C with potassium carbonate as a
catalyst. The authors reported increased in the high degree polyglycerols as the

temperature increased to 270 °C.

Generally, the sample becomes more viscous as the temperature increases (see Table
4-1). This is due to the step growth-polycondensation reported by previous authors
(Galy et al., 2017, Nguyen et al., 2017, Salehpour and Dubé, 2011). However, as the
viscosity increased with an increase in temperature, so was the darkness of the
polyglycerol sample produced for this research. This is due to the acid catalyst used,
which can easily trigger oxidation reaction with the glycerol feed to produce by-products

such as acrolein (Garti et al., 1981, Salehpour and Dubé, 2011).
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4.1.5 FTIR of the Polyglycerol Samples

Pure glycerol and commercial polyglycerols were analysed using FTIR spectroscopy as
standard for this work (Figure 4-16). All experimental products analysed with the FTIR

were compared with the standard.
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Figure 4-16: FTIR spectra of pure glycerol and commercial polyglycerols.

Clearly, FTIR spectra for the standards exhibit a decrease in the hydroxyl group (O — H
bond) stretch in the range 3000 — 3400 cm™ with an increasing degree of polymerisation,
from glycerol to tetraglycerols. There are fewer hydroxyl groups per carbon atom, with
an increasing polymerisation degree, leading to a reduced hydroxyl peak. This was in
agreement with Ardila-Sudrez et al. (2015) report that the hydroxyl number of glycerol

is higher than that of the polymerised sample.

In previous research, the water produced during etherification is removed with the aid
of a Dean-Stark apparatus and measured to determine the rate of conversion of the
glycerol. Here, the water formed was not removed. The spectra peak becomes broad
around 3000 to 3400 cm™ with nearly flat surface when a high amount of water is
present and the introduction of the H— O — H water scissors around 1630 cm™ (as shown

in Figure 4-17).

Mixtures of glycerol and water (% v/v) were produced and analysed using FTIR, to

determine whether the —OH signal from each could be differentiated (Figure 4-17):
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Figure 4-17: FTIR spectra of glycerol and water mixture.

A clear difference between the spectra of glycerol and water at 3000 — 3400 cm™* was
observed. At 100% water, the hydroxyl peak at 3000 — 3400 cm™ was broad and flat at
the top. The flat surface disappears as the percentage volume of glycerol increases in
the mixture. The C — H stretch around 2850 — 3000 cm™ was absent from the water
spectrum (as expected), and as the glycerol in the mixture increased, the C — H stretch
also increased. However, the water scissors around 1630 cm™ were observed to reduce

as the percentage of glycerol increases (Figure 4-17).

The polyglycerol produced from the etherification reactions were analysed using FTIR.
Figure 4-18 below is the reaction at various catalyst concentrations, temperatures, and

reaction time.
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Figure 4-18: FTIR spectra of glycerol conversion with (a) 1% (b) 3% (c) 6% catalyst
concentration and (d) solid residue at various temperature in nitrogen environment.

As the polyglycerols produced increased, all spectra exhibited a decrease in the hydroxyl
group in the range of 3000 — 3400 cm™ wavenumber (Figure 4-18). The decrease was
also observed with increased catalyst concentration and temperature. This further
confirmed the interaction between the variables in this reaction. The ether group with
C — O — C stretch appears around wave number 1100 cm™ increases from glycerol to
polyglycerol (as shown in Figure 4-16 and Figure 4-18). The increase in ether group peak
is accompanied by the hydroxyl group's disappearance (O — H) and the C — O stretch at

wave number 1000 cm™.

Also, the appearance of the H— O — H scissor at 1630 cm™ and aldehyde group (C = O)
at 1715 cm™ indicates the presence of water and acrolein, respectively. Though the
peaks areas are small, it was observed to increase as temperature and catalyst
concentration was increased. The aldehyde bond was more pronounced at a catalyst

concentration of 3 and 6%.
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Figure 4-19: FTIR spectra of glycerol conversion with (a) 1% (b) 3% (c) 6% catalyst
concentration and (d) solid residue in air.
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Figure 4-20: FTIR spectra of glycerol conversion with (a) 1% (b) 3% (c) 6% catalyst
concentration and (d) solid residue in helium environment.

The reaction was also performed in air and helium environment (Figure 4-19 and Figure
4-20). Though a higher reduction of the C — O — C was observed in the helium
environment than nitrogen, the gas cost is high. And when the air was used, the
conversion to the desired product (polyglycerol) was low. This is due to the production
of unwanted side products such as acrolein. The peak area at 1715 cm™ (C=0 ) increases
due to the oxidation of glycerol. This is in concomitance to the report of Garti et al.
(1981) that reported the reaction to favour the production of acrolein when performed

in an oxygen environment.

4.1.6 The Composition of the Solid Residue
Figure 4-21 below is the SEM images of the residual solid after the 5h glycerol

etherification. The images are at various temperature (140, 150 and 160 °C) and 6 wt%

catalyst concentration.
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The solid residue is often produced after 2.5h and at higher (6%) catalyst concentration.
The residue increases as the temperature of the reaction increase. There was no residue
formed at 130 °C, though the polyglycerol yield was low as observed in the previous
section. High catalyst concentration and temperature increase the residual solid, which

is due to the pyrolysis of unreacted glycerol.

Figure 4-21: SEM image of the solid residue with 6% catalyst concentration.

The image of the carbonaceous material shows a spherical shape, which is probably
carbon black (see also Figure 4-22 and Figure 4-23). Similar images were presented by
Devi et al. (2014) when they hydrothermally produced the carbon sphere from glucose
and water in a pressurised vessel. It was connected in chain form as reported by Zappielo
et al. (2016) on carbon black SEM. Uniform spherical shapes were observed in the
images (Figure 4-21). The spherical shape changes in its uniformity as the temperature

increase to 160 °C.

The residue composition as the temperature increased is shown in Figure 4-22 and
Figure 4-23 for EDX and CHON analysis, respectively. The composition might be different
because the EDX determines the composition on the surface, while CHON analysed the

internal part.
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Figure 4-22: EDX analysis of the solid residue.
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Figure 4-23: CHON analysis of the solid residue.

The residue shows a high percentage composition of carbon and is followed closely by
oxygen. The EDX shows the residual solid contains 87 wt% carbon at 140 °C. The carbon
composition decreases to 77 wt% at 150 °C and 73 wt% at 160 °C (Figure 4-22). The
oxygen content increases (11, 18, and 25 wt%) with an increase in temperature (140,
150, and 160 °C). The composition indicates the presence of sulfur at 140 °C (2 wt%),
150 °C (6 wt%), and 160 °C (2 wt%). The presence of sulfur might be due to the catalyst
(H2S04) used for the reaction. Other metals (Al, Cr, Fe, and Ni) are obtained in trace

amounts (less than 1%) from the reactor.

The result using CHON analyser differs from the EDX. The highest carbon content was

61 wt% obtained at 160 °C. A decrease in the carbon composition decreases to 59 wt%
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at 150 °C and 53 wt% at 140 °C. Only traces of nitrogen were obtained for all the

products, while the hydrogen was 7 wt% for all the temperatures.
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Figure 4-24: FTIR spectra of the solid residue.

FTIR of the solid residue was performed, as shown in Figure 4-24 above. The residues
were formed at 140 — 160 °C and 6 wt% catalyst concentration. The SEM/EDX and CHON
result corroborate to the FTIR spectra (Figure 4-24), which identify a decrease in the
aldehyde (C=0) peak at wave number 1715 cm™ as the temperature increase to 160 °C.
The spectra are similar to polyglycerols but with a high content of the aldehyde group
which might be due to the increase in the yield of acrolein in the final products (see

Figure 4-3 to Figure 4-6).

4.1.7 Kinetics of Glycerol Valorisation

The rate of glycerol consumption using experimental data was determined. The kinetic
equation was developed using the initial rate of 1h from the experimental data. The data
fitted to the second-order rate law (see Appendix B Figure B- 1). This might be because
the reaction was selective to the production of diglycerol. The plot of the natural
logarithm of kobs against the natural logarithm of catalyst concentration to determine
the catalyst concentration order is shown in Figure 4-25(a) below. Also, the plot of the
natural logarithm of k against the inverse of temperature in kelvin to determine

activation energy (Ea) and pre-exponential value (A) from the Arrhenius equation is
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shown in Figure 4-25(b) below. Table 4-2 below shows the rate constant, the catalyst

order, and R? obtained from Figure 4-25(a) at 130, 140, 150, and 160 °C.
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Figure 4-25: Determination of (a) order of catalyst (b) Arrhenius equation.

The intercept in Figure 4-25(a) for each temperature gives the natural logarithm of the
rate constant (k) for the overall glycerol consumption. The plot at all the temperature
used (130, 140, 150, and 160 °C) gives an approximate order of 1 for the catalyst
concentration and R? of > 0.95 (see Table 4-2). Where r is the reaction rate, k is rate
constant, Cg_ is the concentration of glycerol, Cc is the catalyst concentration, n is the
order of the reaction to glycerol and m is the order of reaction to the catalyst. The
activation energy (Ea) is 112.01 kJ-mol! and pre-exponential factor (A) of

2.18x10 L-molt-s1,

Table 4-2: Reaction rate constant and order of catalyst concentration at different

temperature.
Temperature Rate Constant Catalyst order R?
(°C) (L'-mol?-s?)
130 6.5x10* 0.94 0.98
140 1.5x103 1.03 0.96
150 3.2x10°3 1.01 0.95
160 6.7x1073 1.15 0.97
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Hence, the rate equation can be simplified as:

(_112014.5) 2

r =218 x 101! x e\T831axT) X C; % X C, 4.1

The equation was used with MATLAB R2020a for the simulation and the result compared
to the experimental data. Figure 4-26 is the fitness of the model equation with the

experimental data at various temperature (130, 140, 150, and 160 °C).
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Figure 4-26: MATLAB simulation of the Arrhenius equation showing the consumption of
glycerol and production of polyglycerol, comparing the model (line) and the
experimental data (dot).

Where G Model is glycerol model, DG Model is diglycerol model, TG Model is triglycerol
model, G Exp is glycerol (experimental data), DG Exp is diglycerol (experimental data),
and TG Exp is triglycerol (experimental data). The equation correlates with the
experimental values at 150 and 160 °C, as shown in Table 4-3. However, the model and
experimental data lack good fitness at 130 and 140 °C. This might be due to low
conversion with these temperatures and experimental data obtained. Although the
reaction is fast with acid catalyst, the temperature of the reaction contribute immensely

to the conversion of the feed to the desired products. Reactions were performed to
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check the reversibility by reacting polyglycerol with water using the same conditions
used for the reaction. The result did not produce any glycerol, rather increase the degree
of polyglycerol. The correlation for triglycerol at 130 °C is undetermined. This is because

no triglycerol was produced in the first hour of the reaction.

Table 4-3: Correlation of determination for the simulation of the kinetics of glycerol

valorisation.
Temperature °C Correlation of determination (R?)
Glycerol Diglycerol Triglycerol
130 0.61 0.57 -
140 0.76 0.84 0.81
150 0.96 0.98 0.95
160 0.93 0.97 0.98

The equation developed will be used later in this research, together with the kinetic
model for biodiesel production in the reactive coupling for the simultaneous production

of biodiesel and glycerol valorisation.

