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THESIS SUMMARY

Agricultural residues from Thailand, namely stalk and rhizome of cassava plants,
were employed as raw materials for bio-oil production via fast pyrolysis technology.
There were two main objectives of this project. The first one was to determine the
optimum pyrolysis temperature for maximising the organics yield and to investigate
the properties of the bio-oils produced. To achieve this objective, pyrolysis
experiments were conducted using a bench-scale (150 g/h) reactor system, followed
by bio-oil analysis. It was found that the reactor bed temperature that could give the
highest organics yield for both materials was 490£15°C. At all temperatures studied,
the rhizome gave about 2-4% higher organics yields than the stalk. It was found that
the bio-oil derived from the rhizome had lower oxygen content, higher calorific value
and better stability, thus indicating better quality than that produced from the stalk.

The second objective was to improve the bio-oil properties in terms of heating value,
viscosity and storage stability. This was achieved by the incorporation of catalyst into
the pyrolysis process to induce deoxygenation, cracking and reforming reactions of
the pyrolysis vapour. Catalytic pyrolysis was initially performed in a micro-scale
reactor to screen a large number of catalysts. Subsequently, seven catalysts were
selected for experiments with larger-scale (150 g/h) pyrolysis unit. The catalysts were
zeolite and related materials (ZSM-5, AI-MCM-41 and AI-MSU-F), commercial
catalysts (Criterion-534 and MI-575), copper chromite and ash. Additionally, the
combination of two catalysts in series was investigated. These were Criterion-
534/ZSM-5 and Al-MSU-F/ZSM-5. The results showed that all catalysts could
improve the bio-oils properties as they enhanced cracking and deoxygenation
reactions and in some cases such as ZSM-5, Criterion-534 and Criterion-534/ZSM-5,
valuable chemicals like hydrocarbons and light phenols were produced. The highest
concentration of these compounds was obtained with Criterion-534/ZSM-5.

Key words: Biomass, catalysis, Thailand, vapour-phase upgrading, catalytic fast

pyrolysis
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1 INTRODUCTION

1.1 BACKGROUND

Due to environmental concern and possible future crisis in energy production and
sustainability, the use and the development of renewable and sustainable energy
sources are of paramount importance. Biomass is an accepted form of renewable
energy and is seen as a means of helping to reduce global warming, by displacing the
use of fossil fuels [1]. Energy stored in biomass is derived from sunlight and can be
either directly utilised by combustion or transformed into different forms of energy
via conversion technologies such as gasification, pyrolysis, fermentation, anaerobic
digestion and mechanical extraction. Factors that influence the choice of conversion
process are: the type and quantity of biomass feedstock; the desired form of required
energy; environmental standards; economic conditions; and project specific factors
[2]. For lignocellulosic biomass such as agricultural residues which globally exists in
large quantities, fast pyrolysis can be one of the promising routes for converting
biomass into liquid fuel (also known as bio-oil) with solid char and gases as valuable

by-products.

Fast pyrolysis is generally defined as a moderate temperature (400-600°C) process in
which biomass is rapidly heated in the absence of oxygen. Fast pyrolysis has gained
growing interest due to the relative simplicity of the process coupled with the main
product being in the form of liquid which can be readily stored and transported.
Pyrolysis liquid is a complex mixture of water, acids, alcohols, aldehydes, esters,
ketones, sugars, phenols, guaiacols, syringols, furans, and multifunctional
compounds, such as hydroxyacetic acid, hydroxyacetaldehyde, hydroxyacetone, and
3-hydroxy-3-methoxy benzaldehyde [3]. It can be used either as a fuel or as a source

of chemicals.
Since bio-oil is a mixture of thermal degradation products of biomass (with main

building blocks, comprising of cellulose, hemicellulose and lignin), its elemental

composition resembles that of biomass rather than that of petroleum oils [4].
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Therefore, the bio-oil contains significant amount of oxygenated compounds derived
from cellulose, hemicellulose and lignin. It is the majority of these oxygenated
compounds in bio-oil that result in bio-oil instability and contribute to the lower
heating values than compared to that of conventional fuel oils [4]. In addition to the
oxygen content that limits the use of bio-oil as a fuel, the lignin-derived compounds
are also expected to affect the bio-oil quality [5]. The lignin derivatives present in bio-
oil are known collectively as pyrolytic lignin, which has an average molecular weight
between 650 and 1300 g/mol and may be composed of tri- and tetramers of lignin
sub-units (hydroxyphenyl, guaiacyl and syringyl units) [6]. These heavy molecules
are found to be related to the high viscosity and low storage stability of bio-oil [5]. If
these large molecules could be further cracked down into lower molecular weight
compounds, it is expected that the initial viscosity of bio-oil would be reduced
accordingly. Therefore, in order to improve the quality of the bio-oils in terms of
heating values, viscosity and storage stability, the oxygen and the large molecules
derived from lignin need to be removed or transformed into more useful products.

This can be achieved by the introduction of catalysts into the pyrolysis process.

Since this project is funded by the Royal Thai Government, the biomass materials
studied were selected based on the availability of the biomass resources in Thailand,

which is described in the next section.

1.2 AGRICULTURAL RESIDUES IN THAILAND

Deemed as an agricultural country, Thailand has various biomass sources available
for utilisation. The energy potential, availability and current utilisation of biomass in
Thailand have been reviewed extensively with Table 1-1 summarising the key
agricultural residues potential in Thailand [7-14]. It is evident from the table that
nearly 560 PJ of biomass energy from agricultural residues exists for exploitation.
Some of these residues are already being used by direct combustion as shown by the
example of sugarcane bagasse which has been used in sugar mills boilers to generate

energy for their own use.
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Table 1-1 Estimation of agricultural residues potential in Thailand [7-14]

Amount Residues

Production Amount  of residue available Calorific Energy
; . (2006) ; of residue  used for for value* otential
Type (Mt) Reglilvcs generated energy energy (MJ kg™) ¥
19] (Mt) (Mt) purpose [12]
(M) (PJ)  (Mtoe)
) Bagasse 13.87 10.998 2.87 6.43 [8.46 0.441
Sugarcane 47.66
Tops/leaves 14.39 0.000 14.19 6.82 96.78 2312
Husk 6.73 3413 3.32 12.85 42.65 1.019
Rice 29.27
Straw 13.08 (0.000 8.95 8.83 79.02 1.887
Enmpty 2.67 0.080 1.56 16.44 2565 0613
Bunches
Fibre 0.92 0.787 0.12 16.19 1.99 (.048
Oil palm 6.24 Shell 0.31 0.180 0.01 17.00 0.19 0.005
Fronds 16.25 0.000 16.25 7.97 129.52 3.094
Male 1.45 0.000 1.45 14.86 2161 0516
bunches
Stalk 1.99 0.000 1.39 13.38 [10] 18.61 0.445
Cassava 22.58 )
Rhizome 11.07 0.000 10.84 10.61 [10] 115.06 2.748
Maize 3,70 Corn cob 0.92 0.178 0.62 16.63 10.30 0.246
Total 559.84 13.372

*Lower heating value (LHV) on as-received basis

In Table 1-1, the amounts of residues used for energy show that parts of sugarcane
bagasse, rice husk and empty bunches, fibre and shell of oil palm have already been
exploited, while sugarcane tops/leaves, rice straw, oil palm fronds and male bunches
as well as stalk and rhizome of cassava have hardly been used for energy purposes.
However, not all of the residues can be used for energy production as some are
needed to be set aside for other purposes, such as re-plantation as is the case for

cassava stalk.

The figures in Table 1-1 suggest that sugarcane tops/leaves, oil palm fronds and
cassava rhizome are the three agricultural wastes having highest exploitable energy
contents. Among these, cassava residues are the easiest to be collected from the field,
while sugarcane tops/leaves and palm fronds are scattered throughout the fields for

agronomic reasons.

With the aim of reducing dependence on crude oil imports, the Thai government has

granted licences to 18 new factories, in addition to the existing 6 currently in
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operation, to produce bio-ethanol. The main raw materials for bio-ethanol plants are
sugarcane, molasses and cassava. This shows that the demand for cassava tubers as

feedstock to bio-ethanol plants will increase, thus causing the increase in the residues.

Another critical issue that makes the agricultural residues from cassava in Thailand
more interesting is the low price of its product (roots or tubers). Farmers who grow
cassava have faced this problem for a long time. Therefore, a lot of research has been
done in order to improve the quality of cassava roots and make them more valuable.
Another way of increasing the value of cassava plants is to employ their agricultural
residues. Hence, research on agricultural wastes from Thai cassava plantations is of
great interest since the residues contain high exploitable energy, are abundant in

supply and have relatively low market price incentive for cassava roots.

1.3 CASSAVA PLANTS (Manihot esculenta Crantz)

Cassava is also known as manioc, manihot, yuca, mandioca, aipin, castelinha,
macaxeira and tapioca. It is an important source of food in tropical countries where it

is grown for its starchy, tuberous roots. Its scientific names are as follows [15]:

Order : Geraniales or Euphorbiales

Class : Dicotyledloneae

Sub-class z Archichlamydeae

Sub-division : Angiospermae

Family : Euphorbiaceae

Tribe : Manihoteae

Genus : Manihot

Species : Manihot esculenta Crantz, M. ultissima Phol or M. aipi Phol

Cassava is a shrubby perennial crop and is harvested approximately 12 months after
planting. At harvest, the top parts of the plants are cut before being uprooted. Some
parts of the stalk are cut into one-foot-long pieces and retained for re-plantation, while
some are discarded or left in the field for soil conditioning purpose. Some cassava

rhizome is burnt, while some is left in the field. The use of each part of cassava is
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summarised by Figure 1-1. In addition, Figure 1-2 depicts the main parts of a cassava

plant.
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Figure 1-1 The use of cassava in Thailand [15]
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Figure 1-2 Parts of a cassava plant (adapted from [16])



The major varieties of cassava in Thailand are Kasetsart 50, Rayong 90, Rayong 5 and
Rayong 72. The main characteristics of these varieties are summarised in Table 1-2, It
can be seen that there is no significant difference among these variety in terms of their
production and percentage of starch. The period of stalk kept for re-plantation is the
maximum time that the stalk can be retained before re-plantation; beyond this point,
the stalk will be dried and cannot be used to grow a new plant, thereby becoming
agricultural residues. According to a farmer, cassava variety Kasetsart 50 gives
relatively big tubers, and the tubers have high starch content in comparison to other
varieties. Additionally, the Kasetsart 50 is the most common variety in Thailand.
Therefore, the focus of this project is to study only the cassava variety Kasetsart 50
because it i1s readily available. Cassava variety Kasetsart 50 is one of the genetically
modified products from Kasetsart University, Thailand. Figure 1-3 depicts this

variety.

Table 1-2 Characteristics of the main cassava varicties in Thailand [15]
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Since cassava root has its own value already and one of the main purposes of this
project is to find an alternative way of increasing the value of cassava cultivation by
utilising its agricultural residues, the stalk and rhizome of cassava plants are proposed

and used as raw materials for bio-oil production.
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Figure 1-3 Cassava variety Kasetsart 50 [15]

1.4 OBJECTIVES

There are two key objectives to this project. The first objective focuses on the
application of fast pyrolysis technology to agricultural residues from cassava
plantations in order to produce liquid fuel. This study is to determine the optimum
pyrolysis condition, in particular the reaction temperature, at which the highest
organics yield can be obtained. Also in the scope of this objective, the properties of

the bio-oils produced from stalk and rhizome of cassava plants are investigated.
The second objective of this work is to explore the introduction of catalysts into the

pyrolysis process. This is to improve the bio-oil properties in terms of heating values,

viscosity and storage stability, thus making it more amenable to utilisation. The use of
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catalysts is also expected to yield liquid products rich in high-value chemicals and

fuel additives.

1.5 ORGANISATION OF THE THESIS

The thesis contains nine chapters including this chapter. An overview of fast pyrolysis
of biomass is presented in chapter 2 where the definition and basic components of
biomass are given together with a brief discussion of fast pyrolysis principles and
products. Based on the discussion, it is suggested that the bio-oil product should be
upgraded. Consequently, the bio-oil upgrading options are outlined. One of the
promising options for bio-oil upgrading is catalytic vapour cracking and reforming,
which is the main focus of this project. Therefore chapter 3 reviews previous related
work on catalytic pyrolysis as well as the catalyst selection criteria, which leads to a

number of promising catalysts chosen for the current work.

Since the biomass materials investigated (cassava stalk and rhizome) are relatively
new to the bio-energy field and are not fully characterised in the past according to the
open literature, chapter 4 presents a wide range of the biomass characterisation
methods applied as well as the results and discussion for both feedstocks. According
to the biomass characterisation results, both feedstocks are rather similar, but the
cassava rhizome has slightly higher heating value and better (lower) ash content.
Therefore, only cassava rhizome is selected for catalytic pyrolysis studies. Because of
the large number of catalysts considered as promising and suggested for catalytic
pyrolysis work according to chapter 3, catalyst screening study is of great importance
for reducing the number of pyrolysis experimental runs in a bench-scale pyrolysis
unit. Consequently, catalyst screening tests have been performed using a micro-scale
batch reactor. This technique is also known as analytical pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS). The catalyst screening experiments

are described in detail in chapter 5.
Unlike the micro-scale reactor where the pyrolysis vapours go directly through the

GC/MS without condensation, the bench-scale (150g/h) fast pyrolysis unit is used for

bio-oil production. A description of the bench-scale pyrolysis experimental set-up for
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both non-catalytic and catalytic pyrolysis runs is provided in chapter 6. Also included
in this chapter is the calculation of mass balance and the analytical techniques used
for characterisation of all pyrolysis products (bio-oil, char and non-condensable

gases).

In chapters 7 and 8, the results of the bench-scale fast pyrolysis experiments (non-
catalytic and catalytic) in terms of mass balances and bio-oils properties are reported
and discussed. Finally, the overall conclusions of the present work and the

recommendations for future work are provided in chapter 9.
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2  FAST PYROLYSIS OF BIOMASS

2.1 INTRODUCTION

This chapter begins with a description of biomass definition and its basic constituents
followed by principles of fast pyrolysis for biomass processing. Subsequently, details
of fast pyrolysis products in terms of their characteristics and applications are
provided. Then, selected key factors that are known to affect the yields and properties
of fast pyrolysis products are discussed. Based on the information given, it is
suggested that the properties of bio-oil should be modified to make it more amenable
to utilisation. Consequently, options for upgrading bio-oil are reviewed in the last

section.

2.2 BIOMASS

Biomass can be defined as organic matter that stores solar energy in chemical bonds
via photosynthesis process. Biomass includes wood and wood wastes, agricultural
crops and residues, animal wastes, and municipal and industrial wastes. The typical
elements of biomass are carbon, hydrogen, oxygen and nitrogen with small amounts
of other atoms such as alkali and alkaline earth metals. These elements are basic to the
major components of biomass, namely water, cellulose, hemicellulose, lignin, organic
extractives and inorganic matter. The following sub-sections describe each biomass

component in more detail.

2.2.1 Water

The amount of water present in biomass varies considerably depending on its
freshness and species. For fresh biomass, the moisture content can be more than 50
wt%. There are two forms of water content in biomass, namely intrinsic and extrinsic
[1]. While the former is the moisture content of the material without the influence of

weather effects, the latter is influenced by prevailing weather conditions during
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harvesting. Since biomass is generally hygroscopic in nature, its overall moisture
content can vary during storage if it is exposed to the air, depending on the air
humidity and temperature. If the biomass is stored in a dry and warm environment
like in the north eastern part of Thailand, the moisture content can be decreased. The
amount of water in the biomass is important from fast pyrolysis aspects as it will
ultimately end up in the liquid product. As a rule of thumb, the moisture content of
hiomass used as feedstock for fast pyrolysis should be below 10 wt%. This moisture
content can be measured as part of proximate analysis. This analysis will be discussed

in chapter 4.

2.2.2  Cellulose

Cellulose is a natural polymer containing 5000-10000 glucose units with the formula
(CgH10Os)y. It has an average molecular weight of 10° or more [17]. The basic
repeating unit of the cellulose polymer consists of two glucose anhydride units called
a cellobiose unit [17]. The chemical structure of cellulose is shown in Figure 2-1.
Cellulose generally represents about 40-50 wt% of biomass [1]. When biomass is
pyrolysed at a heating rate of 50°C/min, the main decomposition temperature zone of
cellulose is postulated to be in the range of 350-500°C, which is higher than that of

hemicellulose [18)].
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Figure 2-1 Chemical structure of cellulose [17]

2.2.3 Hemicellulose

In contrast to cellulose, which is a polymer of only glucose, hemicellulose (also

known as polyose) is a polymer of five different sugars. It contains five-carbon sugars
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(usually xylose and arabinose) and six-carbon sugars (galactose, glucose, and
mannose), all of which are highly substituted with acetic acid [19, 20]. Many of them
have the general formula (CsHsOy), [21]. Hemicellulose consists of around 200 sugar
units and has an average molecular weight of <30,000 [1]. Hemicellulose is
amorphous because of its branched nature and is relatively easy to hydrolyse to its
monomer sugars compared to cellulose [19]. It can also be thermally degraded more
easily than cellulose as it was observed from the lower decomposition temperature
range (250-350°C) when biomass is pyrolysed at S0°C /min [18]. This is probably due

to the shorter and less uniform chains of hemicellulose.

2.2.4 Lignin

Another major component of biomass is lignin whose content varies greatly
depending on the types of biomass. For instance, it accounts for 27-30 wt% of
softwood, 20-25 wt% of hardwood and 5-20 wt% of switchgrass [1]. In addition,
some biomass species can contain very high lignin content such as walnut shell whose
lignin content was reported to be 52.3 wt% [22]. Lignin is a type of polymeric
material and is composed substantially of aromatic ring-containing units; it is
described as a three-dimensional, cross-linked, alkylated phenolic polymer [23].
Unlike the polysaccharides (cellulose and hemicellulose), the chemical structure of
lignin is complex as the degree of polymerisation of lignin in biomass cannot be
universally quoted because it is difficult to be extracted without changing its chemical
structure. In addition, no simple structural formula of lignin can be reported because it
consists of various types of substructures which appear to repeat haphazardly.
Nevertheless, the lignin of almost all biomass plants consists of different proportions
of three types of phenyl-propane units, namely p-hydroxyphenyl, guaiacyl and
syringyl units, which originate from p-coumaryl, coniferyl and sinapyl alcohols,
respectively. The chemical structures of these alcohol precursors are illustrated by
Figure 2-2. In lignin, the monomer units are linked by ether (C-O-C) and carbon-to-
carbon (C-C) bonds as can be seen from Figure 2-3 which shows an example of
possible partial structure of lignin molecule. When thermally decomposed, lignin
gives a wide range of phenolic compounds substituted with hydroxyl and methoxy

groups. It was suggested that the main range of lignin decomposition temperature
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when pyrolysing biomass at a heating rate of 50°C/min is between 350°C and 500°C
and the lignin continues to decompose at temperature higher than 500°C with a slower

rate [18].

OH OH OH

OH OH OH
p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Figure 2-2 p-Coumaryl, coniferyl and sinapyl structures

2.2.5 Organic extractives

Another important component of biomass is composed of low molecular weight
organic extractives. Examples of biomass extractives are fats, waxes, proteins,
terpenes, gums, resins, simple sugars, starches, phenolics, essential oils, pectins,
mucilages, glycosides and saponins [17]. These can be extracted from biomass with
various solvents such as ethanol, toluene, water, acetone, dichloromethane or hexane.
Since using different solvents lead to different extractives content, it is important to
specify the solvents when reporting the extractives content. The determination of
extractives content of biomass samples was performed during structural analysis and
will be discussed in chapter 4 (section 4.2.2.4). It is important to note that the
extractives content measured in chapter 4 includes not only organic materials, but also

includes part of the inorganic matter whose details are described below.

23



Aston University

Nlustration removed for copyright restrictions

Figure 2-3 Partial structure of lignin molecule [24]

2.2.6 Inorganic minerals

Besides water and organic materials, inorganic minerals are present in biomass.
Generally the main elemental constituents of biomass minerals are silicon (Si},
calcium (Ca), potassium (K), sodium (Na), and magnesium (Mg) with smaller
amounts of sulphur (8), phosphorous (P), iron (Fe), manganese (Mn) and aluminium
(Al)., These constituents occur as oxides (O”), carbonates (CO;%), sulfates (SD_H'),
chlorides (CI') and phosphates (PO,™) [25] and are known collectively as ash. The

concentrations of ash range from less than 1% in softwoods to 15% in herbaceous
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biomass and agricultural residues [26]. The ash content is measured as the residue
after burning at 575°C to constant weight. The determination of ash content of
biomass samples will be discussed in more detail in chapter 4 as part of the proximate

analysis (section 4.2.2.1).

2.3 FAST PYROLYSIS PRINCIPLES

Fast pyrolysis is a moderate temperature (400-600°C) process in which biomass is
rapidly heated in the absence of any oxidising agent. Under these conditions, biomass
decomposes producing pyrolysis vapour and solid residue, which is called char or bio-
char. Part of the pyrolysis vapour is condensed to a dark brown mobile liquid which
has a heating value of about half that of conventional fuel oil [27], whereas the rest is

non-condensable gaseous product.

The essential features of a fast pyrolysis process are: (i) very high heating and heat
transfer rates that require a finely ground biomass feed, (ii) carefully controlled
temperature of around 500°C and vapour phase temperature of 400-450°C, (iii) short
vapour residence time of typically less than 2 seconds, and (iv) rapid cooling of the

pyrolysis vapours to give the bio-oil product [28].

Fast pyrolysis can be carried out in a wide range of reactor types such as fluid bed,
ablative, circulating fluid bed, entrained flow, rotating cone, transported bed and
vacuum moving bed. It is not the intention to review the reactor configurations here,
since an extensive and excellent review already exists [27]. Nevertheless, a fluidised-
bed type reactor is described below because this configuration was used in this

project.

A conceptual fluidised bed fast pyrolysis system is shown in Figure 2-4. The system
starts with drying unit to obtain biomass with moisture content below 10 wt% in order
to control the water content of bio-oil product because water in the biomass feedstock
would inevitably end up in the bio-oil. Drying is not always necessary, especially if
the biomass is already naturally dried. Since drying also consumes energy or heat, the
heating source can be obtained by combustion of char and/or gaseous products. After

drying, the biomass feedstock is ground to particle size of less than 2 mm in order to
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achieve high heating and heat transfer rate. In the fluidised bed pyrolysis reactor,
sand, a typical fluidising medium, is pre-heated to a temperature of around 500°C. It
is important that the initial bed temperature prior to biomass feeding should be
slightly higher than expected reaction temperature since it is known that the heat of
reaction for the fast pyrolysis process is marginally endothermic [17]. The heat for
pyrolysis reactor can be derived from char burning. Nitrogen is used as a typical
fluidising gas to start up the process. Then, the recycle gas stream is used. The dried
and ground biomass particles are conveyed to the reactor by, for example, a screw
feeder. Once a particle is heated, primary pyrolysis vapour is evolved. This vapour
includes water, acrosols, condensable vapour and non-condensable gases, all of which
are derived from the degradation by fragmentation and depolymerisation of the
original biomass components. The pyrolysis vapour together with solid residues is
entrained out of the reactor passing a cyclone where most of the solid char is
separated and the vapour is cooled and collected by a bio-oil recovery unit. This unit
can be composed of a quench column and an electrostatic precipitator (ESP). The use

of ESP is possible due to the polar character of the pyrolysis vapour [29].
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Figure 2-4 Fast pyrolysis process principles [27]

The advantages of fast pyrolysis for bio-oil production are simplicity of the process,
atmospheric pressure operation, main product being in the form of liquid that can be
readily stored and transported, estimated low production cost, high thermal efficiency,

and low fossil fuel inputs leading to CO; neutral fuel [30]. The overall energy balance
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of biomass fast pyrolysis can give 60-70% efficiency to liquids with low
environmental emissions due to low sulphur and nitrogen contents of the original
biomass [31]. Bio-oil fuels generate more than 50% lower NO, emissions than diesel
oil in a gas turbine and no SOy emissions are generated [17]. Although bio-oil is
regarded as the main product from fast pyrolysis, solid char and non-condensable

gases can also be considered as valuable by-products.

2.4 FAST PYROLYSIS PRODUCTS

2.4.1 Liquid bio-oil

Bio-oil is a dynamic mixture of water, char fines and compounds (monomers,
oligomers, polymers or fragments) derived from cellulose, hemicellulose and lignin
macropolymers of biomass, which include sugars, acids, alcohols, aldehydes, ketones,
furans, esters, phenols, guaiacols, syringols and multifunctional compounds, such as
hydroxyacetic acids, hydroxyaldehydes and hydroxyketones. These organic materials
present in bio-oil are constantly reacting to move toward chemical equilibrium [32].
The actual composition of a bio-oil is a complex function of feedstock, pyrolysis
technique, char removal system, condensation system, and storage conditions [3].
Bio-oil has nearly the same elemental composition as the biomass feedstock [33], thus
having a high oxygen content, which makes it different from petroleum oils. Since
bio-oil contains large proportion of organic acids such as acetic and formic acids, it

has low pH value (typically 2-4).

Bio-oil can be separated into water soluble and insoluble fractions. The former
contains light organic compounds, while the latter contains mainly large molecules
derived from lignin, which are known as pyrolytic lignin. The content of water-
insoluble fraction of bio-oil varies from about 20 to 40 wt% [34]. Pyrolytic lignin is
composed mainly of tri- and tetramers of lignin sub-units (hydroxyphenyl, guaiacyl
and syringyl units), has an average molecular weight between 650 and 1300 g/mol [6]
and represents almost 80% of the original content of biomass lignin [29]. According

to the thermal ejection theory postulated by Piskorz et al [35], lignin oligomers found
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in pyrolytic lignin are formed by direct mechanical expulsion from biomass particles
as a result of a partial cracking of lignin molecules. This theory is supported by a
study of bio-oil nature by using small-angle neutron scattering (SANS) technique [36]
by which bio-oils were found to be nanostructured fluids constituted by a complex
continuous phase and nanoparticles mainly formed by the association of units of
pyrolytic lignins. It was also found that the aggregation or polymerisation of these
units during storage produces branched structures, which are responsible for bio-oil
aging. The polymerisation continues until the heaviest lignin-rich fraction separates
out of the matrix as a viscous sludge [36]. The consequence of polymerisation
reactions can be noticed from the increase in the average molecular weight and the
viscosity of bio-oil over time as it is known that the bio-oil viscosity is directly
correlated with the average molecular weight (Mw) and the water insoluble fraction of
bio-oil [5, 32]. The increase of bio-oil Mw during storage can also occur by
condensation or dehydration reactions of carbohydrate-derived constituents such as
aldehydes, and ketones [17], which produce water as a by-product. Therefore, an
increase in water content of bio-oil during storage is apparent. This could ultimately
lead to the phase separation of the bio-o0il with heavy sludge at the bottom and light

aqueous top phase.

Due to significant amounts of the oxygenated compounds including the lignin
derivatives, bio-oils have relatively low heating values, are relatively unstable, have
high viscosity, have low volatility and are corrosive and incompatible with the less
polar petroleum oils [37]. Therefore, it is suggested that bio-oil should be upgraded in
order to improve its properties prior to utilisation. Possible bio-oil upgrading options

are discussed in section 2.6.

The bio-oils can be used either as whole bio-oil, fractionated bio-oil or extracted
specific chemicals. The potential applications of the bio-oil include fuel for heat and
power generation, slow release fertilizer, preservatives, liquid smoke, resin precursors
and for production of chemicals such as acetic acid, hydroxyacetaldehyde,

levoglucosan, levoglucosenone and maltol [38, 39].
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2.4.2 Solid bio-char

Char obtained from fast pyrolysis of biomass is also called bio-char. It is the solid
residue of pyrolysed biomass particles. Char is normally removed from the vapour
stream by cyclone separation. It contains high proportion of carbon with small
quantities of oxygen and hydrogen. It also contains most of the inorganics present in
the original biomass. Therefore, it may be used for soil amendment. Since the char
product has heating value (HHV) of around 23 MJ/kg, it can be used as an energy
source for process heat. The char may also be used for production of hydrogen or syn-
gas by steam reforming or thermal cracking processes [20, 38]. In addition, the char
could be used as a solid fuel in boilers or could be co-fired with conventional fossil

fuels. Consequently, char can be regarded as a valuable by-product.

2.4.3 Non-condensable gases

Non-condensable gases are composed mainly of carbon dioxide (CO;), carbon
monoxide (CO), hydrogen (H,), methane (CHs), ethene or ethylene (C,Hy), ethane
(C:Hg), propene or propylene (C3Hg) and propane (CsHs). Additionally, if the liquid
collection unit is not 100% effective, some light volatile could be in the gaseous

stream such as pentane, benzene, toluene, xylenes, acetaldehyde, etc.

Since pyrolysis gas contains significant amount of carbon dioxide along with methane
and some other combustible gases, it might be used as a fuel for industrial combustion
purposes [38]. It is suggested by Bridgwater [41] that the most effective utilisation
method for the pyrolysis gaseous by-product is as the fluidising medium if a fluid bed
is used and use in-plant for some of the process energy requirement, although its

specific energy content is rather low.

2.5 KEY FACTORS AFFECTING FAST PYROLYSIS PRODUCTS

There are many factors that can affect fast pyrolysis products. It is not the intention of

this section to review them all. Nevertheless, certain key factors are discussed in this
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section including feedstock composition, pyrolysis temperature and residence time as

well as char separation system.

2.5.1 Effect of feedstock composition

Components of biomass feedstock that are known to significantly affect yields and
properties of pyrolysis products are mainly water, ash and lignin. High moisture
content of biomass would lead to high water content of bio-oil, which affects the
heating value, viscosity, pH and density of the bio-oil. Although the viscosity is
lowered and the pH is increased by the increased water content of bio-oil, the heating

value and the density (especially the energy density) are decreased.

The influence of mineral matter present in biomass during pyrolysis has previously
been studied [25, 40, 42-45] and found that the inorganic species catalyse biomass
decomposition and char-forming reactions, resulting in the reduction of liquid yields
and the formation of char and non-condensable gases. It is also known that the alkali
metals influence the thermal decomposition mechanism during fast pyrolysis by
enhancing the fragmentation (ring scission) of the monomers making up the macro-
polymer chains [45, 46]. These suggest that the content and composition of ash are
important parameters which affect the yield and chemical composition of the

pyrolysis products.

Amongst the macro-polymer components of biomass, lignin seems to significantly
affect bio-oils properties. A clear, positive, dependence between lignin content in the
feedstock and water insoluble fraction (pyrolytic lignin) of the bio-oil has been
reported [47]. As discussed earlier in section 2.4.1, pyrolytic lignin is speculated to be
responsible for the high viscosity, high average molecular weight and low stability of
bio-oil. Moreover, Ghetti et al [48] studied the effect of biomass lignin content on
burning characteristics of bio-oil products using thermogravimetric analysis (TGA)
technique and concluded that biomass of low lignin content produces a lighter
pyrolysis liquid product, which may be considered a better bio-oil for use as a fuel. It
is therefore logical to state that the content of lignin in biomass can affect the bio-oil

quality in terms of viscosity, molecular weight, stability and combustion behaviour,
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and a lower lignin content of biomass appears to be beneficial to the bio-oil

properties.

2.5.2 Effect of pyrolysis temperature

In fast pyrolysis processing, temperature can be either temperature of reaction or
reactor temperature. The former is the temperature at which biomass particles
pyrolyse and is difficult to measure. The reactor temperature is higher than the
reaction temperature due to the heat loss or temperature gradient from the reactor wall
to heat transfer medium and to biomass particles. Increasing the reactor temperature
would increase the temperature of reaction. It is therefore important to define where
the temperature is measured. In this project, fast pyrolysis for bio-oil production is
carried out in a fluidised-bed reactor. Therefore, pyrolysis temperature is measured as

an average temperature of the fluidised bed.

Generally, increasing temperature would lead to higher gas yield and lower char yield.
Although the overall gas yield is increased with temperature, the yields of individual
gases are not increased uniformly as it is known that increasing temperatures can
enhance secondary cracking of pyrolysis vapour which ultimately produces CO and
CH, rather than CO; [49]. The effect of temperature on bio-oil yield is more complex
as bio-oil yield is the sum of organics and water yields. Therefore, it is easier to
consider the yields of organics and water separately. In pyrolysis temperature range of
400-600°C, organics yields tend to reach a maximum at a specific temperature
depending on feedstocks (500°C is a typical maximum temperature for wood
feedstock). Temperatures below or above this would give lower organics yield. The
effect of temperature on water yield is relatively small, but the yield appears to

increase marginally with increasing temperature.

