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Abstract

Catalytic biomass pyrolysis (CBP) is considered an effective approach to convert the
oxygenated compounds into various hydrocarbons and improve bio-oil quality. The introduction
of a catalyst generally decreases the temperature of the pyrolysis process and removes the oxygen,
and converts the oxygenated compounds like phenols, ketones, alcohols, esters into various
hydrocarbons through a variety of catalytic reactions such as dehydration (removing oxygen as
H20), decarboxylation (removing oxygen as COz) and decarbonylation (removing oxygen as CO),
hydrogenation, condensation, aromatization and polymerization. There are different modes of
CBP in a fixed-bed reactor, primarily used in-situ and ex-situ, and less studied combined in-situ
and ex-situ mode. In-situ pyrolysis involves the addition of a catalyst mixed with biomass. In
contrast, in ex-situ pyrolysis, the catalyst is separately placed downstream to the biomass, and the
produced pyrolytic vapours are passed through the catalyst bed. The combined in-situ and ex-situ
mode utilizes a catalyst mixed with biomass and a similar or different catalyst placed downstream
to convert the unreacted pyrolytic vapours. This thesis examines the application of microporous
and mesoporous solid acid catalysts like zeolites, Al2Os and basic catalysts such as CaO in three
modes of CBP for bio-oil upgrading. Radiata pine sawdust was selected as the feedstock for
pyrolysis to produce bio-oil.

The first key chapter of the thesis examines the comparative catalytic activity of zeolite
catalysts (Zeolite, Cu/zeolite and Ni/zeolite) on bio-oil upgrading in three modes of pyrolysis: in-
situ, ex-situ, and combined in-situ and ex-situ. Though noticeable bio-oil deoxygenation was
achieved in ex-situ and combined pyrolysis mode, the study concludes that ex-situ pyrolysis mode
is economically beneficial compared to either in-situ or combined since the catalyst can be easily
retrieved from the process, oxidized to remove the coke and reused in the pyrolysis. Therefore,
considering the importance of ex-situ pyrolysis mode, bio-oil upgrading was further investigated
using various catalysts.

In the next chapters, the catalytic activity of monometallic catalysts Cu/zeolite and
Ni/zeolite was compared with a bimetallic catalyst NiCu/zeolite in one-stage ex-situ pyrolysis. The
catalysts were used in ex-situ pyrolysis with three different C/B ratios of 1, 2, and 3. CuNi/zeolite
showed better deoxygenation efficiency than monometallic catalysts and produced a
comparatively higher percentage of aromatic hydrocarbons at 14.3% and aliphatic hydrocarbons
at 39.9%. The main deoxygenation pathway during monometallic catalytic pyrolysis was found to
be dehydration and decarboxylation because a higher CO2 yield was observed during the reaction.
The CuNi/zeolite converted the oxygenated compounds into hydrocarbons via dehydration,
decarboxylation, and decarbonylation because higher yields of both CO2 and CO were observed.
Overall, CuNi/zeolite catalytic pyrolysis of biomass resulted in improved bio-oil quality when

compared to the monometallic counterparts. The activity of CuNi/zeolite was further compared
i



with combined mono-metallic catalysts in two-stage ex-situ pyrolysis mode. The results
demonstrated that in comparison to the combined mono-metallic catalysts, the sole bi-metallic
catalyst showed better deoxygenation for all the oxygenated compounds and favoured the
production of aliphatic hydrocarbons, whereas the combination of monometallic catalysts
generated higher proportion of aromatic hydrocarbons in the bio-oil. Considering the significance
of bimetallic catalysts over monometallic catalysts, more bimetallic catalysts with combinations
of Ni, Cu, Fe, and Mo on ZSM-5 support were prepared and examined for bio-oil upgrading. It
was observed that the synergistic effect of Ni-Cu and Ni-Fe showed higher hydrocarbon
production compared to Cu-Fe, Ni-Mo, Cu-Mo, and Fe-Mo, which can be attributed to their higher
surface area that probably resulted in better metal dispersion on ZSM-5 surface and synergistic
catalytic sites that favoured selective deoxygenation reactions. Ex-situ CBP could be either one-
stage (a single catalyst is used) or two-stage (two catalysts are used). Though one-stage ex-situ
CBP has been widely explored with different types of catalysts, the effect of catalyst type on bio-
oil upgrading during two-stage ex-situ CBP was not investigated. Thus, to understand the impact
of the nature of catalyst support in two-stage ex-situ CBP, different catalytic supports, from
strongly acidic to basic such as ZSM-5, Al203, Al203/CaO/MgO, and CaO with and without Ni
loading were demonstrated in both modes of ex-situ CBP. It was found that in one-stage ex-situ
CBP, microporous acidic catalysts like ZSM-5 and Ni/ZSM-5 promoted the formation of
naphthalenes and other polycyclic aromatics, mesoporous Al203, and Al203/CaO/MgO or Ni-
modified counterparts also favoured the formation of benzene derivatives and cycloalkanes, while
CaO or Ni/CaO generated aliphatic hydrocarbons. It was further noticed that the combination of
mesoporous and microporous catalysts in two-stage ex-situ CBP provided varying catalytic
properties and improved mass transfer kinetics which was advantageous to produce a variety of

hydrocarbons.
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Chapter 1

Introduction

1. Lignocellulose biomass as a feedstock for renewable energy

The most pressing challenges facing humankind in the 21% century is increasing energy
demand and irregular climate change, which altered the scientific community to search for
alternative energy sources to fossil fuels. It is predicted that the share of fossil fuels, i.e. coal,
crude oil, and natural gas, accounting for the highest use at the moment, would slowly decrease.
In contrast, the share of renewable energy would significantly increase from the current 4% to
15% by 2040 [1]. Figure 1 shows the historical and predicted consumption of different types of
energy sources across the world [1]. Currently, wind and solar are the primary sources of
renewable energy, which are also expected to hold a significant share of the energy supply by
2040. The production of biofuels is also expected to grow steadily [1]. Although the energy or the
power produced from wind and solar can be utilized in industry and building sectors, most
transport vehicles (aeroplanes, ships, automobiles, and long-haul trucks) are still dependent on
high energy-density liquid fuels. Therefore, finding feasible renewable energy sources for the
production of high-density liquid fuels is inevitably required to meet the increasing energy demand
since conventional liquid fuels like petrol and diesel are rapidly diminishing. In this regard,
biomass, especially lignocellulose, has been considered the most suitable renewable energy source
for liquid fuel production [2-5]. Lignocellulose biomass is rich in carbon and contains negligible
content of other undesirable elements, such as nitrogen and sulphur. Hence, the combustion of
lignocellulose biomass does not release toxic NOx and SOx emissions. Carbon emissions (CO3)
released during the consumption of biomass, including lignocellulose is captured by plants to
produce biomass via photosynthesis, causing no net addition of CO> to the atmosphere. Hence,
biomass energy is considered carbon-neutral [6]. Therefore, the efficient use of lignocellulose
biomass-derived fuels could help mitigate greenhouse gas (GHG) emissions and reduce our

dependency on fossil fuels.