The enthalpy (AH), entropy (AS), and Gibbs free energy (AG) can be determined in the
glycerol etherification. From the Eyring-Polanyi equation, the rate of reaction was
related to Gibbs free energy as shown in Figure 4-27 below.

_ KxkpxT (—22)
h

k 4.2

Where k = rate constant, K = transmission coefficient (=1), kp = Boltzmann constant (1.38
x 1022 J-K1), h = Planck constant (6.63 x 10 3% J-s), T = absolute temperature (K) and R =

gas constant (8.314 J-mol*-K?). Also, Gibbs free energy can be derived from:
AG = AH —TAS 4.3

Substituting AG and rearranging (4.2),

ln(?)zan+ln(%)—i—I;+%s 4.4
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Figure 4-27: Determining the thermodynamic parameters using Eyring-Polanyi
equation.

The plot of In(k/T) against 1/T (Figure 4-27) produce an enthalpy of 109 kJ.mol* from
the slope (- AH/R) and entropy of — 38.1 J-mol*-K* from the intercept (InK + In(ko/h) +
AS/R). The Gibbs free energy was determined from (4.4) as 124.3 kJ-mol™* at 130 °C and
125.5 kJ-mol? at 160 °C.

The positive value of the enthalpy of activation means the reaction is endothermic.
Clearly, this was expected as the reaction proceeds with an increase in temperature. The
negative value of the entropy means the final product is less disordered than the
reactant. This is also true when considering the increase in viscosity from glycerol to
polyglycerol (see Table 4-1). The positive value of the Gibbs free energy indicates that
the reaction is an endergonic (non-spontaneous) reaction, hence requires energy from

the surroundings.

4.1.8 Summary of Glycerol Valorisation

The total glycerol conversion of 68% was achieved at 160 °C and 6 wt% catalyst
concentration after 300 min. The conversion to polyglycerol increases with an increase
in catalyst concentration and temperature. A temperature of 130 — 160 °C was sufficient
for the polyglycerol production, although long reaction time is required for complete
conversion due to high viscosity. The kinetics were fitted using second-order kinetics
with an activation energy of 112.0 kl-mol! and a pre-exponential factor of
2.2x10* L-mol*-s*. Over 95% correlation was achieved at 150 and 160°C. The

thermodynamic properties show the reaction was endothermic with enthalpy
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109 kJ-mol?, less disordered with an entropy of —38.1 J-mol*-K%, and non-spontaneous

with Gibbs free energy of 125 kJ-mol™.

4.2 Reactive Coupling

This section discusses the result of the simultaneous production of biodiesel and glycerol
valorisation. First, some properties of the triglyceride and biodiesel produced were
determined. The result for the conversion of triglyceride and the effect of process
variables during reactive coupling. Finally, the kinetics of the reaction were fitted to the

experimental value.

4.2.1 Properties of the Triglyceride Feed

Before and after the reaction, triglyceride physical properties include FFA, acid number,
viscosity, density, and refractive index were determined. The results were compared

with standards and previous literature, as shown in Table 4-4 below:

Table 4-4: Physical properties of triglyceride and biodiesel.

FFA (%) Acid  number | Density Refractive Viscosity
(mg-KOH-g1 (g-cm3) index (Pa-s)
sample)
Triglyceride 0.2250 0.4500 0.9105 1.4729 0.0744
Biodiesel at 130 °C 0.0670 0.1340 0.8801 1.4585 0.0046
Biodiesel at 140 °C 0.0440 0.0880 0.8772 1.4587 0.0042
Biodiesel at 150 °C 0.0270 0.0540 0.8768 1.4586 0.0040
Biodiesel at 160 °C 0.0120 0.0240 0.8751 1.4589 0.0037
ASTM 0.80 max - 0.0016 -
0.0054°
EN 0.86-0.9 0.00301 -
0.0045°
Geacai et al. (2012) 0.8840 1.4548 0.0041°
0.8806 1.4545 0.0044°
0.8823 1.4540 0.0041°
Tesfa et al. (2010) 0.8793 0.0048%
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3 the literature value was converted from kinematic viscosity (mm?2-s) to dynamic

viscosity (Pa-s) using the density.

The FFA and the acid value of the triglyceride obtained from this research were 0.225%
and 0.450 mg-KOH-g! respectively. The FFA obtained from rapeseed oil used for this
research was low compared to 0.65% reported by Konuskan et al. (2019) from virgin
rapeseed oil. The low FFA might be due to possible purification of the triglyceride since
it was purchased from a local store. High FFA effect includes high alcohol use during
transesterification, soap production when an alkaline catalyst is used, and difficult
separation (Berchmans and Hirata, 2008). After the reactive coupling, the acid number
was between 0.13 to 0.02 mg-KOH-g* which is lower than the 0.8 maximum stipulated
by ASTM. This result implies with proper storage, the FAME produced will stay long

without deteriorating.

Triglyceride has an adverse effect when used directly in the diesel engine due to its high
viscosity. This causes poor atomisation and incomplete combustion in the engine (Glir(
et al., 2010, Tesfa et al., 2010). To reduce the viscosity of triglyceride, various methods
have been used (among which is transesterification). The transesterification of
triglyceride removes the glycerol backbone, thereby decreasing the viscosity. Table 4-4
shows that the triglyceride (0.0744 Pa-s) is slightly lower to 0.0788 Pa:s reported by
Noureddini et al. (1992b). However, the viscosity was reduced to 0.0048 — 0.0041 after
transesterification. As expected, the low viscosity is due to the removal of glycerol from
the triglyceride. The result was also in concomitance to the report by Tesfa et al. (2010)
and Geacai et al. (2012) (see Table 4-4). The low viscosity of biodiesel improves the

atomisation and combustion of the fuel in the diesel engine.

The refractive index can be used to determine the extent of transesterification. It also
has a good relationship with both density and viscosity. The result shows a decrease in
the refractive index from a triglyceride to biodiesel from 1.47 to 1.45, respectively. The
reduction might be due to the reduction in both viscosity and density, as shown in Table
4-4. The refractive value of the FAME from this research is similar to the FAME reported
by Geacai et al. (2012). The authors also used the refractive index to predict the density

and viscosity of biodiesel.
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The density is another essential property for both the triglyceride and biodiesel. It is
used to determine the volume of fuel required during combustion (Verduzco, 2013).
Noureddini et al. (1992a) and Sahasrabudhe et al. (2017) relate density to the mass
transfer rate. Tesfa et al. (2010) reported that high density and viscosity of triglyceride
leads to the clogging of the diesel engine through incomplete atomisation unless the
engine is modified. The triglyceride density was 0.9105 g-cm3, which is slightly higher
than 0.9073 g-cm reported by Noureddini et al. (1992a). After reactive coupling, the
biodiesels densities decreased to 0.87 — 0.88 g-cm3, which is in accordance with the
report of Geacai et al. (2012) and Tesfa et al. (2010). The result was also within the 0.86
—0.9 g:cm3 EN standard.

Figure 4-28 below is the FTIR of the rapeseed oil used, FAME produced from the reactive
coupling at 130 °C and various catalyst concentration (1, 2, and 3 wt%), and methanol

before and after the reaction.

—— Methanol after reaction

—— Methanol

—— FAME at 130 3%

i S

—— FAME at 130 2%

e N

—— FAME at 130 1%

A L

—— Raw Qil

Absorbance (a.u.)

T T T T T
1000 2000 3000 4000

Wave number (1/cm)

Figure 4-28: FTIR spectra of raw rapeseed oil, FAME from reactive coupling at 130 oC
and methanol before and after the reaction.
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Figure 2-30 shows rapeseed oil spectra, FAME produced with various catalyst
concentration, methanol before and after the reaction. The spectra for both the
rapeseed oil and FAME indicates an asymmetric and symmetric stretching vibration of -
CH; and -CH3 group at wave number 2914 and 2847 cm™, respectively. At 2 and 3 wt%
catalyst concentration, a stretching and bending vibration of the hydroxyl group (-OH)
was observed between 3056 — 3615 cm™. This might be due to the glycerol etherification
that produced water in the process. Carbonyl group (C = O) with a strong peak at
1744 cm™ appears in both rapeseed oil and biodiesel due to carbonyl group of vegetable
oil. These were the same as the spectra reported by Nisar et al. (2017) for jatropha oil

and biodiesel from jatropha oil.

The spectrum of the rapeseed oil is like that of FAME, with few differences. Peaks that
appears in the rapeseed oil at 1103 cm™ and 961 cm™ disappears in the biodiesel
spectra. Rabelo et al. (2015) reported the peak within 1103 cm™ to be associated with
the asymmetric axial stretching of O — CH3, which is present in the oil. The appearance
of -CHs group peaks at 1200 and 1430 cm™ in the biodiesel confirmed the

transesterification reaction of the triglyceride.

The reactive coupling can be observed with the appearance of the water molecules in
the spectrum. The H — O — H water scissors were detected around 1640 cm™ in the
methanol after reaction but absent in the methanol before the reaction. This is due to
the glycerol etherification reaction taking place simultaneously with the biodiesel
production. This can also be confirmed with the appearance of a slight peak of the

hydroxyl group between 3056 — 3615 cm™ in the FAME spectra.

4.2.2 Total Triglyceride Conversion

Triglyceride was converted to biodiesel by varying reaction temperature (130, 140, 150,
and 160 °C), catalyst concentration (1, 2, 3, 5 wt%), reaction time (up to 1h), and alcohol
to oil mole ratio (4:1, 5:1, 6:1, and 8:1). H,SO4 was used for this research as catalyst. This
is because the acid catalyst is fast in glycerol etherification, according to the study of
Bookong et al. (2015) that reported homogeneous catalysts to have a higher conversion
of glycerol though with low selectivity. However, Salehpour and Dubé (2011) specified

acid catalysts to convert the glycerol among the homogeneous catalysts.
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Figure 4-29 shows the chromatogram of biodiesel produced at various reaction times.
While Figure 4-30 is FAME collected at an interval after separating the glycerol rich

phase.

Voltage (mV)

Cc17

o 160
c18:3

) 1 20 25 30
Time (min)

Figure 4-29: GC peaks of biodiesel produced during reactive coupling.
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Figure 4-30: Image of (a) biodiesel samples at the interval and (b) biodiesel separation
during reactive coupling.

More peaks were observed as the reaction proceeds from 10 to 60 min (Figure 4-29).
C17 was used as standard, and it appears around 11 min. The fatty acids that appear in
the chromatogram include C16:0 (palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid),
C18:2 (linoleic acid), C18:3 (linolenic acid), C20:0 (arachidic acid), and C22:0 (behenic
acid). C16 appears around 10 min while C18s were within 12 to 13 min. C20 and C22 are
less appeared peaks around 15 min, respectively. Oleic fatty acid (C18:1) has the largest
peak in the chromatogram. One advantage from this research was the fast separation
into phases. Once the mixture is poured into a separating funnel at the end of the
reaction, the etherified phase settles immediately at the bottom (Figure 4-30). This
might be due to the high density of the etherified phase. It was observed that

decantation is possible to separate the two phases.