The effect of temperature on bio-oil chemical properties has been reported by Elliott
in 1988 [50]. He concluded that for short-residence-time processing there is a direct
correlation between chemical composition and operating temperature. As the
temperature increases, the oxygen content decreases and the hydrogen to carbon ratio

decreases. In addition, he also reported that the biological activity of pyrolysis oils, as
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measured by mutagenic and tumor-initiating activity, correlates with pyrolysis
temperature. The activity appears only in the high temperature (750°C or more) tars
which contain high levels of polycyclic aromatic hydrocarbons (PAH). Similar
finding has also been found by Horne and Williams in 1996 [51] that increasing
pyrolysis temperature (from 400 to 550°C) led to an increase in PAH concentration of
bio-oils produced from fast pyrolysis of mixed wood waste, but the overall PAH

concentration in all bio-oils was low (< 120 ppm).

2.5.3 Effect of vapour residence time

Vapour residence time is measured as how long the pyrolysis vapour spends in the hot
environment prior to condensation. It is mentioned earlier that an essential features of
fast pyrolysis is the short vapour residence time of typically less than 2 seconds. This
is to reduce secondary reactions such as thermal cracking, re-condensation, re-
polymerisation and char formation, which can cause a reduction of organics yields as
well as an increase in the yields of permanent gases and char. It has been shown by
Piskorz et al [52] when pyrolysing whole sweet sorghum and sweet sorghum bagasse
that increasing vapour residence time from ~0.2 to ~1.0 second led to a reduction of

organics yields and an increase in the yields of char and gas.

2.5.4 Effect of char separation

In a fast pyrolysis process, solid char is normally separated by a cyclone or a series of
cyclones. Separation of char out of the reactor zone as soon as possible is
recommended as the char formed during pyrolysis serves as a vapour-cracking
catalyst, which can decrease bio-oil yield and increase the yield of non-condensable
gases. Generally, the efficiency of the char separation by cyclones is not 100%. As a
consequence, some char is inevitably carried over from cyclones and ends up in the
bio-oil as suspended submicron particles, thus increasing the bio-oil solids content
and viscosity. The presence of high concentrations of submicron char particles in bio-
oils will make them problematic for combustion in steam boilers, diesel engines, and

turbine operations because of the potential release of the ash and alkali metals during
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combustion [26]. In addition, agglomeration of the alkali metal-laden submicron char
particles in the bio-oil taking place during cold room storage may cause problems for
its long-term storage, transportation, and use [26]. The presence of char can also
worsen the stability of bio-oil by catalysing reactions that lead to the increase in bio-
oil viscosity [3]. Since the inefficient char separation during pyrolysis can deteriorate
the pyrolysis liquid product, improving the char removal system would be useful. This
can be achieved by, for example, applying hot vapour filtration technique whose

detail is provided in section 2.6.1.

2.6 BIO-OIL UPGRADING OPTIONS

Depending upon the desired application, bio-oils can be used without modification or
they may be chemically changed to meet the requirements of a specific application,
e.g., storable boiler fuels or high-octane gasoline [33]. In this section, a selection of
upgrading methods, namely hot vapour filtration, solvent addition and hydrotreating
are outlined, whereas catalytic vapour cracking, which is the only upgrading
technique experimentally investigated in this project, will be discussed in detail in

chapter 3.

2.6.1 Hot vapour filtration

As discussed earlier in section 2.5.4 that char fines that are entrained out of cyclones
and collect in bio-oil can affect the viscosity, stability and applications of bio-oil.
Therefore, hot vapour filtration has been proposed as a more effective technique for
capturing these fine particles. Depending on the feedstock particle size and ash
content as well as the design of the hot filter, the efficiency of hot vapour filtration

varies considerably.

Diebold [3] suggested that although cyclonic separation is the easiest way to remove
char, even the best cyclones begin to lose their efficiency with char particles smaller
than about 10 pum in diameter. This statement was supported by Lee et al [40] as they

found when pyrolysing rice straw samples in a fluidised-bed reactor that by using a
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cyclone char particle size 10-170um was captured, whereas a hot vapour filter could
remove solids of particle size around 0.3um, leading to the bio-oil alkali metals (Na +
K) content of 25 ppm and alkaline earth metals (Mg + Ca) content of 63 ppm. It has
been reported by Diebold [3] that the best job of hot-gas filtration to date at the
National Renewable Energy Laboratory (NREL) resulted in less than 2 ppm alkali and
2 ppm alkaline earth metals in bio-oil. The main difference between the NREL and
Lee et al [40] works could be due to the biomass raw materials used and the design of

the filtration units.

Although the main purpose of a hot vapour filtration unit is to capture fine particles in
order to improve the char removal efficiency which leads to a reduction of bio-oil
solids content, there are some side effects due to the existence of the unit in the
pyrolysis system. When the char accumulates in the filter unit as a filter cake, it can
function as a vapour-cracking catalyst which can cause a reduction of bio-oil yield.
This problem is projected to be more severe in large scale operations because of the
cracking of the reactive molecules or polymerisation of some of the bio-oil
components to form char. A solution to this problem could be the use of very compact
filters which can remove the char particles and maintain a very low residence time of
1 second or less in the hot vapour filter unit [26]. Moreover, the char cake may crack
heavy molecules in pyrolysis vapour, particularly those derived from lignin. This
would lead to the production of bio-oil of better quality in terms of solids content,

viscosity and stability.

2.6.2 Solvent addition

Addition of solvents even with small quantities can dramatically improve bio-oil
properties. Various solvents have been tested including alcohols (ethanol, methanol
and isopropanol), acetone, ethyl acetate, tetralin and mixtures of two different
solvents (methyl isobutyl kenone + methanol and acetone + methanol) [32, 53-57].
General beneficial effects of solvent addition on bio-oil properties are reduction of
viscosity, improvement of stability measured by the rates of increase in viscosity and
in average molecular weight during storage or ageing, decrease of density which

would allow the bio-oil to be filtered more easily, increase in heating value or added
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heating value, improved homogeneity and burning characteristics as well as delay of
the bio-oil phase separation process. However, a disadvantage of the addition of
solvents, especially alcohols, is the decrease of bio-oil flash point. To overcome this
drawback, Oasmaa et al [58] proposed a simple technique called concentration
method by which most of the water and part of the light reactive volatiles of fast
pyrolysis liquid are replaced by alcohol. The water and light volatiles are removed
from the main bio-oil collection container by increasing the condensation temperature
to 50+4°C, This method results in an improvement of bio-oil quality in terms of
homogeneity, viscosity, stability, odor and acidity without significantly decreasing the

flash point of the bio-oil product.

The function of alcohol, an organic solvent, in bio-oil/alcohol blend appears to
involve molecular dilution to slow the bio-oil ageing reactions and the formation of
intermediate products by the reactions of alcohol with compounds present in bio-oil
[32]. It is also believed that the addition of alcohols can enhance the solubility of the
hydrophobic compounds such as high molecular mass lignin derivatives and
extractives, leading to an improvement of bio-oil homogeneity [57]. Since an analysis
of the mixture of bio-oil and ethanol shows the presence of acetals, hemiacetals and
ester, the reactions probably include esterification of carboxylic acid groups, and
acetalisation and hemiacetal formation of aldehyde groups [54]. These chemical

reactions are summarised in Figure 2-5.

Aston University

lustration removed for copyright restrictions

Figure 2-5 Reactions probable to occur in bio-oil with the addition of alcohol

(reaction equations obtained from reference [3])
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2.6.3 Hydrotreating

Hydrotreating is another upgrading option for improving bio-oil properties. The
purpose of hydrotreating is to reject the oxygen in the form of water. Depending on
the severity of the hydrotreating, more than 95% of oxygen in bio-oil can be removed,
thus producing nearly pure hydrocarbons including aromatics and naphthenes

(cycloalkanes). Hydrotreating can be conceptually characterised as follows [41, 59]:

CsHgOy4 (Bio-oil) + 6H, =» 6CH; (Hydrocarbon equivalent to naptha) + 4H,0

To achieve hydrotreating, high pressures of 70 to 200 bars to provide a high hydrogen
partial pressure and a two-stage process operating at about 250-400°C are normally
required [41]. The first stage of hydrotreating is an initial stabilisation where a
temperature of 250-275°C is applied. The second stage is a more conventional
hydrotreating process operating at 350-400°C. The initial step consumes little
hydrogen, but is essential to avoid polymerisation of the bio-oil at the higher
temperature of the second stage. Another factor that is important for hydrotreating is
the presence of solid catalysts. Typical hydrotreating catalysts include sulphided
CoMo and NiMo based catalysts. During hydrotreating at high hydrogen pressure in
the presence of catalyst, bio-oil reacts with H, to form water and saturate carbon-
carbon bonds. To minimise the hydrogen consumption without decreasing the octane
number of the liquid product, it is suggested that hydrogenation of aromatics in bio-oil

should be avoided [20].

In addition to the benefit of hydrotreating in terms of bio-oil properties improvement,
a useful side-effect of full hydrotreating (less than 2wt% oxygen in the final product)
is that the product water readily separates from the hydrocarbon product and is
relatively clean, and the water may also strip out the alkali metal derived from the
wood ash and resolve one of the potential problems in using biomass-derived fuels in
turbines [41]. Although hydrotreating is a promising upgrading option, the
requirements of high pressure and the high hydrogen consumption may reduce the

process feasibility, especially in economic aspects.
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Another promising approach to upgrading bio-oil is the direct catalytic conversion in
the vapor phase at low pressure and without hydrogen by catalytic vapour cracking
and reforming. This can avoid the problem of re-evaporation of liquid bio-oil and
allows pyrolysis and catalytic upgrading to occur in one thermal cycle. This method is
therefore called “catalytic pyrolysis”. Since this approach is the main aim of this

project, a review of catalytic pyrolysis will be provided in the next chapter instead.
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3 LITERATURE REVIEW ON CATALYTIC PYROLYSIS OF
BIOMASS

3.1 INTRODUCTION

Bio-o0il can be upgraded by the application of catalysts. An example of this already
given in section 2.6.3 is hydrotreating where a catalyst such as sulphided Co-Mo or
Ni-Mo is utilised in conjunction with high hydrogen pressure in order to remove
oxygen from liquid bio-oil, thus producing hydrocarbon-rich liquid fuel. Another
example is the application of zeolite catalysts such as ZSM-5 to liquid bio-oil at
atmospheric pressure without hydrogen input in order to induce cracking and aromatic
hydrocarbon formation reactions. This technique does not seem to be an attractive
route because the liquid bio-oil needs to be re-vapourised prior to reactions over the
catalyst. Condensation of pyrolysis vapour to obtain bio-oil and evaporation of bio-oil
for upgrading purposes is not thermally efficient. Consequently, the introduction of
catalysts into a pyrolysis process before condensation of pyrolysis vapour so as to
induce vapour-phase catalytic reactions is a more promising route and is one of the
main focuses of this project. Since the catalytic vapour-phase upgrading is carried out
immediately after or at the same time as pyrolysis in one thermal cycle, the
combination of the upgrading and the pyrolysis process is referred to as “catalytic

pyrolysis of biomass”.

As previously mentioned (chapter 2), bio-oils contain significant amount of
oxygenated compounds including lignin derivatives which results in the relatively low
heating values, low stability, high viscosity, low volatility and low pH. To overcome
these problems, a catalyst can be incorporated into a pyrolysis unit and the catalyst is
expected to enhance deoxygenation, cracking and reforming reactions. The
deoxygenation of pyrolysis vapours generally includes decarboxylation,
decarbonylation and dehydration that remove oxygen in the form of carbon dioxide,
carbon monoxide and water, respectively. Regarding the cracking reactions, a desired
catalyst would selectively crack the heavy molecules present in pyrolysis vapour,

particularly lignin oligomers expelled from the lignin macropolymer of the original
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biomass during pyrolysis [35] to produce lower molecular weight compounds, while
minimising the cracking of low molecular weight molecules to permanent gases. In
cracking lignin derivatives, deoxygenation can also occur; for example, when ether
bonds (C-O-C), both ether bridge joining subunits and diaryl ether, are cleaved and
carbon monoxide is generated [60]. Moreover, during cracking of pyrolysis vapours,
some olefinic gases such as ethylene and propylene may occur as intermediates which
can undergo further reforming reactions such as oligomerisation, cyclisation,
isomerisation or aromatisation to produce high value liquid hydrocarbons. The
severity of the cracking, deoxygenation and reforming reactions influences the liquid
product distribution and depends largely on types of catalyst as well as process
parameters such as temperature, residence time and weight hourly space velocity,
WHSV (h™") (defined as the ratio of the biomass feed rate (g/h) to the amount of
catalyst used (g)). The effects of catalyst types and process parameters are reviewed in

the next sections.

There are four possible configurations that can be used to incorporate catalyst into a
fluidised-bed pyrolysis system: (i) co-feeding biomass and catalyst, (ii) use catalyst as
the whole or part of the fluidising medium, (iii) close-coupled in-bed catalysis, and
(iv) close-coupled catalyst in a secondary reactor [61]. In co-feeding biomass and
catalyst, the catalyst is added to the biomass before experiments. Depending on the
nature of the catalyst, the addition can be either by wet impregnation or dry mixing.
Possible drawbacks of this mode of catalyst addition include a difficulty in recovering
the catalyst and a high chance of catalyst particles entraining out of the cyclone and
ending up in the liquid product. The use of catalyst as the whole or part of the
fluidising medium is the easiest way to add catalyst into the pyrolysis process. In this
mode, the pyrolysis and catalytic reactions take place under the same operating
temperature. It also allows an immediate contact of pyrolysis vapour with the catalyst.
However, the catalyst may be rapidly deactivated by coking or deposition of the char
fines and condensed pyrolysis vapour. The third mode of catalyst addition is the
close-coupled in-bed catalysis where catalyst is placed as fixed or fluidised bed at the
reactor freeboard. In this configuration, pyrolysis vapour together with char particles
passes over the catalyst bed, leading to accumulation of the char which could
ultimately increase the pressure drop across the bed. Therefore, the char particles

should be separated from the pyrolysis vapour stream by a cyclone prior to being
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passed over a catalyst bed. This idea leads to an occurrence of the fourth incorporation
mode, which is close-coupled catalyst in a secondary reactor. This mode also allows
the catalyst to be operated under a different operating temperature from the primary
pyrolysis reactor. It can eliminate the problem of char accumulation, thus preventing
the premature catalyst deactivation. As a consequence, this catalytic pyrolysis
arrangement is the only one investigated in this project. Details of the equipment

setup for the current study can be found in section 6.2.

Various catalysts can be applied for catalytic pyrolysis of biomass. The most widely
investigated catalysts for this purpose include zeolites, especially ZSM-5 type, and
zeolite-like mesoporous catalytic materials. In addition, metal oxides and certain
natural catalysts have also been studied in the field of catalytic pyrolysis. The
literature review of catalytic pyrolysis of biomass with these different types of catalyst

is given below.

3.2 ZEOLITE CATALYSIS

3.2.1 General description of zeolites

Zeolites are microporous crystalline solids with well-defined channels or pores of
uniform diameter. They consist of SiO4 and AlO4” tetrahedra, which are interlinked by
the sharing of oxygen atoms to give a three-dimensional network through which long
channels run [62]. Different types of zeolites have different structures or frameworks,

which result in their different properties and applications.

Zeolites can be used as catalysts in many applications such as cracking of heavy oil in
petroleum refinery industries. The catalytic activities of zeolites are related to their
shape selectivity and acidity. There are three types of shape selectivity, namely

reactant selectivity, product selectivity and restricted transition state selectivity [62].

Reactant selectivity means that only starting materials of a certain size and shape can

enter the interior of the zeolite pores and undergo reactions at the catalytically active
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sites. If the molecular size of a reactant is larger than the pore apertures, it cannot
react. Therefore, zeolites are also called molecular sieves. In spite of the considerable
molecular sieve effect, 100 % selectivity is often not attained because the reactants

can also react to a certain degree on the outer surface of the zeolite crystals [62].

Product selectivity occurs when only products of a certain size and shape that can
leave the pore system are formed. This type of shape selectivity can also have
drawbacks. Large molecules that are unable to exit the pores can be converted to

undesired by-products or undergo coking, thus leading to catalyst deactivation.

The third form of shape selectivity depends on the fact that chemical reactions often
proceed via intermediates. Owing to the pore system, only those intermediates that
geometrically fit to the zeolite cavities can be formed during catalysis. Therefore, only
products produced through intermediates that are suitable for a specific type of

zeolites can be formed.

Apart from the size and shape selectivity functionality of zeolites, acidity is an
important property in catalysis application. There are two types of acid sites, namely
Bronsted (proton donor) and Lewis (electron pair acceptor) sites that exist in zeolites.
Although both sites are involved in catalytic activities, the former appear to be
stronger. The strength of zeolite acidity relates not only to the number of the acid
sites, but also to the natures of the acid sites (Bronsted or Lewis). The zeolite acidity
can be measured experimentally by for example temperature programmed desorption
(TPD) of ammonia, FT-IR measurements of pyridine adsorption and 'H MAS solid
state NMR for the determination of the total acidity, nature of acid sites and number
of hydroxyl groups present on zeolite catalysts, respectively. Moreover, zeolite acidity
can be estimated from the Si/Al ratio; the high value of this ratio (>10) indicates the
low concentration of acid sites of high strength, whereas the low Si/Al ratio (1-1.5)

results in the high concentration of acid sites of medium strength [62].

3.2.2 Conceptual catalytic upgrading with zeolite ZSM-5

ZSM-5 is a zeolite that possesses the three-dimensional system of intersecting

channels which is made up of elliptical straight channels (0.51 x 0.55 nm) and near
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circular zig-zag channels (0.54 x 0.5 nm) [63]. It is initially developed by Mobil and
is used in methanol-to-gasoline (MTG) process. The use of a monofunctional zeolite
ZSM-5 catalyst in converting biomass pyrolysis liquid into gasoline-range
hydrocarbons was suggested by Bridgwater and Cottam [59] to conceptually follow
the equation:

Ce¢HsO4 = 4.6CH;, + 1.4CO; + 1.2H,O

where C¢HgO4 and CH, > represent pyrolysis liquid and hydrocarbon products (mainly
aromatics), respectively. This gives a maximum stoichiometric yield of 42 wt% on
liquid, or a maximum energetic yield of about 50 wt%. If a bifunctional or
multifunctional catalyst that can generate in situ hydrogen through shifting the carbon
monoxide in the product gas is used, the process would be expected to operate more
in a carbon limited environment rather than hydrogen limited, as depicted in the

following equation with a maximum stoichiometric yield of 55 wt% on liquid [59]:

Ce¢HgO4 + 3.6H, =» 6CH,;> + 4H,0

The processing conditions for the upgrading are atmospheric pressure, temperature
from 350°C to 600°C and hourly space velocities of around 2 [41]. There are a
number of beneficial process parameters including low-pressure (atmospheric)
processing; no hydrogen addition, temperature similar to those preferred for optimum
yields of bio-oil; and a close coupled process, which offer significant processing and
economic advantages over hydrotreating [41]. In addition, a higher grade of gasoline
(high octane gasoline) is produced than from hydrotreating as the high yields of
aromatics (BTX) are produced from the zeolite [59]. The mechanism for the

formation of aromatic hydrocarbons is discussed in section 3.2.3.

3.2.3 Mechanism for aromatic formation by ZSM-5 catalysts

The mechanisms of cracking and reforming of biomass pyrolysis vapours on ZSM-5
catalysts are not well understood. However, Bridgwater [41] suggested a global
mechanism, which is a combination of cracking on the catalyst surface followed by

synthesis of aromatics in the catalyst pores.
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By comparing the results of catalytic upgrading experiments using ZSM-5 and
silicalite (a molecular sieve catalyst consisting of all silica and very low alumina
possessing a uniform pore diameter with structure similar to ZSM-5, the only
exception being the absence of acid sites [63, 64]), the functions of pore structure and
acid sites could be elucidated. This work was carried out by Katikaneni et al [65] who
suggested that it was the combination of shape selectivity and acidity that is
responsible for alkylation, isomerisation, cyclisation and aromatisation reactions

which ultimately resulted in the formation of aromatic hydrocarbons.

In addition, Williams and Horne [66, 67] suggested that the formation of aromatic and
polycyclic aromatic compounds during the zeolite ZSM-5 catalytic upgrading of
biomass pyrolysis oils occurs by a dual mechanistic route. First, low-molecular-
weight hydrocarbons such as alkene gases are formed on the catalyst, which then
undergo aromatisation reactions (possibly Diels-Alder reactions) to produce aromatic
and polycyclic aromatic hydrocarbons. Additionally, deoxygenation of oxygenated
compounds found in the non-phenolic fraction of the pyrolysis oils may directly form

aromatic compounds without going through the alkene route.

3.2.4 Biomass pyrolysis vapours upgrading studies

Catalytic pyrolysis of biomass in a bench-scale reactor using ZSM-5 catalysts has
been carried out extensively at the University of Leeds [66-74] . The experimental
system used was a combined fluidised bed pyrolysis reactor unit with the freeboard of
the reactor packed with the zeolite to form a fixed catalyst bed. The reactor was 10 ¢cm
diameter x 100 cm high, constructed of stainless steel with full gas flow and
temperature control. The reactor was heated externally and the fluidised bed and
freeboard could be separately temperature controlled. Biomass feedstocks tested
included pine wood [68], mixed wood waste [66, 67, 69-72, 74, 75] and rice husk
[73]. The primary pyrolysis and catalyst bed temperatures investigated ranged from
400°C to 600°C and the weight hourly space velocity (WHSV) was around 1 h™'. It
was found from these studies that ZSM-5 catalysts affected not only the products

yields, but also the bio-oil composition. Generally, the catalysts decreased the yield of
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liquid bio-oils along with increasing the yields of permanent gases, which included
carbon dioxide (CO,), carbon monoxide (CO), hydrogen (H;), methane (CHy),
ethylene (C;H4) and propylene (Cs;Hg) with minor concentrations of other
hydrocarbon gases. The gas yields also increased with increasing catalytic bed
temperature. The liquid bio-oil before catalysis was homogeneous and single phase.
However, after the pyrolysis vapours were passed over the catalyst bed, the bio-oil
products became two phases (aqueous and oil phases), which can be easily separated.
This is because the oil phase contained significant amounts of hydrocarbons, mainly
aromatics in gasoline boiling range such as benzene, toluene and alkylated benzenes.
By raising the catalyst bed temperature, the concentration of these single ring
aromatic hydrocarbons was also increased. Apart from the increase of the aromatics,
which are regarded as valuable chemicals and fuel additives, phenol and methyl
phenol were also reported to increase in concentration after the zeolite catalysis. This
increase could be due to the larger substituted phenols such as dimethoxyphenol
(derived from biomass lignin) being partially converted to phenol, which then
undergoes alkylation to form methylated phenols [69]. The ZSM-5 catalyst was also
found to be effective in deoxygenation reactions as could be seen from the
significantly lowered oxygen content of bio-oils. The oxygen was removed in the
form of water at low catalytic temperature and carbon oxides (CO and CO,) at high
catalytic temperatures [71, 73]. When analysing bio-oils by size exclusion
chromatography (SEC) (also known as gel permeation chromatography (GPC))
technique, it was found that the molecular weight distribution of the catalytic bio-oils
was shifted to lower range and with increasing catalyst bed temperatures, the

molecular weights were further decreased [67, 71, 73].

In addition, Williams and Horne [67] investigated the influence of different zeolite
catalysts (H-ZSM-5, Na-ZSM-5 and Y-zeolite) and activated alumina in comparison
to an inert material (stainless steel ball-bearings). The results showed that there were
only small differences in the product yields and compositions from the catalysis of
biomass derived pyrolysis oils for the Na-ZSM-5 and H-ZSM-5 catalysts. The bio-oil
produced with stainless steel in place of the catalysts was similar in composition to
the non-catalytic bio-oil, showing that thermal reactions in the presence of stainless

steel had a minor influence on the composition of the upgraded bio-oils. The ZSM-5
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catalysts gave the highest yields of hydrocarbon products when compared to the Y-

zeolite and activated alumina catalysts.

In general, the catalytic bio-oils produced at the University of Leeds appeared to be
better for usage than the non-catalytic ones due to the lower concentrations of
oxygenated compounds, the higher concentrations of hydrocarbons and the lower
molecular weight range. However, the higher concentrations of polycyclic aromatic
hydrocarbon (PAH), such as naphthalene, fluorene and phenanthrene and their
alkylated derivatives, in the catalytic bio-oils are their drawbacks since some of these
PAH are known to be carcinogenic and /or mutagenic. The PAH species were also
increased with increasing catalyst bed temperatures. To overcome this problem, the
PAH may need to be further processed by for example hydrocracking in a typical

refinery; this could give gasoline range hydrocarbons as products.

Another notable drawback of the catalytic pyrolysis process reported was the
formation of coke on the catalyst, which was in the range of 11-13 wt% on biomass
fed basis for the ZSM-5 catalyst [67, 71], but the coke yield increased to 19.1 wt% for
the Y-zeolite and 18.4 wt% for the activated alumina [67]. This was believed to be
due to the larger pore size of Y-Zeolite (7.4 A) and activated alumina (20 A), which
allows larger coke precursors to enter the pore structure of the catalyst, initiating and
contributing to the increased formation of coke [67]. The deactivation of zeolite ZSM-

S is discussed in more details in section 3.2.5.

Similar findings were also reported when ZSM-5 or ZSM-5 based materials were
applied by other research organizations [76-78] during catalytic pyrolysis of biomass
using a conical spouted-bed reactor [76, 77] or a circulating fluid bed (CFB) reactor
[78]. The catalysts led to the increase in liquid yield and the decrease in gas yield. The
catalytic bio-oils were less oxygenated, lower in molecular weight range and higher in

hydrocarbons concentration when compared to non-catalytic bio-oils.

In the attempt to enhance the catalytic pyrolysis, the effects of catalyst dilution [70],
co-feeding methanol [79] and co-feeding steam [74] were investigated by researchers
at the University of Leeds using the reactor configurations as mentioned earlier and

the details are summarised below.
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3.2.4.1 Effect of catalyst dilution [70]

Biomass in the form of waste wood chips was pyrolysed in a fluidised-bed reactor at
550°C to maximise the formation of pyrolytic vapours. The pyrolysis vapours were
then passed over a fixed bed of ZSM-5 zeolite catalyst located at the reactor freeboard
at 500°C. The catalyst bed was diluted with stainless steel ball bearings to increase the
residence time of the pyrolysis vapours in the bed and to provide additional hot
surface for thermal cracking of the vapours. Bio-oils produced without the secondary
bed appeared to contain low quantities of aromatic hydrocarbons. The presence of the
steel alone did not increase the amount of aromatic hydrocarbons significantly. The
presence of the undiluted catalyst did increase the formation of aromatic
hydrocarbons, and the combination of the catalyst and the steel together gave a further
increase. From the analysis of the aromatic hydrocarbon fractions, the 1:2
catalyst:steel experiment gave three times the yield of monocyclic aromatic
hydrocarbons observed in the undiluted catalyst experiment. Therefore the presence of
steel in the catalyst bed appears to be very beneficial for the formation of monocyclic
aromatic hydrocarbons since these compounds are considered as target chemicals for
the upgrading of biomass pyrolysis vapours for use as either premium grade fuel or
high-value chemicals. In addition the presence of steel in the catalyst bed also

increased the formation of polycyclic aromatic hydrocarbons.

3.2.4.2  Effect of co-feeding methanol [79]

Methanol was injected into the top section of fluidised-bed reactor to mix with the
pyrolysis vapour. The mixture was then passed over a fixed bed of zeolite HZSM-5
catalyst at 500°C. The results showed that the key effects of co-feeding methanol
were the increase in the amount of oxygen removed from the pyrolysis vapours as
water at the expense of CO and CO, formation and the significant increase in the
formation of alkylated phenolic and aromatic hydrocarbon products. Additionally, the
formation of the PAH was also observed to be suppressed by the presence of

methanol.

The significant increase in the yields of hydrocarbons was also found by other

researchers [75, 80] when pyrolysis liquids or vapours were co-processed with
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methanol over ZSM-5 catalyst, thus indicating that the co-feeding of methanol
appears to provide synergistic benefits in terms of the valuable aromatic hydrocarbons

production.

3.2.4.3 Effect of co-feeding steam [74]

Biomass was pyrolysed in a fluidised bed reactor at 550°C and the pyrolysis vapours
in the presence of steam were passed over a zeolite catalyst bed maintained at either
500°C or 550°C. The bio-oils were analysed using coupled gas chromatography/mass
spectrometry to determine the concentration of PAH. The presence of steam was
found to significantly increase the formation of PAH. It was concluded that when
steam is used to improve the formation of hydrocarbons, the concentrations of PAH

are also increased.

3.2.5 Catalyst deactivation

According to previous studies [66, 69, 81-83] on catalytic upgrading of pyrolysis
liquids, vapours or model compounds using zeolite ZSM-5, deactivation of the
catalyst can be either reversible or irreversible. The reversible deactivation occurred
by coking. Gayubo et al [83] suggested that the coke deposits can be divided into two
fractions based on the two peaks of DTG curves obtained from the spent catalyst. The
first fraction, which burns at lower temperature, is the thermal coke, which is
probably the residue deposited on the matrix of the catalyst particles. The second
fraction corresponds to the internal catalytic coke (possibly has a graphitic carbon
structure similar to that generated in the transformation of methanol and ethanol)
located in the ZSM-5 zeolite, which burns at higher temperature. Since the thermal
coke deposits contain significant quantities of oxygen [66, 69], it is believed that these
deposits which condensed on the catalyst surface are derived from the oxygenated
components of pyrolysis vapours such as high molecular weight lignin derivatives
(phenolic-based compounds), high molecular weight carbohydrate-derived
compounds and small, but reactive molecules such as aldehydes (especially

acetaldehyde) and furfural [69, 83].
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The irreversible deactivation of the catalyst was suggested to take place via the
dealuminating effect of steam at high temperature (=450°C), which result in a sharp
decrease of the catalyst acidity when it is used in successive reaction-regeneration
cycles [81]. This deactivation may involve the formation of polycyclic aromatic
hydrocarbons that are too large to leave the pores, thus blocking the active acid sites
as mentioned earlier in section 3.2.4.3 that the presence of steam enhanced the
formation of PAH [74]. It is therefore suggested that to avoid irreversible loss of
catalyst activity the operation should be performed at temperature below 450°C and
without addition of steam, although it is known that the presence of steam can have
beneficial effects such as the increase in the formation of monocyclic aromatic

hydrocarbons [74] and the attenuation of the overall coke content [82].

The catalyst deactivation also influences the pyrolysis products. It is known from
section 3.2.4 that ZSM-5 catalysts can increase the concentrations of hydrocarbons
(both monocyclic and polycyclic aromatic hydrocarbons), reduce oxygenated
compounds and decrease molecular weight range of bio-oils. These changes are
reported to reduce in their severity when the catalyst deactivated as observed from
either increasing the catalysis run time [69] or increasing the number of regeneration
cycles [66]. The former occurred by the combination of reversible and irreversible

deactivation, whereas the latter indicates merely irreversible deactivation.

3.3 ZEOLITE-LIKE CATALYSIS

According to Baerlocher et al [84], zeolites and zeolite-like materials do not comprise
an easily definable family of crystalline solids; a simple criterion for distinguishing
zeolites and zeolite-like materials from denser tectosilicates is based on the
framework density (FD), the number of tetrahedrally coordinated atoms (T-atoms) per
1000 A°. Basically, zeolite-like catalysts are crystalline micro or mesoporous

materials having zeolite-like structure or layer structure.
Zeolite-like catalysts that have been previously tested in catalytic pyrolysis of

biomass include MCM-41 [85-89], SBA-15 [86, 90] and MSU-S [91] mesoporous

materials using either a micro-scale batch reactor [85, 90] or a bench-scale fixed-bed
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reactor [86-89, 91]. MCM-41 (Mobile Crystalline Material) is an ordered mesoporous
silicate molecular sieve of the M41S type, which possesses a porous system
consisting of hexagonally arranged channels with diameters varying from 15 to 100 A
and has a high surface area of about 1000 mzfg [92]. SBA-15 is also an ordered
mesoporous silicate material, which possesses hexagonal structure and has long-range
order, large monodispersed mesopores (up to 500 A) and thick walls (typically
between 3 and 9 nm) which make them more thermally and hydrothermally stable
than MCM-41 type materials [86]. Another mesoporous molecular sieve tested in
catalytic pyrolysis of biomass is MSU-S type, which exhibits high hydrothermal
stability and increased acidity compared to Al-MCM-41 catalysts [91]. The great
interest in attempting these mesoporous catalytic materials during catalytic pyrolysis
of biomass arises from the fact that the main targeted compounds that need to undergo
reactions (cracking, deoxygenating and reforming to produce a liquid product with
lighter and less oxygenated compounds and rich in high-value products) are bulky
molecules, particularly those derived from lignin. This therefore requires catalysts

structures with channel diameters at mesopore scale.