Figure 1. Historical and predicted consumption of different energy sources and their usage share
across the world [1].

2. Pyrolysis technology to convert biomass into bio-oil

There are several developed promising thermochemical and biochemical technologies,
including pyrolysis, hydrothermal liquefaction, esterification and fermentation for the conversion
of lignocellulose biomass to a variety of energy-rich liquid fuels [2,7-9]. Among these,
thermochemical techniques, particularly pyrolysis, have been significantly used for bioenergy
production, primarily for liquid bio-oil production. Generally, pyrolysis is termed as biomass
processing at high temperatures (>350°C) in an oxygen-free environment, resulting in the
generation of three types of products, such as solid-char, gaseous mixture (CO>, CO, H,, CH4) and
liquid bio-oil or also termed as pyrolytic oil [10-12]. The yield of all pyrolytic products mainly
depends on the biomass composition and the operating parameters [13]. It is well understood that
a higher content of cellulose in lignocellulose biomass and pyrolysis temperature of around 500-
550°C usually results in a higher yield of bio-oil at approximately 55-70% [13,14].

The bio-oil produced from biomass pyrolysis contains a complex composition of more than
200 different organic compounds, dominated by oxygenated compounds, such as phenols,
alcohols, esters, aldehydes, ketones, acids, furans, as well as nitrogen and sulfur-containing
compounds [15]. The higher content of the oxygenated compounds in the bio-oil accounts for its
total oxygen content, which is responsible for several poor characteristics. Table 1 compares the
physicochemical properties of bio-oil and heavy fuel oil. As shown in the table, bio-oil comprises
the oxygen content of around 35-55 wt% while the heavy fuel oil has an oxygen content of merely
1 wt% and contains predominantly the carbon content of 85 wt%. The presence of highly reactive
oxygen species results in high acidic character, which is the reason for its low stability and easy
corrosiveness, making it unsuitable for turbines or combustion engines [16]. In addition, the other

undesirable properties of pyrolysis bio-oil, such as low calorific value, high viscosity, and low
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carbon/hydrogen ratio, hamper the commercialization of bio-oil. The ash content in bio-oil is also
slightly higher than the desired value. The ash contains some alkali metals such as sodium and
potassium, responsible for its corrosive nature. The metals and other inorganic particles may
agglomerate, subsequently, may lead to the formation of a sludge layer on the base of the container.
The water content in bio-oil is between 15 and 30%, which is also very high compared to heavy
fuel oil. The high-water content affects the heating and ignition properties of the bio-oil, decreases
adiabatic flame temperature (the temperature in the combustion process if no heat is lost) and
combustion temperature, and reduces the combustion reaction rates. Besides, it delays the ignition
of bio-oil by reducing the droplet's vaporization rate, which may pose severe concerns if used in

compression ignition engines.

Table 1. Comparative properties of bio-oil and heavy fuel oil. Data were taken from reference
[17] with permission. Copyright © 2004, American Chemical Society

Physical properties Value

Bio-oil Heavy fuel oil
pH 2.5
Specific gravity 1.2 0.94
Moisture content (wt%) 15-30 0.1
Carbon (wt%) 54-58 85
Hydrogen (wt%) 5.5-7.0 11
Oxygen (wt%) 35-55 1.0
Nitrogen (wt%) 0-0.2 0.3
Ash (wt%) 0-0.2 0.1
HHV (MJ/kg) 16-19 40
Viscosity, at 500 °C (cP*) 40-100 180
Solids (wt%) 0.2-1.0 1
Distillation residue (wt%) Upto 50 1

“cP: centipoise

Hence, it is imperative to remove the oxygen content and improve other properties of the
bio-oil. The resulting deoxygenated high energy-density biofuel can be used as the transportation
fuel or used as a drop-in fuel for heat or power generation applications. To achieve this, various
techniques have been successfully applied for bio-oil upgrading, mainly based on biomass
pretreatment (torrefaction, wet-torrefaction, steam explosion, densification) [18-21], downstream
bio-oil upgrading (solvent addition, emulsification, microfiltration) [22-27] and catalytic bio-oil
upgrading [28-33]. Catalysts have been widely used for bio-oil upgrading and have shown a
significant role in the conversion of oxygenated compounds in bio-oil into useful hydrocarbons,
and consequently increasing the calorific value and improving other physicochemical properties
of bio-oil. The pyrolysis process that involves the application of catalysts is often termed as

catalytic biomass pyrolysis (CBP).



3. Catalytic biomass pyrolysis for bio-oil upgrading

Over the past two decades, a number of studies have been carried out on catalytic bio-oil
upgrading, employing various types of catalysts in different modes of pyrolysis [34-39].
Especially, the solid acid catalysts are highly preferred for bio-oil upgrading because of their
unique catalytic properties, such as high BET surface area, strong chemical and hydrothermal
stability, high acidity, suitable porosity, high selectivity, and high resistance to the deposition of
carbonaceous species [40-42]. The most commonly used solid acid catalysts are typically
composed of zeolites, mordenites, aluminosilicates, or metal oxides, such as TiO2, Al0s, ZnO
and their modification with different active metals, like Ni, Cu, Pd, and Fe to obtain either
supported monometallic or bimetallic catalysts [43-45]. These catalysts can be applied for bio-oil
upgrading, mainly using two approaches, hydrodeoxygenation (HDO) [46] and catalytic cracking
[47]. HDO route involves utilization of hydrogen under high pressures, which could increase the
overall cost of bio-oil upgrading and will show safety concerns. In contrast, the catalytic cracking
involves the direct cracking of oxygenated compounds present in the bio-oil using heterogeneous
solid catalysts and avoids the use of flammable, high pressure bottled molecular hydrogen [46,47].
Since HDO requires highly expensive hydrogen and other issues faced in transportation and
storage of hydrogen make the bio-oil upgrading uneconomical. On the other hand, catalytic
cracking may prove cost-effective compared to HDO as it does not require hydrogen and hence
can be preferred over HDO for efficient bio-oil upgrading. Catalytic cracking during biomass
pyrolysis may involve an array of different reactions, such as dehydration, decarboxylation,
decarbonylation, condensation, isomerization, aromatization, hydrogenation, dehydrogenation,
and many other steps [48,49]. It can be carried out primarily in two configurations based on
incorporating the catalyst, i.e. in-situ and ex-situ [50]. In in-situ catalytic pyrolysis, the biomass is
mixed with the catalyst and simultaneously heated at a certain temperature, resulting in the
upgraded bio-oil [34,51]. On the other hand, in ex-situ catalytic pyrolysis, the biomass and the
catalyst bed are placed separately in the reactor at a certain distance or in separate reactors. The
produced pyrolytic vapours are passed through the catalyst bed [28,52]. The two-stage ex-situ
pyrolysis route allows the thermal degradation of biomass and catalytic process at different
favorable temperatures, resulting in the enhanced yield of bio-oil with high quality [52]. Different
types of catalysts have been applied in both modes of catalytic pyrolysis for bio-oil upgrading and
showed significant results for improving the properties of bio-oil and its utilization. For instance,
Paysepar et al. [53] demonstrated the application of various zeolite catalysts (zeolite X, zeolite Y
and ZSM-5) in the ex-situ pyrolysis of hydrolysis lignin to examine the cracking of oxygenated
compounds into hydrocarbon-rich compounds. The authors reported that ZSM-5 showed the best
cracking activity than zeolite X and Y and achieved the maximum amount of monomeric