The triglyceride conversion shown below (Figure 4-31 to Figure 4-34) are at 130, 140,
150, and 160 °C, catalyst concentration 1, 2,3, and 5 wt%, and mole ratio of methanol

tooil 4:1, 5:1, 6:1, and 8:1. The reactive coupling was performed for up to 1h.
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Figure 4-31: Triglyceride conversion during reactive coupling at 130 °C with (a) 1 wt%
(b) 2 wt% (c) 3 wt% (d) 5 wt% catalyst concentration and various molar ratio (4:1, 5:1,
6:1, and 8:1).
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Figure 4-32: Triglyceride conversion during reactive coupling at 140 oC with (a) 1 wt%
(b) 2 wt% (c) 3 wt% (d) 5 wt% catalyst concentration and various molar ratio (4:1, 5:1,
6:1, and 8:1).
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Figure 4-33: Triglyceride conversion during reactive coupling at 150 °C with (a) 1 wt%
(b) 2 wt% (c) 3 wt% (d) 5 wt% catalyst concentration and various molar ratio (4:1, 5:1,
6:1,and 8:1).
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Figure 4-34: Triglyceride conversion during reactive coupling at 160 °C with (a) 1 wt%
(b) 2 wt% (c) 3 wt% (d) 5 wt% catalyst concentration and various molar ratio (4:1, 5:1,
6:1, and 8:1).

From the result of the conversion, high catalyst concentration and molar ratio of

methanol to oil were observed to respond to completion faster. The result also shows
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1h is efficient for complete conversion of the triglyceride to FAME. Generally, a high
concentration of homogenous base catalyst produces more soap during
transesterification when used in a feedstock with high FFA content. This will hinder the
production of biodiesel. The record has shown its excellent performance in a feedstock
with less FFA and used at commercial level. The concentration of catalyst during
transesterification depends on either its homogeneous or heterogeneous reaction.
Higher catalyst concentration is mostly reported with a heterogeneous catalyst which is

due to mass transfer limitation.

The acid catalyst has been associated with the slow reaction compared to the base
catalyst in biodiesel production (Ma and Hanna, 1999). Using reactive coupling
technique, the reaction was observed to be faster in converting triglyceride. This might
be due to alteration of the equilibrium of the system, with continued removal
(conversion) of the glycerol by-product. As shown in Figure 4-34, the total conversion of

the triglyceride was achieved within 60 min.

As expected, an increase in catalyst concentration and molar ratio increased the
conversion of the triglyceride. At 160 °C, 2400s, and 5% catalyst concentration, complete
conversion was achieved, except for the reaction with a molar ratio of 4:1 that achieved
approximately 90% conversion. When compared to the reaction with 1% catalyst
concentration, only 8:1 achieved total conversion at 2400s. This agreed with Lotero et
al. (2005) that an increase in catalyst concentration increased the triglyceride

conversion.

The yield of biodiesel production has a similar pattern to the conversion. As shown in
Figure 4-35 to Figure 4-38 below, the yield is at 1, 2, 3, and 5 wt% catalyst concentration,

130 - 160 °C reaction temperature, and 4:1 — 8:1 molar ratio of methanol to oil.
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Figure 4-35: Biodiesel yield at 1 wt% with (a) 130 °C (b) 140 °C (c) 150 °C (d) 160 °C and
various molar ratio (4:1, 5:1, 6:1, and 8:1).
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Figure 4-36: Biodiesel yield at 2 wt% with (a) 130 °C (b) 140 °C (c) 150 °C (d) 160 °C and
various molar ratio (4:1, 5:1, 6:1, and 8:1).
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Figure 4-37: Biodiesel yield at 3 wt% with (a) 130 °C (b) 140 °C (c) 150 °C (d) 160 °C and
various molar ratio (4:1, 5:1, 6:1, and 8:1).
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Figure 4-38: Biodiesel yield at 5 wt% with (a) 130 °C (b) 140 °C (c) 150 °C (d) 160 °C and
various molar ratio (4:1, 5:1, 6:1, and 8:1).

The yield of 100% was achieved at 60 min with the various catalyst concentration and

temperatures used for this research (Figure 4-35 to Figure 4-38). As expected, higher



molar ratio attained complete conversion faster and obtained higher yield. At 160 °C, a
yield of approximately 90% was achieved after 900s (15 min) with 8:1 molar ratio. At the
same condition but with molar ratio 4:1, the yield obtained was 75%. This shows a yield
of about 90% can be achieved within the first 15 minutes of the reaction using reactive
coupling with sulphuric acid as catalyst and higher temperature than 60 °C used in the

conventional method.

The role of the reaction temperature in biodiesel production can never be
overemphasised as it influences the rate of reaction. High yield of biodiesel is obtained
close to the boiling point of the short-chain alcohol used. In the conventional biodiesel
production method, the loss of alcohol through evaporation is avoided by keeping the
reaction temperature below the boiling point of alcohol (Demirbas, 2009). This research
used a pressure vessel to enable high temperatures above the boiling point of the
alcohol. The advantage of using high temperature includes short reaction time and good

miscibility of the reactant.

This research shows 150, and 160 °C achieved the highest conversion much faster. Using
8:1 molar ratio and 2 — 5 wt% catalyst concentration, the complete conversion was
achieved at 160 °C after 1800s (Figure 4-38). The lowest conversion was approximately
96% at 130 °C, 4:1 molar ratio, and 1 wt% catalyst concentration after 1h. Freedman et
al. (1984) reported complete conversion at 1% catalyst concentration (H2S04), 3h, 117
°C, and 30:1 molar ratio of butanol to oil. The authors also reported 69h for complete
conversion using 30:1 methanol to oil molar ratio and 65 °C. Lotero et al. (2005) reported
that increasing temperature of the transesterification reaction with acid catalyst takes

the conversion near completion.

Since the transesterification reaction is reversible, to shift the reaction to the product
requires excess alcohol. This is following Le-Chatelier's principle. As high as 100:1 molar
ratio of alcohol to oil has been reported. Though the alcohol can be recovered, it
increases the reaction cost due to the purchase of an additional unit to recover the
excess alcohol and the energy cost of recovering the excess alcohol. It was also reported
that excess alcohol contributes to the difficulty in separation in downstream processing
(Demirbas, 2009, Lotero et al., 2005). Reactive coupling was used to convert the co-

product of biodiesel (glycerol) to an added-value product to reduce the use of excess
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methanol in transesterification. This also is in accordance with the principle of Le-
Chatelier's. To continuously remove (or convert) one of the products, the reaction

favours the product.

The result shows high triglyceride conversion and biodiesel yield with 8:1 and 6:1 after
1h. The conversion was reduced to approximately 96% when 4:1 molar ratio was used.
Complete conversion after 0.5h was observed at 160 °C with 5% catalyst concentration
using 8:1 and 6:1 molar ratio. Approximately 91% conversion was achieved with 5:1
molar ratio and even lower (82%) when 4:1 molar ratio was used. 98% conversion was
reported by Canakci and Van Gerpen (1999) at 60 °C with a molar ratio of 30:1. At the
same time, Zheng et al. (2006) achieved 98% conversion with 50:1 molar ratio at 80 °C
after 4 h. The molar ratio of the acid transesterification was reduced to 4:1 — 8:1 from

this work with reactive coupling.

Reaction time is valuable in biodiesel production as it determines the rate at which the
feed (vegetable oil) is consumed, or product (biodiesel) is produced. Alkaline catalysts
have been reported to achieve high conversion within short reaction time, while the
longer reaction time is recorded with an acid catalyst (Saifuddin et al., 2015, Lotero et

al., 2005).

The complete conversion was achieved after 0.5h at 160 °C. This is faster than 24h
reported by Bhatti et al. (2008) at 60 °C and 4h reported by Zheng et al. (2006) at 80 °C.
The lowest conversion after 1h from this research was 96% at 130 °C. Other reactions
achieved approximately complete conversion within 0.5 — 1h. The fast conversion
achieved might be due to the high reaction temperature and simultaneous conversion

of glycerol to value-added products.

4.2.3 Total Glycerol Conversion

Converting glycerol simultaneously during biodiesel production to an added-value
product has been done with some reaction techniques. The addition of acetone during
transesterification coupled glycerol to produces solketal. While the addition of dimethyl
carbonate simultaneously produces biodiesel and glycerol carbonate. Both methods
mentioned have recorded high conversion of the glycerol (82% glycerol conversion for

solketal production (Al-Saadi et al., 2019) and 90% glycerol conversion for glycerol
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carbonate (Al-Saadi et al., 2018)), though with the addition of extra solvent. The
advantage of this research is, no additional solvent is required. However, the glycerol
conversion was low compared to the previous research mentioned above. The

chromatogram of some of the glycerol rich phase is shown in Figure 4-39 below.
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Figure 4-39: GC peaks of glycerol valorisation.

Immediately after 5 min of retention time, the solvent (methanol) appears due to its
high volatility. The peaks of the glycerol ethers appear around 6 min while glycerol
appears about 7 min. The early appearance of the glycerol ethers might be due to the
fewer OH group than glycerol. Butan 1,2,4 triol was used as standard, and its peaks

appear around 8 min. The peaks of diglycerol isomers appear from 12 to 14 min, while
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the isomers of triglycerols and tetraglycerols appear from 16 to 18 min and 21 to 23 min,
respectively. However, if the cyclic isomers of the oligomers are produced, the retention

time is much earlier.

The gas chromatography and mass spectroscopy (GCMS) of glycerol, diglycerol, and
etherified samples were also performed at Drummund building in Newcastle University.
Figure 4-40 is the spectrum for pure glycerol after silylation with N,0O-Bis (trimethylsilyl)
trifluoroacetamide (BSTFA). Each of the hydroxyl groups in glycerol is attacked, and a
trimethylsilyl group is attached, as shown in section 3.3.3.2. The spectrum obtained was

matched with the trimethylsilyl ether of glycerol in the library.
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Figure 4-40: GC-MS of glycerol and the library match.

The molecular ion after the silylation of the glycerol is 308. The fragmentation of one of
the methyl groups attached to the trimethylsilyl ether gives a mass to charge ratio (m/z)
of 293, as seen in Figure 4-40. The heterolytic cleavage of O — SiMes produced m/z of
220. An alpha cleavage (homolytic cleavage) to the oxygen in the middle, the
fragmentation of C — O — SiMes occurs to give m/z of 205. For m/z of 147, a combined
heterolytic cleavage of O — SiMes and fragmentation of SiMes occurs. When the
molecular ion undergoes both homolytic cleavages to fragment C — O — SiMes and
heterolytic cleavage of O — SiMes, the m/z is 117 as indicated in the spectrum. The m/z
of 73 is the fragmentation of one of the trimethylsilyl. Similar fragmentation occurs with
the diglycerol, and the Samples analysed. Figures of the fragmentation are shown in
Appendix C.
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The glycerol by-product produced during transesterification was converted to value-
added products simultaneously. The unreacted glycerol at 160 °C with various catalyst
concentration (1, 2, 3, and 5 wt%) and molar ratio (4:1, 5:1, 6:1, and 8:1) is shown in

Figure 4-41 below.
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Figure 4-41: Unreacted glycerol for reactive coupling at 160 °C(a) 1 (b) 2 (c) 3 (d) 5 wt%
catalyst concentration with various molar ratio.