Pyrolysis of bark-free spruce wood was conducted at 500°C in a micro-scale batch
reactor in order to test AI-MCM-41 [85] and SBA-15 [90] catalysts. In the reactor
system, also known as pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS), approximately 1.5-2.0 mg of biomass samples were pyrolysed generating
pyrolysis vapours, which were then passed over catalyst beds where the catalytic
reactions took place. The catalysed pyrolysis vapours were subsequently entrained to
the GC/MS equipment connected online to the pyrolysis unit in order to analyse the
pyrolysis products. It is important to note that in Py-GC/MS system the pyrolysis
vapours are not condensed to liquid bio-oil. Therefore, the pyrolysis products
produced from the micro-reactor may not be exactly the same as those generated by
any larger scale pyrolysis units involving liquid bio-oil condensation as pyrolysis
vapour may undergo changes upon condensation [33]. However, the Py-GC/MS is a
rapid method and is extremely useful for catalyst screening as various catalytic
materials can be comparatively evaluated with different process parameters such as
biomass/catalyst ratio, pyrolysis temperature and heating rate. The AlI-MCM-41
catalysts tested by Adam et al [85] included an unmodified, a transition metal (Cu)

modified, a pore enlarged with a spacer and a pore enlarged by altering the template
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chain length. The biomass/catalyst ratio applied was 1:1. The purpose of the work was
to find out whether aluminosilicate mesopore catalysis can improve the bio-oils
quality, which was monitored by aldehyde yield (for stability indicator), organic acid
yield (for pH or corrosiveness indicator) and phenol yield (because phenol is one of
the high value chemicals). Results showed that the presence of the catalysts led to a
complete elimination of levoglucosan, a decrease in aldehyde yields, an increase in
acetic acid yields, an increase in the yield of phenol and a slight increase in
hydrocarbon yield [85]. In addition, the catalysts were found to promote the scission
of the aliphatic side chain of phenol derivatives, leading to a decrease in the yield of
high molecular mass (=138) phenols. When SBA-15 and Al-SBA-15 were tested in
comparison to a commercial fluid cracking catalyst (FCC) by the same group of
researchers [90], similar results were found; the presence of catalysts led to an
increase in light phonols, a decrease in heavy phenolics compounds and an increase in
organic acids. The amounts of the furan and furan derivatives were also increased,
whereas the aldehydes (hydroxyacetaldehyde, propanal and 5-hydroxymethyl
furfural) yields were decreased. Char and water formation was enhanced by the use of
catalysts. Among the three catalysts, FCC was found to be the most effective catalyst
for the changes of the pyrolysis products. Moreover, aluminum incorporation into
SBA-15 structure enhanced the effectiveness of the compounds in the upgrading of

pyrolysis vapours.

As mentioned earlier, the zeolite-like mesoporous catalysts (MCM-41, SBA-15 and
MSU-S types) were tested in a bench-scale fixed-bed reactor [86-89, 91]. In all
experiments, the reactor was filled with 0.7 g of catalyst, or glassbeads for the non-
catalytic tests and the piston was filled with 1.5 g of biomass. As soon as the reactor
reached the desired reaction temperature (500°C), the biomass was transferred into the
pyrolysis zone by means of a specially designed piston system and the pyrolysis
products were in contact with the catalyst for 15 min. During the run, a constant
stream of N, (100 cm’*/min) was fed from the top of the reactor for the continuous
withdrawal of the products and the maintenance of the inert atmosphere. By using this
experimental setup, Adam et al [86] investigated the catalytic activities of Al-MCM-
41 materials with a Si/Al ratio of 20 and with three different mean pore sizes (24 A,
28 A and 30 A) in comparison to Cu-Al-MCM-41, SBA-15 and Al-SBA-15. They

found that after catalysis, gas yields increased, coke/char yields remained the same or
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slightly decreased and aqueous part in the liquid phase increased. The organic yields
increased with increasing the pore size of AI-MCM-41 catalysts. The analysis of the
organic liquid showed that the hydrocarbon and phenol yields increased, while the
carbonyls and acids yields decreased due to the catalytic activities. All the catalysts
studied reduced the amounts of the undesirable compounds (defined as carbonyls,
acids and PAHs) in the bio-oil, while more desirable compounds (hydrocarbons,
phenols and alcohols) were obtained. However, one of the catalysts drawbacks is the
PAH formation. The pore enhancement of the AI-MCM-41 appears to worsen the bio-
oil quality because by increasing pore size, the yield of undesirable products increased
at a higher rate than the desirable products. The incorporation of Cu into the Al-
MCM-41 was found to increase the amounts of desirable products more than
undesirable ones. In addition, the incorporation of Al into SBA-15 framework led to
very high content of desirable products in the bio-oils; however the undesirable
products also increase. This confirms the Py-GC/MS results as mentioned above that
aluminum incorporation into SBA-15 structure enhanced the effectiveness of the

compounds in upgrading pyrolysis vapours.

Apart from the effect of pore sizes of AI-MCM-41 materials that have been studied
using the bench-scale fixed-bed reactor, the effect of Si/Al ratios [87, 88], the effect of
metal incorporation [87, 89] and the effect of different species of biomass raw
materials [86, 87] on pyrolysis products were recently investigated. The results can be

summarised as follows.

The lowest Si/Al ratio (20) enhanced the production of phenols, while the
intermediate Si/Al ratios (34 or 51) promoted the reduction of undesirable fractions
(carbonyls, acids and heavy compounds) [87]. High Si/Al ratios (50 or 51) of the Al-
MCM-41 samples enhanced the production of the organic phase of the bio-oil, while
low Si/Al ratios (20, 30 or 34) favoured the production of non-condensable gases [87,

88].

The metals that were incorporated into AI-MCM-41 and tested for catalytic pyrolysis
of biomass included copper (Cu), iron (Fe) and zinc (Zn). Without the metal
incorporation, AI-MCM-41 enhanced the production of hydrocarbons; however in the

presence of the metals, the amounts of hydrocarbons were not increased [87].

51



Incorporation of Cu led to a significant increase of the concentration of hydrogen in
the gas stream [87]. Furthermore, the quality of the bio-oil based on the yield of
phenols is increased for Cu and Fe incorporated AI-MCM-41 catalysts. However, for
Zn-Al-MCM-41, the yield of phenols was lower than the unmodified AI-MCM-41
material, indicating that zinc is a less favorable metal for conversion of biomass to

phenols than iron and copper [89].

Comparison of different biomass feedstocks during the catalytic pyrolysis was carried
out by Adam et al [86] and Antonakou et al [87]. The former studied miscanthus and
spruce, whereas the latter investigated miscanthus and Lignocel beech wood. The
results form both works provide a general conclusion that the effect of catalysts on
pyrolysis products was influenced by the type of biomass feedstocks and in some
cases the AI-MCM-41 performed no better than the conventional zeolites. In other
words, a catalyst that can be used to give desired pyrolysis products for a specific type
of biomass may not provide the same results when other types of biomass are
catalytically pyrolysed. Therefore, this needs to be taken into consideration when

studying catalytic pyrolysis of biomass.

Hydrothermally stable mesoporous aluminosilicates (MSU-S) assembled from zeolite
Beta (BEA) seeds were tested by Triantafyllidis et al [91] in catalytic pyrolysis of
biomass using the same bench-scale fixed-bed reactor and pyrolysis conditions as
described above. Two MSU-S materials were investigated. The first one (MSU-
S/Hpga) had a hexagonal mesopore structure with 30 A mean pore size, whereas the
second one (MSU-S/Wpgga) possessed a wormhole-like mesopore structure (HMS-
type) with high textural porosity and 35 A mean pore size. The use of the mesoporous
aluminosilicates MSU-S led to significantly lower organic yields and also to higher
coke and char yields, compared to non-catalytic pyrolysis. With regard to the quality
of the organic phase of the bio-oil, the MSU-S catalytic materials were found to
increase the formation of polycyclic aromatic hydrocarbons (PAHs) and heavy
fractions, while they dramatically decreased the yields of acids, alcohols and
carbonyls, and phenols. These effects were more pronounced in the wormhole-like
MSU-S/Wpgea sample with the high textural porosity possibly because diffusion of
large reactants and products was facilitated compared to the hexagonal pore structure

of MSU-S/Hgga. Since the bio-oils produced with the two MSU-S catalysts contained
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mainly hydrocarbons, PAH and heavy compounds together with a relatively low
content of oxygenated compounds (phenols, acids, carbonyls and alcohols), it is
suggested that the bio-oils may be of high value for refinery upgrading processes such
as fluid catalytic cracking (FCC) units for “green gasoline” production or

hydrotreating/hydrocracking processes for “green diesel” production [91].

3.4 METAL OXIDES CATALYSIS

Catalysts containing metal oxides that have been investigated in the field of catalytic
pyrolysis of biomass include zinc oxide (ZnO) [93], Criterion-534 (Co-Mo/Al,O3)
[94, 95], DHC-32 (Ni-W/Al,03) [96] and HC-K 1.3Q (Ni-Mo/Al,03) [96]. Pyrolysis

studies with these catalysts are summarised below.

A zinc oxide catalyst from Haldor Topsoe containing 99% ZnO and 0.5% Mg was
applied by Nokkosmaki et al [93] in a bench-scaled fluidised-bed pyrolysis reactor
close-coupled with a secondary catalyst bed reactor in order to investigate the effect
of the catalyst on yields and properties of bio-oils. Pine sawdust was pyrolysed at
525°C and nitrogen was used as carrier gas. After the pyrolysis reactor, the pyrolysis
vapours were passed through a hot gas filter kept at 475°C to remove char particles.
Subsequently, the vapours were led through a bed of catalyst maintained at 400°C,
followed by a condensation unit to obtain bio-oil products. The results showed that
the ZnO was a mild catalyst as the liquid yield did not reduce substantially. According
to the bio-oil analysis, the catalyst had no effect on water-insoluble fraction (lignin-
derived compounds), but it decomposed the diethyl ether-insoluble fraction (water-
soluble anhydrosugars and polysaccharides). The presence of the catalyst lowered the
initial viscosity of bio-oil (measured at 50°C) from 9.5 ¢St (without catalyst) to 5.7
¢St (with the ZnO catalyst). According to an accelerated ageing test of bio-oil which
was performed at 80°C for 24 hours, the increase in viscosity was significantly lower
for the ZnO-treated bio-oil (55%) than for the reference bio-oil without any catalyst

(129%), thus indicating an improvement in the stability.

Ates et al [94, 95] studied the catalytic pyrolysis of Euphobia rigida using a

commercial Co-Mo catalyst (Criterion-534) in a bench-scale fixed-bed reactor in
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order to investigate the effects of catalyst ratios (0%, 5%, 10% and 25% by weight)
and water vapour velocities (0.0, 0.6, 1.3 and 2.7 cm/s) on bio-oil yields. Ten grams
of the biomass sample having average particle size of 0.55 mm was mixed with the
catalyst and placed in the reactor. The pyrolysis experiments were conducted at a slow
heating rate of 7°C/min to a final temperature of 550°C. The results showed that by
using 20 wt% of the Criterion-534 catalyst in static atmosphere, bio-oil yield on dry,
ash-free basis was increased from 21.65% (without any catalyst) to 30.98% [94]. The
yield was increased further when applying water vapor and reached the maximum of
42.56% with 1.3 cm/s water vapour velocity [95]. In addition, the bio-oil analysis
results suggested that the presence of steam enhanced the formation of aromatic

compounds [95].

The same group of researchers, Ates and co-workers, also tested two commercial
catalysts from petrochemical industry, namely DHC-32 (Ni-W/Al,O3) and HC-K
1.3Q (Ni-Mo/Al,03), in catalytic pyrolysis of biomass so as to explore the influence
of catalysts on bio-oil yields and properties [96]. The former contains mainly (wt%);
aluminium oxide (40.0-60.0%), nickel oxide (1.0-6.0%), silicon oxide (10.0-30.0%),
tungsten oxide (15.0-25.0%), while the latter is composed mainly of (wi%);
aluminium oxide (35.0-65.0%), molybdenum trioxide (0.1-28.0%), silica
(amorphous) (0.1-20.0%), molybdenum metal/powder (1.0-15.0%), nickel oxide
(0.1-6.0%), aluminium phosphate (0.1-3.0%). Two biomass samples (Euphobia
rigida and sesame stalk) were pyrolysed at a slow heating rate of 7°C/min using a
bench-scale fixed-bed reactor The results showed that at a final pyrolysis temperature
of 500°C, the use of catalysts led to the increase of bio-oil yields and the decrease of
gas yields for both biomass samples. The increases in the yields of bio-oils were more
pronounced when using HC-K 1.3Q catalyst. With regards to the bio-oil composition,
different catalysts have generally been used with an aim to decrease the amount of
oxygenated compounds in the bio-oils. However, it was found that the oxygenated
compounds increased in the catalytic Euphobia rigida bio-oils compared with the
non-catalytic one. It is thought that this phenomenon is a result of the terpenoid
structure of the Euphobia rigida biomass. Nevertheless, for the sesame stalk, this
situation is vice versa as adding a catalyst could decrease the amount of these

compounds. These results are consistent with the works carried out by Adam et al
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[86] and Antonakou et al [87] as mentioned earlier that the biomass types and/or

composition also play an important role during the catalytic pyrolysis.

3.5 UPGRADING WITH NATURAL CATALYSTS

Natural catalysts that may be promising for catalytic pyrolysis of biomass include
alkali and alkaline earth metal-based catalysts and slate. As mentioned in section 2.5.1
that inorganic compounds (containing alkali and alkaline earth metals) present in
biomass have catalytic effects on pyrolysis reactions such as cracking and char
forming, thus increasing gas yields and decreasing liquid yields. Since cracking
reactions are involved, the bio-o0il produced would expect to have lower molecular
weight and possibly lower initial viscosity. It was found from a study by Nik-Azar et
al [42] that alkali metals could decrease the molecular weight of bio-oil from 300 amu
when raw beech wood was used as feedstock to about 190 amu when the wood
samples were impregnated with potassium (K) or sodium (Na) cations, although the
use of these metals also decreased the bio-oil yield. The alkali and alkaline earth
metal-based catalysts are readily available in the forms of ash and char. Therefore
these two materials may be used for catalytic pyrolysis of biomass with an aim of
cracking heavy molecules in pyrolysis vapours to produce bio-oils of lower molecular
weight and viscosity. Another type of natural catalysts that could be used for bio-oil
upgrading is slate since it was found to improve the bio-oil quality in terms of
stability, initial viscosity and heating value with no significant loss in the liquid yield

[61, 97].

3.6 SELECTION OF CATALYSTS FOR SCREENING TESTS

As discussed earlier (section 3.1), promising catalysts are expected to perform
cracking, deoxygenation and reforming reactions during the upgrading process. As a
consequence, the selection of catalysts for this project is based not only on the
suggestions from the previous studies, but also on these catalysts functionalities. The
investigation of catalytic pyrolysis of biomass in the present work begins with catalyst

screening using a micro-scale batch reactor (Py-GC/MS) system (chapter 5). This is
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followed by bench-scale experimentation (chapter 8). For catalyst screening tests, the

following catalysts are chosen according to their known and anticipated functions.

1.

ZSM-5 is chosen because it is known to be an effective catalyst for cracking,
deoxygenation and synthesis of aromatic hydrocarbons. The study of this
catalyst would be useful for comparison with literature data as the majority of
previous work was done on this type of catalyst, although the biomass raw
material utilised in the present work (cassava rhizome) is different from

others.

Al-MCM-41 is chosen because it is expected to perform selective cracking
and deoxygenation reactions of the large molecules (such as those derived
from lignin) in pyrolysis vapours as it has active acid sites in a uniform

structure with about 30 A pores (compared to about 5.5 A for ZSM-5).

Al-MSU-F is a zeolite-like catalyst possessing a cellular foam framework of
150 A pores. It is selected and used alongside ZSM-5 and AI-MCM-41 due to
its very large pores and its acidity, which expected to induce selective cracking
of lignin oligomers exploded from the original biomass. In addition, no
previous attempt has been found on testing this very large pore size catalyst.
The use of Al-MSU-F catalyst is therefore beneficial for extending the

knowledge in the field of biomass catalytic pyrolysis.

ZnO was reported by Nokkosmaki et al [93] to be a promising catalyst for
improving initial viscosity and stability of pine sawdust bio-oil. The
mechanism occurred was not well-understood, but it seems from the bio-oil
analysis that the reduction of water-soluble anhydrosugars and
polysaccharides is related to the improvement. A ZnO catalyst is chosen in the
current project with an intention of expanding the knowledge of applying this

catalyst to the pyrolysis process, especially with different biomass feedstock.

Co-Mo/Al,O; (Criterion-534) is generally known to promote deoxygenation
reactions when operating at high pressure in the presence of hydrogen

(hydrotreating process). Co-Mo/Al,O3 was previously used as a fluidising

56



medium in a bench-scale unit of WFPP (waterloo fast pyrolysis process) to
pyrolyse cellulose and poplar wood utilising hydrogen at atmospheric pressure
as carrier gas and fluidising gas [98]. The results showed that over the Co-Mo
catalyst there was a greatly increased yield of Cs; hydrocarbons (that is C,, Cs,
and C4 hydrocarbon gases and the portion of the Cs and higher hydrocarbons),
while the production of methane is minimised. This indicates that Co-
Mo/Al,O3 has a potential for cracking and producing hydrocarbon from
biomass even at atmospheric pressure. This type of catalyst was further
studied in catalytic pyrolysis of biomass at atmospheric pressure and without
hydrogen input by Ates et al [94, 95] as discussed earlier. However, the
heating rate applied during the pyrolysis process of Ates et al work was at
7°C/min, which is regarded to be slow. Consequently, the Co-Mo/Al,O5 is
chosen in the current project in order to investigate its catalytic behaviour
during fast pyrolysis of a selected biomass (cassava rhizome) at atmospheric
pressure and in the absence of additional hydrogen and this catalyst is
expected to enhance cracking reactions, to increase light hydrocarbon yields

and to deoxygenate the bio-oil product.

Slate is chosen to extend the work carried out by Salter [61] and Scholze [97]
as they suggested that slate is a promising catalyst for improving bio-oil
stability, viscosity and heating value without significant reduction of liquid

yield.

Ash is a natural catalyst that contains catalytically active minerals such as
alkali and alkaline earth metals. These metals are known to be effective for
cracking reactions. Therefore ash is selected because it is expected to crack the
heavy molecules present in pyrolysis vapours to produce lighter and less

viscous bio-oil.

Char is a solid residue obtained from pyrolysis of biomass. It contains a high
proportion of ash originating from the biomass. Char is chosen with reasons
similar to those given for the ash and it is used alongside the ash for

comparison and for differentiating the effects of char itself (char pore structure
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10.

11,

12

and morphology) and the ash present in the char during the catalytic
upgrading.

MI-575 is a commercial catalyst containing zirconium oxide (ZrO,) and
cerium oxide (CeO;). Recently, zirconia was found to be a selective catalyst
for tar and ammonia oxidation in gasification gas cleaning and was found to
be active at 550°C [99]. This implies that the catalysts may be useful for
pyrolysis processes as they may selectively crack the lignin derivatives present
in biomass pyrolysis vapours, thus giving lighter pyrolysis products. Since
pyrolysis is a reducing environment, it is important to use a modified zirconia
catalyst instead to ensure that the catalyst is still active under the pyrolysis
conditions. Consequently, a mixture of zirconia, alumina and ceria in the form
of alumina-stabilised ceria (MI-575) is selected for the present study with an
expectation that this catalyst would perform cracking reactions of large
pyrolysis vapour molecules and would ultimately improve the bio-oil quality

in terms of viscosity.

Zr0; is selected to be used alongside the MI-575 in order to monitor the

influence of this chemical in MI-575 catalyst on pyrolysis product distribution.

Ce0; is selected because of the same reason given for ZrO,.

Copper chromite is selected because it is a proven catalyst for hydrogenation
of carbonyl group while leaving other functional groups untouched [100]. This
is very important as the carbonyl compounds are believed to have an adverse
effect on bio-oil storage stability. However, during hydrogenation process,
hydrogen pressure is normally required. The effect of this catalyst during
biomass pyrolysis at atmospheric pressure without hydrogen input is not well

understood. This is therefore worth being investigated.
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4 CHARACTERISATION OF BIOMASS FEEDSTOCKS

4.1 INTRODUCTION

In this project, stalk and rhizome parts of cassava plants are used as biomass
feedstocks for fast pyrolysis study. Before commencing pyrolysis experimentation,
the feedstocks are characterised to obtain basic data used for calculation in chapters 7
and 8. This chapter presents the detailed characterization of the biomass samples
using a combination of analytical methods, which include proximate, ultimate,
structural, inorganic elemental, heating values and thermogravimetric (TGA) and

derivative thermogravimetric (DTG) analyses.

4.2 MATERIALS AND METHODS

4.2.1 Biomass materials

Biomass samples of agricultural wastes from cassava plantations (stalk and rhizome)
were shipped from Thailand. The biomass materials were ground using a Fritsh blade
grinder with 1-mm sieve. The samples were then sieved and their particle size
distributions are listed in Table 4-1. It is known that biomass with different particle
sizes exhibits different properties such as ash and moisture contents, heating value and
pyrolysis behaviour [101]. It has also been established that only biomass of particle
size range 355-500 um can be continuously fed into the 150 g/h pyrolysis unit with
minimised blockage problems. As a consequence, only the stalk and rhizome samples

of this particle size range were applied unless otherwise stated.
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Table 4-1 Particle-size distribution of cassava stalk and rhizome samples

Content (wt %, as-received basis)

Particle size (pum)

Cassava Stalk Cassava Rhizome
<75 6.15 12.97
75-250 15.46 24.97
250-355 10.33 11.78
355-500 17.13 18.57
500-600 12.90 12.32
600-850 33.23 18.59
850-1000 4.81 0.82
Total 100.00 100.00

4.2.2 Characterisation methods

4.2.2.1 Proximate analysis

The proximate analysis is used for the determination of moisture, volatile matter, ash,
and fixed carbon contents of biomass samples. The analysis was performed according
to the ASTM standard test methods for measuring moisture, volatile and ash contents,
which are ASTM E1756-01, E872-82 and E1755-01, respectively. Briefly, the
moisture was determined as loss in weight in a drying oven at 105°C. The volatile
matter was determined as loss in weight at 950°C for 7 minutes. The ash content was
measured as the residue after burning to constant weight at 575°C. The fixed carbon

content was determined by difference.

4.2.2.2 Ultimate analysis

Ultimate analysis was performed in order to determine the basic elemental
composition of the biomass samples. Carbon, hydrogen, nitrogen and sulphur contents
were measured, while oxygen contents were calculated by difference. The instruments
used were CE-440 and Carlo-Erba elemental analysers, which are based on
combustion methods. The analysis was carried out by an external company (MEDAC

Ltd., Surrey, UK).
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4.2.2.3 Inorganic elements

The contents of inorganic elements present in biomass, namely potassium (K),
calcium (Ca), phosphorous (P), magnesium (Mg), sodium (Na), chlorine (Cl) and
copper (Cu), were determined by calculation based on the ash content and
composition. The ash content was obtained from the proximate analysis as mentioned
above, whereas the ash composition analysis was performed by MEDAC Ltd (Surrey,
UK) company using ICP-OES (inductively coupled plasma-optical emission

spectrometer) technique.

4.2.2.4 Structural analysis

Structural analysis was conducted for the determination of extractives, cellulose,
hemicellulose and lignin contents. There are several methods in existence for this
analysis. The current analysis was carried out according to a standard method
described by Ona et al. [102]. In this method, biomass samples were extracted with a
mixture of 95% ethanol and toluene (1:2 by volume) for 6 hours followed by 95%
ethanol for 4 hours and distilled water for 4 hours by a Soxhlet extractor. The
extractives contents were then calculated from the weight loss. Lignin contents were
determined as Klason lignin or acid-insoluble lignin, which is the residue after
hydrolysis with 72% sulphuric acid. Holocellulose samples were prepared by
delignification using acid chlorite method where sodium chlorite (NaClO,) was used
for the reaction in acetate buffer (pH 3.5). Hemicellulose was removed by alkali

extraction method in which 17.5% NaOH solution was applied.

The heating values of the samples were determined by bomb calorific experiments
and by calculation based on ultimate analysis results. A bomb calorimeter was used to
measure higher heating values (HHV) according to the ASTM D2015 standard test
method. Basically, the bomb calorimeter is used for measuring heats of combustion in

oxygen. A known weight of material was burnt completely in an excess oxygen
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environment in a steel vessel, which is called a bomb. Therefore, the reaction took
place at constant volume. The temperatures were measured and plotted in order to
find the temperature change (AT). By using a known heat of combustion substance
such as benzoic acid (26.43 kJ/g at 25°C) as a calibrant, heat capacity of the

calorimeter (C) can be calculated from the following equation.

QO =CAT
Equation 4-1

Q is the heat liberated by the combustion of the weighed quantity of the calibrant.
Once the heat capacity of the calorimeter (C) is known, unknown materials can be
made to burn in the bomb and the temperature rise is simultaneously recorded. After
that the Q can be calculated from Equation 4-1. Then, the heating value can be

calculated from the known amount of the sample.

The heat of combustion obtained from bomb calorimetry method is in fact the same as
higher heating value (HHV) since the enthalpy change for the reaction assumes a
common temperature (25°C) of the compounds before and after combustion, and at
this temperature the water produced is in the liquid form. However, the biomass
samples were not dried before testing. Therefore, the heat of combustion was HHV on
as-received basis and was calculated into dry basis by the following relationship

[103].

HHV(H' = HHV:M' I = HZO
: 100

Equation 4-2

The HHV,, and HHVy,, are higher heating values on as-received basis and on dry

basis, respectively. The H,O refers to the biomass moisture content in wt %.
With regard to the calculation method, a plethora of formulae have been proposed for

estimating HHV of fuels [22, 104-107]. The correlations are typically based on basic

analysis data such as proximate, ultimate and structural analyses. Most recently,
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Sheng and Azevedo [106] proposed new formulae to estimate HHV of biomass fuels
using proximate and ultimate analyses. Among the formulae, the one based on the
composition of main elements (C, H and O) as shown in Equation 4-3 was suggested
to be most accurate for biomass fuels. Consequently, this correlation was used in the

present study.

HHV

dry

(MJ1kg) = -13675+0.3137C+0.7009H +0.03180 *

Equation 4-3

The C and H are weight percentages of carbon and hydrogen on dry basis,
respectively. O is the sum of the contents of oxygen and other elements (including S,

N, Cl, etc.) in the organic matter, i.e.

O*(%) = 100-C-H - Ash

Equation 4-4

Therefore, Equation 4-3 has been adopted for estimating the heating values of cassava
stalk and rhizome. In addition, the lower heating values (LHV) of biomass samples
were also calculated according to Equation 4-5 [103] since LHVs are more realistic

data for energy balances of thermochemical conversion process systems.

LHV

dry

(MJ | kg) = HHV,, —2.442-8.936 H /100

Equation 4-5

where H is weight percentage of hydrogen on dry basis.

4.2.2.6 Thermogravimetric analysis (TGA)

Two samples of cassava residues were analysed using TGA and DTG techniques. A
computerised Perkin-Elmer Pyris | TGA thermogravimetric analyser was employed

with a nitrogen gas flow of 100 mL/min at 10°C/min heating rate.
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4.3 RESULTS AND DISCUSSION

Table 4-2 summarises the results of proximate and ultimate analyses, calculated
molecular formulae, inorganic matter contents, structural compositions and heating

values of cassava stalk and rhizome in comparison with the available literature data
[108, 109].

Table 4-2 Results of the analysis of agricultural wastes from cassava plantation

Cassava stalk Cassava rhizome
Analysis This work thﬁr{i;]urc This work th[clr;l;;lre-_
Proximate (wt %, dry basis)
Volatile matter 79.90% 89.47% 77.75% 81.13%
Fixed carbon 14.09% 6.89% 18.20% 10.39%
Ash 6.01% 3.63% 4.05% 8.49%
Moisture 15.54% 12.21% 8.31% 10.94%
Ultimate (wt %, dry-ash free basis)
Carbon 51.12% 46.56% 51.59%
Hydrogen 6.87% 8.16% 6.69%
Nitrogen 0.67% 0.39% 1.27% No data
Oxygen 41.34% 44.73% 40.45%
Sulphur <0.1 0.17% <0.1
Molecular formula CH, 60061 CH2,0900.72 CH, 5400.59 -
Inorganic matter (ppbw, dry biomass basis)
K 971.39 368.96
Ca 950.92 391.23
P 559.97 217.08
Mg 276.68 No data 291.60 No data
Na 7.82 9.32
Cl 130.52 51.84
Cu 0.23 0.20
Structural analysis (wt %, extractives-free basis)
Cellulose 35.71% 31.19%
Hemicellulose 41.75% 44.47%
Lignin By~ Sodem sazqs;  odam
Extractives 13.21% 10.80%
Heating values (MJ kg", dry basis)
Bomb calorimetry 17.58 17.56 23.67 20.10
Calculated HHV 19.49 19.63 19.93 -
Calculated LHV 17.99 17.85 18.47 -
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From the proximate analysis, the measured moisture contents differ by 2-3 % from the
available literature data. This is due to the extrinsic moisture content or the level of
dryness, since the fresh stalk and rhizome can have a moisture content up to 50% or
more. The cassava residues contain very high volatiles contents, approximately 80%.
This is a good sign for pyrolysis liquid yield. The ash contents measured in the
present work are much different from the literature value. This is probably due to
sample variety and different biomass sources, which indicate the difference in soil
contamination. When compared with other biomass feedstocks like wood chips (0.1
% ash), softwood (1.7% ash) or spruce wood (1.5% ash) [104], the ash contents of
cassava stalk and rhizome are higher. Since higher ash content implies higher level of
inorganic compounds, the thermal conversion processing like fast pyrolysis of cassava
residues could be subjected to stronger catalytic effect, which could result in lower
liquid yield and higher gas yields compared with when wood is used as feedstock.
However, the ash contents of the cassava residues (4-6 wt%) are lower than some of
other agricultural residues such as rice straw and rice husk whose ash contents are

12.08 [40] and 12.50 [110] wt% (moisture-free basis), respectively.

According to the ultimate analysis, the cassava wastes contain about 50 wt% carbon, 7
wt% hydrogen, 41 wt% oxygen, and small amounts of nitrogen and sulphur. These
residues can be ideal waste sources for clean energy production due to the trace
amounts of nitrogen and sulphur. The ultimate analysis results of cassava stalk are
similar to those from the reported literature data [108]. For cassava rhizome, there 1s
no published ultimate analysis data. This work presents for the first time ultimate

analysis results for cassava rhizome.

The analysis of the biomass inorganic contents shows that the cassava stalk and
rhizome samples contain mainly potassium (K), calcium (Ca), phosphorous (P),
magnesium (Mg) and chlorine (CI) with small quantities of sodium (Na) and copper
(Cu). In addition, it is apparent that the amounts of the individual elements are mostly
lower in the case of cassava rhizome. This also corresponds to its lower ash contents.
Hence, one would expect that the cassava rhizome would be a better feedstock for
bio-oil production from a fast pyrolysis process in terms of the potential for producing

a higher liquid yield and a lower gas yield.
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The heating values of the biomass measured by both bomb calorimetry and
calculation are quite similar to those from the literature. The cassava rhizome has
higher heating value than that of the stalk. The higher heating values (HHV) of
cassava wastes are between 17-24 MJ/kg (dry basis). This implies that they are

potential energy sources for bio-fuel production.

Structural analysis results of biomass may be useful data for modeling pyrolysis
processes as indicated by several previous studies [18, 111-114]. From structural
analysis, cassava wastes have 31-36% of cellulose and 42-44% of hemicellulose.
Generally, lignin contents of biomass vary considerably. For example, corncob and
walnut shell contain 15.0% and 52.3% of lignin, respectively [115]. Cassava residues
stalk and rhizome as found in this work have lignin contents between 23-24%. These
are considered to be low-lignin biomass species. Ghetti et al. [48] suggested that
biomass of low lignin content produces a lighter pyrolysis product, which may be
considered a better bio-oil for use as fuel. Therefore, residues from cassava
plantations exhibit a high potential to be converted into bio-fuel via pyrolysis

Processes.