hydrocarbons in the bio-oil, which was 0.11 g/g of feedstock. In addition, other properties of bio-
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oil were also improved with catalytic pyrolysis. For example, ZSM-5 catalyzed pyrolysis route
provided the bio-oil with enhanced HHV (higher heating value) of 23.7 MJ/kg and increased
carbon content of 62.6 wt%. In contrast, bio-oil obtained in the absence of a catalyst showed HHV
of only 17.4 MJ/kg and a carbon content of 47.1 wt% [53]. The substantial cracking activity of
ZSM-5 was attributed to the presence of higher Brensted acid sites, which promote different
deoxygenation reactions to convert oxygenated compounds into hydrocarbons and hence
improved properties of bio-oil [54]. However, strong acidic catalysts are easily deactivated due to
the coke formation resulted from the enhanced production of polycyclic aromatic hydrocarbons
(PAHS) [55]. Therefore, it is essential to maintain the catalyst's acidity to improve its reusability
and stability, which can be maintained by introducing the basic metal oxides to the solid acid
catalysts. The basic catalyst can promote additional reactions like ketonization and de-acidification
that may increase the total amount of hydrocarbons [56]. To understand this, a study was reported
based on the ex-situ pyrolysis of bamboo sawdust over HZSM-5 and mixed HZSM-5 + CaO in a
two-step bench-scale bubbling fluidized bed/fixed-bed reactor [57]. The results suggested that the
ex-situ pyrolysis with the mixed HZSM-5+Ca0 catalyst provided a higher percentage of aromatic
hydrocarbons (31.34%) in the bio-oil to the sole catalyst of either HZSM-5 or CaO. The enhanced
selectivity of aromatic hydrocarbons in the presence of a mixed catalyst could be attributed to the
synergistic catalytic activity of CaO and HZSM-5 [57]. Similarly, various catalysts have been
examined for in-situ catalytic bio-oil upgrading. For example, Karnjanakom et al. [58] reported
the in-situ catalytic pyrolysis of various feedstocks (cellulose, lignin, and sunflower stalk) using
Mg/Al-MCM-41 catalyst. The study concluded that the proportion of aromatic hydrocarbons
increased up to ~80% in the bio-oils obtained from all the feedstocks in the presence of Mg/Al-
MCM-41 catalyst. Particularly, the content of monocyclic aromatic hydrocarbons (MAHS) like
benzene, toluene and xylenes were significantly increased in the catalytic pyrolysis [58].
Therefore, the optimization of acid and base active sites in solid catalysts is crucial for achieving
promising results in terms of the high percentage of hydrocarbons with high quality during bio-oil

catalytic cracking.

4. Aims of the Thesis

It is evident from previous studies that the application of catalysts has shown remarkable
results for bio-oil upgrading in different pyrolysis modes. Hence, this thesis proposes preparing
different catalysts using a facile and cost-effective method and investigating their potential for bio-
oil upgrading. The thesis' primary aim was to examine the role of mono and bimetallic catalysts
for bio-oil upgrading and identify key favoured pathways to convert the dominant oxygenated
compounds, such as phenols, acids, ketones and alcohols, into different types of hydrocarbons. To
achieve this, mesoporous zeolite and microporous zeolite (ZSM-5) were impregnated with
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different transition metals. Their catalytic activity was examined for selectivity of hydrocarbon
formation, bio-oil deoxygenation, yields of pyrolysis products and energy distribution in pyrolytic
products.

Two-stage ex-situ pyrolysis has not been explored so far for CBP. Therefore, in the second
part of the thesis, we aimed to demonstrate the effect of different types of catalysts for bio-oil
upgrading. To achieve this, diverse nature of catalytic supports like ZSM-5, AlQOg,
Al>,03/Ca0/MgO, and CaO were impregnated with nickel metal and explored their activity for bio-
oil deoxygenation, hydrocarbon production and energy distribution in pyrolytic products. Later,
nickel modified catalysts were tested for their stability, and the effect of deactivation on their
physicochemical properties and, consequently, on vyields of pyrolytic products and bio-oil
deoxygenation were thoroughly studied. We believe that the findings obtained in the thesis may
play an important role to enhance the fundamental understandings of ex-situ CBP and designing
catalysts for two-stage ex-situ CBP for efficient bio-oil deoxygenation or production of other

sustainable chemicals.

5. Thesis Outline

Overall, this thesis contains 10 chapters, with chapters 2 to 4 reviewing the types of primary
methods (catalytic, biomass pretreatment and downstream bio-o0il upgrading) employed for
potential bio-oil upgrading. The original research work of the thesis is presented in chapters 5 to
9, followed by chapter 10 which summarizes the conclusions and future perspectives.

Chapter 2 reviews vital reaction pathways that take place during noncatalytic pyrolysis and
possible routes to the formation of organic compounds from their primary substrates. The chapter
also discusses the types of catalytic biomass pyrolysis (CBP) in a fixed-bed pyrolysis reactor, and
possible routes carried out by the catalysts to convert the oxygenated compounds into various
hydrocarbons.

Chapter 3 reviews different physicochemical biomass pretreatment methods used to
improve the bio-oils' physicochemical properties produced from pyrolysis of treated biomass.
Biomass pretreatment was classified as physical, thermal, chemical and biological methods, their
effect on the bio-oil composition and other properties was discussed in detail. Chapter 4 focusses
on the widely used methods for downstream bio-oil upgrading, such as hydrotreatment, solvent
addition, emulsification, microfiltration and electrocatalytic hydrogenation. Basic principles of the
processes and effects of different parameters on bio-oil upgrading are thoroughly discussed. In
addition, techno-economic analysis, policy analysis, challenges related to downstream processes
are provided in the chapter.

Chapter 5 compares the potential of Cu/zeolite and Ni/zeolite catalysts for bio-oil

deoxygenation in in-situ, ex-situ and combined in-situ and ex-situ pyrolysis using pinewood
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sawdust as the feedstock. Though combined catalytic pyrolysis process could be advantageous to
obtain higher deoxygenation of bio-oil compared to either in-situ or ex-situ catalytic pyrolysis, ex-
situ pyrolysis proved economically more viable since the catalyst can be easily retrieved from the
reactor and can be used multiple times in further pyrolysis experiments. For this reason, ex-situ
pyrolysis was further explored for bio-oil upgrading using different types of catalysts.