The unreacted glycerol at 150 and 160 °C was approximately 40% with a slight increase
after 0.5h, at 5 wt% catalyst concentration. About 30% unreacted glycerol was observed
at 140 °C, and approximately 20% when the temperature decreases to 130 °C (see Figure
B- 2 to Figure B- 4). The high conversion at 130 and 140 °C might be due to less
triglyceride conversion. This is because there is less crude glycerol to compete in parallel
reaction to produce glycerol ethers and polyglycerol. This might be because glycerol

conversion is faster with a low concentration of feeds in the reaction.

4.2.4 Effect of Process Variables on Reactive Coupling

The effect of reaction temperature, molar ratio, catalyst concentration, and time was
examined. Sulfuric acid was used as the catalyst for this research with concentrations of
1, 2, 3, and 5 wt%. The molar ratio of alcohol to oil used was 4:1, 5:1, 6:1, and 8:1, which

is very low compared to the higher molar ratios used in the conventional method. The
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temperatures 130, 140, 150, and 160 °C for up to 1h were used as the maximum reaction

time because long reaction time will increase biodiesel production cost.

4.2.4.1 Catalyst Concentration

The effect of the catalyst was considered with the production of diglycerol and glycerol
ethers. Figure 4-42 to Figure 4-45 are diglycerol yield at various temperature (130 —
160 °C, catalyst concentration (1, 2, 3, and 5 wt%), and molar ratio (4:1, 5:1, 6:1, and
8:1) after 1h.
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Figure 4-42: Diglycerol yield at 130 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with various
molar ratio.
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Figure 4-43: Diglycerol yield at 140 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with various

molar ratio.
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Figure 4-44: Diglycerol yield at 150 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with various
molar ratio.
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Figure 4-45: Diglycerol yield at 160 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with various
molar ratio.

In glycerol etherification, the yield is expected to increase with the increase in catalyst
concentration. However, a decrease was observed in diglycerol yield as the catalyst
concentration increase. In contrast, the yield of glycerol ethers increases with an
increase in catalyst concentration until 5 wt% when a decrease was observed (see Figure
4-46 to Figure 4-49). This implies the best catalyst concentration required for the

glycerol etherification is about 3 wt%.

Etherification is a secondary reaction in the reactive coupling, and the same catalyst was
used for both reactions (transesterification and etherification). The etherification
reaction between methanol and glycerol is faster than glycerol self-etherification. This
might be due to the complete solubility of methanol in glycerol. The presence of the
three polar groups in glycerol makes it more soluble in the solvent. From the result

obtained, sulfuric acid has low selectivity towards diglycerol production.

The highest yield of diglycerol was approximately 8% at 1 wt% catalyst concentration
and 130 °C. The yield decreased to about 3% as the catalyst concentration increased to
5 wt%. However, the highest yield of glycerol ether production was about 80% then
slightly decrease as the reaction proceeds to 1h. With the low catalyst concentration,

the reaction was able to produce biodiesel and glycerol ethers. Supercritical method of
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biodiesel production was reported to also simultaneously produce biodiesel and glycerol
ethers (Sakdasri et al., 2015, Aimaretti et al., 2009). In supercritical, a catalyst is not
required. This is one of the advantages of the supercritical method. No cost for purchase
of catalyst nor purification after production. However, the supercritical method is not

economically viable for biodiesel production.

4.2.4.2 Molar Ratio

The molar ratio in reactive coupling is considered an important variable for biodiesel and
glycerol ethers simultaneous production. Figure 4-46 to Figure 4-49 below are glycerol

ether yield at 130 — 160 °C, 1 — 5 wt% catalyst concentration, and 4:1 — 8:1 molar ratio.
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Figure 4-46: Glycerol ether yield at 130 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with
various molar ratio.
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Figure 4-47: Glycerol ether yield at 140 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with
various molar ratio.
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Figure 4-48: Glycerol ether yield at 150 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with
various molar ratio.
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Figure 4-49: Glycerol ether yield at 160 °C at (a) 1%, (b) 2%, (c) 3%, and (d) 5% with
various molar ratio.

The excess use of alcohol during biodiesel production has been a problem for
commercial production through increased production cost. An additional unit is
required to purify excess alcohol. In this research, this excess alcohol is utilised to
produce glycerol added-value product, thereby reducing the purification unit

requirement.

The result of this research shows a decrease in the yield of diglycerol as the molar ratio
decreases. At the same time, the yield of glycerol ether increases with an increase in the
molar ratio. This is in concomitance to Aimaretti et al. (2009) report that more methanol
is consumed during glycerol methanolysis. The increase in the yield of glycerol ethers
was observed before the complete conversion of triglyceride. However, it becomes
approximately equal when the triglyceride conversion was completed. This shows that
excess methanol presence influenced the production of polyglycerol negatively and
increases the production of glycerol ethers. Previous work on reactive coupling used
extra solvent to react with glycerol (acetone for solketal, dimethyl carbonate for glycerol
carbonate, and methyl acetate for triacetins). No solvent is required for polyglycerol
production, while glycerol ethers utilise the excess alcohol in transesterification. This is

another advantage over the previous work on coupling methods.

158



The highest polyglycerol yield achieved was approximately 8% using a molar ratio of 4:1.
The yield decreases as the molar ratio increase to 8:1. This might be because the glycerol
ether production is faster than glycerol self-etherification. The highest yield of glycerol
ether produced was approximately 80% at 8:1. Hence, reactive coupling favours
polyglycerol production when low alcohol was used and glycerol ether when alcohol was

high.

In related work, the effect of the molar ratio was observed with supercritical biodiesel
production. Sakdasri et al. (2015) reported an increase in the fuel yield by about 7% due
to the production of glycerol ether, at molar ratio 12:1. Also, Aimaretti et al. (2009)
reported the highest yield at 20:1 with no glycerol by-product. Marulanda et al. (2010a)
reported the production of both diglycerol glycerol ethers from the supercritical
biodiesel production. The authors reported their best yield at 9:1, with approximately
80% biodiesel yield. Both Sakdasri et al. (2015) and Marulanda et al. (2010a) agreed that

glycerol ether would increase biodiesel value as an oxygenated compound.

4.2.4.3 Temperature

This research shows that increasing the temperature leads to a slight decrease in
glycerol conversion and yield value-added products. The highest polyglycerol yield was
8%, produced at 130 °C. This slightly reduces to about 5% when the temperature was
increased to 160 °C. Similarly, glycerol ethers yield decreases from approximately 60%
at 130 °C to about 50% at 160 °C. The decrease in yield might be due to competing
reactions. At higher temperatures, triglyceride conversion is achieved faster and higher
FAME yield, which produced more glycerol by-product to compete for conversion with
the same catalyst and methanol for triglyceride conversion. As shown in section 4.2.2,
the triglyceride conversion at 130 °C was slow compared to the conversion at 160 °C.
The lower the glycerol by-product, the faster the conversion since the condition is

favourable.

The temperature used here is less than 270 — 400 °C used in the supercritical biodiesel
production method. It also required high pressure of between 100 — 400 bar. The
supercritical biodiesel method was compared because the method simultaneously
produced biodiesel, diglycerol, and glycerol ethers. Marulanda et al. (2010a) reported

80% vyield of biodiesel with glycerol conversion to diglycerol and glycerol ethers at 400

159



°C. Lee et al. (2012) reported glycerol conversion during supercritical biodiesel
production to 3-methoxyl 1,2, propanediol, and other oxygenated compounds to reduce
soot formation diesel engine. The authors achieved 102% vyield of biodiesel at 270 °C
with a 2:1 molar ratio of methanol to oil for 45 minutes. The high temperature and

pressure of supercritical make it more expensive compared to other methods.

4244 Time

Reaction time plays a vital role in every reaction. For conventional glycerol self-
etherification, a reaction time of up to 24h was used. The high viscosity of glycerol
causes the reaction to be slow (Galy et al., 2017). The high solubility of glycerol in
methanol reduced the viscosity, hence makes the reaction faster. Approximately 60% of
glycerol conversion was achieved at 160 °C after 1h with reactive coupling. The result is
slightly lower than 68% glycerol conversion reported at 160 °C after 5h as reported in
section 4.1.2 for polyglycerol production. The highest glycerol conversion of
approximately 80% was achieved in 1 h using the reactive coupling at 130 °C. However,

the biodiesel yield at this condition is less.

The reaction time was less with the supercritical methods due to the high reaction
temperature and pressure. Marulanda et al. (2010a) achieved 80% biodiesel yield and
added value products within 3 — 10 min. In a similar work, the same authors (Marulanda
et al., 2010b) reported 2 — 6 min. Aimaretti et al. (2009) reported above 90% biodiesel
yield with complete glycerol conversion after 1h at 280 °C. Lee et al. (2012) reported 45
min to produce 102% biodiesel yield. The complete conversion of glycerol was not
achieved in this research after 1h. However, lower temperature, pressure, molar ratio
of methanol to oil, catalyst concentration, and reaction time were used, compared to

supercritical biodiesel production.

4.2.5 Kinetics of Reactive Coupling

The kinetics model for the reactive coupling was fitted to the experimental values.
Marchetti et al. (2010) model for biodiesel production using H,SO4 as catalyst was
adopted. The equation developed for polyglycerol production in this study (see section
4.1.7) was used for diglycerols, while trial and error method was used to determine the

equation for glycerol ether. The equations were combined in fitting the data obtained
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from the reactive coupling. The model fitting was affected by both variables
(temperature, catalyst concentration, time, and mole ratio) used for the experiment.
The models fitted to the experimental data at 130, 140, 150, and 160 °C are shown in
Figure 4-50, Figure 4-51, Figure 4-52, and Figure 4-53.
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Figure 4-50: Experimental values compared to the model at 130 °C.

(Where TG is model triglyceride, TGE is experimental triglyceride, B is model biodiesel,
BE is experimental biodiesel, G is model glycerol, GE is experimental glycerol, PG is
model polyglycerol, PGE is the experimental polyglycerol, MP is the model glycerol

ether, and MPE is the experimental glycerol ether).

Figure 4-50 is the model fitted to the experimental values at 130°C with 5 wt% catalyst
concentration and 8:1 molar ratio. The R? shows 96% (R? = 0.96) correlation of the
biodiesel model to the experimental data. The triglyceride conversion achieved 97% (R?
=0.97) fitting of the model, while approximately 92% of the experimental data was fitted
for the production and conversion of glycerol. A lower polyglycerol fitting (R = 0.84) and

glycerol ethers (R? = 0.60) was obtained at 130 °C.

This means the biodiesel model adopted from Marchetti et al. (2010) has a good fitting

even at a higher temperature (130 °C) than the temperature used to develop the model.
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Generally, an increase was observed in the correlation as the molar ratio increased from

4:1 to 8:1 for the biodiesel production and triglyceride conversion. Also, about 90% of

fitness was achieved for the glycerol ethers at 130 °C, 1 wt% catalyst concentration, and

8:1 molar ratio. In comparison, 60% was recorded when the catalyst concentration was

increased to 5 wt%. Further work should be done to improve the fitness of the glycerol

ethers in the reactive coupling.
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Figure 4-51: Experimental values compared to the model at 140 °C.

Increasing the temperature to 140 °C, the correlation between the model and

experimental data for a biodiesel production increase to Figure 4-51). In contrast, a

slight decrease in the triglyceride conversion correlation to R2 of 0.96 was obtained.