The thermal degradation behaviour of cassava stalk and rhizome was studied by TGA
and DTG and the results are shown in Figure 4-1. The TGA curves show that
approximately 70 % by weight of the samples were decomposed at the temperature
below 500°C. Most of the weight lost occurred at the temperature between 250 and
350°C. This is an indication that cassava stalk and rhizome are easily decomposed via

thermal processing and would be excellent feedstocks for pyrolysis reactions.
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Figure 4-1 TGA and DTG curves of cassava stalk and rhizome

4.4 CONCLUDING REMARKS

Characterisation of biomass residues, stalk and rhizome of cassava plants, has been
reported in this chapter. The results are generally useful to provide basic information
for the design, modelling and exploitation of thermochemical conversion processes
involving agricultural residues from cassava plantations. Proximate, ultimate,
structural, inorganic matter and heating value analyses were conducted on the
samples. The results show that the biomass samples have high volatile contents (78-
80%, dry basis) and contain 51% carbon, 7% hydrogen, 41% oxygen, 0.7-1.3%
nitrogen and < 0.1% sulphur. Structural analysis reveals that cassava residues are
composed of about 36% cellulose, 44% hemicellulose and 24% lignin. The main
inorganic elements found in both feedstocks are mainly potassium, calcium,
phosphorous and magnesium. The lower heating values (LHV) of both samples are
approximately 18 MJ/kg on dry basis. The overall results indicate that the cassava
residues contain high volatile, very low nitrogen and sulphur, and rather low lignin
with a medium heating value, suggesting that a high quality and environmentally
benign bio-fuel could be produced via thermochemical conversion processing such as

fast pyrolysis. In addition, the TGA and DTG curves for the two samples show
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similarity in thermal decomposition behaviour and about 70% of the samples were

decomposed at temperature below 500°C.
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S CATALYST SCREENING FOR FAST PYROLYSIS OF
BIOMASS

5.1 INTRODUCTION

In order to upgrade the pyrolysis liquid product, the incorporation of catalyst into the
pyrolysis process is utilised. The main pyrolysis equipment used to produce catalytic
bio-oils 1s a fluidised-bed reactor with a scale of 150 g/h biomass throughput. The
experimental setup is described in chapter 6 and the catalytic pyrolysis
experimentation using this bench-scale reactor system is discussed in chapter 8. To
minimise the number of these trials, catalysts have first been screened using a
microscale reactor system. This is based on pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS) technique. The catalyst screening is beneficial for
investigating the relative effect of different catalysts on estimated or conjectural bio-

oil properties.

In the screening tests, cassava rhizome is used as biomass raw material and the
catalysts tested include zeolite and related materials (ZSM-5, AI-MCM-41 and Al-
MSU-F type catalysts), metal oxides (Zinc oxide, Zirconium (IV) oxide, Cerium (IV)
oxide and Copper Chromite catalysts), proprietary commercial catalysts (Criterion-

534 and MI-575) and natural catalysts (slate, char and ashes).

Since a large number of catalysts are involved in the experiments and the results
obtained are complex being in the form of multivariate data, a statistical tool is
essential to fully exploit and extract the useful information from the large set of data.
The statistical technique applied is principal components analysis (PCA). PCA can be
defined as a technique to reduce the information dimensionality of a dataset
containing a large number of intercorrelated variables by projection methods, in a way
that minimises the loss of information. In reality, data, particularly multivariate data,
consist of two main parts, information and noise of data. The information is what is
subsequently developed to become knowledge. One of the main functions of the PCA

is to decompose the data matrix into an information part and a noise part.
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The PCA technique has previously been shown to be useful for analysis of
multivariate Py-GC/MS data [116-119]. The purpose of PCA is to analyse large set of
data in order to detect, and model, the “hidden phenomena” [120]. In this catalyst
screening case, the hidden correlations between pyrolysis products and catalyst

samples are explored and detected.

To assess the bio-o1l quality, three properties are hypothetically observed based on the
pyrolysis products identified from the GC/MS. These are viscosity, stability and
acidity. The viscosity is evaluated by comparing the quantity of the heavy and
oxygenated lignin derived compounds as it is expected that these compounds
contribute to high viscosity of bio-oil. The stability was observed from the amount of
carbonyl compounds since it is known that they are reactive and can cause instability
[3]. Acidity of the bio-oil was considered according to the percentage yields of

organic acids such as acetic, formic and lactic acids found in the products.

5.2 MATERIALS AND METHODS

5.2.1 Biomass feedstock

Cassava rhizome (CR) from Nakhon Ratchasima province in Thailand was used as
feedstock in this study. The rhizome was ground to particle size less than 100 pm and

its main characteristics are shown in Table 4-2.

5.2.2 Catalysts

Fifteen catalyst samples were used to investigate their impact on pyrolysis product
distribution and subsequently to predict the change in bio-oil properties. Table 5-1

shows all the catalysts and their main properties.
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Table 5-1 Characteristics of catalysts

Catalyst e a SHE e
e Name Source Composition area
L (m/g)
Zeolite ZSM-5 type ggn'jpﬁym Si/Al ratio: 50 300
Aluminosilicate
mesostructured, hexagonal ~ Sigma-Aldrich : .
: / :
Zeolite and framework, Al-MCM-41 Company Ltd. Sl sttt 120
related type
materials”
Aluminosilicate
mesostructured, cellular Sigma-Aldrich : -
foam framework, Al- Company Ltd. et yahios 4 0
MSU-F type
Zinc oxide Acros Organics 99.5% ZnO ND*°
Zirconium (IV) oxide Acros Organics 98.5% Zr0, ND*
Metal oxides Cerium (IV) oxide Acros Organics 99.9% CeO, ND*
fgfcpfrgh)mm““ REITE. 58 Oireatics 51% CuO and 49% Cr,O;  ND°
uln0y
Qi Criterion Catalysts  85-95% Al,04, 1-3% CoO
Spiterion a8k & Technologies and 5-10% MoO; g
Proprietary
commercial
: e 71.0% Ce0,, 25.0% ZrO,,
satalysts {‘&‘}’_‘;‘;‘;‘)S‘“b”‘s"d Celd  GRACE Davison ~ 2.2% La,0s, 0.10% ALO; 55
and 0.1% CaO
- g}‘f:ﬁ;:fs'i‘]le from  62.9% C, 2.4% H, 1.1% N -
- P 50
cassava rhizome 780300 i
Uncalcined slate (SLT) Thailand ND* ND*
Slate calcined at 750 °C ) & e
(SLT750) Thailand ND ND
(Sslfgggg’)‘"ed BEEC s ND® ND®
Natural
catalysts Residue after 12.8% K, 15.3% Ca,
- burning the char 10.2% P, 5.8% Mg, ¢
Ash from Char (Ash_C) from cassava 0.83% Cl, 0.10% Na and ND
rhizome at 575°C  0.03% Cu
At B Bisrie Residue after 9.1% K, 9.7% Ca, 5.4%
burning cassava P, 7.2% Mg, 1.3% Cl, ND*

(Ash_B)

rhizome at 575 °C

0.23% Na and 49 ppm Cu

“The composition of most catalysts are provided by the manufacturers except for char and ashes whose
CDI‘I'I[)O"illl{)I]b were determined in this work according to the procedure described in section 6.4.2.

*The mean pore diameters of ZSM-5, Al- MCM-41 and Al-MSU-F are 5. 5,31 and 150 A, respectively.
“ND denotes “not determined”.
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5.2.3 Pyrolysis GC/MS

Pyrolysis experiments were carried out using a pyrolysis autosampler CDS AS-2500
with pyroprobe CDS 2000. Approximately 0.5 mg of cassava rhizome was placed in a
quartz tube along with a quartz filler rod designed for use with the autosampler. In
catalytic pyrolysis experiments, the catalyst was placed above the biomass as a fixed
bed and quartz wool was used to separate the biomass and catalyst layers, as shown in
Figure 5-1. The amount of catalysts was 0.5 mg (to obtain 1:1 biomass: catalyst ratio)
except for the two types of ash in which 0.125 mg of catalyst was applied. This is
necessary in order to control the amount of alkali metals in the ash and char as it was
noticed that the char contained approximately 25% of ash. The pyroprobe programme
was set at the heating rate of 3000°C/second with a final temperature of 600°C and
hold for 10 seconds. Although the pyroprobe temperature was set at 600°C, the actual
temperature in the biomass sample cannot be measured directly but is typically 100°C
less according to the unit’s handbook. This is as a result of temperature difference
between the heating source and the sample. Thus the sample temperature can be
considered to be about 500°C. In addition, during the biomass pyrolysis experiment it

is likely that the temperature difference will reduce as the experiment progresses.

Quartz Tube Catalyst (~0.5mg except for ash ~0.125 mg)

Biomass (~0.5mg)
Quartz Wool

Quartz Filler Rod

Figure 5-1 Micro-scale pyrolysis reactor

PerkinElmer AutoSystem XL Gas Chromatograph was used to separate the pyrolysis
vapours. The column used was PP 1701, 60 m x 25 pm with a 0.25 pm film
thickness. Helium at a velocity of 38 cm/s was used as a carrier gas and the split

injection ratio was 1:125. The oven programme was started at 45°C for 4 minutes and
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heated at heating rate of 4°C/min to 240°C. The injector and detector temperatures

were set at 280°C.

The separated compounds were then analysed using a PerkinElmer Turbomass Gold
Mass Spectrometer with Electron Impact (EI) mode. The mass spectra were obtained

at the ionisation energy of 70 eV from m/z 28 to 600 with a speed of 1.0 s/decade.

[dentification of chromatographic peaks from pyrolysis GC/MS experiments was
carried out by comparing the mass ions (m/z) of each peak with NIST mass spectral
database and literature data of pyrolysis products from lignocellulosic materials [93,
116, 121-130]. Four runs were performed per sample and the averaged values were

used for analysis.

5.2.4 Principal component analysis (PCA)

The Unscrambler® software was used in this study for analysis and evaluation of the
data. The software generates score and loading plots, which are the maps of samples
and variables, respectively. Fifteen catalytic runs plus one non-catalytic reference run
were set as samples, while all chromatographic peaks were set as variables. Full cross
validation was selected for all models. In addition, the model size and the number of
principal components were set at maximum. A full introduction and application of
PCA to multivariate data can be found in reference [120]. Only a brief interpretation
of the score and loading plots generated by the PCA technique is given here. To
explain how to interpret these plots, Figure 5-2 adapted from [131] is used as an
example. It shows the score and loading plots of a PCA model of semiconductor data.
The samples of this model are 44 chemical compounds used as semiconductors. The
variables are the properties of the compounds such as atomic number, melting point,
radii, lattice const, VE and En. The properties data of the 44 semi-conductor materials
were used for calculation in the PCA model and the score and loading plots were
generated. The key point for the interpretation of these plots is that if the samples or
variables are clustered or stay in the same location of the plots, they have similar
behaviour. If the sample(s) in the score plot locate at the same position as variable(s)

in the loading plot, the sample(s) have statistically high value of the variable(s).
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Conversely, if the sample(s) lie in the opposite direction of the variable(s), the
sample(s) have statistically low value of the variable(s). Examples of the

interpretation can be seen from the plots in Figure 5-2.

Aston University

Hlustration removed for copyright restrictions

Figure 5-2 Interpretation of score and loading plots of principal component analysis
(PCA) (adapted from reference [131])

5.3 RESULTS AND DISCUSSION

Typical pyrograms obtained with and without zeolite and zeolite-like catalysts are
presented in Figure 5-3. Table 5-2 lists a total of 102 peaks identified from the
pyrograms in order of their retention times. The pyrograms in Figure 5-3 show that it
is not feasible to visually observe the main relationships among catalysts, compounds
and between catalysts and compounds. Therefore, the mean relative percentages of
pyrolysis products calculated from the chromatographic peak areas (shown in Table
5-3) were subjected to principal components analysis (PCA). Various PCA models
were created using the Unscrambler® software in order to investigate the relative

effect of catalysts on pyrolysis products.
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Figure 5-3 Pyrograms of cassava rhizome pyrolysis products (a) CR (without
catalyst), (b) with ZSM-5, (c) with AI-MCM-41 and (d) with AI-MSU-F type

The first PCA model was created with all catalysts samples and all compounds in
order to view the distribution of catalysts and compounds in the score and loading
plots. Figure 5-4 (a) and (b) depict the score and the corresponding loading plots for
the first and second principal components (PC1 and PC2) where they explained 47%
and 15% of the total variance, respectively. These total variance values are analogous
to the percentages of the information part that can be explained by the principal

components.

From Figure 5-4 (a), it can be observed that SLT, SLT750, SLT850, ZnO, ZrO;, CeO,
and CR are grouped together, indicating the similar compounds distribution in the
loading plot (Figure 5-4 (b)). This implies that there may not be significant changes in
the bio-oil quality if these catalysts are applied. The same trend was observed even
when plotting with the third and fourth principal components (PC3 and PC4), which
explained 12% and 6% of the total variance (Figure 5-5 (a) and (b)). Therefore, based
on the first four principal components which explained up to 80% of the total

variance, slates, ZnO, ZrO, and CeO; should not be included in the next PCA models.
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Figure 5-4 Score (a) and loading (b) plots of PC1 and PC2 for model with all
catalysts and all compounds
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Figure 5-5 Score (a) and loading (b) plots of PC3 and PC4 for model with all
catalysts and all compounds
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Viscosity is one of the most important properties of bio-oil, especially if its
application involves pumping and injecting. It is known that the viscosity of bio-oil
has a positive correlation with its molecular weight [5] and most of the heavy
pyrolysis products are derived from lignin. Thus, the second PCA model used
includes all lignin derivatives and the selected catalysts. Its score and corresponding
loading plots are presented in Figure 5-6 (a) and (b). It is expected from this model
that catalysts that help to reduce the lignin derivatives would have a high potential for

decreasing the bio-oil viscosity.

Figure 5-6 (b) reveals that there are two main groups of compounds separated by the
first principal component which explains up to 64% of the total variance: one on the
left side of the origin, which are mainly oxygenated lignin derivatives, and the other
on the right side of the origin, which are aromatic hydrocarbons (p-Ethyl-styrene
(ID#55), 5-Methylindan (ID#63), Toluene (ID#22), Xylenes (ID#34), Benzene
(ID#14)) and phenols (Phenol (ID#64) and o-Cresol (ID#69)). When considering this
together with the score plot, it is evident that ZSM-5 catalyst located on the positive
PC1 direction shows a high potential not only for reducing the oxygenated lignin
compounds, which is advantageous to bio-oil viscosity improvement, but also for

producing aromatic hydrocarbons and phenols, which are valuable products.

In addition, Figure 5-6 demonstrated that Criterion-534 and Al-MSU-F have a similar
behaviour to the ZSM-5, although less pronounced. However the main difference
between Criterion-534 and Al-MSU-F is that Criterion-534 tends to produce more
phenols than AI-MSU-F. AI-MCM-41 also exhibits a potential for selectively
decreasing the amount of oxygenated lignin-derived compounds as it lies on the right
side of the “CR” (sample without any catalyst) and far away from oxygenated lignin
species group. Ash of biomass, copper chromite and MI-575 could reduce most, but
not all, of the oxygenated lignin derivatives as they are explained by the negative
second principal component (PC2). This suggests that these catalysts could enhance
the production of some lignin components, which are also explained by negative PC2,
such as 4-Propyl guaiacol (ID#87) and Eugenol (ID#86). However, because the PCI
explains 64% and PC2 explains 13%, the influence of PC1 is much stronger than that
of PC2. It can therefore be deduced that ash of biomass, copper chromite and MI-575

are promising for lowering bio-oil viscosity.
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Figure 5-6 Score (a) and loading (b) plots of PC1 and PC2 for model with selected
catalysts and lignin-derived products
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Moreover, Char and its ash lie close to each other in the score plot (Figure 5-6 (a)).
This indicates that their influence on lignin products is similar and is different from
the other catalysts in that the char and its ash did not selectively reduce all or most of
the oxygenated lignin derivatives, but they actually tend to increase the quantity of

some lignin compounds lying in the third quadrant of the score plot.

Another PCA plots related to viscosity prediction was established, but the resultant
plots are not shown here as they reach similar conclusions to the lignin derivatives
model. The additional model includes all heavy compounds having molecular mass
more than 150. It was found from this model that not only are the oxygenated lignin
derivatives selectively reduced by ZSM-5, Criterion-534 and Al-MSU-F, but heavy
carbohydrate derived products such as Levoglucosan and 1,6-Anhydro-p-D-

glucofuranose (IDs#111 and 117, respectively) are also decreased in quantity.

It is widely believed that the presence of reactive aldehydes and ketones in bio-oils
are responsible for various reactions in ageing processes, leading to instability. In
order to assess or predict whether the bio-oil stability can be improved by the addition
of catalysts or not, a PCA model was set up with the 9 selected catalyst samples and
all carbonyl compounds identified. The score and loading plots for the first two
principal components are presented in Figure 5-7 (a) and (b), respectively. Based on
these plots, there is no single catalyst illustrating the selectivity towards the reduction
of all carbonyl compounds. Instead, ZSM-5, Criterion-534 and MI-575 express a
trend to decrease one group of carbonyls, which is on the positive PC1 of the loading
plot, while simultaneously increasing another group of carbonyls, which is on the
negative PC1 of the loading plot. The compounds clustered on the positive PCI
values are carbonyl compounds containing hydroxyl group (IDs#15, 21, 26, 36, 46,
61, 70, 76, 89, 92, 103, 105, 113 and 114), furanones (IDs#30, 31 and 54) and others
(IDs#13, 35, 40, 50 and 119). It can be observed that most of the compounds in this
group are hydroxyl-containing carbonyls, while most of the compounds on the
negative PCI1 are carbonyls without any other group except for compounds 45, 59 and
78 that have hydroxyl group. To judge which catalyst will ameliorate or deteriorate
the stability of bio-oil, knowledge of which carbonyl compounds are more reactive is

required. Since this is not well understood and is still an issue for further research, it is
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Figure 5-7 Score (a) and loading (b) plots of PC1 and PC2 for model with selected
catalysts and all carbonyl compounds
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not possible from the data obtained in this work to draw a decisive conclusion on bio-
oil stability. Nevertheless, assuming that all carbonyls reactiveness does not differ
significantly, the AI-MCM-41, AI-MSU-F and copper chromite would be the best
catalysts in terms of bio-oil stability, since they partly reduce carbonyls compounds
on the right side of PC1 in the loading plot (Figure 5-7 (b)) and simultaneously do not
produce significant amounts of compounds on the negative PC1 as it is the case for

ZSM-5, Cniterion-534 and MI-575.

Apart from viscosity and stability, acidity is also one of the crucial properties of
pyrolysis liquid, especially for fuel applications as it leads to the corrosiveness of bio-
oi1l. The effect of catalysts on potential change in bio-oil acidity can be investigated by
comparing the percentage amounts of acetic, formic and lactic acids produced. By
implementing the nine selected catalysts plus one control sample and mean percentage
peak areas of acetic acid (ID#19), formic acid (ID#16) and lactic acid (ID#18),
another PCA model was established. Since only three compounds are involved, a bi-
plot is used to evaluate the correlation between catalysts and pyrolysis products as
shown by Figure 5-8. It can be seen from the first two principal components which
explained up to 95% of the total variance that ZSM-5 and AI-MSU-F favour the
production of both acetic and formic acids, while decreasing lactic acid. Although the
natural catalysts (char and ashes) tend not to produce a significant amount of acetic
and formic acids, they increased lactic acid percentage yield. From the bi-plot,
Criterion-534 and MI-575 lie in the opposite side of compound ID#18 (lactic acid),
suggesting that they considerably reduce lactic acid yield. From Table 5-3, these
catalysts actually completely eliminated the formation of lactic acid. When compared
with other catalysts, MI-575 lies far away from all acids, indicating that higher pH of
bio-oil would be achieved by this catalyst. If acidity of the bio-oil is the main concern,
especially in fuel application, MI-575 may be chosen as it could also improve the
viscosity as mentioned earlier. However, if the zeolite and related materials are to be
applied for hydrocarbon production or other purposes, a concentration method
proposed by Oasmaa et al [58] may be useful since it can remove significant amounts

of volatile carboxylic acids.
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Figure 5-8 Bi-plot of PC1 and PC2 for model with selected catalysts and three
organic acids

54 CONCLUDING REMARKS

Catalyst screening for fast pyrolysis of biomass was studied by pyrolysis-GC/MS
coupled with multivariate data analysis. The principal components analysis was useful
for screening catalysts as shown in this study. Catalysts with little influence on
pyrolysis product distribution were eliminated prior to detailed study. More
specifically, slates, ZnO, ZrO, and CeO, were found to be inactive catalysts for
changing bio-oil quality under the conditions studied.

ZSM-5, Criterion-534 and Al-MSU-F showed a high potential for reducing bio-oil
viscosity as they were selective to the reduction of all oxygenated lignin-derived
compounds and concurrently enhanced the formation of aromatic hydrocarbons and
phenols. Although less pronounced, AI-MCM-41, copper chromite, MI-575 and ash
of biomass could also improve the viscosity of bio-oil, while char and its ash have an

insignificant effect.
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Predicting the bio-oil stability is difficult as no single catalyst was found to selectively
reduce all carbonyl compounds. The bio-oils produced with most of the active
catalysts except for MI-575 are predicted to be lower in pH compared to non-catalytic

bio-oils, provided that water contents of the bio-oils are in the same range.
According to the results reported in this chapter, the catalysts recommended for the

bench-scale fast pyrolysis experimentation are ZSM-5, Criterion-534, AI-MSU-F, Al-
MCM-41, copper chromite, MI-575 and ash of biomass.
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6 EXPERIMENTAL FAST PYROLYSIS

6.1 INTRODUCTION

This chapter describes the equipment and the procedures used for the production of
bio-oils with and without catalysts as well as the mass balance calculation. Also
included are methods for characterisation of the obtained pyrolysis products (bio-oil,
char and non-condensable gases). The characterisation of bio-oils includes water
content, solids content, pH value, elemental composition analysis, heating values,
molecular weight distribution, stability and liquid GC/MS analysis. The properties of
char examined are basic element, ash content and composition as well as heating

values. Finally the non-condensable gases are analysed for their composition.

6.2 BENCH-SCALE FAST PYROLYSIS UNIT

In chapter 5, fast pyrolysis experiments were carried out using a micro-scale batch
reactor in order to produce pyrolysis vapours, which were then analysed using
GC/MS technique. It has been shown that the method is rapid and useful for catalyst
screening. Therefore, further work has been performed based on a larger-scale
pyrolysis unit for bio-oil production in order to investigate the effect of parameters
such as biomass feedstocks, pyrolysis temperatures and catalysts on yields and
properties of pyrolysis products. The experimental setups for both catalytic and non-
catalytic pyrolysis are described in this section, while section 6.4 describes the

characterisation techniques used for the analysis of pyrolysis products.

6.2.1 Non-catalytic pyrolysis experiments

Non-catalytic pyrolysis experiments were conducted in a bench-scale (150 g/h
throughput) fluidised-bed reactor unit. This unit was adapted from Waterloo Fast

Pyrolysis Process (WFPP) [52]. The biomass feeding tube and liquid collection
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system of the unit were further modified in this project. Details of the modifications
are given in section 6.2.1.1 and 6.2.1.2. This section explains the modified reactor
system as depicted in Figure 6-1. The unit consists mainly of a feeder, a reactor and a
product collection system. A schematic diagram of the feeder is shown in Figure 6-2.
The feeder consists of a tubular storage hopper made of clear Perspex, a stirrer and an
entrain tube. The reactor (Figure 6-3) was constructed from 316 stainless steel tube
with 4 cm diameter and 26 cm length. It was filled with approximately 150 g of sand
with particle size range of 355-500 pm. The sand was used as a fluidising and heat
transfer medium. The product collection system was composed of a water condenser
(Davies-type double surface heat exchanger), an electrostatic precipitator (ESP) and

two dry ice/acetone condensers (cold-finger type).

Aston University

ustration removed for copyright restrictions

Figure 6-1 Bench-scale non-catalytic fast pyrolysis unit (adapted from [132])

All experiments were initiated by flowing nitrogen at the flow rate of approximately
5-7 I/min to remove the air within the system, followed by preheating the reactor
using a muffle electrical furnace until the temperatures of the fluidising medium
reached a steady state. Five thermocouples were used to record the temperatures at
different positions in the unit. These included (i) fluidised bed, (ii) biomass feeding
tube end, (iii) reactor freeboard, (iv) transfer line and (v) gas exit after cotton wool
filter. Once the thermocouples (i) and (ii) reached a steady value, which is typically
about 20°C higher than the expected pyrolysis temperature, the run was ready to

begin.
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The reason why the initial setting of the pyrolysis temperature needs to be slightly
higher is because the overall pyrolysis reaction of lignocellulosic biomass is
endothermic. Therefore, the temperature decreases slightly after biomass is fed. The
degree of temperature reduction depends on the biomass feed rate and the amount of
entrainment and fluidising nitrogen. Based on the experience with Aston’s 150 g/h
unit, a reduction of around 20-30°C normally occurs. Apart from the temperature
recording, the pressure was also monitored during the run at three places, (i) fluidising
nitrogen inlet, (ii) entraining nitrogen inlet and (iii) pyrolysis gas exit (between the
cotton wool filter and gas meter). The first two pressure measurements were useful as
indicators of blockage along the vapour entrainment pathway and in the biomass
feeding tube, respectively. The last one was used for getting gas pressure data in order

to calculate the non-condensable gas yields.

The biomass particles in the feeder were continuously carried into the reactor at the
middle of the fluidised bed by nitrogen entrained flow via the air-cooled feeding tube.
It is important to note that the feeding tube needs to be cooled in order to avoid pre-
pyrolysis of biomass particles inside the feed tube, which can lead to a blockage. The
biomass feed rate was controlled by the speed of the stirrer, the entrainment nitrogen
flow rate and the feeder top nitrogen flow rate. Once the biomass particles reached the
fluidised bed, heat was transferred from the hot fluidising medium to the biomass
particles mainly by conduction and convection and the thermal degradation of the
biomass occurred, producing vapours including aerosols, water and non-condensable
gases, and generating the residue solid char. The product mixture was carried out of
the reactor passing the cyclone where the solid was separated and collected in the char
pot. The vapours together with some char fines that could not be removed by the
cyclone were then passed through a liquid product collection system consisting of a
water condenser, an electrostatic precipitator (ESP) and a series of two dry ice/acetone
condensers. In the water condenser, part of the pyrolysis vapour was condensed and
the liquid together with the uncondensed vapour flew into the ESP where most of the
uncondensed vapour together with aerosols and char fines can be captured by the
electrostatic charge supplied. The liquid mixture was then collected in a 100 ml round
bottom flask called “Oil Pot 17 located under the ESP. Not all the liquid can be

collected in the Oil Pot 1 since the pyrolysis vapour also contained some water and
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light volatile compounds such as formaldehyde, acetaldehyde and some ketones with
low boiling points. Most of these compounds were condensed by using a series of two
dry ice/acetone condensers where the temperature inside the condensers is estimated
to be around -30°C. The liquids condensed by these condensers were collected in two
50 ml round bottom flasks named “Oil Pot 2” and “Oil Pot 3”. Although the dry
ice/acetone condensers could maintain the pyrolysis vapour at a very low temperature,
there were still some volatiles that could not be condensed and collected in the oil
pots, but could be captured in the cotton wool filter instead. This is attributed to the
low partial pressure of the volatiles in the condensers due to the dilution effect of the
nitrogen carrier gas. This problem is widely known in large-scale pyrolysis plants and
can be solved by minimising the nitrogen carrier gas flow rate and/or maximising the
biomass feed rate. After the cotton wool filter, the nitrogen carrier gas together with
the non-condensable pyrolysis gases passed through the gas meter where the volume
of the exit gas was recorded. Then part of the gas mixture was pumped into an online

gas chromatograph (GC) for gas composition analysis and the rest was vented.

6.2.1.1 Modification of biomass feeding tube

In the past three years or longer, the biomass feeding tube of the 150 g/h pyrolysis
unit had been one of the big obstacles for running the rig continuously and
successfully. The feedstock blockages in the feeding tube noticed from a sudden
increase of the entraining nitrogen pressure had been known by researchers at Aston
University, especially in the case of non-woody feedstocks, such as oil palm empty
fruit bunches (EFB), straw, agricultural residues from cassava plantations, etc. These
feedstocks appeared to contain some needle-like particles that blocked the feeding
tube. In addition, the powder or dust present in the feedstock tended to accumulate
and stick to the wall of the feeding tube and eventually blocked the tube due to its
very small internal diameter (~2 mm). This problem had been solved by double or
triple sieving of biomass to remove the needle-like particles and/or the biomass
powder. Alternatively, slowing down the biomass feed rate to below 50 g/h was also
found to be useful for preventing the blockage. However, the two or three times
sieving was tedious and the use of low biomass feed rate could also cause a longer

duration run and problems with undetectable GC peaks could arise because of the low
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concentration of pyrolysis gases in the carrier nitrogen gas. Therefore, it was an
intended purpose of this project to permanently solve this problem by constructing a
new feeding tube with a larger inside diameter. The biomass feeding tube was built
from three stainless steel tubes with different diameters as conceptually illustrated in
Figure 6-4. The first tube from the inside is for transporting biomass feedstock, while
the second and the third tubes are for cooling air in and out, respectively. The main
difference between the new and old feeding tubes is the inside diameter of the inner
tube where biomass travels through. It has been changed from 2 mm to 3.28 mm. It
was expected that the larger diameter of the tube would facilitate the biomass

entrainment with significantly reduced chances of blockage.

Biomass
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Cooling air
Cooling air in in
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to the hot
fluidised bed

Figure 6-4 Feeding tube concept (not to scale)

The dimensions of the three tubes used for constructing the new feeding tube are
given in Figure 6-5. The inner tube was made of welded hard drawn 304 type stainless
steel (gauge no 8), whereas the middle and the outer tubes were constructed of 316

stainless steel.
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Figure 6-5 Dimensions (in mm) of the new feeding tube

After the construction, the new feeding tube was tested for its performance and
compared with the old one. It was found when using cassava stalk as feedstock that
the new feeding tube could cope with 150 g/h biomass feed rate without any blockage
compared with only 40-45 g/h when the old feeding tube was applied. Therefore, this
new feeding tube was used in this work for both catalytic and non-catalytic

experiments.

6.2.1.2 Modification of liquid collection system

The liquid product collection system previously used (prior to the commencement of
this project) in the 150 g/h pyrolysis unit was composed of a water condenser, an
electrostatic precipitator and only one dry ice/acetone condenser. It was observed that
approximately 3-8 g of liquid could not be condensed by the system and was captured
by the cotton wool filter. It was also noticed that some of the light volatiles could pass
the cotton wool filter to the gas meter and to the online GC vacuum pump, which was
observed from the smell of volatiles at the gas meter and the pump. This caused not

only the damages to both the gas meter and the pump, but also the poor mass balance
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closure. Therefore, to prevent the damages to these devices and to improve the
efficiency of the liquid product collection, a second dry ice/acetone condenser has
been introduced to the pyrolysis unit. This secondary condenser was especially useful
for catalytic pyrolysis experiments due to higher amounts of light volatiles produced

during catalytic cracking.

6.2.2 Catalytic pyrolysis experiments

Catalytic pyrolysis experiments were carried out using a unit similar to the one used
for non-catalytic pyrolysis experiments described in the previous section. The only
difference between these two units is the addition of a secondary catalytic reactor. The
secondary reactor was placed after the cyclone and before the water condenser as
illustrated by Figure 6-6. The reactor constructed of 316 stainless steel was 4.27 cm
inside diameter and 49 cm high. The reactor was equipped with three type-K
thermocouples to record temperatures at the inlet and outlet of the reactor as well as at
the middle of the catalyst bed. The catalyst was supported by a ring of metal mesh and
approximately 10 g of glass wool. The glass wool serves two functions. Firstly, it can
hold catalysts whose particle size is very small or smaller than the mesh size (<100
um), thereby preventing them from falling down to the bottom of the reactor.
Secondly, the glass wool functions as a hot vapour filter by capturing the char fines in
the vapour that cannot be separated by the cyclone. This helps to prolong the catalyst
activity as the char fines can otherwise cover the catalyst surface leading to catalyst
deactivation. The use of glass wool can also reduce the solids content of the bio-oil,
thus improving its quality. Glass wool was also placed at the top of the catalyst bed
for preventing catalyst powder from blowing out of the reactor and for filtering the
vapour after catalytic reaction. The glass wool plugs were also used to ensure that the
catalyst was in the form of fixed bed. The catalyst bed temperature for all experiments
was maintained at approximately 500°C. The amount of catalyst used was 100 g for
most of the runs except when testing AI-MCM-41 and Al-MSU-F mesoporous
materials only about 10 g was used due to their low densities and the limited supplies.
All catalysts were calcined in a muffle oven at 500°C for 6 hours and kept in a

desiccator prior to use.
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Figure 6-6 Bench-scale catalytic fast pyrolysis unit (adapted from [132])

6.3 MASS BALANCE CALCULATION

All metal and glassware items used in the bench-scale pyrolysis unit were weighed
before and after each run in order to calculate the yields of pyrolysis products. By
weighing the feeder before and after the run, the amount of biomass fed can be
calculated. The solid yield is a combination of the char collected in the char pot,
reactor and transfer line, and the char fines or solids present in the liquid bio-oil.
Determination of bio-oil solid content is described in section 6.4.1.2. The liquid
product was fractionated into 5 fractions, which are (1) water condenser oil, (2) ESP
oil, (3) Pot 1 oil, (4) Pot 2 oil and (5) Pot 3 oil. The water condenser and the ESP oils
were sticky and difficult to remove. They were therefore washed with ethanol 3-5
times and these bio-oil/ethanol mixtures were kept for water and solid contents
analysis (see section 6.4.1.1 and 6.4.1.2). In addition, the permanent gas yields were
calculated based on the gas composition obtained from GC analysis (section 6.4.3 ),
total gas volume and the exit gas temperature and pressure recorded. An example of
mass balance report is shown in Table 6-1. The pyrolysis temperature was the

averaged value of temperature data recorded from two thermocouples at the fluidised
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bed every 5 minutes throughout the run. The vapour residence time was calculated as
the time that pyrolysis vapours spent in the hot space of the reactor system prior to

condensation. Details of the mass balance spreadsheet are provided in APPENDIX-B.