Chapter 6 examines the effect of mono and bimetallic catalysts on different product yields
and the selectivity of hydrocarbons from biomass pyrolysis. Three catalyst to biomass ratios of 1,
2 and 3 were used in ex-situ pyrolysis mode to demonstrate the effect on hydrocarbon selectivity
and the overall bio-oil upgrading. The possible pathways for bio-oil deoxygenation are also
discussed. Chapter 7 presents a comparative investigation of the difference between the combined
mono-metallic and bi-metallic catalysts for upgrading the bio-oils produced during biomass
pyrolysis. The study was carried out using Cu/zeolite and Ni/zeolite as mono-metallic catalysts
and CuNi/zeolite as the bimetallic catalyst. The study suggested that Cu and Ni synergistic effect
produced better results for hydrocarbon formation and bio-oil deoxygenation. Therefore, in
Chapter 8, we prepared additional bimetallic catalysts and investigated the synergistic effect of
different transition metals for bio-oil deoxygenation, the selectivity of hydrocarbons and energy
distribution in pyrolytic products.

After exploring the one-stage ex-situ catalytic pyrolysis, further catalysts were examined
in a two-stage ex-situ catalytic pyrolysis. Chapter 9 details the effect of catalytic supports ZSM-5,
Al>;O3, Al>03/Ca0/MgO, and CaO impregnated with nickel-metal for bio-oil deoxygenation,
hydrocarbon production and energy distribution in pyrolytic products.

Chapter 10 concludes the main findings of the thesis and identifies key limitations, and

recommends possible solutions to address them in the future.
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Chapter 2

Catalytic Biomass Pyrolysis: formation of hydrocarbons and

improved bio-oil properties

This chapter reviews the key reaction pathways taking place during noncatalytic pyrolysis and
possible routes to the formation of organic compounds from their primary substrates. The chapter
also discusses the types of catalytic biomass pyrolysis (CBP) in a fixed-bed pyrolysis reactor and
possible routes carried out by the catalysts to convert the oxygenated compounds into various
hydrocarbons. Kinetic of the reactions involved in CBP are also discussed. Effect of catalysts on

physicochemical properties of bio-oil and pyrolytic products has been overviewed.
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1. Bio-oil composition

Lignocellulose biomass is generally made up of three biopolymers i.e. cellulose (40-50
wt%, a linear polymer of glucose), hemicellulose (25-35 wt%, a branched polymer of C5 and C6
sugars) and lignin (16-33 wt%, aromatic polymer) [1]. Biomass pyrolysis usually results in three
types of products, liquid bio-oil, solid biochar and pyrolytic gases [2]. The yield of pyrolytic
products mainly depends on the composition of biomass and the distribution of biopolymers in the
biomass, which is further governed by different pyrolysis parameters [3]. Generally, at 500 °C,
pyrolysis of cellulose results in approximately 85 wt% bio-oil, 8 wt% char and 7 wt% of gases,
while the pyrolysis of hemicellulose (xylan) produces around 55 wt% bio-oil, 16 wt% char and 4
wt% gases and the thermal degradation of lignin generates the least amount of bio-oil (44 wt%),
maximum char (30 wt%) and gases of ~4 wt% [4]. A number of studies suggest that biomass with
a higher amount of cellulose produces greater bio-oil yield [4—6], while the composition of bio-oil
highly depends on the decomposition of individual biomass component, which undergoes many
primary and secondary reactions, such as depolymerization, fragmentation, dehydration,
repolymerization and reforming [4,7]. Table 1 shows the bio-oil composition obtained from the
pyrolysis of model compounds like cellulose, hemicellulose and lignin and Table 2 presents a
selection of bio-oil properties and yields of pyrolytic products from pyrolysis of lignocellulose
feedstocks. Numerous studies have attempted to understand the biomass pyrolysis using model
compounds of cellulose, hemicellulose and lignin, which will be discussed in the following

sections.

Table 1. Bio-oil composition obtained from pyrolysis of cellulose, hemicellulose and lignin at 500
°C. Data taken from reference [8].

Groups Compound Formula Cellulose Hemicellulose Lignin
(area %) (area %) (area %)

Saccharides Levoglucosan C6H100s 34.13 / /
1,4,3,6-Dianhydro-. alpha. -D- CeHsO4 6.02 / /
glucopyranose

Furans Furfural CsH402 5.87 1.32 /
2,3-Dihydrobenzofuran CgHsO / / 6.22
3-Furaldehyde CsH402 1.35 / /
2,2-Dimethyl-3(2H)-furanone CeHsO2 1.25 / /
2(5H)-Furanone C4H402 1.58 / /
5-Methyl-2(5H) furanone CsHsO2 1.38 / /
5-Methyl-2-furaldehyde CsHsO2 0.71 / /
2-Furanmethanol CsHsO2 5.09 / /
2-Ethyl-furan CsHsO / 2.12 /
5-Methyl-2-furancarboxaldehyde CeH6O2 / 3.36 /

Ketones 1-Hydroxy-2-propanone CsHsO2 1.84 / /
1-Hydroxy-2-butanone C4Hs02 1.16 / /
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Phenols

Alcohols

Acids

Esters

2-Methylcyclopentanone
3-Methyl-1,2-cyclopentenodione
3-Methyl-2-cyclopenten-1-one
1,2-Cyclopentanedione
3-Hydroxy-2-butanone
4-Hydroxy-3-hexanone
2-Cyclopenten-1-one
2-Cyclohexen-1-one
2,3-Dimethyl-2-cyclopenten-1-one
2-Hydroxy-3-methyl-2-cyclopenten-
1-one
2,3,4,5-Tetramethyl-2-cyclopenten-1-
one

Acetovanillone

4-0O-Methylphloracetophenone
Acetosyringone

Phenol

4-Methyl-phenol

Maltol

2-Methyl-phenol
4-Ethyl-2-methoxy-phenol
3-Methoxyphenol
3,4-Dimethylphenol
4-Ethylphenol
3-Methoxy-2-benzenediol
O-Methylorcinol
2,6-Dimethoxyphenol
3,4-Dimethoxyphenol
4-Ethylresorcinol

4-Methyl-1-hepten-4-ol
1-Methylcycloheptanol
cis-1,2-Cyclohexanediol
(E)-3-Methyl-2-penten-4-yn-1-ol
4-Methyl-cyclohexanol

Palmitic acid
Linoleic acid
Petroselic acid
Stearic acid
Acetic acid
Propanoic acid

3,4-Dihydroxy-3-cyclobutene-1,2-
dione
Heptanoic acid

5-Methyl-2(3H)-furanone
Methyl 2-furoate
Methyl-4-methyl-2-pentenoate
2-Hexenoic acid, methyl ester
Ethyl homovanillate