162



TG Model
0.35 B Model |
G Model
03l O  BExp i
. O GExp
O TGExp
S o025f PG Model | -
Z MP Model
2 PG Exp
© 0.2 O MPExp
<
[0}
e 0.15 1
s 0.
O

0 T S L 1 I S L o) 1
0 500 1000 1500 2000 2500 3000 3500 4000

Figure 4-52:Experimental values compared to the model at 150 °C.

The polyglycerol model in Figure 4-51 was able to explain over 95% of the experimental
result. This indicates that the developed polyglycerol model using glycerol conversion
can predict the production in reactive coupling. However, the model was not always

favourable for the glycerol ethers.
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Figure 4-53: Experimental values compared to the model at 160 °C.
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The biodiesel model in both Figure 4-52 and Figure 4-53 correlates to the experimental
data with over 99% fitness (R? = 0.99 at 150 °C and 160 °C). The model fitness was similar
to Marchetti et al. (2010) report, however with a much faster conversion of the
triglycerides. The fast conversion is due to the high temperature of the reaction and
simultaneous conversion of the glycerol to added value product, which reduces the
effect of a reversible reaction. The fitness for the triglyceride conversion in both figures
was 98%. The glycerol production and conversion achieved an approximately 96%

fitness and 90% fitness for the polyglycerol production.

Generally, the experimental result for the reactive coupling fit a combined model of
biodiesel production from acid and the developed glycerol valorisation models. The
model for biodiesel was multiparametric and non-linear. The glycerol valorisation was
fitted to second-order kinetics with a pre-exponential factor of 2.2x10'! Lmol?s? and

activation energy (Ea) of 112.0 kJ/mol.

4.2.6 Summary of Reactive Coupling

A proof-of-concept for the reactive coupling for biodiesel and glycerol valorisation was
established. This study has also shown that acid catalyst can be used for total triglyceride
conversion within 1 h with a low molar ratio (4:1). Another important observation from
this research is the fast separation of the phases. With reactive coupling, decantation
from the reactor is possible. For the glycerol valorisation, the excess alcohol reacted
faster with the hydroxyl group of the glycerol than glycerol self-etherification. The
reactive coupling model successfully explained over 99% of the biodiesel experimental
data and 98% on the triglyceride conversion. The glycerol coupling was able to achieve
over 96% and 95% polyglycerol production. A single model equation for the reactive
coupling reaction will be interesting and might explain the result better. However, the

use of multiple equations achieved good fitting.

4.3 Extraction and Reactive Extraction

This study combined the extraction from the seed with reactive coupling to further
reduce the units involved in biodiesel and glycerol valorisation. This will combine
reactive extraction and reactive coupling in a single reaction pot. The properties of the

seed, extraction using Soxhlet, and reactive extraction were studied to achieve this.
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Soxhlet extraction method was used to determine the yield of oil in the seed. Reactive
extraction techniques was also used to produce biodiesel and determined the yield that

can be produced with 200:1 — 480:1.

4.3.1 Properties of the Seed

The presence of water in triglyceride slows down the conversion to biodiesel when using
an alkaline catalyst. The iodine value of biodiesel can be affected if water is present in
the final fuel by making it rancid in a short time and causes poor combustion. However,
acid-catalysed biodiesel production is not affected by the presence of water. This is
because the reaction between triglyceride and water produced free fatty acid, which

can be converted to biodiesel.

The water content in the seed used for this study was determined, as shown in section
3.4.5.1. Approximately 15.9 +0.61 wt% of water content was obtained. This is higher
than 6.7£0.5 wt% reported by Zakaria (2010). The water content difference might be
due to the improvement in species or time in storage after collection from the farm. For

this work, the water content was determined two weeks after collection from the farm.

The FTIR of the seed after grinding indicates water molecules presence with a peak of
the hydroxyl group (-OH) between 3034 — 3660 cm™ and a water scissor (H— 0 — H) at

1640 cm™ as shown in Figure 4-54 below.
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Figure 4-54: FTIR spectra of rapeseed before extraction.
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The spectrum also shows an asymmetric and symmetric stretching vibration of -CH; and
-CHs group around wave number 2922 and 2847 cm™. The appearance of a strong peak
around 1744 cm ! indicates the carbonyl groups presence (C = O) which is found in
vegetable oil. The spectrum is the same as that of rapeseed oil shown in Figure 4-28,
except for the presence of the water in the seed. This, as expected, confirmed the

presence of the triglyceride in the seed.

The SEM image in Figure 4-55 below shows the sample covered with lipid. The image is
similar to the reported by Ren et al. (2010) on rapeseed. The slight difference might be
due to the particle size characterised. For this work, the sample was crushed into flakes
with the seed coat. Also, the high moisture content contributed to the agglomeration of
the sample. Although the sample was dried to remove the moisture before analysis, it

might still affect the sample morphology.

Figure 4-55: SEM of rapeseed before extraction
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Figure 4-56: EDX of the rapeseed before extraction
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The EDX shows must of the composition on the surface of the sample are carbon. This
is true considering the presence of the seed coat in the sample. Also, triglycerides consist
of carbon, hydrogen, and oxygen. However, the hydrogen is not detected because EDX
detects elements in the K shell and not valences like hydrogen. Other elements included
magnesium, phosphorus, sulphur, potassium, and calcium were detected only in a trace

amount. Most of which might come from the seed coat.

4.3.2 Yield of Extraction using Hexane and Methanol

The percentage yield of the oil was determined by extracting using hexane and
methanol. The experiment was performed, as explained in section 3.4.1. The result for

both solvents is shown in Figure 4-57 below.
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Figure 4-57: Soxhlet extraction of rapeseed using hexane and methanol with 500:1
molar ratio.

The extraction with hexane was mainly the triglyceride. No other non-triglyceride
substance was observed. Hence, the percentage extraction for hexane is the same as
the percentage of oil content. The result obtained with hexane is higher than 44 — 45

wt% reported by Li et al. (2014) and 45.9 wt% reported by Zakaria (2010). The difference
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reported from this study might be due to the higher temperature used. However, the oil
content using methanol was low. The highest achieved was 20 wt%. Szydtowska-
Czerniak et al. (2010) extracted 40.5 — 46.5% using methanol and water from seven
different rapeseed species. Methanol as solvent extract mixture of phospholipids,
sterols, phenols, and vitamins from the oil seed (Szydtowska-Czerniak et al., 2010,
Zakaria, 2010). This was because all these compounds which are found in the seed oil
are soluble in methanol. The low oil content extracted might be due to short extraction
time (60 minutes) compared 6 hours reported by Zakaria (2010). The high oil content
obtained by Szydtowska-Czerniak et al. (2010) might be due to the mixture of methanol
to water. The authors also mix the oil seed into the solvent compared to the thimble

used for this study.

4.3.3 Properties of the Extracted Oil

The oil extracted was characterised for free fatty acid, acid number, density, refractive

index, and viscosity. The result is shown in Table 4-5 below.

Table 4-5: Characterisation of extracted oil using hexane and methanol.

Triglyceride Hexane 60 | Hexane 20 | Methanol 60 | Methanol 20

min min min min
FFA (%) 0.225 1.8+0.4 1.5+£0.7 2.1+0.3 1.8+0.6
Acid number 0.45 3.6 3.0 4.2 3.6
(mgKOH/g sample)
Density (g/cm3) 0.911 0.911 0.911 0.914 0.914
Refractive index 1.473 1.471 1.470 1.405 1.356
Viscosity (Pa.s) 0.074 0.078 0.077 0.073 0.072

Both free fatty acid and acid number are important in biodiesel production to choose
catalysts to avoid soap formation. Knothe et al. (2005) reported that the presence of
free fatty acid, unreacted triglyceride, excess alcohol, glycerol by-product, and catalyst
in the biodiesel might deteriorate the fuel or cause a performance problem. The

importance of all the properties is, as mentioned in section 4.2.1.

The free fatty acid from the commercial triglyceride was lower than the extracted oil.

Pre-treatment might be necessary if alkaline transesterification is to be used, to reduce
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soap formation and increase yield, though not necessary with an acid catalyst. The FFA
reported for this work is lower than 3.35% reported by Zakaria (2010), though higher
than 0.65% reported by Konuskan et al. (2019). The difference might be due to the

rapeseed species, a period after harvest, and handling and extraction method.

The density for all the samples was similar. However, oil extracted using methanol were
slightly higher. This might be due to the non-triglyceride compound present. The result
also corresponds to 0.907 g/cm?3 reported by Noureddini et al. (1992a). Similarly, the
viscosity of all the extracted oils was within the range of the commercial triglyceride.
Again, triglycerides extracted with methanol were slightly lower. This might also be due
to the non-triglyceride since they are soluble in the solvent. All the values were within

the range (0.0788 Pa.s) reported by Noureddini et al. (1992b).

The FTIR spectra of the triglycerides extracted is shown in Figure 4-58 below.
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Figure 4-58: FTIR spectrum of extracted oil.

The commercial triglyceride and triglyceride extracted with hexane after 1 h have similar
spectra. Both have a strong peak of the Carbonyl group (C=0) at 1744 cm*and C-0
group at 1157 cm*. They also do not have the hydroxy stretch at 3000 — 3600 cm™ which
shows the triglycerides were clear from any hydroxyl containing compounds such as
methanol or water. The triglyceride extracted with hexane for 20 min also has an
asymmetric and symmetric stretching vibration of -CH; and -CHs3 group around wave
number 2914 and 2847 cm™. The spectrum is the same as the commercial triglyceride,

though with a lower signal. The signal was less with the methanol extracted triglyceride.
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This might be due to the impurities in the triglyceride. Slight hydroxyl vibration at 3000
— 3600 cm™ appears in these spectra, which might be due to the extraction with

methanol.

Fewer lipids can be seen covering the seeds surface after extraction (as shown in Figure

4-59 below) compared to the feed before extraction.
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Figure 4-59: SEM and EDX of the residue after extraction.

Hexane as a solvent interacts better with the lipids, hence the pores after extraction are
more visible. However, the extraction might be better if the seeds were soaked to the

solvent rather than packed in a thimble.

The composition on the surface of the residues for both solvent recorded higher carbon
content (above 60 wt%). The values are slightly lower than 70 wt% recorded for the feed
before extraction. This might be due to the high carbon content in triglyceride before
extraction. More triglyceride was extracted with hexane as a solvent than methanol.
After extraction with methanol (~ 66 wt%), the carbon content is slightly higher than
when hexane (~ 63 wt%) was used. This also shows that both rapeseed cake and seed

coats are mainly carbon compounds, as expected. The residues oxygen content for both
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extractions is equal (~ 33 wt%), though higher than 28 wt% found in the feed before
extraction. The other elements of magnesium, phosphorus, sulphur, potassium, and
calcium make up less than 5 wt% of the composition. Methanol recorded less of the
other elements than the extraction with hexane. This might be because the non-

triglyceride compounds are soluble in methanol and extracted together with the oil.