Table 6-1 A typical mass balance summary report of a bench-scale fast pyrolysis run

Unit
Test name AP17
Fluidising medium Sand
particle size um 355-500
Feedstock Cassava Rhizome
particle size um 355-500
Moisture content wt% 8.18%
Ash content wt%, dry basis 4.13%
Pyrolysis temperature . 24 477.38
Vapour residence time seconds 0.74
Feed rate g/h, dry basis 140.80
Product yields wt%, dry basis
Char 19.97%
Liquids 64.93%
Organics 49.76%
Reaction water 15.17%
Gas 10.10%
H, 0.06%
CHg4 0.32%
CO 2.72%
CO; 6.80%
C,H4 0.05%
CaHg 0.07%
CsHe 0.05%
C;Hg 0.02%
Closure wit%, dry basis 95.00%

6.4 CHARACTERISATION OF PYROLYSIS PRODUCTS

Fast pyrolysis of biomass gives liquid bio-oil as main product with solid char and
non-condensable gases as valuable by-products. All products were analysed in order
to complete the mass balance and to gain insight into the products properties. This
section explains the analytical methods applied for characterisation of bio-oil, char

and non-condensable gases.
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6.4.1 Bio-oil

The main product of biomass fast pyrolysis is liquid bio-oil. It contains water, char
fines and organic compounds derived from fragmentation and depolymerisation of
cellulose, hemicellulose and lignin polymers. In order to investigate the properties of
bio-oils produced from catalytic and non-catalytic experiments, characterisation of
bio-oils includes water content, solid content, pH value, elemental analysis, heating
value, molecular weight distribution, gas chromatography/mass spectrometry
(GC/MS) analysis and stability. Theses analyses are describe in the following sub-

sections.

6.4.1.1 Water content

For solid biomass, water content was ecasily determined by drying in an oven at
105°C. This technique is not applicable for bio-oil samples since they also contain
light organic volatiles that would be evaporated together with water upon heating at
105°C. Consequently, alternative technique known as Karl Fischer (KF) titration,
which is widely used and recommended for bio-oil water content determination, was
applied using a Metrohm 758 KFD Titrino instrument. Prior to the measurement, a
calibration of the instrument with HPLC-grade water was performed. Four liquid
samples from each pyrolysis experiment were subjected to water content analysis.
These included two ethanol washing liquids from water condenser and ESP, a liquid
from Oil Pot 1 and a liquid mixture of Pot 2 and Pot 3 oils (denoted as “Pot 243 oil”).
Each sample was tested in triplicate. Because the amounts of ethanol in the washing
liquids are known, the amounts of water present in these liquids can be calculated

once obtaining their water and solid contents.

6.4.1.2 Solids content

Although most of the solid was separated from the pyrolysis vapour by the cyclone
and collected in the char pot, there were still some char fines entrained to the liquid

collection system and became parts of the liquid product. The quantity of the solid
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was determined by vacuum filtration technique. Approximately 7-10 g of water
condenser and ESP washing liquids or 1-2 g of Pot 1 liquid was filtered through a pre-
dried and pre-weighed Whatman No.2 qualitative filter paper whose mean pore size
was 8 um. The liquid was then washed with excess amount of ethanol until the filtrate
was clear to ensure that there was no organic liquid left on the filter paper. The filter
paper with the residue was air-dried for approximately 15 minutes and in an oven at
105°C for around 30 minutes, cooled in a desiccator and weighed; this method is
suggested by Oasmaa and Peacocke [134]. The solids content could then be
calculated. It was observed earlier that the liquid mixture of Oil Pot 2 and Oil Pot 3
contained no char fines. Therefore, this liquid was not included in the analysis of

solids content.

6.4.1.3 pH value

It is well known that bio-oil is acidic due to the presence of carboxylic compounds
such as acetic and formic acids. In this study, the non-catalytic pyrolysis liquid
collected from Oil Pot 1 and a liquid mixture of Pot 2 and Pot 3 oils were subjected to
pH determination, while the pH of the washing liquids were not measured because
they were already diluted with ethanol and the pH value would not be representative
of the bio-oils. The instrument used was a Metrohm 713 pH meter at room
temperature. Before the measurement, the instrument was calibrated with liquid

calibration standards of pH 4, 7 and 9.

6.4.1.4 Elemental analysis

All liquid fractions (washing liquids and Pot 1-3 oils) were proportionately mixed to
obtain a single liquid product named “Liq”. The Liq contains approximately 20 wt%
of organics and around 80 wt% of the rest (ethanol, water and solids). All Liq samples
were subjected to CHN analysis using CE-440 and Carlo Erba elemental analysers
with £0.3% absolute accuracy. The analysis was done by MEDAC Ltd., Surrey, UK.
After obtaining the carbon, hydrogen and nitrogen (CHN) contents of the Liq

samples, the elemental analysis of the bio-oil was calculated by subtracting the
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carbon, hydrogen and oxygen amounts of the known quantities of ethanol and water
in order to obtain the carbon hydrogen and nitrogen contents of bio-oils on dry,
solvent-free basis. In addition, the oxygen content of bio-oils was calculated by

difference.

6.4.1.5 Heating value

The higher heating values (HHV) of bio-oils were calculated based on a correlation
developed by Channiwala and Parikh [105] as shown by Equation 6-1. The lower
heating values (LHV) were calculated from HHV and the hydrogen content by
Equation 4-5.

HHYV

dry

(MJ / kg) =0.3491C +1.1783H + 0.10055 - 0.10340 - 0.015N - 0.02114

Equation 6-1

Where C, H, S, O, N and A represent mass percentages on dry basis of carbon,
hydrogen, sulphur, oxygen, nitrogen and ash contents of bio-oil, respectively. The C,
H, N and O contents of bio-oil were obtained by the elemental analysis as mentioned
in section 6.4.1.4. The sulphur content was not taken into account because it was
lower than the detection limits of the instrument (<0.1 wt%). The ash content was
estimated from the solids content of bio-oil by assuming that the solids present in bio-

oil contains 5 wt% of ash.

The heating values calculated by Equation 6-1 is on dry basis. To calculate the values
on as-produced or wet basis, Equation 4-2 and the following equation [103] were

applied taking into account the water content of bio-oil (H,0, wt%).

LHYV

wet

= LHV

dry

(1- H,0/100)-2.442 - H,0/100

Equation 6-2
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6.4.1.6 Molecular weight distribution

Molecular weight distribution of pyrolysis liquids was determined using gel
permeation chromatography (GPC) technique. The instrument used was an integrated
GPC system, PL-GPC50 from Polymer Laboratories, UK, equipped with a PLgel 3
um MIXED-E column, 300x7.5 mm, and a refractive index (RI) detector. The
detector temperature was set at 40°C. Liquid samples were dissolved in HPLC-grade
THF (tetrahydrofuran) solvent at a concentration of 0.01 g/ml and were filtered
through a 0.2 pm Millipore Millex-GN nylon filter in order to avoid column plugging
by solids or insoluble impurities. Approximately 100 um of the prepared samples was
injected using a PL-AS RT GPC autosampler. HPLC-grade THF was used as an
eluent with a flow rate of 1| ml/min. Prior to the measurement, GPC calibration was
made with a series of polystyrene calibration standards with molecular weight range
of 162 to 19880 g/mol. Calculation of molecular weight averages was done by the
Cirrus 3.0 software. The software offers two methods of data calculation, height based
and area based. Height based calculation is analogous to the integrator packages of the
late seventies and uses a simplified method of calculation, whereas area based
calculation is the rigorous treatment of data and the method of choice for high
accuracy work [135]. In this work, the area based method was chosen. The number
average molecular weight (Mn), weight average molecular weight (Mw), molecular
weight at highest peak (Mp) and polydispersity (PD = Mw/Mn) were calculated by
the software based on the refractive index (RI) signal and the calibration curve

obtained.

6.4.1.7 Stability

Normally, bio-oil stability is expressed as a change in viscosity after storage at a
specific temperature for a specific time, e.g. at room temperature for 6 months.
Nevertheless, in the current project it is not possible to measure the bio-oil viscosity
due to the limited sample quantity obtained. Recently Oasmaa and Kuoppala [5]
found that the bio-oil viscosity had a linear relationship with its average molecular
weight. Therefore, a change in the average molecular weight over time was

determined and the stability was calculated according to the equation below.
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MW, —MW,.,
Stability = thored i (g/mol - day)

Storage days

Equation 6-3

The MWreq and MWy, are the average molecular weights of bio-oils after storing at
room temperature for approximately 6 months and after a few hours of production,
respectively. In the case of non-catalytic bio-oils, the MW,,..q represents the average

molecular weight after accelerated ageing test by storing bio-oils at 80°C for 24 hours.

6.4.1.8 Gas chromatography/mass spectrometry (GC/MS) analysis

In order to identify compounds present in the bio-oil, GC/MS liquid injection method
was applied. In the case of non-catalytic pyrolysis experiments, liquid samples
analysed were Pot 1| oil, Pot 2+3 oil and a mixture of condenser and ESP washing
liquids, which is named “CondEP”. It was found that different fractions contained
different compounds. Therefore, in order to compare the bio-oils from different runs,
especially the bio-oils obtained from catalytic pyrolysis, a representative liquid
fraction is required. Consequently, a mixture of all liquid fractions (Liq) was tested
and used for comparison between different pyrolysis runs. Since the samples were
mixtures of organic compounds, water, char fines and ethanol solvent with different
properties, each sample was further diluted in order to obtain a constant organics
content (17.5 wt%) in the mixture. The samples were also filtered through a Millipore

Millex-GN nylon filter with 0.2 um pore size prior to the injection.

The gas chromatography/mass spectrometry (GC/MS) analysis of bio-oil
representative liquid samples (Liq) was conducted using a PerkinElmer AutoSystem
XL Gas Chromatograph. The separation was made on a 60 m x 0.25 mm id DB-1701
column with 0.25 pm film thickness. Its phase composition was 14%-cyanopropyl-
phenyl-86%-dimethylpolysiloxane. In addition, a fused silica capillary column (5 m x
0.25 mm) was used as a guard column and placed before the main column. The GC
oven temperature was held at 45°C for 4 min and then programmed to 240°C at

4°C/min. The oven was maintained at this final temperature for 20 min. The injector
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temperature was 280°C with a split ratio of 1:25. Helium was the carrier gas with a
velocity of 38 cm/s. At the end of the column, a PerkinElmer Turbomass Gold Mass
Spectrometer with electron impact (EI) mode was connected and functioned as a
detector. The mass spectrometer was operated at 280°C with ionisation energy of 70
eV. The mass range from m/z 35 to 600 was scanned with a speed of 1.0 s/decade.
Data acquisition and processing was performed using PerkinElmer Turbomass 5.0
software. Identification of the compounds was achieved by comparing the mass
spectrum (m/z distribution) with NIST mass spectral database and literature data [93,

116, 121-130].

6.4.2 Char

6.4.2.1 Elemental analysis

The elemental analysis of char samples was performed in order to determine the
carbon, hydrogen, nitrogen and sulphur contents. Only one char sample, which was
used as a catalyst in a micro-scale reactor (Table 5-1) was analysed. The technique

applied is the same as described in section 6.4.1.4.

6.4.2.2 Ash content and composition

The ash content of the char sample was measured as the mass percent of residue after
burning to constant weight at 575°C according to ASTM E1755-01 standard method.
The ash obtained was then subjected to metals analysis for determination of potassium
(K), calcium (Ca), phosphorous (P), sodium (Na) and copper (Cu) contents, using
Varian Vista MPX ICP-OES (inductively coupled plasma-optical emission
spectrometer) system. In addition, the chlorine (Cl) content of the ash was measured
by Schoéniger flask combustion followed by either titration or ion-chromatography.

All of the ash composition analyses were performed by MEDAC Ltd., Surrey, UK
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6.4.2.3 Heating value

Based on the data obtained from the elemental analysis and the ash content of the char
sample, its heating value was calculated using Equation 6-1 as mentioned in section
6.4.1.5. The heating value was used for calculation of the energy distribution in

section 8.3.3.

6.4.3 Non-condensable gases

During a pyrolysis run, the non-condensable gases were sampled every three minutes
into a CP-4900 micro gas chromatograph with a thermal conductivity detector (TCD)
from Varian Chromatography System Inc, The Netherlands. The instrument was
equipped with a molecular-sieve coated capillary column (CP-Molsieve 5A) for
separation of hydrogen (H;), oxygen (O,), nitrogen (N,), methane (CH,) and carbon
monoxide (CO) and a CP-PoraPLOT column for elution of nitrogen (N;), methane
(CHa), carbon dioxide (CO,), ethylene (C;Hy), ethane (C,Hg), propylene (C3Hg) and
propane (C;Hs). In addition, helium (He) was used as the carrier gas. For quantitative
analysis, the columns were calibrated with known-composition standard gas mixtures.

The software used for the analysis was Star Chromatography Workstation 6.0.
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7 NON-CATALYTIC FAST PYROLYSIS RESULTS AND
DISCUSSION

7.1 INTRODUCTION

Fast pyrolysis experiments of two selected biomass feedstocks, namely cassava stalk
(CS) and cassava rhizome (CR), were conducted using the bench-scale continuous
fluidised-bed reactor. The overall objective of these experiments was to investigate
the yields and properties of pyrolysis products produced from both feedstocks as well
as to identify the optimum pyrolysis temperature for obtaining the highest organic
liquid yields. The optimum temperature of a chosen biomass feedstock will be
adopted for the study of catalytic pyrolysis. A total of eight experimental runs were
performed with the two feedstocks and at four different temperatures ranging from
~440°C to ~540°C. The results of mass balance analysis and the properties of the

pyrolysis products from selected runs are discussed below.

7.2 MASS BALANCES

Table 7-1 summarises the mass balances of all the non-catalytic experiments. As can
be seen from the table that the mass balance closures are above 95%, which is within
the acceptable level. The 5% loss is thought to be mainly due to the unidentified and
undetectable permanent gases. This was observed from the presence of certain extra
peaks, which could not be identified in the gas chromatograms. Since the amounts of

loss are in a small range of 3-5%, there is therefore no need for data normalisation.
g

There were two main intended variables among the eight pyrolysis runs, namely the
feedstocks and the pyrolysis temperatures, although the vapour residence time and the
biomass feed rate also vary slightly owing to uncontrollable or fluctuation situations.
It can be seen from Table 7-1 that the rhizome gave higher liquid yields with lower
char and gas yields than the stalk for all reaction temperatures studied. This effect can

be linked to the lower ash content of the rhizome samples as it is known that during
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pyrolysis the inorganic compounds present in biomass in the form of ash can catalyse
biomass decomposition and char-forming reactions, resulting in the reduction of

liquid yields and the formation of char and non-condensable gases [25, 40, 42-45].

In fast pyrolysis of biomass, liquid bio-oil is generally regarded as the main product,
while solid char and permanent gases are valuable by-products. Typically, bio-oils
derived from wood contain 15-30 wt% of water [4]. This water is derived from the
moisture in the biomass feedstock and the water produced during pyrolysis reaction,
which is called “reaction water”. In Table 7-1, only the reaction water is reported and
the non-water part of bio-oil is then referred to as “organics”, which is the desirable
product. It is obvious from the table that CR gave about 2-4% higher organics than CS
for all pyrolysis temperatures, whereas the reaction water yields for both feedstocks

are not significantly different.

When considering the effect of pyrolysis temperature on product yields, it can be
observed for both feedstocks that increasing temperature led to lower char yields and
higher gas yields. This result is in agreement with previous studies [40, 51, 110, 136-
141], in spite of the different biomass types and pyrolysis reactor systems applied.
The reduction of char yields with increasing temperature could be due to greater
primary decomposition of the biomass at higher temperature and/or secondary thermal
decomposition of the char formed before being entrained out of the reaction zone. The
increase of gas yields with increasing temperature is possibly due to a combination of
secondary thermal cracking of the evolved pyrolysis vapours and the char secondary

decomposition.

With regards to the yields of organics, increasing temperature appeared to slightly
increase the yields until reaching a maximum then the further increase led to
decreasing the yields. For cassava stalk and rhizome, the temperatures that gave
highest organics yields were 475°C and 510°C, respectively. However, the difference
of the yields was rather small in the temperature ranges of 475-502°C and 477-510°C
for CS and CR, respectively. Therefore, the optimum pyrolysis temperature suggested
in order to obtain the highest organics yields from the agricultural residues is

490+15°C. In addition, the reaction water yields were found to marginally decrease
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with increasing temperature, indicating that the dehydration reactions taking place

during fast pyrolysis were enhanced at lower temperature.

According to Table 7-1, the gaseous products contain mainly of carbon dioxide and
carbon monoxide with small quantities of hydrogen and C,;-C3; hydrocarbon gases.
Most of the gases identified except hydrogen and propane increased in their mass
yields with increasing temperature. Moreover, Figure 7-1 and Figure 7-2 present the
gas composition in volume %. It can be noticed from the graphs that increasing
pyrolysis temperature led to a decrease in CO, proportion and an increase in CO
proportion for both feedstocks. This is mainly because most of the CO, was already
generated by carboxyl release at a relatively low temperature [141]. In addition, the
secondary thermal cracking of pyrolysis vapours produced CO and hydrocarbon gases
rather than CO, [49]. Hydrogen mass yields and proportions as noticed from Table
7-1, Figure 7-1 and Figure 7-2 appeared to fluctuate within the temperature range
studied. This is owing to the limitation of the GC instrument when experiencing low

H2 concentrations in the product gas.
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Figure 7-1 Composition of gaseous products obtained from fast pyrolysis of cassava
stalk
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Figure 7-2 Composition of gaseous products obtained from fast pyrolysis of cassava
rhizome

7.3 CHARACTERISATION OF BIO-OILS

Various properties of bio-oils produced from fast pyrolysis of cassava stalk and
rhizome using the bench-scale (150 g/h) fluidised-bed reactor unit have been
investigated and compared with literature data for bio-oils produced from wood and
rice straw. These two feedstocks were selected as the former is a typical feedstock for
bio-0il production from biomass fast pyrolysis, whereas the latter is a typical
agricultural residue. The properties studied include water and solids contents, pH
value, basic elemental composition, heating value, molecular weight distribution,
stability and chemical composition by GC/MS analysis. Understanding the basic
properties of bio-oils would be beneficial for identifying their appropriate applications
and for upgrading them. It is important to emphasise that the bio-oils produced in this
work were initially in five fractions as already mentioned in section 6.3 and 6.4.1.4.
Therefore, the proportionate mixtures of all liquid fractions called “Liq” were used as
representative bio-oil samples. It is also imperative to be aware that the mixtures were
dissolved in a solvent, which was absolute ethanol, at a concentration of
approximately 20 wt% organics. Consequently, properties such as water content,

solids content, elemental composition and heating value have been calculated after
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each analysis and reported on solvent-free basis. In the following subsections, all of
the aforementioned properties of bio-oils produced from different feedstocks are

reported and discussed.

7.3.1 Water content

In section 7.2, the yields of reaction water on dry biomass fed basis were discussed.
Certainly the higher the reaction water yields, the higher the water content in the bio-
oils. Water in bio-oils also comes from original moisture in the biomass feedstock.
Water content of bio-oils is one of the factors affecting their quality and use. The
presence of water in bio-oils can be disadvantageous and advantageous. It reduces the
heating value, especially the LHV and flame temperature [4]. On the other hand, it
improves bio-oil flow characteristics by reducing the viscosity. The water also leads
to a more uniform temperature profile in the cylinder of a diesel engine as well as to

lower NO, emissions [4].

The water contents of bio-oils produced from cassava stalk and rhizome samples at
different pyrolysis temperatures are summarised in Table 7-2. Also included in the
table are water contents of wood and rice straw bio-oils. It can be seen from the table
that the temperature had a small influence on bio-oils water contents. Yet, they
seemed to be higher at lower temperature. This is in agreement with a study by Lee et
al [40] where fast pyrolysis of rice straw at different temperatures was investigated.
The water contents of CS and CR bio-oils were in the range of 31-33 wt%, which is
marginally higher than those of typical wood bio-oils. When compared with a selected
agricultural residue (rice straw), the water contents of CS and CR bio-oils appeared to
be in the middle of the range 25-45 wt%. Nevertheless, the water contents of 31-33
wt% can be considered as high and may need to be reduced prior to use. One possible
way to do this is the utilisation of a dehydrating agent such as 3A molecular sieve.
This type of molecular sieve is mainly used to remove moisture in liquid or gaseous
materials. Generally, this molecular sieve is used for the drying of highly polar
compounds like methanol and ethanol. It has previously been used to remove water in
the bio-oils after ethanol addition in order to enhance the esterification reaction [54,

142]. The use of this molecular sieve is technically possible, but may not be
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economically feasible as it requires extra processes such as mixing and separation of
the molecular sieve as well as the regeneration step that undoubtedly needs energy

input to evaporate the adsorbed water.

Table 7-2 Water and solids contents of bio-oils produced from different feedstocks

Vesistock Test Pyrolysis Water content  Solids content
name temperature, °C (wt %) (wt%)
AP14 437 33.03 4.16
Cassava AP12 475 33.04 3.01
stalk AP10 502 30.87 1.48
AP13 526 31.62 5.60
AP15 443 33.39 3.52
Cassava AP17 477 31.60 313
rhizome AP11 510 31.33 4.03
AP16 537 31.43 3.98
Wood Ref [4] N/A 15-30 0.2-1
Rice straw Ref [40] 412-598 25-45 0.1-3

A more promising route to lowering the amount of water in bio-oils has been
proposed by Oasmaa et al [58]. The method was primarily developed for improving
the storage stability of bio-oils without significantly decreasing their flash point. The
technique includes the removal of water together with light reactive volatiles by
increasing the condenser temperature to 50+4°C followed by the addition of alcohol
to improve the viscosity and stability of the bio-oils. It was found that the water
content of bio-oils from forestry residue feedstock could be decreased from 15-30
wt% to 4-5 wt% [58]. In fact, by using this method the water and low boiling point
organic compounds were shifted from the primary bio-oil collection container to
another one, just like the Oil Pot 2 and Pot 3 in this project. It is important to note that
the water contents of CS and CR bio-oils displayed in Table 7-2 are the calculated
values of all liquid fractions obtained. Since it was not possible to control the
temperature and flow rate of the cooling water in the water condenser, the proportions
of water in the primary liquid collector Oil Pot 1 varied among different pyrolysis
runs. Therefore, to obtain the values of water contents that can be reasonably used to
compare among different runs with different feedstocks and different pyrolysis
conditions, the only calculated values of all fractions are reliable and have been used.

However, in commercial-scale pyrolysis plants where temperature control of the
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condenser is possible, the water collected by the Oil Pot 2 and Oil Pot 3 could be
excluded from the main bio-oil product, which would result in the water contents of
18.29% and 17.61% for CS (AP12) and CR (AP17) bio-oils, respectively. Because the
Pot 2+3 oils contain mostly water (~72 wt% water content) and very low organic
liquid, when excluding these fractions from the main bio-oil fraction, the decrease of

the organics yield would be only 0.5 wt%, which is negligible.

7.3.2 Solids content

Another component of bio-oil known to affect its properties is suspended solid
particles. The solids present in bio-oil can cause erosion and blockages to equipment
such as nozzles, valves and pumps, if bio-oil is to be utilised for generation of heat
and power via boilers, engines or gas turbines [31]. Additionally, the inorganic
compounds present in the solids are important to bio-oils ageing characteristics as
they appear to catalyse polymerisation reactions during storage, leading to viscosity
increases and growth in the apparent diameter of the suspended char [3]. Accordingly,

bio-oil with lower solids content is generally preferred.

The solids contents of CS and CR bio-oils produced with different pyrolysis
temperatures along with those of wood and rice straw oils from literature data are
presented in Table 7-2. It can be seen that there is no relationship of the solids
contents of CS and CR oils with pyrolysis temperature. They actually fluctuated in the
range of 1.5-5.6 wt%. When compared with wood and rice straw feedstock, the
agricultural residues from cassava plants gave rather high solids contents. One
explanation for this is that the solids contents measured in this work included those of
the sticky liquid on the wall surface of the water condenser and ESP after vigorous
washing with ethanol solvent in order to get all organic fractions. It was also observed
at the entrance of the water condenser that there was a significant amount of solid
deposited. This solid did not look like normal char particles, but rather looked like
sticky solid gum. If considering only the solids in Pot 1 oils, results showed that the
solids contents were between 0.3 and 1.0 wt%, which is in the similar range of those

of wood bio-oils.
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Solids in bio-oils are composed of char fines entrained out of the cyclone and the
secondary char formed by secondary reactions of pyrolysis vapours such as
repolymerisation and recondensation. The reason why the char fines can escape the
cyclone is because of their very small particles (less than about 10 um in diameter)
and the gas stream velocity in the cyclone is not high enough to separate these small
solid particles. The problem cannot be efficiently solved by increasing the carrier gas
velocity as doing this would require more energy to heat up the gas and would be
more difficult to condense the pyrolysis vapours. Once the solids are in bio-oils, it is
difficult to remove by liquid filtration because of the highly viscous nature of bio-oils.
Nevertheless, by introducing a hot vapour filter prior to condensation units, the

amounts of solids in bio-oils would be substantially reduced.

The solids content of bio-oil may not be an important issue, if the end product is a
mixture of bio-oil and solid char in the form of slurry. This slurry which contains
about 90% of energy from biomass could be used as a feedstock for gasification
process to produce syngas or producer gas. In addition, the slurry is commercially
known as BioOil Plus™ from Dynamotive Energy Systems Corporation, which can

be used as fuel in boilers.

7.3.3 Elemental composition, heating value and pH

The basic elemental compositions of selected CS and CR bio-oils are listed in Table
7-3 in comparison with literature data of different bio-oils. The percentages of carbon,
hydrogen and oxygen of CR oils were similar to those of wood bio-oil, whereas CS
bio-oils appeared to have lower carbon and hydrogen contents and higher oxygen
content than CR bio-oils. With regards to nitrogen contents, both bio-oils produced
from CS and CR had higher proportion than typical wood bio-oil. The higher nitrogen
content in the CS and CR bio-oils may be due to the higher quantity of protein in the
original biomass feedstock. The presence of nitrogen compounds can be a drawback
when burning bio-oils because of the high potential for NO, emissions. This problem
may be prevented by pre-treatment of biomass prior to pyrolysis. The pre-treatment
can be either washing with distilled water or with dilute acid solution. It was found by

Lee et al [40] that nitrogen content of rice straw decreased from 1.60 wt% to 0.01
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wt% after washing with distilled water. The pre-treatment also removed some alkali

metals such as sodium and potassium that are known to have catalytic effect during

pyrolysis.

Table 7-3 Elemental composition, heating value and pH of bio-oils produced from
different feedstocks

Foedstock Ca'ssava Cassava Wood Rice
rhizome stalk straw
Test name/Reference AP17 AP12 [4] [40]
Elemental composition
(wt%, dry basis)
Carbon 53.09 51.54 54-58 -
Hydrogen 7.27 4.62 5.5-7.0 -
Nitrogen 0.81 0.69 0-0.2 -
Oxygen (by difference) 38.59 43.05 35-40 -
Ash 0.23 0.11 0-0.2 0.10
Heating value (MJ/kg)
HHYV, wet basis 15.80 12.70 16-19 17.3
HHYV, dry basis 23.10 18.97 23 [41] -
LHYV, wet basis 13.94 11.22 - -
LHYV, dry basis 21.51 17.96 - -
pH
Pot 1 oil 3.26 3.04 25 4.2
Pot 2+3 oil 2.53 2.73 - -

When comparing the elemental compositions of liquid bio-oils derived from cassava
stalk and rhizome with their original biomass compositions (see chapter 4), it is
evident that they are very similar. On elemental composition basis, the bio-oils differ
significantly from petroleum oils, which contain mainly of hydrogen and carbon with
very small quantity of oxygen. The oxygen in bio-oils exists in a variety of functional
groups such as hydroxyl, carboxyl, carbonyl and oxy groups (see section 7.3.5 for
details). It is the presence of oxygen that is responsible for certain unfavourable
properties of bio-oils such as low heating value and instability. Therefore, bio-oils
should be upgraded by catalytic deoxygenation in order to improve their heating

values and stability.

The heating values of CS and CR bio-oils are shown in Table 7-3. It was found that

the heating value of CR bio-oil was higher than that of CS oil. This is not surprising
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as the oxygen content of CR pyrolysis liquid is lower than that of CS oil. This finding
is consistent with the results obtained in chapter 4 where the heating value of CR
biomass was discovered to be higher than that of CS biomass. In comparison with
wood and rice straw bio-oils, CS and CR bio-oils had lower HHV (wet basis). This is
due to the higher oxygen and water contents of CS and CR oils. Nevertheless, on dry
basis the HHV of CR bio-oil was found to be comparable to that of wood, suggesting
that the main difference is derived from the water content. According to the bio-oils
heating values and their yields, the energy recovered in the form of liquid CS and CR

bio-oils was calculated to be approximately 60% of the biomass energy input.

The pH values of fractions of pyrolysis liquids derived from cassava stalk and
rhizome are displayed in Table 7-3. It was found that the Pot 2+3 oils were more
acidic than the Pot 1 oils. Since the CR Pot 1 oil had higher pH than the CS Pot 1 oil
and the CR Pot 2+3 oil had lower pH than the CS Pot 243 oil, it was not possible to
come to a conclusion that which bio-oil is more acidic according to the available data.
Nonetheless, it is logical to conclude that both CS and CR oils having pH around 2-3
were acidic. This is actually typical of fast pyrolysis liquids as can be seen that the pH
values of wood and rice straw bio-oils are 2.5 and 4.2, respectively. The low pH
values of bio-oils are caused by the presence of carboxylic compounds such as formic
and acetic acids in large proportion. The pH value is one of the important bio-oils
properties as it is an indicator of their corrosiveness. The acidic properties of bio-oils
can cause corrosion of vessels and pipework. A solution suggested by Bridgwater et al
[143] when dealing with the corrosive bio-oil is to carefully select appropriate
materials. Examples of acceptable materials are stainless steel and some olefin

polymers.

7.3.4 Molecular weight distribution and stability

The molecular weight distribution of samples was determined by the gel permeation
chromatography (GPC) technique as described in section 6.4.1.6. In order to test the
reproducibility of the GPC results, a selected Pot 1 oil sample was analysed three

times and the distribution curves are illustrated by Figure 7-3. It is obvious from the
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graphs that they are nearly identical with the average molecular weight (Mw) in the

range of 348-352 g/mol.
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Figure 7-3 Reproducibility of GPC analysis

The different fractions of bio-oils derived from fast pyrolysis of cassava stalk and
rhizome were analysed for their molecular weight distributions. The results for the
weight average molecular weight (Mw), number average molecular weight (Mn),
molecular weight at highest peak (Mp) and polydisperisty (PD) are summarised in
Table 7-4. It is apparent from the table that the fresh pyrolysis liquid fractions derived
from cassava rhizome had higher average molecular weights than the CS liquids.
When combining these results with the water and solids contents of AP12 and AP17
bio-oils (Table 7-2), it is predicted that the CR bio-oil would have higher initial
viscosity than the CS bio-oil as the former had higher molecular weight, lower water
content and slightly higher solids content. The average molecular weights (Mw and
Mn) of Pot 1 oils appeared to be higher than those of CondEP fractions (a
proportionate mixture of washing liquids from the condenser and ESP) for both
feedstocks. This is somewhat surprising as it was expected that the sticky liquids on
the walls of condenser and electrostatic precipitator that were washed out by ethanol
would have higher molecular weight than the Pot 1 oils. There are two possible

explanations of the unexpected results. Firstly, the organic liquids left in water
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condenser and ESP walls were mixed immediately with ethanol after the production
and it is known that the addition of alcohol to bio-oils can slow down their ageing
process [32] together with the fact that all liquid fractions were subjected to GPC
analysis after about 4-5 hours of production. Consequently, the Mw increase during
the 4-5 hours of the CondEP liquids was significantly lower than those of the Pot 1
oils, thus leading to the low average molecular weights. This explanation is based on
an assumption that the difference between the molecular weights of the freshly
produced CondEP liquids and Pot 1 oils is smaller than the molecular weight changes
within 4-5 hours after production. Another possible explanation is that the Pot | oils
contained larger proportion of heavy compounds that were in the form of aerosols
than the mixture of liquids from the water condenser and the ESP. It was observed
after starting pyrolysis runs for about 20-25 minutes that part of the liquid condensed
by the water condenser could not flow down to the Oil Pot 1 due to the partial
blockage by solid deposition. As a consequence, only the aerosols could pass through
the small gap to the ESP, while leaving the condensed liquid of lower molecular

weight remained in the condenser.