Methyl petroselinate

CsH100
CeHsO2
CsHsO
CsHsO2
C4HsO2
CsH1202
CsHsO
CsHsO
C7H100
CeHsO2

CoH140

CoH1003
CoH1004
C10H1204

CsHsOH
C7HsO
CeHs03
C7HsO
CoH1202
C7HsO2
CsH100
CsH100
C7HgOs
CsH1002
CsH1003
CsH1003
CsH1002

CsH160
CsH160
CsH1202
CsHsO
C7HuO

Ci16H3202
Ci18H3202
Ci18H3402
Ci18Hz602
CHsCOOH

CHsCH:C
OOH
CsH204

C7H1402

CsHs02
CeHs03
C7H1202
C7H1202
C11H1404
C19H3602

0.41
1.56
0.22
1.38

~ O~~~ ~

0.44
0.43
0.65

~

~ O~ O~~~ ~— ~— ~— —

1.20

1.20
0.93
1.58
2.55

2.60

2.60
1.83
6.47
1.23
8.12
3.96

0.25

4.07
2.33

4.65
1.55

~ O~ O~~~ ~— —

1.34
0.87

~ O~~~

22.86
8.80

~ O~~~ ~ ~—

~ Y~~~ ~— ~— ~— ~— ~— ~—

~

0.93
1.24
431

9.00
5.12

1.60
10.07
5.71
1.15
12.57
1.02
1.08
5.47
1.58
1.99

~ O~~~ ~—

2.93
2.04
6.79
0.37

0.57
1.27
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Aldehydes 2-Methylcrotonaldehyde CsHsO 0.16 / /
Heptanal C7Hu0 3.53 / /
Formaldehyde di-isopropyl acetal C7H1602 3.81 / /

Cellulose is the major component of dry wood, comprising approximately 40-50 wt% [1].
Cellulose is a polysaccharide of f(1 — 4) linked D-glucose units. Glucose anhydride is formed
after the release of a water molecule from a glucose unit and two glucose anhydride units combined
to form a cellobiose unit, which acts as the repeating unit of cellulose [9]. A cellulose molecule
may contain several hundred to thousands of units in linear chains. While two glucose units are
connected through the glycosidic bonds S(1 — 4). The glucose units of one chain forms
intramolecular hydrogen bonds (03 — H - 05’and 06 - H — 02") to connect with the similar
chain and form intrastand hydrogen bonds (06 — H — 03") to connect with the neighboring chain
[10]. The pyrolysis of cellulose occurs between 240 and 350 °C, leading to generation of different
organic compounds. At 300 °C, the dominant compounds are anhydrosugars e.g., levoglucosan
(LGA), levoglucosenone (LGO), pyrans and furans, while at the higher temperature of around 500
°C, anhydrosugars start converting into light oxygenates, like formic acid, methyl glyoxal and
hydroxyacetone [4]. Figure 1a shows the possible pathways for the generation of different organic
compounds during the pyrolysis of cellulose. As shown in the figure, the initial degradation of
cellulose could result into different anhydrosugars, such as LGA and LGO, and furans, such as
hydroxymethyl furfural (HMF) and pyrans like dianhydroglucopyranose (DAGP) [4]. Cellulose
could be converted into LGA possible via three pathways, including ionic pathway, free-radical
pathway or concerted mechanism where all bond breaking and bond making reactions occur in a
single step [11-13]. The latter is the most favorable pathway for LGA formation due to the low
energy barrier, which involves the cleavage of glycosidic bond (C1’ — 0), and hydrogen-oxygen
bond (06" — H6") and formation of two other bonds simultaneously i.e. (C1' — 06") and (06’ —
H6") [11]. On the other hand, LGO could be formed via two pathways, the first includes its
formation from direct cellulose through the concerted mechanism and, secondly, from LGA
through a dehydration reaction [14].
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Table 2. Effect of lignocellulose biomass composition on the yield of pyrolytic products and bio-oil properties.

Lignocellulose biomass ~ Biomass constituents (%0) Pyrolysis Product yield (wt%b) Bio-oil properties
C HC L Reactor T (°C) Bio-oil Gas Char Elemental composition HHV Viscosity Water pH Density Reference
(Wt%) (MJ/kg) (cP) content (glem?)
C H @] (Wit%)

Walnut shells 32.19 26.20 36.89 Fixed-bed 500 20.67 26.78 29.83 63.10 6.91 29.42 24.38 / / / / [15]
Peach stones 29.50 25.10 39.26 Fixed-bed 500 18.98 25.09 32.88 62.00 6.39 30.60 24.67 / / / / [15]
Sugarcane leaves / / / Fixed-bed 550 32.45 43.32 24.23 42.70 7.40 33.32 29.57 7.9 / / 0.01 [16]
Wheat straw 33.30 24.00 15.10 Fluidized-bed 509 34.97 26.99 28.05 60.33 8.61 30.01 22.0 / 22.10 4.10 / [17-19]
Switch grass 36.00 31.60 6.10 Fluidized-bed 500 57.90 16.57 20.03 63.15 7.97 28.15 22.3 / 21.60 3.39 / [17-19]
Miscanthus 54.00 23.90 14.94 Fluidized-bed 500 46.61 9.13 31.37 54.90 7.40 36.07 18.8 / 22.00 3.78 / [17-19]
Beech wood 43.30 31.80 21.40 Fluidized-bed 498 51.34 13.03 14.43 54.24 6.90 38.86 20.1 / 12.80 2.86 / [17-19]
Willow SRC 49.30 14.10 20.00 Fluidized-bed 500 40.51 19.89 19.28 62.94 5.86 31.09 21.8 / 15.00 3.42 / [17-19]
Wheat straw 38.00 36.00 22.00 Fixed-bed 500 47.00 20.00 33.00 / / / / / / / / [18]
Rape straw 36.00 37.00 24.00 Fixed-bed 500 48.00 20.00 32.00 / / / / / / / / [18]
Spruce + bark 42.00 27.00 26.00 Fixed-bed 500 41.00 16.00 43.00 / / / / / / / / [18]
Eucalyptus wood 46.25 13.49 34.00 Fluidized-bed 450 50.80 29.40 19.70 / / / / / 31.00 / / [20]
Sweet sorghum 34.20 24.30 6.50 Fluidized-bed 500 43.50 32.80 23.80 22.08 0.21 71.20 12.39 2.48 56.29 2.84 1.08 [21]
Sugarcane bagasse 43.55 32.99 21.76 Fluidized-bed 500 72.00 4.00 24.00 / / / / / / / / [22]
Napier grass 38.75 19.76 26.99 Vertical fixed-bed 600 49.34 29.28 21.89 50.89 6.02 41.98 26.77 / / 2.65 / [23]
Anchusa azurea 40.67 24.23 18.11 Tubular fixed-bed 550 30.84 33.23 35.93 45.59 7.11 45.72 17.43 / / / / [24]
Corn straw 37.60 21.60 18.40 Fluidized-bed 500 41.34 44,92 12.98 / / / 9.47 9.58 / / 1.12 [25]
Pine wood 33.55 27.34 39.90 Auger reactor 450 54.00 / 19.00 / / / 16.10 6.49 20.83 2.65 1.17 [26]
Sweetgum 39.70 12.20 34.00 Auger reactor 450 51 / / / / / / 8.26 38.30 2.65 1.16 [27]
Switch grass 29.60 9.80 19.90 Auger reactor 450 31 / / / / / / 151 61.70 2.98 1.08 [27]
Corn stover 31.10 10.80 22.60 Auger reactor 450 35 / / / / / / 1.60 54.70 2.66 1.08 [27]