4.3.4 Reactive Extraction

The reactive extraction method is to extract and transesterified triglyceride. Much
research is available on reactive extraction, and a few have been reported by this group
(Kasim and Harvey, 2011, Salam et al., 2016, Zakaria and Harvey, 2012). Reactive
extraction can either be conventional in which the seed is poured directly into alcohol.
Reactive extraction can also be done with the seed poured in a thimble and placed in
the extractor of the Soxhlet extractor. For this study, this method was referred to as
"reactive extraction in Soxhlet extractor". In this method, the residual seed cake
filtration after the reaction is not required since the feeds are in a thimble. The result

for both methods is shown in Figure 4-60 and Figure 4-61 below.
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Figure 4-60: Extraction yield for reactive extraction at (a) 200:1, (b) 300:1, (c) 400:1,
and (d) 480:1 using H2SO4 as catalyst.

The yield of both extraction and FAME in reactive extraction (RE) is greater than the yield

of reactive extraction in Soxhlet extractor (RESE). The yield was determined in relation
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to the amount of triglyceride extracted using hexane. Approximately 50 wt% yield of the
extraction was the highest achieved with RE. The method has the advantage of close
contact to the bulk solvent and continuous stirring to increase the diffusion through the
pores. In contrast, 36 wt% was the highest yield of extraction in terms of RESE. This might
be due to mass transfer limitations. RESE used the same principle as Soxhlet extraction,
with the triglyceride conversion after extraction in the bulk solvent. The solvent must
diffuse through the thimble and into the pores of the seed. This will be time-consuming
when compared to RE. The yield extracted for RESE was slightly lower than 45 wt%
reported for Soxhlet extraction using methanol. Shuit et al. (2009) reported 54% oil
content in Jatropha curcas seed. The authors reported a 91% efficiency of the extraction
after 24 h. The addition of n-hexane as a co-solvent increases the solubility of the oil in

the mixture.

The poor solubility of methanol during Soxhlet extraction contributed to the low
extraction yield. Zeng et al. (2009) reported 9% oil extraction from sunflower using
methanol as the lowest compared to the other solvent used. The authors relate the low
yield to the extraction of sugars and proteins from the seed. Ozgiil and Tiirkay (1993)
reported that methanol extracts more of the free fatty acid and leaves behind the rice
bran triglyceride. Zakaria (2010) also confirmed a low yield with methanol. The author
relates the low yield to the non-triglyceride that was extracted from the seed. This was
the reason for introducing a co-solvent, to increase the triglycerides solubility during

extraction while methanol takes part in the transesterification.
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Figure 4-61: FAME yield for reactive extraction at (a) 200:1, (b) 300:1, (c) 400:1, and (d)
480:1 using H2S04 as catalyst.

The highest FAME yield achieved from this study (Figure 4-61) was approximately 40%,
in RE with 480:1 molar ratio. RESE achieved 34% as the highest FAME vyield. Zakaria
(2010) achieved 90% FAME yield with 475:1 molar ratio using an alkaline catalyst. Shuit
et al. (2009) reported 99.8% FAME vyield with an acid catalyst, though in the presence of
a co-solvent and after 24h. Zeng et al. (2009) achieved about 98% FAME with 100:1
molar ratio of methanol to oil and diethoxymethane as a co-solvent. The low FAME yield

from this study might be due to acid catalyst used and methanol as solvent.

RESE was observed to be slow at the beginning of the reaction due to the extraction
technique. However, the conversion becomes faster as the triglyceride mixed to the bulk
solvent and catalyst. Also, since the extraction is in a cycle, each batch extracted has a
good time to achieve reasonable conversion before the next cycle. The conversion

decreases as the bulk solvent are saturated with the triglyceride extracted.

Shuit et al. (2009) reported the triglycerides conversion to occur in the pores of the seed
in reactive extraction. The authors affirmed that the rate of FAME production is the
same as the rate of extraction. This conclusion might not be true in all cases, especially
when methanol is used as the only solvent. This is because non-triglyceride is
accompanied during the extraction. Shuit et al. (2009) also reported that the feeds
particle size does not affect both extraction and transesterification in the first eight (8)

hours of the process. This was because the extraction can be improved with a large
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surface area of the seed. Since the process was monitored for this study for one hour,

no significant difference will be recorded with different particle sizes.

Figure 4-62 below is the SEM and EDX of the residual cake after reactive extraction at

480:1 and 1h.
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Figure 4-62: SEM and EDX of a sample after reactive extraction.

The SEM image (Figure 4-62) shows pores after extraction with fewer lipids covering the
seeds surface. A clear image of the pores was achieved due to the high diffusion of the
solvent. The empty pores trapping the lipids are seen after reactive extraction than
when Soxhlet extraction was performed or the feeds image before extraction. The EDX
has a similar result to the extraction with Soxhlet. About 62% of carbon content was
recorded compared to 70% from the feed. The less carbon compared to the feed

indicates the triglycerides extraction, which majorly consists of carbon and hydrogen.

4.3.5 Combined Reactive Extraction and Reactive Coupling

In this section, reactive extraction and reactive coupling were combined. The effect of
molar ratio (150:1 — 450:1), temperature (130 — 160 °C), and catalyst concentration (0.5
— 5 wt%) was studied. Figure 4-63 below shows the effect of molar ratio in combined

reactive extraction and reactive coupling.
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Figure 4-63: Effect of molar ratio on the combined reactive extraction and reactive
coupling.

Among the important variables in reactive extraction is the molar ratio. This is because
it determined the extent of the extraction. The extraction is fast in the beginning. The

extraction becomes slow when the bulk solvent becomes concentrated with the extract.

The extraction yield increased from 37% at 150:1 to 53% as the molar ratio increased to
450:1. This is because more of the bulk solvent could interact with the exposed inner
part of the seed. It was also noted that the extract consists of the non-triglyceride due

to the solvent used. This also contributed to the difficulty in the separation.

The FAME yield increase with an increase in the molar ratio. The yield increased from
71% at 150:1 to 95% at 400:1 molar ratio. This might be due to more solvent, increasing
the rate of triglyceride extraction. It can also be because the triglycerides conversion to
biodiesel occurs inside the pores of the seed during reactive extraction (Shuit et al.,
2009, Zakaria, 2010). A slight decrease to 93% was observed when the molar ratio was
increased to 450:1. The decrease might be due to difficulty in separation due to the

excess alcohol or competing reaction to convert glycerol by-product.

The experiment observed the peaks disappearance related to the glycerol as the molar
ratio increased to 400:1. At this stage, the glycerol is assumed to be converted
completely. The glycerol was observed to increase in conversion from 26% (at 150:1) to
78% (at 300:1) and then totally converted as the molar ratio increase 400:1. This is
because glycerol etherification is fast and favoured with excess methanol for glycerol

ethers. The highest yield of 86% was achieved with 450:1 molar ratio. However, the
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lowest yield of 17% was recorded with 150:1 molar ratio. The highest polyglycerol was
achieved at 300:1 and 400:1 with 17% each. The lower polyglycerol yield at 150:1 (9%)
might be due to the low extraction of the triglyceride and FAME production. A slight

decrease was observed at 450:1.

The effect of temperature for the combined reactive extraction and reactive coupling
was considered, as shown in Figure 4-64 below. The temperature used was 130, 140,
150, and 160 °C for 1h. The temperature chosen was the same as used in glycerol
valorisation and reactive coupling. According to Le-Chatelier’s principle, temperature
change alters the equilibrium of a reaction. This makes temperature vital in must

reactions.
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Figure 4-64: Effect of temperature on the combined reactive extraction and reactive
coupling.

The extraction was observed to be relatively constant. This might be because the bulk
solvent (400:1) is concentrated, though the extraction rate was faster. Approximately
53% of extraction was achieved as the temperature increased from 130 to 160 °Cin 1 h.
Such high temperatures might not be necessary for such extraction, rather increase the
cost. However, the high temperature was not purposely for the extraction but for the

other reactions that were coupled.

The yield of biodiesel was observed to be relatively constant also as the temperature
increased from 130 to 160 °C with the highest yield of 98% achieved. As expected, by

using high temperatures, higher triglyceride conversion is achieved. This is because
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higher temperature contributes to higher miscibility and fast reaction. However, since
transesterification in reactive extraction takes place in the pores of the seeds before
extraction, the extraction is proportional to biodiesel produce at a constant molar ratio

and catalyst concentration.

An increase in the percentage yield of the polyglycerol production was observed from
17 to 26% as the temperature increased from 130 to 160 °C. However, glycerol ethers
slightly decrease from approximately 83 to 74%. In section 4.2.4.3 of this study, it was
observed that an increase in temperature during reactive coupling slightly decreased
the yield of polyglycerol and glycerol ethers. This might be due to a competing reaction
between the triglyceride conversion and glycerol valorisation. In this section, an increase
in polyglycerol was observed. This is due to the solubility of alcohol to the non-
triglyceride, reducing the available excess methanol that will take part in the glycerol
etherification. This will then favoured the polyglycerol production as reported in section

4.2.4.2.

Figure 4-65 below shows the effect of catalyst concentration (0.5, 1, 2, 3, and 5 wt%) for
the combined reactive extraction and reactive coupling. The reaction was performed for

1h at 400:1 and 130 °C.
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Figure 4-65: Effect of catalyst concentration on the combined reactive extraction and
reactive coupling

Another important variable mentioned by Le-Chatelier catalyst concentration. An acid

catalyst for this study is to favour the reactions due to the high moisture content in the
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seed. The high moisture leads to the high free fatty acid, which produces soap during

transesterification with an alkaline catalyst.

The constant yield of extraction from the result shows catalyst does not affect
extraction. However, the effect was observed as expected with triglyceride conversion.
The biodiesel yield increased from 46 to 97% as catalyst concentration increase from
0.5 to 5 wt%, respectively. High acid catalyst concentration is required for higher

triglyceride conversion (Lotero et al., 2005).

A similar trend was observed with glycerol conversion and glycerol ethers yield. This
shows both transesterification and glycerol etherification are catalytic driven. The
glycerol conversion increase from 31 to 100% as catalyst concentration increase from
0.5 to 5 wt%, respectively. In comparison, 25 to 80% yield of glycerol ethers was
achieved with 0.5 to 5 wt% respectively. Also, the yield of polyglycerol produced was
observed to increase from 6 to 20%. The low yield of the polyglycerol compared to the

glycerol ethers is due to the excess alcohol used and the faster reaction rate.

4.3.6 Summary of Combined Reactive Extraction and Reactive Coupling

This section majorly shows the proof-of-concept for the combined reactive extraction
and reactive coupling. The high moisture content of the seed leads to high free fatty acid
in the triglyceride, hence using the acid catalyst for the process. Combined reactive
extraction and reactive coupling achieved high extraction and conversion within an hour
with a higher molar ratio of methanol to oil (400:1). The excess molar ratio contributes

to the higher conversion of glycerol to glycerol ethers.
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Chapter 5.  CONCLUSIONS AND FURTHER WORK

This research aimed to intensify biodiesel production, whilst reducing/valorising waste
glycerol, via reactive coupling. If this can be done in situ, without adverse effects on
other steps of the process, biodiesel production economics could be substantially
improved. "Reactive coupling" is a technique in which the by-product of one reaction is
simultaneously converted to an added-value product in a second, in a "single pot"/single
step. Here, the glycerol by-product was simultaneously converted to polyglycerol
(mainly diglycerol, triglycerol, and tetraglycerol used in the pharmaceutical, food, and
cosmetics industries) and glycerol ethers (used as oxygenated compounds to improve
biofuel combustion in a diesel engine) in the second reaction. This is an attractive
approach to the production of biodiesel. The technique has the advantages of (i)
reducing the production of glycerol by-product by converting it to an added-value
product, (ii) reducing the methanol usage during transesterification, (iii) faster
conversion of triglyceride to biodiesel using an acid catalyst, and (iv) easier downstream
phase separation. The process may be further enhanced if it is allied to reactive
extraction, i.e., the extraction of oil from the seed and its conversion to biodiesel in one
step. In a reactive extraction/coupling process the oil in the seed would be converted to
biodiesel, glycerol ether, and polyglycerol in one step, thereby greatly reducing the

number of process steps, and the methanol requirement (and therefore cost).
The process was studied in three steps:

(i) A parametric study of the polymerisation (etherification) of glycerol was
performed, to allow its kinetics to be determined and validated. The reaction
was performed at 130 — 160 °C and 1 — 6 wt% catalyst concentration (using
H,S04) for up to 5h. A kinetic model for this reaction was developed and
implemented in MATLAB, and the results compared with experimental data.