Table 7-4 Average molecular weight of pyrolysis liquid fractions produced from fast
pyrolysis of cassava stalk and rhizome

Test name AP12 AP17
Feedstock Cassava stalk Cassava rhizome
Molecular weight” (g/mol) Pot1oil ~ CondEP®  Potloil  CondEP
Mw 369 354 387 372
Fresh® Mn 247 248 260 251
Mp 172 215 168 204
PD 1.49 1.42 1.49 1.48
Mw 778 623
4 Mn 347 324
Aged Mp 172 ND 168 ND
PD 2.24 1.92
_Stability (g/mol-day) 1.12 N/A 0.65 N/A

"Mw, Mn, Mp and PD refer to weight average molecular weight, number average molecular weight,
molecular weight at highest peak and polydispersity, respectively.

"CondEP represents a proportionate mixture of ethanol washing liquid from the water condenser and
electrostatic precipitator.

‘Fresh samples were measured 4-5 hours after production.

dAged samples were bio-oils stored at accelerated ageing conditions (at 80°C for 24 hours)
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Because each fraction of pyrolysis liquid exhibited different molecular weight
distributions, a proportionate mixture of all fractions (Liq) obtained from the AP17
test was then analysed in order to obtain a global average molecular weight. The result
is compared with Pot 1 oil and CondEP in Figure 7-4. It can be seen that the
molecular weight distribution curve of the Liq sample lies between those of Pot 1 oil
and CondEP. Accordingly, the Mw of the Liq sample (385 g/mol) is in between those
of Pot 1 oil (387 g/mol) and CondEP (372 g/mol). In order to compare the Mw of bio-
oils from different runs, mixtures of all liquid fractions should be analysed. Since this
was not realised during the analysis of AP12 samples, the data for AP12 Liq was then
not available. Nonetheless, it is fortunate that both fresh Pot 1 oil and CondEP
fractions from AP12 and AP17 runs showed the Mw and Mn in the same direction,
thus making it possible to conclude that the initial molecular weight of the CR bio-oil

was higher than that of the CS bio-oil.

2.00
CR CondEP (Mw = 372
1.75 / _ ( )
CR Liq (Mw = 385)
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Figure 7-4 Molecular weight distributions of different pyrolysis liquid fractions
derived from fast pyrolysis of cassava rhizome

As the Liq samples consisted of approximately 80 wt% of ethanol, the effect of
ethanol addition on molecular weight distribution was then investigated. A randomly
selected Pot 1 oil sample together with its mixture with 80 wt% of ethanol were
analysed and the result is illustrated by Figure 7-5. It was found that immediately after

mixing bio-oil with ethanol the average molecular weight was slightly increased. It is
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believed that some reactions occurred within the mixture, causing the molecular
weight increase. These reactions would be beneficial in a longer term for slowing
down the bio-oil ageing process as it was shown by previous studies [3, 32, 54, 57,
58] that adding a small amount of alcohol (5-10%) could improve the bio-oil stability

significantly.
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Figure 7-5 The effect of 80% ethanol addition on molecular weight of Pot 1 oil
derived from cassava rhizome

Another parameter obtained from the GPC analysis and used for determining the
molecular homogeneity of a liquid sample is referred to as polydispersity (PD). It is
calculated as the ratio of weight average molecular weight to number average
molecular weight (Mw/Mn). The PD is always equal to or more than 1. The high
value of PD means the low molecular homogeneity. The PD values of CS and CR
liquid fractions are presented in Table 7-4. It is evident that the polydispersity indices
of all fresh liquids were similar and in the range of 1.42-1.49. Hence, the Initial
molecular homogeneity of bio-oils produced from the stalk and the rhizome is more

or less the same.

In order to assess the stability of CS and CR bio-oils, two liquid samples, namely
API12 (CS) and AP17 (CR) Pot | oils, were subjected to accelerated ageing test at
80°C for 24 hours, which is roughly equivalent to storage at room temperature for 1

year [5]. The samples after ageing were then analysed for their molecular weight
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distributions. The results in comparison with those of the fresh liquid samples are
depicted by Figure 7-6, whereas their average molecular weights (Mw, Mn, Mp) and
polydispersity indices are presented in Table 7-4. It can be seen that the average
molecular weights (Mw and Mn) increased considerably after ageing for both bio-oil
samples, while the molecular weights at highest peak (Mp) were exactly the same as
before ageing. The Mw were increased from 369 to 778 g/mol for CS Pot 1 oil and
from 387 to 623 g/mol for CR Pot 1 oil, whereas the Mn were increased from 247 to
347 g/mol for CS Pot 1 oil and from 260 to 324 g/mol for CR Pot 1 oil. The increases
in the Mw and Mn of CS Pot 1 oil appeared to be greater than those of CR Pot 1 oil.
In addition, the polydispersity indices were raised from 1.49 to 2.24 and from 1.49 to
1.92 for CS and CR Pot 1 oils, respectively. This means that after 1 year of storage the
CS oil would have less molecular homogeneity than the CR oil. According to Figure
7-6, it can be observed that after ageing the portions of compounds with Mw lower
than ~400 g/mol were reduced simultaneously with the increases in the portions of
compounds having Mw higher than ~400 g/mol.

2.25
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175 1

fEg L.~ ud CRON ™\
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0.50
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0.00

/ Fresh CS Oil

Fresh CR Oil

~ Aged CS Oil
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10 100 400 1000 10000
Molecular Weight (g/mol)

Figure 7-6 Molecular weight distribution of fresh and aged bio-oils derived from
cassava stalk (CS) and cassava rhizome (CR) (Pot 1 oils from AP12 and AP17)

Based on the Mw data of the fresh and aged bio-oils produced from both feedstocks,
stability indices were calculated and the results are shown in Table 7-4. It is clear that

the CR oil was more stable that the CS oil. Although the initial molecular weight of
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the CR oil was higher than that of the CS oil, after ageing the molecular weight of the
CR oil was much lower than that of the CS oil.

To investigate the effect of pyrolysis temperature on the average molecular weight of
bio-oil, Pot 1 oil and CondEP samples produced from pyrolysis of a selected
feedstock, cassava rhizome, at different temperatures were subjected to GPC analysis.
The resultant weight average molecular weights (Mw) were plotted against pyrolysis
temperature as shown by Figure 7-7. It was found that as pyrolysis temperature was
increased, the Mw of both fractions tended to increase. It is therefore logical to
conclude that fast pyrolysis of cassava rhizome has a high tendency to give liquid
products with higher Mw at higher pyrolysis temperature. There are three possible
explanations for this phenomenon. First, part of the biomass components that is more
difficult to degrade at low temperature such as lignin could be given off at higher
temperature, which can contribute to the higher molecular weight compounds.
Second, the high pyrolysis temperature led to the increase in the production of highly
reactive radicals/compounds that could be involved in the polymerisation reactions
upon condensation, resulting in the formation of high molecular weight compounds.
Third, when increasing pyrolysis temperature from 443°C to 537°C, the vapour
residence time was reduced from 0.86 to 0.68 seconds (see Table 7-1). Consequently,
at higher temperature or lower vapour residence time, the chances of secondary
vapour cracking are less than the runs with longer vapour residence time, leading to
the higher Mw. An opposite trend of the current finding was observed for the liquid
bio-oils from fast pyrolysis of rice husks at pyrolysis temperature range of 400-600°C
[73], whereas the molecular weight of liquids derived from rapid pyrolysis of beech
wood [42] and a mixture of waste wood shavings [51] appeared to be relatively
constant with the temperature range studied (400-1100°C for the beech wood and
400-550°C for the wood mixture). It is therefore difficult to draw a general conclusion
regarding the effect of pyrolysis temperature on Mw of bio-oils as there may be other
factors that concurrently influence the Mw such as vapour residence time and biomass
components, especially the lignin and ash content as well as the ash composition. An
example of the effect of ash content, or specifically metal content, on Mw of pyrolysis
liquid can be seen from a study by Nik-Azar et al [42]. The authors found that the tar
(liquid) average molecular weight decreased with the addition of potassium, sodium

and calcium cations onto wood samples.
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Figure 7-7 The effect of pyrolysis temperature on the average molecular weight of
bio-oils derived from cassava rhizome

7.3.5 GC/MS analysis

Gas chromatography/mass spectrometry (GC/MS) technique was applied to the
analysis of liquid products obtained from fast pyrolysis experiments. The purpose of
GC/MS analysis was to identify and semi-quantify the chemical compounds present
in different fractions of bio-oils produced from different biomass feedstocks. In
addition, the changes in chemical composition of the CS and CR bio-oils during

ageing were investigated.

The compounds identified including their retention times (R/T), molecular formulad,
molecular weights (MW), origins and groups are provided in Table 7-5. Since bio-oil
1s a mixture of thermal degradation products of biomass that contains cellulose,
hemicellulose and lignin building blocks, the compounds found in bio-oil are mostly
oxygenated with small number of hydrocarbons. The large number of oxygenated
species identified is consistent with the high oxygen content of the CS and CR bio-

oils (39-43 wt%, dry basis), according to the elemental analysis (section 7.3.3).
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These oxygenated compounds are in the group of aldehydes, ketones, furans, esters,
alcohols, carboxylic acids, sugars and phenolics (phenols, guaiacols and syringols).
The hydrocarbons identified from the CS or CR bio-oils are benzene (ID#8), toluene
(ID#14), octane (ID#15), styrene (ID#24), 3-methylindene (ID#42), naphthalene and
its methyl-substituted derivatives (IDs#47, 60 and 63), biphenyl (ID#57), 9-
methylfluorene (ID#74). Nearly all of them are aromatic and they are believed to
originate from the lignin macro-polymer. From Table 7-5, the heaviest molecule that
could be identified from the GC/MS instrument was acetosyringone (ID#78) with
molecular weight of 196.20 g/mol. In fact, the bio-oils also contain significant amount
of molecules with molecular weight higher than that of acetosyringone as it has been
found from the GPC analysis that the average molecular weight (Mw) of CS and CR
bio-oils were in the range of 354-387 g/mol (section 7.3.4). Moreover, the Mw of
certain molecules present in Pot 1 oils was found to be even higher than 2000 g/mol
for fresh oils and higher than 6000 g/mol for aged oils (see Figure 7-6). This implies
that not all molecules in the bio-oils could be identified by the GC/MS technique.
Actually, the large molecules could not be eluted due to their low volatility. Oasmaa
and Meier [144] mentioned that the GC-eluted part of pyrolysis liquid is typically 25-
40 wt% of wet liquid and about 70-90 % of the eluted fraction can be identified. The
non-eluted fraction could be the tri- and tetramer of lignin and some heavy non-
volatile sugar molecules. When considering the minimum molecular weight of
molecules that could be detected by the GPC technique, it can be seen that the
compounds with Mw lower than 100 g/mol were not taken into account. This is due to
the detection limit of the existing instrument. Therefore, the GC/MS analysis would
be useful for fulfilling the gap, as it can detect the compounds of very low Mw such

as acetaldehyde, furan, etc.

In order to investigate the difference in chemical composition of different fractions of
bio-oils (Pot 1, Pot 2+3 and CondEP) and bio-oils produced from different feedstocks
(cassava stalk and rhizome), a total of 12 liquid samples from four pyrolysis runs
were subjected to the GC/MS analysis. The integrated area data of all identified peaks
expressed as percentages of total peak areas are summarised in Table 7-6. The CS#1
and CS#2 samples were derived from fast pyrolysis of cassava stalk at 475°C and
502°C, respectively. The CR#1 and CR#2 samples were produced from fast pyrolysis

of cassava rhizome at 476°C and 510°C, respectively. It can be seen from the table
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that not all compounds were present in all fractions. For example, butanal (ID#3)
existed only in Pot 2+3 fractions. To see the presence and absence of individual
compounds in each liquid fraction more clearly, a Venn diagram for the compound
distribution is presented in Figure 7-8. It is obvious from the diagram that the majority
of compounds are present in either all fractions (up to 25 compounds) or only Pot 1
and CondEP fraction (up to 37 compounds). There are 6 compounds found only in Pot
1 fraction, namely styrene (ID#24), acetophenone (ID#39), naphthalene (ID#47),
bipheny! (ID#57) and dimethyld naphthalene (IDs#60 and 63). It can be observed that
all of them are aromatic. The chemical species present only in Pot 2+3 fraction are
butanal (ID#3), benzene (ID#8), 2-butenal (ID#10) and octane (ID#15). These
chemicals could not be condensed by the water condenser or captured by the
electrostatic precipitator, but they were condensed by the series of two dry-ice/acetone
condensers. Nevertheless, it was believed that there were still some volatiles that
could escape the dry-ice condensers and cotton wool filter to the gas stream, leading
to the loss in mass balance closure. It was reported by Tsai et al [110] that a portion of
light organic volatiles generated from biomass pyrolysis could escape a condensation
train being kept at -10°C as the authors could identify BTX (benzene, toluene and
xylenes), styrene and 2-methyl furan in the pyrolysis gas products. This indicates the
importance of condensation efficiency because a loss of valuable chemicals such as
BTX could occur. The compounds found only in CondEP fraction were ethyl acetate
(ID#4) and 3-methylindene (ID#42). The existence of ethyl acetate was due to the
esterification of ethanol (used as washing liquid) and acetic acid (a thermal

degradation product of hemicellulose).

In general, the Venn diagram illustrates that all pyrolysis liquid fractions obtained
from the 150 g/h fluidised-bed reactor unit are chemically different. Hence, it may not
be logical to perform testing on physical or chemical properties of only one or two

fractions of bio-oils.
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Pot 2+3

1-2,5,9, 12, 13,
19, 20, 22-23,

26, 28-31, 33-34,
36-37, 40-41, 43,
51. 56. 64

(25]

6,11,17,
21, 27, 32,
35, 38, 44-
46, 48-50,
52-55, 58-
59, 61-62,
65-79

37]

CondEP

Figure 7-8 A Venn diagram showing the distribution of chemical compounds present
in each fraction of CS and CR bio-oils (the figure in [ ] is the total number of
compounds in each section)

The Venn diagram can only display the presence and absence of each compound, but
cannot show that which compounds are predominantly present in which fraction. For
instance, although acetaldehyde (ID#1) existed in all liquid fractions, according to
Table 7-6 its concentration was predominantly high in Pot 2+3 fraction. As a
consequence, the percentage data of all chromatographic peak areas from Table 7-6
were subjected to a statistical analysis. A principal component analysis (PCA) model
was established based on all liquid fractions and all compounds. The resultant score
and loading plots of PC1 and PC2 are presented in Figure 7-9. It can be seen from the
score plot (Figure 7-9 (a)) that the first two principal components (PC1 and PC2),
which explained 54 % of the total variance separate the samples into three groups
according to their fractions. This indicates that the difference in chemical composition

of the three fractions is much greater than that of the feedstocks (CS and CR).
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Figure 7-9 Score (a) and loading (b) plots of PC1 and PC2 for model with all liquid

fractions and all compounds
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When considering the score plot (Figure 7-9 (a)) together with its corresponding
loading plot (Figure 7-9 (b)), it is apparent that the compounds predominantly existed
in Pot 2+3 fractions were of IDs#1, 3, 5, 7, 8, 10, 13-16, 18, 22, 29-30, 33 and 37.
These compounds are mainly low molecular weight aldehydes, ketones, furans and
some low boiling point hydrocarbons such as benzene, toluene and octane. It can also
be observed that most of them are derived from carbohydrate fraction of the original
biomass. These compounds were difficult to condense at room temperature. The use
of dry-ice/acetone condensers was therefore beneficial for their collection. The
chemical species that are characteristic of the CondEP fraction (predominantly present
in this fraction) include IDs#2, 4, 26-27, 32, 34-36, 38, 40-41, 52-54, 58-59, 61-62,
65, 68-69, 71-73 and 75-78. For Pot 1 fraction, the compounds present in statistically
high proportion are IDs# 6, 9, 11, 20-21, 23, 25, 44-50, 55-57, 60, 63 and 66-67. It
can be noticed that the CondEP and Pot 1 fractions contained the compounds that are
derived from the fragmentation and depolymerisation of both carbohydrate (cellulose

and hemicellulose) and lignin parts of the biomass feedstocks.

According to the first two principal components (Figure 7-9), it is not possible to
distinguish the bio-oils produced from the two different feedstocks. Consequently, the
third principal component was included in the analysis and the score and loading plots
of PCI and PC3 are depicted in Figure 7-10. It is obvious from Figure 7-10 (a) that
there are two clusters of samples separated by the PC1. These clusters are CondEP
and Pot 2+3 samples. According to the PC3 along the y-axis of Figure 7-10 (a), it was
surprisingly found that the difference in chemical composition of the Pot 1 samples
was not related to the difference in the biomass feedstocks, but rather the difference in
the pyrolysis temperatures. The Pot 1 samples on the positive PC3, CS#1 Potl and
CR#1_Potl were produced at pyrolysis temperatures of 475°C and 476°C,
respectively, whereas the samples on the negative PC3, CS#2 Potl and CR#2 Potl
were produced at higher pyrolysis temperature of 502°C and 510°C, respectively.
Based on the statistical analysis of the first three principal components, which
explained 66% of the total variance, it is logical to conclude that the bio-oils derived
from cassava stalk and rhizome were chemically similar if they were produced at
similar pyrolysis temperature, whereas the three fractions of the liquid products
apparently differed in chemical composition. It is therefore suggested that if the bio-

oils produced from different runs using the 150 g/h rig are to be comparatively
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investigated, all liquid fractions or their proportionate mixtures must be carefully

taken into account.
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Figure 7-10 Score (a) and loading (b) plots of PC1 and PC3 for model with all liquid
fractions and all compounds
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To study the effect of ageing on chemical composition of bio-oils, three fresh Pot 1
samples (CS#1, CR#3 and CR#4) were aged by heating at 80°C for 24 hours. A total
of six samples were then analysed by GC/MS method. The percentages of
chromatographic peak areas for all samples are listed in Table 7-7. It can be observed
from the table that a number of compounds disappeared after ageing. Theses
compounds included 3-butanone (ID#6), 3-pentanone (ID#7), 2-cyclopentene-1,4-
dione (ID#31), dimethyl naphthalene (ID#60), resorcinol (ID#70), 4-methyl-1,2-
benzenediol (ID#71), 9-methyl fluorene (ID#74), acetosyringone (ID#78) and 1,6-
anhydro-3-d-glucofuranose (ID#79). Among the compounds, only 2-cyclopentene-
1,4-dione (ID#31) and acetosyringone (ID#78) existed in all fresh samples. The
compounds disappeared after ageing arc believed to be involved in the ageing
reactions. Nevertheless, there are still a large number of compounds that may be
involved in the reactions and decreased in their concentration rather than
disappearing. To monitor compounds that decreased in their proportion at a
statistically significant level, a PCA model was established with all fresh and aged
samples and all identified compounds based on the data from Table 7-7. The obtained
score and loading plots of PC1 and PC2 are presented in Figure 7-11. It can be seen
from the score plot (Figure 7-11 (a)) that the first principal component is responsible
for the difference in ageing, whereas the second principal component distinguishes the
bio-oils according to their original biomass feedstocks. This implies that the
difference in chemical composition of the fresh and aged samples is larger than that of
the CS and CR bio-oils as the PCI1 explained 38% of the total variance, while the PC2

described only 30% of the total variance.

Furthermore, the compounds that are characteristic of fresh oils no matter what
biomass feedstock was used can be noticed from the IDs sitting on the negative
position of the PC1 with small influence from the PC2 (group I in Figure 7-11 (b)).
These compounds are hydroxyacetaldehyde (ID#9), 3-hydroxypropanal (ID#20), 2-
cyclopentene-1,4-dione (ID#31), 3-methyl-cyclopentanone (ID#32), methyl 2-furoate
(ID#44), 2-methyl phenol (ID#45), maltol (ID#46) and 4-vinylguaiacol (ID#56).

Moreover, the compounds in group II and III (Figure 7-11 (b)) decreased in their

proportion upon ageing, although less statistically significant. It was also reported in
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Table 7-7 Chromatographic peak area percentages of the compounds identified from
fresh and aged Pot 1 oils

% Peak Area
Peak ID CS#1* CR#3" CR#4"

Fresh Aged Fresh Aged Fresh Aged

1 0.23 0.22 0.23 0.27 0.92 0.31
2 0.55 0.01 - 1.80 0.24 0.01 0.02
3 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00
5 0.41 0.69 0.45 0.45 0.45 0.38
6 0.08 0.00 0.00 0.00 0.00 0.00
7 0.49 0.00 0.14 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00 0.00 0.00
9 4.65 2:25 3.53 0.00 2.95 0.00
10 0.00 0.00 0.00 0.15 0.00 0.00
11 0.28 0.41 0.20 0.00 0.20 0.12
12 13.15 38.51 18.02 37.56 18.86 36.48
13 13.40 23.92 8.94 22.29 13.89 19.99
14 0.00 0.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00
16 0.34 0.16 0.15 0.05 0.25 0.00
17 0.08 0.35 0.14 0.16 0.15 0.22
18 0.04 0.08 0.04 0.06 0.04 0.00
19 0.53 1.08 0.25 0.61 0.36 0.63
20 10.53 4.60 6.83 0.97 7.80 0.97
21 0.55 0.46 0.07 0.42 0.00 0.39
22 2.01 342 2.25 0.00 0.18 0.07
23 4.30 2.36 0.25 0.04 0.79 0.00
24 0.00 0.00 0.00 0.00 2.62 0.00
25 0.00 0.00 0.00 2.82 3.09 2.78
26 0.19 0.18 0.21 0.19 0.28 0.19
27 0.61 0.00 0.92 0.13 0.70 0.07
28 1.14 1.30 1.26 1.22 1.57 1.29
29 1.16 1.54 0.81 0.56 0.87 0.68
30 0.11 0.22 0.12 0.23 0.13 0.28
31 0.78 0.00 0.32 0.00 0.26 0.00
32 3.60 0.59 325 0.00 2.83 0.48
33 0.15 0.22 0.20 0.19 0.25 0.25
34 0.24 0.39 0.25 0.33 0.32 0.43
35 0.50 1.01 0.60 1.36 0.67 121
36 1.60 1.91 2.09 2.51 2.09 2.39
37 0.29 0.33 0.30 0.34 0.54 0.37
38 2.40 2.66 3.17 4.62 2.62 4.54
39 0.09 0.10 0.00 0.13 0.44 0.15
40 0.55 0.66 0.65 1.21 0.79 1.07
41 2.08 3.21 2.78 5.06 2.96 4,95
42 0.00 0.00 0.00 0.00 0.00 0.00
43 0.43 0.11 0.17 0.21 0.15 0.20
44 0.37 0.00 0.19 0.00 0.04 0.07
45 0.98 0.00 0.45 0.00 0.35 0.57
46 1.92 0.75 1.61 0.65 1.22 0.65
47 1:25 0.09 0.00 0.03 0.09 0.21
48 1.36 0.39 0.41 0.51 0.66 0.80
49 0.60 0.14 0.00 0.44 0.35 0.46
50 1.11 0.28 0.33 0.51 0.40 042
51 227 1.15 5.56 3.24 3.29 3.29
52 0.25 0.00 0.53 0.37 0.27 0.36
53 0.08 0.00 0.11 0.10 0.05 0.10

141




Table 7-7 (Continued)

[ % Peak Area
Peak ID CS#1° CR#3" CR#4¢
Fresh Aged Fresh Aged Fresh Aged
54 0.68 0.26 1.29 0.84 0.97 0.96
55 6.40 0.26 0.80 0.04 0.65 0.63
56 5.83 0.17 4.18 0.03 3.17 0.16
57 0.00 0.00 0.00 0.00 0.00 0.00
58 0.47 0.46 0.76 1.01 0.99 121
59 0.19 0.00 0.27 0.37 0.43 0.34
60 0.22 0.00 0.00 0.00 0.04 0.00
61 0.50 0.11 1.02 0.13 0.73 0.24
62 1.17 1.00 1.71 1.73 1.50 1.95
63 0.06 0.00 0.27 0.08 0.06 0.08
64 1.51 0.15 0.53 0.50 0.18 1.71
65 0.00 0.15 3.30 1.25 4.03 0.00
66 0.42 0.28 0.78 0.68 0.82 0.91
67 0.00 0.22 0.77 0.44 0.92 0.66
68 0.00 0.23 0.79 0.34 0.95 0.39
69 0.09 0.00 0.12 0.00 0.04 0.05
70 0.10 0.00 0.00 0.00 0.00 0.00
71 0.12 0.00 0.23 0.00 0.00 0.00
72 0.23 0.13 0.46 0.29 0.40 0.44
73 0.20 0.13 0.40 0.25 0.33 0.30
74 0.00 0.00 1.53 0.00 0.00 0.00
75 2.83 0.54 8.86 1.46 5.51 1.66
76 1.04 0.13 1.69 0.29 1.20 0.44
77 0.14 0.00 0.34 0.03 0.20 0.04
78 0.09 0.00 0.17 0.00 0.11 0.00
79 0.00 0.00 0.13 0.00 0.00 0.00
Total 100.00 100.00 100.00 100.00 100.00 100.00

* CS#1 represents bio-oils produced from fast pyrolysis of cassava stalk at 475°C (Test AP12 )
® CR#3 represents bio-oils produced from fast pyrolysis of cassava rhizome at 443°C (Test AP15 )
© CR#4 represents bio-oils produced from fast pyrolysis of cassava rhizome at 477°C (Test AP17 )

the literature [5, 32] that hydroxyacetaldehyde (ID#9) was one of the main
compounds decreased in concentration during ageing. In addition, Oasmaa and
Kuoppala [5] revealed the similar finding to the current results that the amounts of 4-
vinylguaiacol (ID#56) and 5-(Hydroxymethyl)-2-furfural (ID#61, Group II) decreased
during storage. According to the present results together with certain supports from
literature data, it can be therefore deduced that the compounds present mainly in the
fresh oils rather than the aged oils, especially in group I of Figure 7-11 (b), were
highly reactive and could be involved in ageing reactions, leading to the unstable
nature of bio-oils produced from cassava stalk and rhizome. Therefore, removing,
reducing or transforming these compounds would be advantageous for improving bio-
oils stability. This can be achieved by catalytic upgrading of either the liquid bio-oil

or the pyrolysis vapour prior to condensation.
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Figure 7-11 Score (a) and loading (b) plots of PC1 and PC2 for model with fresh and
aged Pot 1 oils and all compounds
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7.4 CONCLUDING REMARKS

The study of non-catalytic fast pyrolysis of stalk and rhizome of cassava plants was
reported in this chapter. It was found that the organics yield of cassava rhizome was
slightly higher (~2-4 wt%) than that of cassava stalk. The optimum pyrolysis
temperature to obtain highest organics yield suggested for both feedstocks was
490+15°C. Based on the bio-oil analysis, the cassava rhizome was found to be a better
feedstock for the production of bio-oil of better quality in terms of oxygen content,
heating value and stability. When considering the organics yield together with the bio-
oil properties for both feedstocks, it is suggested that the rhizome is a more promising
feedstock. Therefore, the rhizome is chosen as feedstock for further study in the

catalytic pyrolysis of biomass (chapter 8).

Another important conclusion that can be drawn from this chapter is that all liquid
fractions produced from the 150 g/h rig were chemically different. Therefore, to
comparatively study the bio-oil produced with different conditions, all fractions

should be taken into consideration.
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8 CATALYTIC FAST PYROLYSIS RESULTS AND
DISCUSSION

8.1 INTRODUCTION

This chapter discusses the experimental results of the catalytic fast pyrolysis of a
selected biomass feedstock (cassava rhizome). The biomass samples ground to
particle size range of 355 — 500 um were fed into the 150 g/h fluidised-bed reactor,
which was heated to about 490°C. This temperature was established and reported in
the previous chapter to be optimum for maximising the organics yield. The pyrolysis
vapour including water, light volatile, heavy organics, radicals and non-condensable
gases was passed over a fixed-bed of catalyst at around 500°C in order to upgrade the
pyrolysis vapour prior to condensation (sec section 6.2.2 for details of the
experimental set-up). Seven different catalysts selected according to the
recommendation following the catalyst screening tests (chapter 5) were used in this
study. These include Criterion-534, biomass ash, copper chromite, ZSM-5, MI-575,
AI-MCM-41 and AI-MSU-F. In addition, two catalytic pyrolysis runs were conducted
using a two-stage process where either Criterion-534 or AI-MSU-F was used as a
primary catalytic bed, and ZSM-5 was used as a secondary catalytic bed, which was
placed on top of the primary one separated by a plug of glass wool. The catalyst sets
are denoted as Criterion-534/ZSM-5 and Al-MSU-F/ZSM-5. The primary catalytic
materials were intended to act as a guard bed for protecting the ZSM-5 catalyst from
premature deactivation by the deposition of some compounds in the pyrolysis vapour
that condense on the ZSM-5 surface. The guard bed was also expected to perform
cracking reactions to a certain extent, thus leading to the formation of lower molecular
weight compounds and some olefins. These compounds would then undergo further
reactions on the active sites of the ZSM-5 catalyst, provided that they are small
enough to enter the catalyst pores. Consequently, it was anticipated that more
aromatic hydrocarbons could be produced by the two-stage process than the use of
ZSM-5 alone. It is important to emphasise that ideal catalyst or set of catalysts would
selectivity crack the large molecules (such as lignin derivatives), remove oxygen

preferably in the form of CO, rather than H,O and transform the low value
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oxygenated compounds into higher value fuel additives or chemicals such as gasoline-

range monocycle aromatic hydrocarbons, phenol and alkylated phenols.

Based on the experimental results obtained from the 9 runs of catalytic fast pyrolysis
of cassava rhizome in the 150g/h pyrolysis unit, the mass balances and the analysis of

the bio-oils are reported and discussed below.

8.2 MASS BALANCES

Since catalytic pyrolysis has been carried out with the secondary reactor (see section
6.2.2), it is essential to conduct a reference run with the 2™ reactor but without
catalyst. As a consequence, a non-catalytic pyrolysis run was performed with the o™
reactor containing only a plug of glass wool (~7 g). The photographs of the glass wool
before and after use are shown in Figure 8-1. It was found that the glass wool was
effective for capturing some char fines. Therefore, it may be used for hot vapour
filtration to reduce the amount of solid particles and ash in bio-oils. Its effectiveness

may be dependent on the density and the quantity of the glass wool bed.

(b)
Figure 8-1 Glass wool before (a) and after (b) the pyrolysis run

Table 8-1 summaries the mass balance analysis of the catalytic pyrolysis runs in
comparison with the two non-catalytic runs. The mass balance closures of nearly all
tests are 95% or higher except for AI-MSU-F/ZSM-5. The loss in mass balance is
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believed to be mainly due to the unidentified compounds in the exit gas stream. When
comparing the product yields of the two non-catalytic runs (with and without the
secondary reactor), it is obvious that the main differences are the yields of organics

and gas.

Table 8-1 Product yields (wt % on dry biomass basis) from catalytic pyrolysis of
cassava rhizome

Catalyst Liquid Solid Gas Closure
Organics Reaction Primary® Secondarf'_
water
Non-catalytic 49.76 15.17 19.97 0.00 10.10 9500
without 2" reactor
Non-catalytic 44 91 14.58 19.76 0.80 1532 9537
with 2" reactor
Criterion-534 26.90 19.81 17.32 9.07 2222 9332
Ash 41.82 17.63 18.21 1.20 1637 95.23
Copper Chromite 48.62 16.08 17.47 0.23 1476  97.15
ZSM-5 29.10 20.57 17.69 11.40 19.74  98.50
MI-575 48.13 15.63 19:32 0.00 16.34  95.42
AI-MCM-41 38.68 12.77 25.20 2.36 15.89  94.90
Al-MSU-F 45.32 13.70 20.15 2.54 12.89  94.60
Criterion-534/ZSM-5 23.21 19.92 18.10 8.75 26.18 96.16
Al-MSU-F/ZSM-5 39.69 16.19 20.80 1.09 15.08 92.85

“Primary solid represents particles collected in the char pot, deposited in the primary reactor body and
transfer line, left in the condenser and ESP after ethanol washing and those present in the liquid
product.

®Secondary solid represents all solid particles in the secondary reactor including char fines, compounds
condensed on catalyst surface and coke formed by catalytic reaction.