C: cellulose, HC: hemicellulose, L: lignin, T: temperature, HR: heating rate
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Cellulose could also be converted into furans like HMF via a concerted mechanism which
includes four main steps at the same time i.e. breaking of C4 — 04, transfer of hydrogen from
02'H to 04, cleavage of C2' — C3’, and lastly, the formation of C1’ — €3’ bond [10]. However,
it has been also reported that this mechanism is kinetically not favoured due to the high energy
barrier (53.9 kcal/mol). HMF can be further converted into furfural via deformylation reactions or
other furans like 5-methylfurfural and 2-furan methanol via decarboxylation and other
deoxygenation reactions [28,29]. The formation of pyrans like 1,5-anhydro-4-deoxy-D-
glycerohex-1-en-3-ulose (ADGH) from cellulose is generally carried out via a mechanism
involving glycosylation, ring-opening/closing and dehydration reactions [10,30]. Above 500 °C,
anhydrosugars could undergo various secondary degradation reactions, such as retro-Diels—Alder,
decarbonylation, and dehydration to produce different light oxygenates, including formic acid,
methyl glyoxal and hydroxyacetone, while LGO can be further converted into furans like furfural

or 5-methylfurfural and light oxygenates like formaldehyde [10,13].
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Figure 1. Possible pathways for the generation of different organic compounds during the pyrolysis

of (a) cellulose, (b) hemicellulose, and (c) lignin at a temperature range of 350-550 °C.

After cellulose, hemicellulose is considered as the second-largest component of dry wood,
comprising 25-35 wt% of the total biomass. Hemicellulose is a heteropolymer of different pentose
and hexose sugars, such as glucose, xylose, mannose, galactose, and arabinose. Hemicellulose
contains short branched chains of sugar units, of approximately 150 compared to cellulose that
contains 5000-10000 glucose units in unbranched chains [1]. Hemicellulose starts decomposing
above the pyrolytic temperature of 200 °C and completely degrades up to 350 °C [31]. The

pyrolysis of hemicellulose mainly produces volatiles and less char and gases compared to cellulose
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[8]. At 300 °C, the bio-oil produced from the pyrolysis of hemicellulose (usually represented by
xylan) generally contains more furans (37.75 wt%), light oxygenates (29.20 wt%), anhydrosugars
(27.31 wt%), and a few phenolic compounds (5.75 wt%) [4]. Figure 1b shows the possible
pathways for the generation of different organic compounds during the pyrolysis of hemicellulose.
Above 200 °C, xylan could be depolymerized to produce the primary products, mainly furans,
anhydrosugars or it could also undergo a mechanism of depolymerization, re-arrangement and
dehydration reactions to yield furfural. During cellulose pyrolysis, the cleavage of glycosidic bond
between the two pyranose rings results in the formation of a glucosyl cation, further stabilized by
the formation of 1,6-anhydride [6]. However, in hemicellulose pyrolysis, cleavage of glycosidic
bond produces a xylosyl cation, however, a stable anhydride could not be formed due to the
absence of the sixth carbon and substituted oxygen at the fourth number [32]. In this condition,
xylosy| cation could undergo further glycosidic bond breaking and dehydration reactions, followed
by the addition of OH" and H* to yield xylose [32]. The Cs intermediate compounds generated
during xylan pyrolysis usually requires a carbon atom to form Cs compounds like HMF and LGA.
Ansari et al. [4] suggest that this required carbon atom could be provided in-situ during the xylan
pyrolysis to form Ce compounds. It has been also reported that xylan could undergo
depolymerization, hydrogenation and hydrodeoxygenation reactions to yield 2-furanmethanol. A
further increase in pyrolysis temperature can convert the primary pyrolysis products into
secondary products through various reactions. For instance, above 300 °C, LGA could be further
converted into acetic acid and 1-hydroxy-butanone possibly via fragmentation and retro-Diels-
Alder reactions. HMF could be decomposed into furanone via oxidization and
hydrodeoxygenation reactions [33]. This conversion could take place in three steps. In the first
step, an anhydride could be formed which immediately undergoes hydrolysis reaction to produce
an alcohol compound (5-(hydroxymethyl) furan-2-ol), releasing a formic acid molecule. 5-
(hydroxymethyl) furan-2-ol could undergo rearrangement reaction in the last step to form 5-
hydroxymethyl-2(5H)-furanone [33]. Similarly, 2-furanmethanol could be hydrogenated to form
2-methylfuran, which involves the scission of € — O bond of the side chain and furan ring
activation by the addition of a hydrogen atom [34].

Lignin is the third most abundant and complex biopolymer found in the lignocellulose
biomass, constitutes nearly 16-33 wt% of dry wood [1]. Lignin is an amorphous, high branched
polymer of phenolic compounds that is made up of an irregular array of variously bonded
“hydroxy-" and “methoxy-" substituted phenylpropane units. The main monomeric
phenylpropanoid units found in lignin structure are p-hydroxyphenyl, guaiacyl, and syringyl units
which are derived from p-coumaryl, coniferyl, and sinapyl alcohols, respectively [35]. The
pyrolysis of lignin requires comparatively higher temperature compared to cellulose and
hemicellulose. Thermal degradation of lignin starts above 350 °C and at this temperature the main
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pyrolytic product is char (~53 wt%) and bio-oil (27 wt%), while no gases are observed [4].
However, increasing the temperature >550 °C enhances the bio-oil yield and decreases the char
yield. The bio-oil produced from the pyrolysis of lignin mainly contains different phenolic
compounds. For example, Ansari et al. [4] showed that pyrolysis of lignin at 550 °C produces bio-
oil with ~45 wt% of low molecular weight phenols, ~25 wt% phenolic aldehydes/ketones, ~20
wt% methoxyphenols and 9.5 wt% light phenols. Figure 1c shows the possible pathways for the
generation of different organic compounds during pyrolysis of lignin. Lignin generally starts
depolymerizing above 350 °C and produces monolignols that are p-coumaryl, coniferyl, and
sinapyl alcohols which act as intermediate compounds in formation of various phenolic
compounds like vanillin, apocynin, eugenol, 2-methyl-4-vinylphenol, creosol [8,36,37]. It has
been reported that coniferyl alcohol could be converted to 2-methyl-4-vinylphenol via
deformylation reaction and vanillin via oxidation and retro-aldol reactions [4,37]. The produced
2-methyl-4-vinylphenol could further undergo hydrogenation reaction to generate 2-methyl-4-
ethylphenol, where vanillin acts as the intermediate product for formation of p-cresol via
hydrodeoxygenation reaction and 2-methylphneol through a mechanism of multiple reactions like
hydrodeoxygenation, decarboxylation and retro-aldol reactions [38,39]. In addition, coniferyl
alcohol undergoes a scission of its -OH group and hydrogenation reaction to form eugenol or
isoeugenol [40]. On the other hand, the lignin compound could undergo dehydration reactions,
followed by cleavage of the ether linkage (8 — O — 4) and rearrangement reactions to produce
apocynin and 2-methoxyphenol [37]. Apocynin can be further converted into 2, 3-dimethylphenol
via hydrodeoxygenation reaction [4].