(ii) The parametric study of simultaneous biodiesel production and conversion of
glycerol by-product to added value product was conducted. The reactive
coupling was performed at molar ratio 4:1 — 8:1, temperature 130 — 160 °C, and
concentration of H,SO4 as catalyst (1 — 5 wt%) for up to 1h. The kinetics of the
reactive coupling was simulated to fit the experimental result using MATLAB.

The kinetics model for biodiesel using H,SO4 was adopted from literature, while
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the developed model for glycerol etherification were both used for the kinetics
of reactive coupling.

(iii) Finally, the proof-of-concept for combined reactive extraction/reactive coupling
was demonstrated. The effect of molar ratio (150:1 — 450:1), temperature (130

— 160 °C), and catalyst concentration (0.5 — 5 wt%) were studied.

Glycerol valorisation was performed in the range 130 — 160 °C at catalyst (sulfuric acid)
concentrations of 1 — 6 wt%. The highest conversion achieved was 68% at 160 °C and 6
wt% after 5h. Due to the low reaction rate, high temperatures and catalyst
concentrations are required to achieve higher conversion. For complete conversion to
be achieved, the reaction will take over 5h. The highest polyglycerol yield achieved was
approximately 63%, comprising 47% diglycerol, 9% triglycerol, and 6% tetraglycerol. Use
of an acid catalyst here led to the formation of unwanted by-products at the higher
temperatures and catalyst concentrations. The principal by-products were acrolein,
formed through dehydration and hydrogen, by decomposition of glycerol. The highest
yield of hydrogen was 4.3% at 150 °C, 6 wt%, and 5h, while the highest yield of acrolein
was 1.6% at 160 °C, 6 wt%, and 5h. The by-products and residual carbon production can

be reduced/avoided with low catalyst concentration and low temperature.

A kinetic reaction model fitted the experimental data with R? of over 0.95. The model
was second order in glycerol consumption, with an activation energy of 112 kJ/mol and
a pre-exponential factor of 2.18x10*! Lmols™. The thermodynamic properties show the
reaction was endothermic with enthalpy 109 kJ.mol?, less disordered with an entropy

of —38.1 Jmol*K?, and endergonic with Gibbs free energy of about 125 kJ.mol™.

It was shown that reactive coupling could be used to achieve 100% conversion of
triglyceride after 1h using sulfuric acid at a molar ratio of 4:1. The relatively low molar
ratio (conventional processes use 6:1 at least) is advantageous for the process
economics. It reduces the amount of methanol that has to be recycled, representing a
significant energy saving. This is possible because the crude glycerol takes part in a
second reaction, favouring the forward reaction in transesterification and reducing the

requirement of methanol.

Reactive coupling technique achieved up to 100% FAME vyield. Both triglyceride

conversion and yield of FAME increased with increase in the reaction parameters
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(temperature (130 — 160°C), molar ratio (4:1 — 8:1), catalyst concentration (1 — 5 wt%)
and time (up to 1h). The separation into phases was immediate with reactive coupling

than the conventional methods that required up to 24h to settle.

The reactive coupling converts the glycerol by-product into glycerol ethers and
polyglycerols via an etherification reaction. Approximately 60% glycerol conversion was
achieved after 1h with about 90% selectivity towards glycerol ethers. Increasing the
molar ratio of methanol to oil from 4:1 to 8:1, increased glycerol ethers production
whilst reducing polyglycerol production. The methanol remaining after biodiesel
production reacted more quickly with the hydroxyl groups of the glycerol than glycerol
self-etherification. An unexpected decrease in polyglycerol and glycerol ethers was
observed as the temperature increased. However, 100% conversion of the triglyceride
was achieved. Catalyst concentration was expected to cause an increase in glycerol
etherification. The increase was observed, but due to the slow reaction rate, the yield
slightly increased as the concentration was increased. Reaction time in reactive coupling

has a positive effect as all the products increased with time.

The reactive coupling model fitted the FAME and triglyceride data well (R? of 0.99 and
0.98, respectively). The experimental data for glycerol conversion was able to fit the
model with an R? of 0.96. Similarly, the experimental data for polyglycerol production fit

the model with an R? of 0.95.

The oil content of the rapeseed used for combined reactive extraction/reactive coupling
was ~50%. The moisture content (~16%) and free fatty acid level (2.1%) were relatively
high, which suggested using an acid catalyst rather than the base, which fitted well with

the subsequent oligomerisation of the glycerol.

A proof-of-concept was established for combined reactive extraction/reactive coupling.
50% extraction yield was achieved within an hour with a molar ratio of 300:1 to 480:1
and reduced as expected to 37% at 150:1. High FAME yield of up to 98% was achieved
at 130 to 160 °C due to fast reaction and improved miscibility. The excess methanol

increased the conversion of glycerol from 26% at 150:1 to 100% at 400:1. This was
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because of the fast reaction of glycerol to methanol etherification than glycerol self-

etherification.

Overall, it demonstrates proof-of-concept for reactive coupling and combined reactive
extraction/reactive coupling. This technique could intensify biodiesel production by
reducing the excess alcohol requirement, thereby removing the process alcohol
purification and recycling units. It will also reduce the production of crude glycerol by
directly converting it to a value-added product. Fast conversion of triglyceride is

achieved with the technique and easy downstream phase separation.

5.1 Further Work

Reactive coupling is a new technique; hence, more work should be done to take it to the

commercial level.

(i) In line with industry 4.0, online analysis for reactive coupling will add value to
the study and give a more accurate result since the FTIR spectra can show the
increase in the ether group and a decrease in the hydroxyl group for the glycerol
conversion. It can also detect the methyl groups appearance during
transesterification; then it will be a viable option for online analysis. Also, a set
refractive index can be used online for all the expected products. However, there
will be a need for the re-structuring of the reactor.

(ii) One of the challenges faced during this study was the low conversion of glycerol
to added-value products. This was because the reaction rate was low, which
requires a longer reaction time to achieve complete conversion. The use of
microreactors and the oscillatory baffled reactor will reduce the mass transfer
limitation, hence might be a good option. However, using a microreactor or OBR
might require good insulation to avoid heat loss to the surrounding.

(iii) A single kinetics model showing biodiesel production, triglyceride conversion,
glycerol production and conversion, and glycerol added value products should
be developed for the future. This will be more realistic and useful, explaining how

the variables affect the reactants/products than the separate models.
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(iv) Much research has been reported on reactive extraction, but more work can be

(v)

done on Soxhlet extractor reactive extraction to enable fast reaction and
possible reactive coupling. The optimisation study should be done by varying
temperature, molar ratio, the particle size of the seeds, and stirring rate. Also,
the use of various catalysts such as alkaline and heterogeneous catalysts might
see an increase in the conversion of the triglyceride. Again, the use of co-solvent
such as hexane and petroleum ether can increase the extraction with less of the
non-triglycerides.

More work should be done on the combined reactive extraction/reactive
coupling to optimise the process parameters and study more parameters, such
as stirring and particle size. Studying the kinetics of the process will also add
value to knowledge, especially since transesterification was reported to occur in
the pores during reactive extraction. In the future, various catalyst should be
tried, such as alkaline due to cheapness, availability, and commercial
importance. The use of co-solvent to reduce the extraction of non-triglyceride
and increase the extraction of lipids could improve this studys result. This will
enhance the miscibility and increase the yield of extraction. It is also essential to
study the process engineering for reactive coupling and combined reactive
extraction/reactive coupling. This is to improve the design, control, and

industrial optimisation of the biodiesel with reactive coupling technique.

(vi) The model developed should be used to determine the optimal reaction

conditions of the process. The operation conditions should also be used to
determine the experimental values. Techno-economic analysis of the technique
should also be perform. This will show if the technique is economically viable

compared to the conventional method used in large scale production.
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APPENDIX A: Calibrations
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Figure A- 2: Calibration of diglycerol standard using HPLC.
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Figure A- 4: Calibration of tetraglycerol standard using HPLC.
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Figure A- 5: Checking the calibration of 20 — 200 ul pipette used for the study.
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Figure A- 6: Checking the calibration of 100 — 1000 uL pipette used for the study.
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Figure B- 1: Kinetic fitting to the second rate law.
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Figure B- 8: Diglycerol selectivity during reactive coupling at 160 °C.
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Figure B- 10: Methoxyl propanediol selectivity during reactive coupling at 140 °C
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APPENDIX C: MS Fragmentation

\ / 0 o)
S
HsC \ . o— Si——CH
CHs 364 3
CHs
1,2,4 trimethylsilyl ether diglycerol
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1,3 trimethylsilyl ether of diglycerol
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Trimethylsilyl ether of glycerol

Trimethylsilyl propane
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CH3 117

Ethyl trimethylsilyl

CHs 103

Methyl trimethylsilyl
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GC-MS of the isomers of Diglycerol
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GC-MS of glycerol ether
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APPENDIX D: MATLAB Coding

Glycerol valorisation (kinetics coding)

function dC = GG(t, C)

o°

{ The function file biodiesel.m contains the mass balances for
he

oe (t

reaction network:

o°

o©

2G -> DG + W

DG + G -> TG + W

TG + G -> TTG + W
G -> 3CO + 4H2

CO + W -> CO2 + H2
2CO -> CO02 + C

G -> ACR + 2W

ACR + HZ2 -> ACC

o° o® o° o o° o°

o\

o\

Define terms
CG = C(l); CDG = C(2); CTG = C(3); %CTTG = C(4); CCO = C(5); CH2 =
C(6); CCO2 = C(7); CACR = C(8); CACC = C(9);, Cw = C(10);

% Rate constant

T = 130 + 273; % Temperature of the reaction in kelvin from 130 to 160
oC (403, 413, 423 and 433)

R = 8.314; % gas constant

k1l = (2.28E+11*exp(-111014.5/(R*T))); $2nd order with =zero

a °

m

= 0.95; % Order of catalyst for glycerol
= 0.06; % cat conc. 0.010196, 0.020392, 0.030588, 0.061175

o

Reaction rates:

rl = (k1*CG"2)*m"a;

% Mass balance

dCG = -2*rl;

dCDG = rl;

dCTG = 0.03*dCDG;
$Assign output wvariables

dCc(1,:) = dCG;
dC(2,:) = dCDG;
dC(3,:) = dCTG;