It appears that the presence of the 2" reactor with glass wool led to a reduction of

approximately 5 wt% organics yield together with an increase of around 5 wt% gas

yield. This is due to the thermal secondary reaction of the pyrolysis vapour when it
was exposed to the heat at a longer residence time. Without the 2™ reactor, the
apparent vapour residence time was about 0.7 seconds, whereas it was increased to
about 2 seconds when the 2™ reactor was used. The thermal cracking may also take
place when the vapour was in contact with the glass wool, thus producing more gases.
When comparing the yields of individual gases (Table 8-2), it is apparent that all
gaseous products except H, were increased by the thermal cracking reactions.
Nevertheless, according to the volumetric gas composition (Figure 8-2), the

concentrations of CO; and H, decreased with the increases in the proportion of CO
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Table 8-2 Yields of individual gases (wt % on dry biomass basis) from catalytic

pyrolysis of cassava rhizome

Catalyst CO CO, H; CHy CHy CH; CsHg CsHg
Non-catalytic 272 680 006 032 007 0.05 002 0.05
without 2nd reactor
Non-catalytic 514 9.04 0.02 065 0.12 0.17 004 0.14
with 2nd reactor
Criterion-534 722 1267 024 1.13 022 022 008 045
Ash 469 1043 0.07 072 0.16 0.11 0.05 0.13
Copper Chromite 426 950 0.05 061 0.11 0.10 0.04 0.09
ZSM-5 722 963 004 059 012 089 011 1.13
MI-575 486 1029 0.06 073 0.13 0.12 0.04 0.11
Al-MCM-41 472 995 026 054 0.12 0.12 0.04 0.15
Al-MSU-F 429 785 002 042 0.09 0.09 0.03 0.10
Criterion-534/ZSM-5 895 1330 0.14 125 024 08 0.11 133
Al-MSU-F/ZSM-5 476 9.07 005 056 0.12 025 0.06 0.21
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Figure 8-2 The effect of catalysts on volumetric gas composition
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" reactor was introduced. These results are

and hydrocarbon gases when the 2
consistent with earlier findings in section 7.2 where the thermal cracking took place
by the increase of pyrolysis temperature (See Figure 7-1 and Figure 7-2). Another
obvious difference in the product yields of these two non-catalytic runs is the
existence of the secondary solid, which was calculated from the weight before and
after the run of the 2™ reactor filled with the glass wool. In addition, the changes in
the yields of reaction water and primary solid with the presence of the 2" reactor are

negligible.

To observe the effect of catalysts on pyrolysis product yields, the non-catalytic with
2" reactor run is used as reference in stead of the one without the 2™ reactor. It can be
seen from Table 8-1 that the presence of catalyst led to a significant change in product
distribution. One of the most important and desired product in catalytic pyrolysis of
biomass is liquid bio-oil, especially the organics fraction. The organics yield was
increased with some catalysts such as copper chromite, MI-575 and Al-MSU-F,
whereas the others led to the decrease in the yield. The increase in the organics yield
took place at the expense of the primary solid for copper chromite and MI-575,
whereas the change in organics yield with AI-MSU-F was very small. The primary
solid represents all solid particles collected in the reactor unit excluding the 2™ reactor
zone plus those present in the liquid bio-oil. The reduction of the primary solid due to
the catalytic activity of copper chromite and MI-575 was in fact associated mainly
with the decrease in the solid particles of the bio-oil (see Table 8-3). The solid in bio-
oil are composed of char fines entrained from the primary reactor and the solid or high
molecular weight waxy materials that could not be dissolved in ethanol at room
temperature. It is expected that most of the char fines should be captured in the 2™
reactor. Therefore, the catalytic effect of copper chromite and MI-575 could be linked
to the reduction of the high molecular weight compounds insoluble in ethanol. The
high molecular weight material can be formed upon condensation by polymerization
of the highly reactive smaller compounds present in the pyrolysis vapours [33].
Consequently, the catalysts may be involved in the transformation of the highly
reactive compounds into the less reactive ones which on condensation tend not to

polymerise to form high molecular weight material.
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Among the catalysts that led to the reduction of organics yields, the ash, AI-MCM-4
and AlI-MSU-F/ZSM-5 can be regarded as mild catalysts, whereas the Criterion-534,
ZSM-5 and Criterion-534/ZSM-5 can be considered as strong catalysts based on the
severity of the organics yield reduction. The decrease in the organics yield due to the
catalytic effect of ash occurred simultaneously with the increases of the reaction water
and gases. Therefore, the possible reactions that could be involved in the catalytic
activities on the surface of the metals present in the ash (K, Na, P, Ca, Mg.Cl and Cu)
were dehydration and cracking. The cracking ability of ash is also known from its
effectiveness in tar decomposition during catalytic gasification [145-147]. It is
important to notice that although the overall yield of gaseous products was increased
by the ash, the yields of certain individual gases (see Table 8-2) such as CO, C,H4 and
C;Hg decreased. This therefore leads to the different gas composition as can be seen
from Figure 8-2. For the yields of solids when applying ash as catalyst, the primary
solid decreased, while the secondary one increased slightly. The decrease in the
primary solid yield owing to the catalytic activity of ash was similar to the case of
copper chromite and MI-575 as mentioned above, which is due to the decrease in the
bio-oil solids content (See Table 8-3). The slight increase of the secondary solid is

due to the char deposition on the catalysts.

In the case of AI-MCM-41 catalyst, the reduction in the yields of organics and
reaction water was observed together with the increase in the yields of primary and
secondary solids, while the overall gas yield was barely changed. The decrease in
organics and reaction water yields by AI-MCM-41 were also reported by Antonakou
el al [87] when Lignocel beech wood was pyrolysed in a fixed-bed reactor. However,
when miscanthus was used as feedstock, they found that the reaction water yields
were increased and the organics yields were decreased. The reduction of the organics
yields when CR was used as feedstock may be related mainly to the large increase (ca
5 wt%) in the yield of primary solid. Experimental data showed that the major
difference in the primary solid yields between the AI-MCM-41 and the non-catalytic
with 2™ reactor tests was derived from the solids stuck on the wall of the electrostatic
precipitator after vigorous washing with ethanol. The yields of these solids from non-
catalytic with 2™ reactor and AI-MCM-41 runs were 0.83 wt% and 5.63 wt% (on dry
biomass fed basis), respectively. The 4.5 wt% increase is believed to be the high

molecular weight material formed during the condensation of the pyrolysis vapour.
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This phenomenon is opposite to the case of copper chromite and MI-575 as
mentioned earlier. It is noteworthy to observe from Table 8-1 and Table 8-2 that
although the gas yield was hardly changed by the use of AI-MCM-41 catalyst, the
yields of some individual gases were affected by the catalyst. One of the most
important changes was a dramatic increase in the yield of H,, which occurred in
conjunction with the decreases of reaction water and CO yields as well as an increase
in CO; yield. This may be an indication of a water-gas shift reaction taking place on

the AI-MCM-41 catalyst, which normally occurs over Fe-based catalysts.

Another catalytic run that resulted in a small reduction of organics yield employed a
set of two catalysts, namely AI-MSU-F and ZSM-5. The main effects of this set of
catalysts on product yields were a decrease of organics and a small increase of
reaction water. Although the overall gas yield was decreased slightly, some gas
species such as H, and C, — C; hydrocarbons were increased in concentration.
However, since the mass balance closure of this run was slightly low (92.85 wt%)

compared to others (94.6 — 98.50 wt%), the findings may be inconclusive.

Regarding the strong catalysts that led to drastic decreases in organics yields
(Criterion-534, ZSM-5 and Criterion-534/ZSM-5), it can be noticed from the mass
balance summaries (Table 8-1) that the reduction of organics yields occurred together
with the increase of reaction water, secondary solid and gases. This suggests that the
primary pyrolysis vapours underwent severe dehydration and cracking reactions over
the catalysts that were deactivated by catalytically-formed coke and/or compounds
condensed on the catalysts surface. It is obvious from the data that the extent of the
dehydration reactions was similar among the three catalytic runs leading to the yields
of reaction water in the range of 19.18-20.57 wt%, whereas the extent of the cracking
reactions was highest in the case of two-stage catalytic process, indicating an evidence
of a synergy between the two catalysts. Moreover, when using the two catalysts in
series, the secondary solid yield could be decreased. The yields of primary solid
differed slightly among the tests. It is important to state that the low organics yields
(23-28 wt%) obtained from these strong catalysts may not look promising for
pyrolysis liquid production, but if the organics are composed of products of higher
value, they can be more promising than the low value high quantity products.

According to Table 8-2 the yields of nearly all individual gases were increased by the
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strong catalysts. In comparison with all catalytic pyrolysis runs, the Criterion-
534/ZSM-5 gave highest yield of all individual gases except H; as the highest yield of
H, was obtained with AI-MCM-41. Based on the volumetric gas composition (Figure
8-2), the Criterion-534 favoured the production of H,, whereas ZSM-5 favoured the
production of olefins (C2H4 and C3Hpg). The olefins are believed to be the intermediate
products during liquid hydrocarbon synthesis with ZSM-5 zeolite. Therefore,
recycling the gas stream, which contains high proportion of olefins during catalytic
pyrolysis with ZSM-5 would be beneficial for liquid hydrocarbon yields. It was
suggested by Diebold and Scahill [148] that the increase in the gasoline-range liquid
hydrocarbons yields if the olefins were recycled is not only due to the conversion of
the olefins to aromatics, but also due to the release of hydrogen in the aromatisation

process which could help counter coke forming (dehydrogenation) reactions.

8.3 CHARACTERISATION OF BIO-OILS

To investigate the properties of bio-oils produced from catalytic pyrolysis runs in
comparison to non-catalytic pyrolysis runs, all bio-oils were characterised using
various analytical techniques in order to determine water and solids contents, basic
elemental composition (C,H,N and O), heating values (HHV and LHV), molecular
weight distribution, stability and chemical compounds (by GS/MS). It must be
pointed out that the liquid samples subjected to the analyses were the proportionate
mixtures of all fractions as previously called “Liq” (section 6.4.1.4). Therefore, the

results are reported on solvent-free basis.

8.3.1 Water content

Table 8-3 summarises the water content (wt%) of the catalytic and non-catalytic bio-
oils. It is important to note that the water contents in Table 8-3 are different from the
reaction water yields in Table 8-1 as they have been calculated on the different basis,
which includes moisture from the biomass feedstock. Although the reaction water
yield of the non-catalytic with 2" reactor run were lower than that of the non-catalytic

run without 2™ reactor, the water content of the bio-oil produced from non-catalytic
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pyrolysis run with 2" reactor appeared to be higher. This is simply due to the lower

organics yield of the non-catalytic with 2™ reactor.

Table 8-3 Water and solids contents (wt %) of bio-oils produced from catalytic
pyrolysis of cassava rhizome

Catalyst Water content Solids content
Non-catalytic without 2nd reactor 31.60 3.13
Non-catalytic with 2nd reactor 33.29 3.08
Criterion-534 50.17 2.84
Ash 38.18 1.66
Copper Chromite 33.48 1.39
ZSM-5 49.87 0.90
MI-575 33.51 0.76
Al-MCM-41 32.43 4.86
AI-MSU-F 30.87 229
Criterion-534/ZSM-5 52.44 2.74
Al-MSU-F/ZSM-5 35.59 4.11

Water content is one of the criteria generally used for assessing the quality of bio-oils.
Regardless of its complex relationship with other properties such as viscosity, flow
and burning characteristics, density and pH, bio-oils of better quality should contain
less water. According to Table 8-3 most of the catalysts increased the bio-oils water
content, but the mesoporous alumino-silicate materials (AI-MCM-41 and AI-MSU-F)
are the exceptions. The water content of the catalytic bio-oil ranged from 30.87 wt%
(Al-MSU-F) to 52.44 wt% (Criterion-534/ZSM-5). The changes in the water content
by the use of catalysts were rather small in most cases except that when Criterion-534,
ZSM-5 and Criterion-534/ZSM-5 catalysts were employed, about half of the liquid
products weight was dominated by water. The high proportion of water (>30 wt%) in
bio-oil can lead to phase separation [31]. Since the liquid products collected by the
150 g/h rig were initially fractionated into 5 portions, only the fractions collected
without the use of solvent (Pot 1 and Pot 2+3 oils) could be logically observed for
their phase separation. The photographs of all Pot 1 oils and two selected Pot 2+3 oils
are displayed in Figure 8-3. As can be seen, all of the liquid products except for the
Pot 2+3 otl of the Criterion-534/ZSM-5 run were single phase. The top phase of the
Pot 2+3 oil from Criterion-534/ZSM-5 run was oil-like liquid containing largely
hydrocarbons, which could not be dissolved in the aqueous bottom phase. Because the

water contents of the catalytic bio-oils (>31 wt%) were higher than the maximum
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values allowed to meet the specifications for using bio-oils in boilers and diesel
engines (27 wt%) as well as in gas turbines (25 wt%) [31], utilisation of techniques
for reducing the water content is required. Some possible and promising techniques

have already been discussed in section 7.3.1.

8.3.2 Solids content

The solids present in pyrolysis liquids are detrimental to their uses in various
equipment, especially in injectors and turbine blades and also result in higher
particulate emission [31]. The bio-oils of lower solids content can therefore be
regarded as of better fuel quality if other properties do not differ significantly. The
solids content of all catalytic bio-oils in comparison to those of the non-catalytic ones
are listed in Table 8-3. It can be seen that the majority of the catalytic materials led to
a reduction of the solids content. However, the opposite is true when the primary
pyrolysis vapours were passed over the AI-MCM-41 and AI-MSU-F/ZSM-5 catalysts.
According to the data in Table 8-3, ZSM-5 and MI-575 catalysts appeared to be the
most promising for reducing the solids content of the bio-oils as they could lower the
solids content from more than 3 wt% (without any catalyst) to less than 1 wt%.
Nevertheless, the solids contents of the catalytic bio-oils are still too high to meet the
specifications for using bio-oils in boilers and gas turbines (<0.05 wt%) [31]. The
changes in the solids content of the bio-oils by the presence of the catalytic secondary

reactor could be attributed to two reasons.

First, the catalytic bed together with the two (or three in the case of two-stage
process) glass wool plugs (one at the bottom and the other on top of the catalytic bed)
functioned as a filtration unit for capturing the char fines entrained from the primary
reactor. The unit may not be so efficient in filtration that all char fines could be
removed as it has not been designed specifically for this purpose. It is consequently
suggested for future work that the catalytic secondary reactor should be designed in
the way that it can efficiently filter the char fines apart from inducing the secondary
reactions. This unit can be therefore called catalytic filter and serve two functions

simultaneously.
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Figure 8-3 Photographs of fresh Pot 1 (a) and Pot 2+3 (b) oils produced from fast
pyrolysis of cassava rhizome with different catalysts
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Second, the reactions that took place on the catalyst beds could affect the reactivity
toward re-polymerisation on condensation of the small species or radicals, which
could lead to the formation of high molecular weight materials, which could

ultimately become solid.

8.3.3 Elemental composition and heating values

Table 8-4 shows the elemental analysis of the pyrolysis liquids before and after
catalysis. The main interest of this analysis lies in the oxygen content. As can be seen
from the table, the presence of the secondary reactor itself caused a reduction in the
oxygen content (from 38.59 wt% to 36.22 wt%). The oxygen content was reduced
further to 23.30-35.38 wt% by the use of catalyst or set of catalysts. The different
catalysts studied showed a wide range of the ability to deoxygenate the pyrolysis
vapours. Among these, the Criterion-534 demonstrated a far higher performance in
deoxygenation than the other catalysts including a well-known effective cracking and
deoxygenating catalyst like ZSM-5. Based on the oxygen content of the bio-oils, the
effectiveness of the catalysts in deoxygenation can be ranked as Criterion-534 >>
Criterion-534/ZSM-5 > AI-MCM-41 > MI-575 > Al-MSU-F/ZSM-5, Al-MSU-F >
ZSM-5 > Ash > Copper chromite. One possible reason why such a strong catalyst as
ZSM-5 could not significantly reduce the oxygen content of the bio-oil compound to
others 1s that the carbon and hydrogen were simultaneously removed in large
quantities in the forms of hydrocarbon gases, carbon oxides and water, leading to a
proportionate reduction of carbon, hydrogen and oxygen instead of selectively

rejecting the oxygen.
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Table 8-4 Elemental composition and heating values of bio-oils produced from
catalytic pyrolysis of cassava rhizome

Catalyst Elemental composition HHYV LHV
(wt %, dry basis) (MJ/kg) (MJ/kg)
% H N O Ash Wet  Dry Wet  Dry
basis  basis basis basis
Non-catalytic 53.09 7.27 0.81 38.59 0.23 15.80 23.10 13.94 21.51
without 2" reactor
Non-catalytic 56.14 7.14 044 36.22 0.23 16.18 24.26 143 22.70
with 2" reactor
Criterion-534 71.54 4.01 0.87 2330 0.28 13.59 27.27 11.93 26.39
Ash 56.81 7.88 1.02 34.15 0.13 15.80 25.56 13.81 23.85
Copper Chromite 56.07 7.81 0.63 35.38 0.10 16.70 25.11 14.75 23.40
ZSM-5 56.35 9.30 0.57 33.70 0.09 13.60 27.13 11.37 25.10
MI-575 59.97 696 0.53 32.24 0.06 17.15 25.82 1532 24.28
Al-MCM-41 58.01 9.16 0.79 31.67 0.36 18.75 27.75 16.61 25.76
AlI-MSU-F 56.98 8.73 1.06 33.06 0.17 18.48 26.74 16.41 24.83

Criterion-534/ZSM-5 58.15 931 1.40 30.85 0.29 13.34 28.05 11.10 26.02
Al-MSU-F/ZSM-5 58.01 797 0.65 33.05 0.32 16.88 26.20 14.89 2447

It has been reported in literature [66, 67, 71-73] that ZSM-5 catalyst was highly
effective in removing oxygen from the pyrolysis oils as the oxygen content of the oils
was reduced from about 33 wt% (without the catalyst) to less than 6 wt% with the
catalyst [66, 67, 72] when mixed wood wastes were used as feedstock. In addition,
when pyrolysing rice husk samples, the oils obtained before catalysis contained 40.2
wt% oxygen content and after catalytic upgrading with ZSM-5 at 500°C, the oxygen
content of the oil was dropped to 8.1 wt% [73]. It is imperative to point out the reason
why the oxygen content of the ZSM-5 catalyzed bio-oil in the current work was not as
low as in the literature. This is simply because the pyrolysis liquids subjected to the
clemental analysis in the present work included all liquid fractions, whereas in the
literature [66, 67, 72, 73] the authors separated the aqueous and oil phases. The
oxygen in the oil phase after catalysis was partly transferred into or enriched in the
aqueous phase rather than entirely being removed from the liquid products. When
calculating the overall oxygen content of the pyrolysis liquid (a mixture of aqueous
and oil fraction) by using the yields and the oxygen content data of each fraction
given in reference [66], it was found that the oxygen content was decreased from
38.85 wt% (without catalyst) to 26.51 wt% (with ZSM-5). This is still slightly better
than the current study in terms of deoxygenation activity of the ZSM-5. A further

explanation for the different results involved the biomass to catalyst ratio. In the
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present study, approximately 100 g of biomass was fed into the system and the
pyrolysis vapour evolved was passed over a fixed-bed of 100 g of ZSM-5 catalyst.
This leads to a biomass/catalyst mass ratio of 1.0, whereas in the literature [66] this
ratio was calculated to be around 0.5 (calculated from 200 g of catalyst used, 30
minutes experimental run time and biomass feed rate of 0.216 — 0.228 kg/h). This
explains well the difference between the results obtained in the previous work [66]
and the current study. The high biomass to catalyst ratios in this work (0.9 -1.0 for
Criterion-534, Copper chromite, ZSM-5, MI-575 and Al-MSU-F/ZSM-5 runs, and 4.3
— 4.9 for the tests with light catalytic materials such as ash, AI-MCM-41 and Al-
MSU-F) could lead to complete deactivation of the catalysts before the end of the run.
As a consequence, the pyrolysis products were mixtures of genuinely catalytic and
apparently non-catalytic products. It is therefore suggested for further work that the
effect of biomass/catalyst ratio on yields and properties of pyrolysis products should

be carried out for each catalyst.

Based on the basic elements (C, H, N and O) and ash contents, the heating values of
bio-oils, both higher heating value (HHV) and lower heating value (LHV), have been
calculated and the results on wet and dry bases are shown in Table 8-4. With regards
to the non-catalytic pyrolysis runs, the presence of the secondary reactor slightly
increased the heating values of the CR bio-oil (~1 MJ/kg on dry basis). The heating
values (HHV and LHV) on dry basis were increased further by all of the catalysts
studied. However, on wet or as produced basis, the heating values of bio-oils
produced with Criterion-534, ZSM-5 and Criteion-534/ZSM-5 were significantly
reduced, while those of ash-catalysed bio-oil decreased marginally. It is important to
observe that the strong catalysts (Criterion-534, ZSM-5 and Criterion-534/ZSM-5)
had relatively high HHV and LHV on dry basis (27.13 — 28.05 MJ/Kg for HHV and
25.10 — 26.39 MJ/Kg for LHV). This implies that if the bio-oils produced with these
catalysts are to be used as fuel, water separation process is necessary. This process
can be very simple if the bio-oils are separated into oil and aqueous phases. In fact,
there is an evidence for the phase separation of bio-oils produced with Criterion-
534/ZSM-5 (see Figure 8-3 (b)). On wet basis, the bio-oil produced with copper
chromite, MI-575, AI-MCM-41, AI-MSU-F and AI-MSU-F/ZSM-5 had higher HHV
and LHV than non-catalytic bio-oils. This indicates a clear improvement in terms of

heating values by the activities of the catalysts.
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By using the yields and heating values (HHV, dry basis) of the pyrolysis products in
conjunction with the HHV (dry basis) of cassava rhizome, the energy yields or energy
distribution of liquid, solid and gaseous products have been calculated. The results
were depicted in Figure 8-4. As can be seen, the energy yield of liquid was enhanced
by copper chromite MI-575, AI-MCM-41 and Al-MSU-F. The use of ash and Al-
MSU-F/ZSM-5 led to a small reduction of the liquid energy yield. For strong catalysts
(Criterion-534, ZSM-5 and Criterion-534/ZSM-5), considerable amount of energy in
the liquid was transferred into solid and gas. It is therefore suggested for catalytic
pyrolysis with these strong catalysts that the energy stored in the solid and gas should
be carefully exploited.
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Figure 8-4 Distribution of energy from biomass feedstock to pyrolysis products
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8.3.4 Molecular weight distribution and stability

One of the purposes of catalytic pyrolysis is to improve bio-oil quality in terms of
viscosity. Lower viscosity renders bio-oil easier to be pumped, injected and atomised.
Viscosity of bio-oil is known in literature [5, 32] to be directly related to the average
molecular weight. Since viscosity measurement requires relatively large amount of
samples and the liquid products obtained in this study were limited in quantity, the
molecular weight analysis by GPC technique has been performed instead. It is

speculated that bio-oil of lower molecular weight would have lower viscosity.

The nine catalytic bio-oils plus two non-catalytic bio-oils were subjected to GPC
analysis. The results are summarised in Table 8-5. For non-catalytic oils, the presence
of the 2™ reactor lowered the initial molecular weight of bio-oil (both Mw and Mn)
and narrowed the molecular weight distribution as noticed from the lower
polydispersity index (PD). This could be due to the secondary thermal cracking of the
pyrolysis vapour, which also caused the production of gases and the reduction of
organics as discussed earlier in section 8.2. The molecular weight was reduced further
by catalytic reactions. Based on the extent of the Mw reduction, the catalysts can be
divided into three groups. The catalysts that hardly affect the Mw of bio-oils included
Criterion-534, ash and MI-575. Copper chromite and mesoporous alumino-silicate
materials (AlI-MCM-41 and AI-MSU-F) induced a decrease in the Mw of bio-oil, but
the effect was less pronounced than when ZSM-5 was involved. In other words, the
ZSM-5, Criterion-534/ZSM-5 and Al-MSU-F/ZSM-5 runs led to a significant
reduction of bio-oil Mw compared to others. This confirmed the effective cracking
characteristic of ZSM-5 catalyst. According to the Mw results of the fresh bio-oils, it
can be concluded regardless of the water content that most of the catalysts studied

have potential for improving the initial viscosity of the bio-oils.
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Table 8-5 Molecular weight of fresh and stored bio-oils produced from catalytic
pyrolysis of cassava rhizome

Catalyst Fresh® 6 months old Stability
Mw® Mn¢ PDY  Mw® Mn° PDY  (g/mol-day)

Non-catalytic 385 252 1.53 ND® ND° NDf N/A
without 2" reactor

Non-catalytic 377 250 1.50 468 263 1.78 0.51
with 2" reactor

Criterion-534 377 257 147 412 252 1.63 0.19
Ash 374 247 1.51 459 263 1.75 0.47
Copper Chromite 365 251 145 451 265 1.70 0.48
ZSM-5 337 213 1.58 451 265 1.70 0.63
MI-575 376 257 1.46 465 266 1.75 0.49
Al-MCM-41 362 248 1.46 458 261 1.75 0.53
Al-MSU-F 357 237 1.51 478 258 1.85 0.67
Criterion-534/ZSM-5 332 230 1.44 454 247 1.84 0.68
Al-MSU-F/ZSM-5 338 234 1.44 476 258 1.84 0.77

Fresh samples were measured 1 day after production.

b.<.dMw, Mn, PD refer to weight average molecular weight, number average molecular weight and
polydispersity index, respectively.

“ND represents not determined.

The bio-oil products may not be utilised immediately after production as they may be
stored and transported to the end-users. The ability of bio-oils to maintain their
properties after production is consequently of great importance. This ability is known
as bio-oil stability, which is normally calculated from the viscosity change after
storage at a certain temperature for a certain period of time. Nevertheless, in this
study, the average molecular weights of bio-oils were determined after storing bio-oils
at room temperature for 6 months and the stability has been calculated according to
Equation 6-3. The results are shown in Table 8-5. It can be seen that all of the weight
average molecular weight (Mw) and nearly all of the number average molecular
weight (Mn) increased after 6 month storage. Furthermore, the polydispersity indices
of all bio-oil samples were higher after storage. In comparison to the non-catalytic
bio-oil, the Mw of most of the stored catalytic bio-oils were still lower, but the Mw of
the stored AI-MSU-F and Al-MSU-F/ZSM-5 bio-oil were higher. This suggests that
the bio-oils produced with AI-MSU-F or Al-MSU-F/ZSM-5 catalysts should be
utilised before 6 months. Regarding the calculated Mw stability, the most stable bio-
oil was obtained with Critesion-534. It has very low Mw even after storage for 6
months. In addition, the bio-oils produced with ash, copper chromite and MI-575

showed a slight improvement in stability. Although the stability of the ZSM-5, Al-
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MCM-41 and Criterion-534/ZSM-5 catalysed bio-oils appeared to be worse than that
of the bio-oil produced without any catalyst, the catalytic bio-oils still had lower Mw
than the non-catalytic one after 6 months of storage. This implies that the use of ZSM-
5, AI-MCM-41 and Criterion-534/ZSM-5 did not actually deteriorate the bio-oil

quality in terms of Mw and stability, but they rather ameliorate the bio-oil properties.

8.3.5 GC/MS analysis

In order to study the effect of catalysis on chemical composition of cassava rhizome
bio-oils, GC/MS liquid injection analysis has been performed on nine catalytic bio-oil
samples (Liq) plus one non-catalytic bio-oil produced with 2™ reactor. Based on the
chromatogram obtained with these samples, up to 89 peaks have been identified and
semi-quantified. The compounds corresponding to these chromatographic peaks are
presented in Table 8-6 together with their synonyms, retention times (R/T, min),
molecular formulae, molecular weights, origins and chemical groups. In comparison
to Table 7-5 which shows the identified chemical compounds of non-catalytic CS and
CR bio-oils, Table 8-6 includes some extra compounds that could not be identified
during non-catalytic pyrolysis study, such as pentane (ID#3), xylenes (ID#20),
trimethyl benzene (ID#31), benzofuran (ID#34), indene (ID#38), 1-methylindene
(ID#46), 2,3,5-trimethyl phenol (ID#60), decane (ID#63), 2-methyl benzofuran
(ID#71), trimethyl naphthalene (ID#76), antracene and phenanthrene (ID#85) and
pyrene (ID#89). These compounds are called catalytically-formed compounds
denoted as “CF” in the origin column of Table 8-6 since they are believed to be
products of catalytic reactions. Nevertheless, this does not mean that without catalyst
these compounds would not exist at all because they may be present in the non-

catalytic bio-oil, but at lower concentration than the GC/MS detection limit,
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Regarding the compounds origin suggested in Table 8-6, it is imperative to state that
due to the catalytic reactions certain compounds, for example benzene, toluene and
xylenes, could be derived not only from lignin polymer, but also from carbohydrate
fraction. Cellulose and hemicellulose could be thermally decomposed giving off
olefinic gases, which could then be catalytically transformed to aromatic
hydrocarbons by, for instance, ZSM-5 catalyst. Therefore one should be aware that
the origins provided in Table 8-6 are not conclusive, but speculative based on non-

catalytic pyrolysis.