Together, these studies outline that the bio-oil produced from pyrolysis of the individual
component of lignocellulose biomass contains a variety of organic compounds (anhydrosugars,
furans, pyrans, phenols), which are produced through a number of different reactions involving
glycosidic bond cleavage, dehydration, hydrogenation, hydrodeoxygenation, ring-
opening/closing, rearrangement, retro-Diels-Alder, oxidization, reduction, retro-aldol reaction, the
breaking of ether linkage, decarboxylation. Therefore, it can be assumed that the pyrolysis of
lignocellulose biomass also results in the bio-oil composition containing almost similar types of
organic compounds that are produced from the pyrolysis of each biomass component. The bio-oil
obtained from a general pyrolysis process contains a variety of oxygenated compounds, such as
alcohols, phenols, acids, ketones and aldehydes while a negligible proportion of aromatic or
aliphatic hydrocarbons is produced. The dominant presence of oxygenated compounds results in
its acidic character, water content and high instability, lower calorific value, high viscosity, low
carbon/hydrogen ratio that is impeding the commercialization of the bio-oil [41]. The application
of catalysts can successfully convert the oxygenated compounds into desirable aromatic or
aliphatic hydrocarbons by carrying out various catalytic reactions, such as hydrogenation,

21



dehydration, decarboxylation, decarbonylation, aromatization, condensation, ketonization, Diels-
Alder reaction [42—46]. Consequently, it could increase the total content of carbon and hydrogen
in the bio-oil and enhance the calorific value. The role of a catalyst in converting the oxygenated
compounds into hydrocarbons and the possible mechanisms involved, and the influence of the

catalyst properties on bio-oil upgrading is discussed in successive sections of the chapter.

2. Catalytic biomass pyrolysis

A catalyst is generally defined as a substance that increases the rate of a chemical reaction
without being itself consumed [47,48]. The catalyst could be made of various materials that
contains the desirable physical or chemical properties for the required applications. However, for
bio-oil upgrading, solid catalysts have been utilized which are usually made up of either sole
support of high surface area like ZSM-5, Al,O3, TiO2 or metal-impregnated catalysts like Ni/ZSM-
5, Cu/Al;03, NiCu/ZSM-5, CuMo/ZSM-5 [48,49]. For bio-oil upgrading, the highly desirable
catalysts should promote cleavage of the C — O bond to remove oxygen and formation of C — C
bond to generate hydrocarbons [50]. The catalysts usually promote various deoxygenation
reactions like dehydration, decarboxylation, decarbonylation and remove the oxygen in the form
of non-condensable gases like CO., CO and H20 and solid coke that is deposited on the catalyst
surface. Majority of deoxygenation reactions are believed to occur inside the pores of the catalyst,
however, some of the reactions can be catalyzed outside of the pores or on the external surface of
the catalyst when the reactant molecules could not pass through the pores, suggesting the
importance of size of pores in the catalyst for bio-oil upgrading. Kinetically, a catalyst reduces the
potential energy barrier of a reaction by decreasing the activation energy between reactants and
products. Thus, it could be suggested that the reactions in noncatalytic pyrolysis that could not
take place due to high potential energy barrier can be carried out in the presence of a catalyst.

Based on the incorporation of the catalyst, the catalytic upgrading of bio-oil can be carried
out primarily in two widely used configurations i.e. in-situ and ex-situ and two other less explored
modes i.e. two stage ex-situ and combined in-situ and ex-situ pyrolysis [51-54]. Figure 2 shows
the different pyrolysis modes which can be used in a fixed-bed reactor. In in-situ catalytic
pyrolysis, the biomass is mixed with the catalyst and simultaneously heated at a certain
temperature, resulting in the upgraded bio-oil [55,56]. This pyrolysis mode favors the higher
biomass conversion to pyrolytic products as the catalyst remains in direct contact with produced
pyrolytic vapours. As a result, a higher bio-oil yield could be obtained [57]. Moreover, the catalyst
exhibits greater vapour residence time, allowing more oxygenated compounds to react with the
active sites inside or on the catalyst surface and leading to higher conversion rate of oxygenated
compounds into hydrocarbons [58]. However, it has been noticed that the in-situ pyrolysis mode
requires higher amount of catalyst compared to ex-situ mode as the in-situ produced pyrolytic
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vapours could not contact the sufficient amount of the catalyst [51,55]. Another challenge for in-
situ process is the rapid deactivation of the catalyst as the catalyst remains in direct contact with
the biomass. On the other hand, in ex-situ catalytic pyrolysis, the biomass and the catalyst bed are
placed separately in the reactor at a certain distance or in the separate reactors and the produced
pyrolytic vapours are passed through the catalyst bed [50,59]. Ex-situ pyrolysis allows carrying
out the thermal degradation of biomass and catalytic process at different optimal temperatures to
obtain the enhanced bio-oil yield and upgraded bio-oil [56,59]. According to the previous studies,
ex-situ pyrolysis produces better quality of bio-oil, by favoring the production of higher proportion
of aromatic hydrocarbons in the bio-oil compared to in-situ mode [52,60]. It has been reported that
ex-situ pyrolysis results in less coke formation, however, it also results in lower bio-oil yield in
comparison to the in-situ mode [57].