Rate = readtable('polyl.xlsx")
% Initial concentrations:
CcoO = [1.085, 0, 0]; % CO for methanol 4:1-8:1 (0.4202, 0.5191, 0.6180,

0.8157)

% Time range for the model (seconds)
= 0:3600;

% Call the odelbs solver
[t,C] = oded5(6@GG,t,CO0);

225



% Plot the data
figure

plot(t,C(:,1),"'-k'

Joe e e

t,C(:,2),"'-r', ...
tlc(:l3)I'_g'I”’

Rate.Time, Rate
Rate.Time, Rate
Rate.Time, Rate

legend('G M', 'DG M'

4

.G1306,
.DG1306,

.TG1306, 'go') %,

xlabel ('Time (sec) ')
ylabel ('Concentration (M) ")

numl = xlsread ('polyl.xlsx',
num?2 = xlsread ('polyl.xlsx',
num3 = xlsread ('polyl.xlsx',
num4 = xlsread ('polyl.xlsx',
x1 = numl;

yll = num2;
yl2 = num3;
y1l3 = numé4;

z1l = [x1 y11 y12 y13];

y21 = C(:,1);

y22 = C(:,2);

y23 = C(:,3);

z2 = zeros (4,4);

z2 (1,1) =t (1);

z2 (1,2) y21 (1);

z2 (1,3) = y22 (1);

z2 (1,4) = y23 (1);

z2 (2,1) = t (901);

z2 (2,2) = y21 (901);
z2 (2,3) = y22 (901);
z2 (2,4) = y23 (901);
z2 (3,1) =t (1801);
z2 (3,2) = y21 (1801);
z2 (3,3) = y22 (1801);
z2 (3,4) = y23 (1801);
z2 (4,1) =t (3601);
z2 (4,2) = y21 (3601);
z2 (4,3) = y22 (3601);
z2 (4,4) = y23 (3601);
z3 = [x1 z1(:,2) 22(:,2)];

z4 = [x1 z1(:,3) z2
z5 = [x1 z1(:,4) z2

Mnl=mean (z3(:,2));
Mn2=mean (z4 (:,2));
Mn3=mean (z5(:,2));

SST1 = sum((z3(:,2)-Mnl)."2);
SST2 = sum((z4(:,2)-Mn2)."2);
SST3 = sum((z5(:,2)-Mn3).%2);

(:,3)1;
(:,4)1;

"G M,

=R e
~ N~

~

'AP7:AP10") ;

'"TG E')

% Time
Glycerol
Diglycerol

)

% Triglycerol



SSR1l=sum((z3(:,2)-2z3(:,3)).72);
SSR2=sum ((z4 (:,2)-2z4(:,3)) ."2);
SSR3=sum((z5(:,2)-2z5(:,3)) ."2);

Rsq Glycerol =1-(SSR1/SST1);
Rsqg Diglycerol =1-(SSR2/SST2);
Rsq Triglycerol =1-(SSR3/SST3);

Rsg =

Coding for the kinetics of reactive coupling

function dC = BioAcid(t, C)

[Rsqg Glycerol Rsqg Diglycerol Rsq Triglycerol]

% The function file biodiesel.m contains the mass balances for
the

% reaction network:

% TG + M -> DG + B

% DG + M -> MG + B

% MG + M -> G + B

% FFA + M -=> W + B

% G -> PG + W

% G+ M -> MP + W

% Define terms

CTG = C(l); CDG = C(2); CMG = C(3); CFFA = C(4); CM = C(5); CB = C(6);
CG = C(7); CPG = C(8); CW = C(9); CMP = C(10);

% Rate constant

T = 160 + 273; % Temperature of the reaction in kelvin from 130 to 160
oC (403, 413, 423 and 433)

R = 8.314; % gas constant (J/mol.K)

k1l = (1.59E+3*exp(-38700/ (R*T))); % Acid (ref: Marchetti
et al. 2010)

k2 = (0.33E+3*exp (-38700/(R*T))); % Acid

k3 = (3.194E+3*exp (-38700/ (R*T))) ; % Acid

k4 = (5.97E+3*exp (-38700/ (R*T))); % Acid

k5 = (1.01E+14*exp (-107110/ (R*T))) ; % Acid

k6 = (4.03E-1*exp (-38740/(R*T))); % Acid

k7 = (9.50E+3*exp (-37990/ (R*T))) ; % Acid

k8 = (1.67E-2*exp (-12760/(R*T))) ; % Acid

Kl = 1.17E+6; % Acid (1"2/mol”™2)

K2 = 1.10E+6; % Acid

K3 = 2.00E+3; % Acid

f = 0.60; % Order of catalyst for biodiesel

a = 1.33; % Order of Cat for polyglycerol

mc = 0.0469; % cat. conc. 1,2, 3 and 5% (0.0094, 0.0187, 0.0281 and
0.0469)

k9 = (2.18E+1l*exp(-112014.5/(R*T)));

% Reaction rates:

rl = (k1*CTG*CM - k2*CDG*CB) *mc"f;

r2 = (k3*CDG*CM - k4*CMG*CB) *mc"f;

r3 = (k5*CMG*CM - k6*CG*CB) *mc”"f;

r4 = (mc/ (1+K1*CB*CW+ (K2*CB*CW/CM) +K3*CB) ) * (k7*CFFA- (k8*CB*CW/CM)); %
r4 = k7% (CFFA*CM) *mc"f;

r5 = k9* (CG"2) *mc"a;

ro = rb5;

[

% Mass balance
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dCTG = -rl;

dCDG = rl-r2;
dCMG = r2-r3;
dCFFA = -r4;

dCB = rl+4r2+r3+r4;

dCPG = 1.0*r5;

dCMP = 40*ro6;

dCG = 0.50*r3-0.25*r5-0.5*r6;
dCM = -dCB-dCMP;

dCW = r4+r5+r6;

$Assign output variables

dCc (1, :) = dCTG;
dCc(2,:) = dCDG;
dC(3,:) = dCMG;
dC(4,:) = dCFFA;
dC(5,:) = dCM;
dC(6,:) = dCB;
dc(7,:) = dCG;
dCc(8,:) = dCPG;
dc(9,:) = dCw;
dc (10, :) = dCMP;

Rate = readtable ('updated.xlsx'")
% Initial concentrations:
co0 = [0.1043, 0, 0, 2.6E-4, 0.8157, 0, 0, O,

4:1-8:1 (0.4202, 0.5191, 0.6180, 0.8157)

% Time range for the model (seconds)
t = 0:1:3600;

% Call the odelbs solver
[t,C] = oded5 (@BioAcid, t,C0);

% Plot the data
figure
% yyaxis left

plot(t,C(:,1

t,C(:,06),"'-m', ...
t,C(:,7),"'"-v", ...
Rate.Time,Rate.B16058, 'mo', ...
Rate.Time,Rate.G16058, 'ro',...
Rate.Time,Rate.T16058, 'ko',...
tIC(:IS)I'_g'I
t,C(:,10),"'-b', ...

0,

0]; % CO for methanol

), 'k, o0 5E,C(:,2), "=, ... BE,C(:
g',...%t,C(:,4),'-b",...5t,C(:,5),"'-¢c',...%t,C(:

Rate.Time,Rate.D16058, 'go',... % B biodiesel, 130 T, 5 cat conc,

4 mole ratio
Rate.Time,Rate.M16058, 'bo'")

legend('TG','B','G','BE','GE', 'TGE','PG', 'MP',

xlabel ('"Time (sec) ')
ylabel ('Concentration (M) ")

numl = xlsread ('updated.xlsx', 1, 'B6:B11'");
num2 = xlsread ('updated.xlsx', 1, 'BN6:BN11'
num3 = xlsread ('updated.xlsx', 1, 'EA6:EAL1Ll'
num4 = xlsread ('updated.xlsx', 1, 'GO6:GO11'
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num5 = xlsread ('updated.xlsx', 1, 'JC6:JC1l1'"); % Diglycerol

num6 = xlsread ('updated.xlsx', 1, 'LQ6:L0Ql11"); % MPD
x1 = numl;
yll = num2;
yl2 = num3;
y1l3 = numé4;
yl4d = numb5;

y1l5 = numé6;
z1 = [x1 yl1 yl2 y13 yl4 y15];

y21 = C(:,7);

y22 = C(:,6);

y23 = C(:,1);

y24 = C(:,8);

y25 = C(:,10);

z2 = zeros (6,6);

z2 (1,1) =t (1);

z2 (1,2) = y21 (1);

z2 (1,3) = y22 (1);

z2 (1,4) = y23 (1);

z2 (1,5) = y24 (1);

z2 (1,6) = y25 (1);

z2 (2,1) =t (301);

z2 (2,2) = y21 (301);

z2 (2,3) = y22 (301);

z2 (2,4) = y23 (301);

z2 (2,5) = y24 (301);

z2 (2,6) = y25 (301);

z2 (3,1) =t (901);

z2 (3,2) = y21 (901);

z2 (3,3) = y22 (901);

z2 (3,4) = y23 (901);

z2 (3,5) = y24 (901);

z2 (3,6) = y25 (901);

z2 (4,1) =t (1801);

z2 (4,2) = y21 (1801);

z2 (4,3) = y22 (1801);

z2 (4,4) = y23 (1801);

z2 (4,5) = y24 (1801);

z2 (4,6) = y25 (1801);

z2 (5,1) =t (2401);

z2 (5,2) = y21 (2401);

z2 (5,3) = y22 (2401);

z2 (5,4) = y23 (2401);

z2 (5,5) = y24 (2401);

z2 (5,6) = y25 (2401);

z2 (6,1) =t (3601);

z2 (6,2) = y21 (3601);

z2 (6,3) = y22 (3601);

z2 (6,4) = y23 (3601);

z2 (6,5) = y24 (3601);

z2 (6,6) = y25 (3601);

z3 = [x1 z1(:,2) z2(:,2)];
z4 = [x1 z1(:,3) z2(:,3)];
z5 [x1 z1(:,4) z2(:,4)];
z6 [x1 z1(:,5) z2(:,5)1;
z7 = [x1 z1(:,6) z2(:,6)];
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Mn3=mean (z5(:,2));
Mnd4=mean (z6(:,2));
Mn5=mean (z7(:,2)):

SST1 = sum((z3(:,2)-Mnl)."2);
SST2 = sum((z4(:,2)-Mn2).%2);
SST3 = sum((z5(:,2)-Mn3)."2);
SST4 = sum((z6(:,2)-Mn4d) ."2);
SST5 = sum((z7(:,2)-Mn5)."2);
SSRl1=sum((z3(:,2)-23(:,3)).%2);
SSR2=sum ((z4 (:,2)-2z4(:,3)) .%2);
SSR3=sum((z5(:,2)-2z5(:,3)) .%2);
SSR4=sum((z6(:,2)-2z6(:,3)) .%2);
SSRS5=sum ((z7(:,2)-27(:,3)) .%2);

Rsqg Glycerol =1-(SSR1/SST1);
Rsqg Biodiesel =1-(SSR2/SST2);
Rsq Triglyceride =1-(SSR3/SST3);
Rsqg Polyglycerol =1-(SSR4/SST4)
Rsq Propanediol =1-(SSR5/SST5);

’

Rsq = [Rsqg Glycerol Rsqg Biodiesel Rsq Triglyceride Rsqg Polyglycerol
Rsq_Propanediol]
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