After integration of the 89 peaks, the peak areas obtained have been calculated further
to percentage values and the results are shown in Table 8-7. Since this table contains
huge amount of multivariate data, which are composed of useful information and
noise of data, the principal component analysis (PCA) technique has been applied
with the aims of extracting the useful information as well as leaving the data noise
behind. Several PCA models have been established using catalysts as samples and
peak IDs as variables. To observe an overview of the chemical compounds
distribution with different catalysts, a PCA model was set up with all catalysts studied
and all compounds identified. The resultant score and loading plots of the PC1 and
PC2 for this model are displayed in Figure 8-5. As can be seen from the score plot
(map of catalyst samples) in Figure 8-5 (a), the catalysts that significantly changed the
liquid product distribution are Criterion-534/ZSM-5, ZSM-5 and Criterion-534 as
they lie far away on PCI1 axis from other samples, especially the non-catalytic one.
These catalysts were also found earlier to be very active according to the mass
balance, water content, elemental composition, heating values and molecular weight

distribution.
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Table 8-7 Chromatographic peak area percentages of the compounds identified from
bio-oils produced from catalytic pyrolysis of cassava rhizome

Peak Non-cat Criterion Ash Copper ZSM-5 MI-575 MCM MSU Criterion/ MSU/

D w/ 2™ Chromite ZSM-5  ZSM-5
1 1.50 2.27 182 1.75 1.25 2.05 0.64 1.82 2.95 1.76
2 0.00 0.00 0.52 1.08 0.31 0.00 0.36 0.65 0.40 0.00
3 0.00 0.00 0.00 0.21 0.00 0.27 0.23 0.06 0.00 0.11
4 0.09 0.10 0.14 0.08 0.00 0.13 0.07 0.05 0.00 0.05
5 1.63 1.28 1.52 237 1.02 239 1.39 1.72 1.57 1.38
6 0.54 1.69 0.70 0.00 0.40 0.00 0.21 0.24 1.26 0.48
7 0.00 0.00 0.11 0.31 2.49 0.00 0.12 0.26 0.02 0.23
8 0.08 0.64 0.00 0.00 0.55 0.06 0.00 0.00 2.88 0.09
9 1.23 1.00 0.93 1.76 1.07 1.75 1.79 1.40 0.70 1.12

10 0.68 0.56 0.55 0.74 0.00 0.71 0.52 0.58 0.44 0.55

11 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00

12 19.16 16.32 12.90 20.70 1496  17.50 1930 17.54 13.96 15.25

13 11.85 7.45 9.72 13.01 6.58 11.97 13.08 11.27 6.43 10.10

14 0.00 1.31 0.00 0.00 1.26 0.00 0.00 0.00 6.27 0.64

15 0.25 0.00 0.35 0.00 0.00 0.00 0.00 0.24 0.00 0.00

16 0.20 0.23 0.18 0.19 0.21 0.05 0.12 0.28 0.13 0.09

17 0.00 0.21 0.17 0.13 0.03 0.11 0.10 0.14 0.10 0.20

18 0.27 0.28 0.30 0.24 0.21 0.27 0.35 0.42 2.11 0.22

19 5.26 5.23 3.22 5.93 4.14 6.85 7.45 483 2.01 1.34

20 0.00 0.33 0.00 0.00 0.89 0.00 0.00 0.00 3.37 0.16

21 0.00 0.00 0.21 0.00 0.00 0.00 0.11 0.00 0.00 0.00

22 4.50 5.34 0.35 4,74 1.57 0.39 2.34 2.99 2.83 0.21

23 0.48 0.22 0.35 0.91 1.23 0.87 1.33 0.85 0.24 0.88

24 0.00 0.00 0.00 0.00 0.97 0.00 0.00 0.00 0.54 0.00

25 0.00 0.26 4.83 0.00 0.00 4.10 0.00 0.00 0.08 0.05

26 0.41 0.30 0.37 0.41 0.07 0.47 0.43 0.40 0.30 0.39

27 0.52 0.38 0.45 0.62 0.43 0.51 0.64 0.56 0.33 0.45

28 1.27 0.93 0.87 1.37 0.82 1.35 1.39 1.41 0.90 1.10

29 0.86 1.30 0.91 0.98 0.67 0.83 137 1.07 0.80 0.88

30 0.27 0.14 0.12 0.29 0.07 0.21 0.26 0.14 0.00 0.15

31 0.00 0.19 0.00 0.00 0.36 0.00 0.00 0.00 0.65 0.00

32 0.45 0.33 0.33 0.46 0.14 0.41 0.53 0.49 0.29 0.34

33 2.85 3.09 1.82 3.66 1.97 3.38 5.13 3.33 1.53 3.12

34 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 1.03 0.00

35 0.23 0.42 0.50 0.24 0.06 0.23 0.27 0.41 0.19 0.16

36 0.27 0.82 1.45 0.91 0.08 0.28 0.72 0.16 0.40 0.68

37 0.62 0.77 0.00 0.00 0.26 0.49 0.34 0.61 0.00 0.20

38 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 1.21 0.00

39 1.68 1.87 1.41 2.04 1.33 1.85 2.30 1.71 1.35 1.75

40 0.48 0.25 0.29 0.34 0.15 0.39 0.41 0.56 0.43 0.42

41 3.04 3.00 2.08 2.71 2.14 2.85 4.14 1.49 2.70 2.56

42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00

43 0.92 4.07 0.83 0.86 2.05 0.86 0.96 0.93 3.89 0.51

44 2.38 2.34 1.99 113 213 2.44 3.75 2.99 2.82 2.53

45 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00

46 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00

47 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.02 0.40 0.00

48 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00

49 0.68 1.46 0.51 0.55 1.09 0.59 0.70 0.84 1.90 0.40

50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06

51 0.06 0.28 0.00 0.00 1.67 0.00 0.00 0.00 1.82 0.29

52 0.67 0.60 0.45 0.75 0.38 0.65 0.70 0.68 0.45 0.55

53 0.34 0.69 0.29 0.27 0.49 0.30 0.17 0.30 0.79 0.26

54 0.47 0.00 0.00 0.39 1.18 0.36 0.18 0.24 237 0.38

55 3.14 3.12 2.34 3.91 2.52 3.23 4.12 3.06 291 2.68
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Table 8-7 (Continued)

Peak Non-cat Criterion  Ash Copper ZSM-5 MI-575 MCM MSU Criterion/ MSU/

1D w/ 2" Chromite ZSM-5  7ZSM-5
56 0.42 1.61 0.40 0.37 0.95 0.30 0.43 0.42 2.31 0.15
57 0.17 0.34 0.00 0.20 0.00 0.00 0.04 0.10 0.50 0.06
58 0.04 1.86 1.17 1.97 0.00 1.70 1.84 1.57 0.00 1.40
59 0.66 0.47 0.60 0.64 3.13 0.57 0.68 0.60 0.57 0.57
60 0.00 0.13 0.00 0.00 0.03 0.00 0.00 0.00 0.18 0.00
61 2.66 2.58 19.63 3.00 12.05 2.62 3.50 7.79 2.54 10.66
62 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
63 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00
64 0.78 0.80 0.68 0.97 0.23 0.00 1.17 0.38 0.89 0.84
65 0.00 0.23 0.24 0.32 0.00 0.34 0.49 0.37 0.21 0.33
66 0.00 0.25 0.00 0.00 0.82 0.00 0.05 0.00 1.48 0.60
67 0.63 0.48 0.31 0.70 0.40 0.59 0.62 0.56 0.43 0.40
68 1.29 1.37 0.93 1.63 0.48 1.35 1.66 1.42 1.55 0.71
69 0.00 0.09 0.00 0.00 0.47 0.00 0.00 0.00 0.09 0.00
70 0.54 0.57 0.43 0.58 0.00 0.52 0.66 0.59 1.76 0.50
7 0.00 0.24 0.00 0.00 0.23 0.00 0.00 0.20 0.22 0.13
72 285 3.14 2.35 3.29 2.40 2.80 3.69 3.34 1.69 2.83
73 0.73 0.76 0.56 0.88 0.63 0.76 0.90 0.94 0.77 0.68
74 0.65 0.71 0.32 0.85 6.38 0.64 0.76 1.05 0.76 0.32
75 0.21 0.39 13.40 0.42 0.00 0.24 0.32 0.17 0.37 13.02
76 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.16 0.00
77 0.12 0.07 0.00 0.11 0.08 0.20 0.23 0.10 0.16 0.06
78 0.35 0.00 0.00 0.18 0.05 0.17 0.19 0.00 0.15 0.09
79 0.46 0.55 0.32 0.54 0.52 0.46 0.49 0.43 0.81 0.33
80 0.33 0.30 0.22 0.34 0.86 0.33 0.37 0.31 0.25 0.67
81 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
82 13.92 8.16 0.16 0.00 7.91 11.31 0.00 9.57 0.24 8.13
83 1.24 1.23 1.01 1.56 0.98 1.33 1.61 1.44 1.40 1.23
84 0.37 0.27 0.20 0.39 0.16 0.34 0.35 0.22 0.33 0.15
85 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.14 0.00
86 0.20 0.13 0.00 0.18 0.03 0.18 0.19 0.18 0.18 0.07
87 1.84 1.49 1.21 2.79 1.44 1.90 1.89 1.38 1.62 1.31
88 0.20 0.00 0.00 0.20 0.00 0.17 0.00 0.07 0.00 0.00
89 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.02 0.00
SUM 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Figure 8-5 Score (a) and loading (b) plots of PC1 and PC2 for model with all
catalysts and all compounds identified in catalytic CR bio-oils
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To investigate further the effect of catalysts on specific groups of compounds such as
hydrocarbons and phenols, two more PCA models have been created. The first one
included all catalysts studied and all hydrocarbons identified in the catalytic CR bio-
oils. The score and loading plots calculated from this model are presented in Figure
8-6. It can be seen from the score plot that the majority of the catalysts are clustered
on the negative side of PC1 axis. This cluster includes non-catalytic, ash, copper
chromite, MI-575, AI-MCM-41, AI-MSU-F and Al-MSU-F/ZSM-5 samples. Since
their location in the score plot is close to the PCl axis, these samples are not
influenced by the second principal component (PC2). The only three samples that stay
far away from the cluster are criterion-534/ZSM-5, ZSM-5 and Criterion-534. When
observing the loading plot (Figure 8-6 (b)), it was found that all of the hydrocarbons
locate on the positive PC1 except for only one compound of ID#3, which is pentane.
Hence, it can be concluded based on the first two principal components which
explained up to 83% of the total variance that Criterion-534/ZSM-5, ZSM-5 and
Criterion-534 catalytic runs could produce hydrocarbons with statistically higher
amounts than other catalytic pyrolysis runs. It is important to note that an exception
should be made for pentane (ID#3) formation. According to Table 8-7, pentane was
produced by the use of MI-575, copper chromite, AI-MCM-41, AI-MCM-F and Al-
MCM-F/ZSM-5, while it was not detected in non-catalytic bio-oil and bio-oils
produced with Criterion-534, ZSM-5, Criterion-534/ZSM-5 and ash. The
hydrocarbons on the positive PC1 are mostly aromatic, except decane (ID#63). They
are divided into three groups. The first group (Group I) consists of compounds that
are explained mainly by the first principal component, whereas compounds in graph II
and III are separated by the PC2. The hydrocarbons in group I have a strong positive
relationship to the Criterion-534/ZSM-5 sample, indicating that they are largely
produced by Criterion-534/ZSM-5 catalyst. Since the majority of hydrocarbon
compounds are in Group I, it can be inferred that Criterion-534/ZSM-5 catalyst gave
highest production of hydrocarbons compared to other catalysts studied. The
chemicals in group II and III are positively related to ZSM-5 and Criterion-534
samples, respectively. In other words, the compounds of ID#46 (1-methylindene),
ID#69 (1,4-dimethyl naphthalene) and ID#24 (styrene) were mainly produced by
ZSM-5 catalyst, whereas biphenyl (ID#62), decane (ID#63) and 9-methyl fluorene
(ID#81) were mainly produced by Criterion-534 catalyst.
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It is interesting to note that most of the hydrocarbons identified are aromatic in nature
and it has been known from literature [66, 67, 69-74, 76, 79, 80, 124, 148-150] that
most of these compounds were produced when biomass pyrolysis vapours were
passed over ZSM-5 catalysts. Some of these, especially the monocyclic aromatic
hydrocarbon such as benzene (ID#8), toluene (ID#14), xylenes (ID#20), trimethyl
benzene (ID#31) and styrene (ID#24) can be regarded as highly desired products
since they can be used as high value chemicals or gasoline-range fuel additives. It is
also of great interest to observe that with ZSM-5 or Criterion-534, these valuable
hydrocarbons could be formed to a certain extent and when applying these two
catalysts in series by allowing the pyrolysis vapours to pass over the Criterion-534
bed first and the catalytic vapour products underwent further catalytic reaction over
ZSM-5 catalyst bed, the concentrations of these hydrocarbons were increased
significantly. For example, according to Table 8-7 without catalyst the % area of
benzene peak (ID#8) was 0.08%. When Criterion-534 or ZSM-5 was applied, the
percentage was increased to 0.64% and 0.55%, respectively, and it was increased
further to 2.88% with Criterion-534/ZSM-5 catalyst, which is nearly five times
greater than when using single catalysts. Another more obvious example is the
formation of toluene (ID#14). The concentrations of toluene when produced without
catalysts, with Criterion-534 and with ZSM-5 were respectively 0.00%, 1.31% and
1.26%, whereas when these two catalysts were combined (Criterion-534/ZSM-5) the
concentration of toluene was dramatically increased to 6.27%. Similar observations
can also be made on xylenes (ID#20) and trimethy benzene (ID#31). These
demonstrate a clear synergistic effect of the two catalysts. It is important to note that
some of the hydrocarbons identified are polycyclic aromatic hydrocarbons (PAH)
such as those of IDs#38, 45, 46, 51, 62, 66, 76, 81, 85 and 89. Some of these
compounds may be carcinogenic and/or mutagenic. Therefore the direct use of these
catalytic bio-oils may be harmful. However, the PAH present in the bio-oils may be
further processed by, for example, hydrocracking to reform these compounds to

lighter hydrocarbons.

The mechanism of the aromatics formation by zeolite ZSM-5 is believed to occur in
two steps. First, the pyrolysis vapours are cracked possibly on the external surface of
the zeolite, giving off olefins as intermediate products. These olefinic gases then enter

the pores of the zeolite where the active acid sites locate. Within the pores, several
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reactions such as oligomerisation, cyclisation, aromatisation and isomerisation take
place, leading to the formation of benzene and its derivatives. When the pyrolysis
vapours were passed over the Criterion-534 catalyst bed, it was found that the yields
of gaseous products increased, especially the olefins (C,Hg and CsHi) (see Table 8-2).
It can therefore be proposed that the reason why the aromatic hydrocarbons could be
enhanced by the two-stage catalytic process is because the first catalyst bed
(Criterion-534) functioned as a guard bed for cracking the primary pyrolysis vapours,
generating olefins and for being deposited by condensed heavy molecules. All of
these could then enhance and prolong the activation of the zeolite ZSM-5 for its
capability of aromatic hydrocarbons synthesis. This concept is analogous to the
application of dolomite as a guard bed for Ni-based catalyst in catalytic gasification
[147]. Tt is also parallel to bio-oil hydrotreating processes where the first step is an
initial stabilisation process at lower temperature (250-275°C), which is essential to
avoid polymerisation and coking at the higher temperature (350-400°C) of a more

conventional hydrotreating step [41].

Another interesting group of chemicals apart from the hydrocarbons is the phenolic
fraction. Phenols can be utilised in the formulation of resins and adhesives or
upgraded to methyl aryl ethers (MAE) as octane improvers [37]. The production of
renewable phenolic resins by thermochemical conversion of biomass has been
recently reviewed [151]. For MAE production purpose, the most favorable phenolics
are phenol, cresols and xylenols because the resultant ethers have high octane
numbers and their boiling points are within the range of gasoline [37]. Accordingly,
phenol and its akyl-substituted derivatives identified in the catalytic CR bio-oils are
monitored through a PCA model. The score and loading plots of the first two
principal components (PC1 and PC2) for this model are displayed in Figure 8-7. It can
be seen that up to 87% of the total variance is explained by only the PCI and that all
of the compounds lie on the positive PC1 (Figure 8-7 (b)). This means that only
catalyst samples locating on the positive PC1 of the score plot (Figure 8-7 (a)) could
enhance the production of these light phenolic compounds. Interestingly, they are
ZSM-5, Criterion-534 and Criterion-534/ZSM-5, which have also been found earlier
to yield high concentration of hydrocarbons. Among these catalysts, Criterion-
534/ZSM-5 gave highest concentration of the phenols followed by Criterion-534 and

ZSM-5. This shows again the synergy of combining the two strong catalysts.
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The phenol is believed to be derived from the catalytic cracking of lignin-derived
compounds, especially by breaking the C-O and C-C bonds. The phenol may also be
formed by hydroxylation of benzene. After the phenol is formed, alkylation reactions
could occur on the highly active catalyst, which ultimately lead to the final products
of alkylated phenols. In previous studies [87-89], AI-MCM-41 catalytic materials
have been reported to increase the phenols concentration of the pyrolysis liquids
compared to the non-catalytic runs. However, the results of the present work show
that the concentration of phenol and its alkylated derivatives was hardly affected by
the AI-MCM-41 when compared to the use of ZSM-5, Criterion-534 and Criterion-
534/ZSM-5 catalysts.

Another PCA model has been established with all catalyst samples and all
oxygenated-lignin derivatives excluding phenol and its alkylated derivatives. The
resultant score and loading plots of the first two principal components are shown in
Figure 8-8. It can be seen that the majority of the compounds lie on the positive PCI.
When considering the score and loading plots together, it appears that ZSM-5 catalyst
sample stays far away from the majority of the compounds, but it lies in the same
position as compounds of ID#80, 71 and 74. Therefore, it may be concluded that
ZSM-5 led to a reduction of most oxygerated lignin-derived compounds and increased
the proportion of vanillin (ID#74), 2-methyl benzofuran (ID#71) and guaiacylacetone
(ID#80). Similar behaviour was found with ash and AI-MSU-F/ZSM-5 samples with
which 4-vinylguaiacol (ID#61), hydroquinone (ID#75) and maltol (ID#50) were
increased in concentration. Since AI-MCM-41 and copper chromite samples locate on
the right side of the PC1 axis of the score plot (Figure 8-8 (a)) and most of the
oxygenated lignin compounds lie on the same direction of the loading plot (Figure 8-8
(b)), it may be concluded that these two catalytic pyrolysis runs produced the bio-oils
with high concentration of oxygenated lignin-derived compounds. This could be due
either to the lower concentration of other compounds or to the increase of the
monomeric GC-detectable oxygenated lignin derivatives by cracking and/or

depolymerisation of the lignin oligomers or polymers.
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In addition to the PCA model with lignin derivatives, the chromatographic peak area
data of all carbohydrate derived compounds and all catalysts were subjected to
principal component analysis. The score and loading plots of PC1 and PC2 drawn by
this model are presented in Figure 8-9. It can be seen that most of the samples and
variables tend to lie on the positive PC1 where the non-catalytic sample locates. Only
ZSM-5, Criterion-534/ZSM-5 and ash showed different behaviour on carbohydrate-
derived compounds from other samples. The ZSM-5 catalyst seems to reduce most of
the compounds, but increase the proportion of isopropyl alcohol (ID#118), 1,4:3,6-
dianhydro-a-d-glucopyranose (ID#59) and 3-pentanone (ID#7). With Criterion-
534/ZSM-5 and ash samples, acetaldehyde (ID#1), 2-butanone (ID#6), benzofuran
(ID#34), 1-hydroxy-2-batanone (ID#18) and 2-methyl furan (ID#47) appear to
increase in their concentration, while most of the compounds tend to decrease. Since
the ZSM-5 and Criterion-534/ZSM-5 catalysts decreased most of the oxygenated
carbohydrate derived compounds and increased the hydrocarbons (Figure 8-6) and
light phenols (Figure 8-7), it is likely that part of the carbohydrate derivatives were
cracked and transformed into hydrocarbons and/or phenols, in addition to permanent

gases.

In summary, the GC/MS analysis shows that the catalysts that considerably changed
the chemical composition of the bio-oils were Criterion-534/ZSM-5, ZSM-5 and
Criterion-534. These catalysts led to the statistically significant increases of valuable
compounds such as hydrocarbons (benzene, toluene, xylenes, trimethyl benzene and
styrene) and phenols (phenol, cresols, xylenols and ethyl phenol). Among the three
catalytic bio-oils, the one produced with Criterion-534/ZSM-5 had the highest

concentration of these high-value chemicals.

178



MSU-F/{SM-5 .. MSUF :
: T MESTS

q : + Non-cat © + CuChromite

4 -4 -2
Carbohydrates, X-expl: 37%,17%

o-
ro-
e
o § :

(@)

PC2 X-loadings

o
w

o
ha

N 21 15 : . 4088

o
-

(=]

N

Ok B S e 3

&

=
[

&
o

l!I!!J!IIIIIllIIIIIIiIIIIIIFtIiiIIIIIIIIIIIIrIllIlIIlIIIi!IIIIIlII!IrIi

o
B

(=1
o
(=]
W
=
s
(=1

015 010 -0.05
Carbohydrates, X-expl 37%,17%

0.15 020 025

(b)

Figure 8-9 Score (a) and loading (b) plots of PC1 and PC2 for model with all
catalysts and carbohydrate-derived compounds identified in catalytic CR bio-oils

179



8.4 CONCLUDING REMARKS

In this chapter, the results of the catalytic pyrolysis experiments using cassava
rhizome as feedstock are reported and discussed. It is important to emphasise that the
purpose of catalyst is to induce the reactions involving cracking, deoxygenation and
product transformation so that the final catalytic bio-oils are enhanced for their
utilisation. The possible applications of bio-oils produced form cassava residues in
Thailand would be to replace or supplement the use of fossil fuels for power
generation. At the present, the electricity production of Thailand relies mainly on the
use of fossil fuels (lignite, natural gas, fuel oil and diesel fuel) in boilers, gas turbines
and diesel engines. The main properties of bio-oils to meet the specifications for these
applications include single-phase, water content of 25 wt% for gas turbine and 27
wt% for boiler and diesel engine and total solids content of less than 0.05 wt%.
Although nearly all of the bio-oils produced from cassava residues (with and without
catalyst) were single-phase, their water and solids contents measured in the laboratory
scale were far too high to meet the specifications. It is therefore suggested that if the
cassava residues are to be used to produce bio-oils for power production using the
existing plants in Thailand, the pyrolysis plants need to have a hot vapour filtration
unit to reduce the solids content to the acceptable level and need to set the condenser
temperature to be high enough (suggested 50°C) to shift or remove part of the water

out of the main liquid bio-oil in order to reduce its water content.

Another possible application for certain catalytic bio-oils, especially those produced
with Criterion-534/ZSM-5, ZSM-5 and Criterion-534, is as raw materials for bio-
refinery plants where the extraction of valuable chemicals such as BTX and phenols
can be achieved at the same time as the production of energy or electricity from the
rest of the bio-oil fraction. This would give greater economic promise than the use of
bio-oil only as a combustion fuel. Based on the GC/MS analysis results, the use of
sequential catalysis (Criterion-534 as a primary catalyst and ZSM-5 as a secondary

catalyst) was found to improve the bio-oil for this application.
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

Cassava stalk (CS) and cassava rhizome (CR) biomass samples from Thailand were
used as feedstocks for bio-oil production by non-catalytic and catalytic fast pyrolysis.
CS and CR were characterised for their basic composition, heating values and thermal
decomposition behaviour, It was found that both feedstocks contained approximately
80% volatiles. The ash content of CS was about 2% higher than that of CR. The CS
had slightly higher oxygen content and lower heating values than the CR. Based on
these analyses, the CR appeared to be more promising biomass feedstock for bio-oil
production than the CS. Nevertheless, when these feedstocks were analysed using
TGA and DTG techniques, their thermal degradation behaviour was found to be very

similar.

The CS and CR samples were used as feedstocks for the production of bio-oil in the
bench-scale (150 g/h) fluidised bed reactor system. Preliminary pyrolysis runs were
carried out in order to learn how to operate the rig safely and to find out possible
problems that could occur with the existing equipment. It was found that both
feedstocks were very difficult to feed into the reactor as the biomass particles were
often blocked in the reactor feeding tube, leading to the increased pressure of the
upstream entraining flow. This problem was solved in this project by designing and
constructing a new feeding tube. This feeding tube had been used throughout the runs
of this project and there were no blockages problems. Another problem identified
during the preliminary experiments is that some of the light volatiles could escaped
the product collection system of the unit, resulting in poor mass balance closure (
~93% or lower). This problem was tackled by introducing a second dry-ice/acetone
condenser, with which the mass balance closures were increased to 95% or higher,

thus indicating a successful modification.

With the modified pyrolysis reactor system, CS and CR samples were pyrolysed at

different temperatures ranging from about 440°C to 540°C. At all temperatures, the
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CR gave higher liquid (organics + reaction water) yields with lower char and gas
yields than the CS. Since the reaction water yields for both feedstocks were similar,
the organics yields for CR were higher (~2-4%) than those for CS. The temperature
that was found to be optimum for obtaining highest organics yields for the two
samples was 490+15°C and at this temperature the CS and CR, respectively, yielded

46% and 50% water-free bio-oils (organics) on dry biomass fed basis.

Regarding the bio-oil properties, both feedstocks gave bio-oils of similar water
content (31-33%), solids content (1.5-5.6%) and pH values (2-3). Nonetheless, the CR
bio-oil had lower oxygen content and higher heating values than the CS bi-oil. In
addition, although the fresh CR bio-oil appeared to have slightly higher average
molecular weight (Mw) than the CS bio-oil, after ageing the CR bi-oil had much
lower Mw. In other words, the stability of CR bio-oil was better than that of CS bio-
oil. Therefore, based on these analyses, the CR was shown to be better feedstock for
bio-oil production in comparison to the CS as the former gave higher bio-oil yield
with better quality in terms of oxygen content, heating value and stability. This
finding is consistent with the prediction based on the biomass characterisation as

mentioned above.

In catalytic fast pyrolysis study, only CR was selected and used as feedstock. The
investigation began with screening of several catalysts using a micro-scale batch
reactor unit. This unit is generally known as pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS). The data acquired from the screening tests were
statistically evaluated applying principal component analysis (PCA) technique. It was
speculated that slates, ZnO, ZrO2, CeO2, char and ash derived from char would not
be effective for improving bio-oil quality, whereas ZSM-5, Criterion-534, AI-MSU-F,
Al-MCM-41, copper chromite, MI-575 and ash derived from cassava rhizome were
anticipated to improve the pyrolysis liquid products in terms of viscosity and
deoxygenation. The latter group of catalysts was consequently chosen for larger scale

(150 g/h) pyrolysis experiments.

Apart from the seven catalysts suggested from the screening tests, two catalytic
pyrolysis runs were performed using a combination of two catalysts. These are

Criterion-534/ZSM-5 and Al-MSU-F/ZSM-5. The effects of catalysts on pyrolysis
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product yields and properties were investigated in conjunction with two non-catalytic
runs (with and without 2™ reactor). It was found that all the catalysts could improve
different properties of bio-oils to different extents. Based on the results, the catalysts
can be divided into two groups. The first group including ash, copper chromite, MI-
575, AI-MSU-F, AI-MCM-41 and AI-MSU-F/ZSM-5 is considered as mild catalysts
since their organics yields were not significantly reduced. These catalysts were found
to induce the cracking and deoxygenation reactions as observed from the lower initial
molecular weight, lower oxygen content and higher heating values of the catalytic bi-
oils in comparison with non-catalytic bio-oils. Nearly all of the catalysts (except for
Al-MSU-F/ZSM-5) could also reduce the solids content of bio-oils, which is
beneficial to most applications. According to the stability indices calculated from the
change in the average molecular weight of the bio-oils after 6 months storage, ash,
copper chromite and MI-575 were improved in stability compared to the non-catalytic
bio-oil, whereas the stability of Al-MSU-F and AI-MSU-F/ZSM-5 treated bio-oils
appeared to be deteriorated. In addition the stability of the AI-MCM-41 bio-oil was
hardly changed compared to that of the non-catalytic oil. In general, the bio-oils
upgraded with this group of catalysts may be used in the same applications as typical

bio-oils produced without any catalyst.

Another group of catalysts regarded as strong catalysts includes Criterion-534, ZSM-5
and Criterion-534/ZSM-5. The organics yields obtained with these catalysts were
dramatically reduced. However, the bio-oils contained significant amounts of valuable
chemicals such as mono-cyclic aromatic hydrocarbons and light phenols, have low
oxygen content, low solids content, very low average molecular weight and high
calorific values (on dry basis), thus indicating premium grade bio-oils. Among the
catalysts, Criterion-534 was found to give the lowest oxygen content and the highest
stability. In addition, the concentrations of aromatic hydrocarbons, phenol and
alkylated phenols appeared to be highest with the combination of the two catalysts
(Criterion-534/ZSM-5). A mechanism for the synergistic increase of the aromatic
hydrocarbons by the two-stage process is proposed. The first catalyst bed (Criterion-
534) acted as a guard bed for cracking the primary pyrolysis vapours to produce
smaller molecules including olefins and for being deposited by condensed heavy
molecules, which would otherwise blocking the pores of the ZSM-5 catalyst. This

could then enhance and prolong the activation of the zeolite for its capability of
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aromatic hydrocarbons synthesis. Moreover, the reasons why the phenol and alkylated
phenols concentrations were increased when applying this group of catalysts can be
explained by two possible mechanisms. The first one involves the selective cracking
of the side chain of the phenolic-based lignin derivatives such as guaiacols and
syringols, leading to the production of phenol which may undergo further alkylation
(such as methylation) to give alkylated phenols as the end products. The second
possible mechanism is associated with the hydroxylation of benzene to give phenol as
a primary product, which could undergo alkylation like the first route to produce

alkylated phenols.

Based on the findings in this project, the non-catalytic CS and CR bio-oils and the
bio-oils produced with the mild catalysts (ash, copper chromite, MI-575, AI-MSU-F,
Al-MCM-41 and Al-MSU-F/ZSM-5) can be used as fuels in boilers, diesel engines
and gas turbines for power generation provided that the pyrolysis plants have been
designed to overcome the high water and solids contents. This would lead to the
reduction in the use of fossil fuels, which is beneficial not only to the environment,
but also to the economy of Thailand. For catalytic bio-oils produced with the strong
catalysts (Criterion-534, ZSM-5 and Criterion-534/ZSM-5), which contained large
proportion of valuable chemicals such as hydrocarbons and phenols, the application of
these bio-oils is suggested to be as raw materials for bio-refinery plants where

chemicals, fuel additives and energy can be produced simultaneously.

9.2 RECOMMENDATIONS

Following the studies reported in this thesis, recommendations for the continuation of

this work are presented in this section.

The feedstocks applied in this work for bio-oil production were cassava stalk and
cassava rhizome, which were processed separately. It is suggested that a mixture of
these two materials with the proportion based on the residues availability should be
used as feedstock for both non-catalytic and catalytic fast pyrolysis studies. In
addition, since the biomass feedstocks contained about 4-6% of ash, their pre-

treatment by, for example, water washing/leaching, prior to pyrolysis is recommended
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in order to reduce their ash contents, which would lead to the increase of the organics

yields.

Because of the limited amounts of bio-oils obtained, some important properties of
bio-oils such as viscosity, density and flash point could not be measured. It is
therefore recommended that fast pyrolysis of cassava residues should be also carried
out in a larger-scale pyrolysis unit such as 300 g/h unit. This unit at Aston University
is still under construction and commissioning. Alternatively, the 150 g/h rig may be
modified in a way that higher amount of biomass can be fed. At the moment, a
limitation of this rig lies in the inlet of the water condenser where accumulation of
char and sticky liquid occurs, which can block the flow of pyrolysis vapour. This
problem can be solved either by enlarging the inlet of the condenser using glass

blowing technique or by using a bigger condenser.

For future investigation, the study of catalysts screening is recommended to include
the effects of biomass/catalyst ratios and pyrolysis temperature as well as the use of
mixtures of two different catalysts at different proportions. The mixtures can either be
dry mixing of two catalysts or be in the form of two-stage process. If the range of
mass spectrum (m/z) is altered to cover the detection of low molecular weight
molecules such as carbon oxides and hydrocarbon gases, especially olefins, it would
be beneficial to identifying suitable primary catalysts, for example, those generate
significant amounts of olefins. This primary catalyst can then be used in conjunction
with zeolites such as ZSM-5 for hydrocarbons synthesis. In the current study, the m/z
was set at 28-600. This may be changed to 15-600. Since many parameters can be
involved in the screening tests, the use of design of experiments (DOE) technique 1s
recommended to minimise the total number of experiments which would reduce the
cost and time and to determine which parameters are statistically significant. As some
of the catalysts screened in the present work were concluded to be inactive, they
should be also tested in a bench-scale pyrolysis unit in order to confirm their
inactivity and to study or establish the reliability of the Py-GC/MS coupled with PCA

technique.

Concerning the bench-scale (150 g/h) pyrolysis experiments, it is recommended for

future work that the effects of weight hourly space velocity, biomass/catalyst ratio,
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catalyst temperature, catalyst regeneration, gas stream recycling as well as the
different modes of catalyst incorporation should be investigated in order to optimise
the desired products (such as hydrocarbons yields). For two-stage catalytic process,
the primary catalyst can be placed in the primary reactor as fluidising medium,
whereas the second one can be put in the secondary reactor. With this configuration,
the operating temperatures can be different. For example, if the purpose of the
primary reactor is to generate olefins, the operating temperature may be set to be
relatively high (depending on the types of catalyst) such as 600-700°C, while the
temperature of the secondary reactor can remain at 500°C for hydrocarbons

production over a catalyst bed such as zeolite ZSM-5.
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APPENDIX-B : MASS BALANCE SPREADSHEETS

The calculation of mass balance for fast pyrolysis experiments with 150 g/h unit was
performed using an Excel file containing 4 spreadsheets, namely “Data”, “Data during

run”, “GC” and “Summary”. These blank spreadsheets are shown in this section.
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“Data” spreadsheet

Test
Name
Number
Rig
Date

Fluidising medium
Name

Particle size nm
Feedstock
Name
Particle size um
Moisture and ash contents
Weight (g) ]
Container no. 1 2 3
Container
Moist feedstock
Container+dry feedstock B
Container + ash
Pyrolysis system
- Wcighilt before run (g) . Weight
- Without anti- With anti-
Components : 5 after run
seize/vacuum seize/vacuum ®
grease grease E

Reactor

Reactortblocking wire+transfer line

Reactor+blocking wirettransfer line + flidising medium

AN

Charpot

Complete reactor assembly

—————

Secondary Reactor

Reactor without bottom part

MANNNNN

Reactor bottom part

Transfer line

Glass wool

Catalyst

Reactor (without bottom part)+Glass wool+Catalyst

N
NN
AMBTETTET.

Glassware

Transition pipe

Water condenser

Electrostatic precipitator (EP)

Flask 1

Dry ice/acetone condersers

Flask 2+3

Cotton wool filter

Feeder

Bare feeder

AMMMMNINN.S

AN

Entrain tube

Feedstock

"

Complete feeder system

N
N
AN

NN
MAMNNNNNN
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“Data” spreadsheet (continued)

Ethanol washing

Component

Weight (g)

Water condenser EP

Ethanol used

Liquid (tarry oil+ethanol)

Weight BEFORE evaporating ethanol

Weight AFTER evaporating ethanol

Char and water contents of liquids by vacuum filtration and Karl Fischer titration, respectively

Weight (g
Component No. CEE;EE; ]_:'E :;: p::;%_r_‘_ ‘E:T:;:}‘
Pot 2+3 oil 5 NWN
S\ \ AN

Name
Particle size

Particle density

um

glem3
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“GC” spreadsheet

o " % by volume

Injection | Time 51—~ T cm, | co 502 GH, | GH, | GiH, | G, | rotal
Average
Stdev -
MW 2,02 | 28.01 | 16.04 | 28.01 | 44.01 28.05 | 30.07 | 42.08 | 44.10 -
Mass (g)
wt % -
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“Summary” spreadsheet

| Unit
Test name
Fluidising medium
I particle size Hm
Feedstock I
I particle size pum
Moisture content wt%
Ash content [ wt%, dry basis
Reactor temperature °C
Vapour residence time seconds
Feed rate g/h, dry basis
Product yields %, dry basis
Char
Liquids
Organics
Reaction water
Gas
H,
CHa
CO
CO;
C2H4
C,Hg
CsHe
C-sz
Closure %, dry basis
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