In two-stage ex-situ pyrolysis, two different catalyst beds are used, where the pyrolytic
vapours are firstly passed through catalyst 1 and the reacted vapours are further passed through
catalyst 2 [53]. This type of mode allows the use of two catalysts with different catalytic properties
and carry out enhanced number of deoxygenation reactions. For example, a catalyst that exhibits
C — C formation can be used as catalyst 1 and a catalyst that shows high activity for aromatization
and cyclization reactions can be used at catalyst 2, leading to enhanced formation of aromatics.
Therefore, this process could prove highly advantageous to produce more variety of hydrocarbons
in the bio-oil and consequently increase its quality [59]. For instance, Ratnasari et al. [53] applied
HZSM-5 and AI-MCM-41 in two-stage ex-situ pyrolysis of beech wood at varying HZSM-5: Al-
MCM-41 ratios (7:1, 3:1, 1:1, 1:3). The results revealed that the 3:1 and 7:1 ratio achieved 90.55
and 90.76% of aromatics, while decreasing the HZSM-5 content in the catalytic ratio at 1:1 and
1:3 reduced the proportion of aromatics in the bio-oil samples, which suggested that higher amount
of HZSM-5 participated dominantly in the aromatization reactions and Al-MCM-41 was less
responsible for the production of aromatics [53]. Three-stage ex-situ pyrolysis has been also
adopted for bio-oil upgrading. In three stage ex-situ pyrolysis, three separate catalyst beds are
placed and the produced pyrolytic vapours are passed through. For example, Asadieraghi and Daud
[61] examined the effect of HZSM-5, Ga/HZSM-5 and Cu/ HZSM-5 for fast pyrolysis of palm
kernel shell and achieved the highest proportion of hydrocarbons compared to two-stage and
single-stage pyrolysis carried out with similar catalysts.
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Figure 2. Types of pyrolysis modes in a fixed-bed pyrolysis reactor.
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In combined in-situ and ex-situ catalytic pyrolysis mode, a catalyst is mixed with the
biomass and the produced pyrolytic vapours are passed through the similar catalyst or a different
catalyst bed, as shown in Figure 2d [51,62,63]. This pyrolysis mode could prove significant to
achieve enhanced deoxygenation of bio-oil in which the in-situ mode could help to convert the
oxygenated compounds into hydrocarbons while the unreacted oxygenated compounds can be
successfully converted in the ex-situ catalysis. Evidently, Kumar et al. [51] applied Cu/zeolite and
Ni/zeolite in a combined in-situ and ex-situ catalytic pyrolysis mode that achieved the
deoxygenation activity of approximately 98% and obtained ~72% hydrocarbons in the bio-oil. In
another combined catalytic pyrolysis study, natural zeolite and HZSM-5 were used in-situ and ex-
situ, respectively [62]. The results demonstrated that the combined pyrolysis process produced
nearly 8.7% BTEX (benzene, toluene, ethylbenzene, xylenes), while the sole ex-situ pyrolysis
mode using HZSM-5 could only produce 5.6% BTEX in the bio-oil [62]. However, this process
is not completely understood and thus requires more research to explore the distribution of

pyrolytic products, total bio-oil yield and catalyst deactivation.

3. Catalytic routes for the conversion of oxygenates into hydrocarbons

The bio-oil produced from a noncatalytic pyrolysis process is typically enriched with low
energy density oxygenated compounds, mainly phenols, alcohols, acids, esters, furans and a very
low amount of high energy density hydrocarbons. The incorporation of a heterogenous catalysts
carries out enhanced number of deoxygenation reactions and converts the oxygen containing
compounds into more energy rich aromatic and aliphatic hydrocarbons, consequently, increasing
the carbon content and calorific value of the bio-oil. A large number of studies have already
demonstrated the catalytic pyrolysis of model compounds, such as 5-HMF, furfural, acetic acid,
propanoic acid, o-cresol and guaiacol, to understand the reaction pathways involved in their
conversion to hydrocarbons and other high value-added compounds [64-70]. This section
introduces some chemical routes that are possibly favoured by the catalysts to convert the low
energy density oxygenated compounds produced during the primary and secondary pyrolytic
reactions into high energy density aliphatic and aromatic hydrocarbons.

Furanic compounds, such as furan, 5-HMF, furfural and 2,5-dimethylfuran (DMF), are
generally produced from thermal degradation of cellulose and hemicellulose components of the
lignocellulose biomass. HMF and furfural could be produced directly from cellulose via a
concerted mechanism which includes four main steps at the same time i.e. breaking of C4 — 04,
transfer of hydrogen from 02'H to 04, cleavage of C2' — €3’, and lastly, the formation C1’ — C3’
bond, followed by the dehydration reactions [10]. Also, 5-HMF could be formed via the glycosidic
cleavage of cellobiose unit, followed by the dehydration reactions, and subsequently, 5-HMF
could undergo deformylation reactions to produce furfural. Similarly, the pyrolysis of
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hemicellulose produces 2-methylmethanol via a series of reactions including depolymerization,
hydrogenation, hydrodeoxygenation, which further undergoes hydrogenation reaction to produce
2-methylfuran. In the presence of an acid catalyst like H-ZSM-5, these furanic compounds can be
converted into short and long straight chain alkanes, monocyclic aromatic hydrocarbons (MAH),
and polycyclic aromatic hydrocarbons (PAH) via dehydration, decarboxylation, decarbonylation
and oligomerization reactions [71]. DMF could be converted into aromatics like p-xylene and 1-
methyl-4-propylbenzene (MPB) via Diels-Alder cycloaddition and subsequent dehydration
reactions, as shown in Figure 3. It has been reported that Lewis acid sites containing catalysts
catalyse the Diels-Alder reaction of DMF and ethylene resulting in a cycloadduct intermediate
product [65,71]. This intermediate product could undergo dehydration reaction to form p-xylene
by either Lewis acids or Brgnsted acids. In a side reaction, p-xylene could also undergo alkylation
reaction to form 1-methyl-4-propylbenzene [68]. The production of p-xylene from DMF has been
reported to follow pseudo-first order kinetics [72]. Moreover, the conversion efficiency of DMF
to p-xylene significantly depends on the amount of acidic sites of the catalyst. Evidently, Yin et
al. [73] showed that the conversion of DMF increased from 19.9% to 87.2% when the acidity of
the catalyst was increased from 0.094 to 0.376 mmol. On the other hand, catalytic fast pyrolysis
of furan could produce a variety of hydrocarbons, such as olefins (ethylene, propylene), MAH
(benzene, toluene) and PAH (Indene, Naphthalene) via Diels-Alder condensation,
decarboxylation, decarbonylation, oligomerization and aromatization reactions. Possible reaction
pathways involved in the conversion of furan to hydrocarbons are shown in Figure 4. Noticeably,
Gou et al. [69] carried out catalytic fast pyrolysis of furan at 600 °C using zeolite catalysts and
showed that mesoporous ZSM-5 achieved approximately 27% furan conversion to produce nearly
41% aromatics (benzene, toluene, xylenes, indenes, naphthalenes) and 29% olefins (ethylene,
propylene, allene and Cs, Cs and Ce olefins). Similarly, furfural could undergo decarbonylation
reaction to generate furan which can follow similar pathways shown in Figure 6 to produce various
olefins and aromatics. Alternatively, furfural can also be converted to tetrahydrofurfural by
selective hydrogenation of € = C bonds in the furan ring, followed by dehydrogenation of the
primary —C — OH to form an aldehyde. Subsequently, tetrahydrofurfural can undergo Aldol self-

condensation, hydrogenation and dehydration reactions to form C12 and Cyo alkanes.
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Figure 3. Reaction pathways to convert HMF to DMF and further conversion to p-xylene.

Figure 4. Possible reaction pathways for the conversion of furfural and furan to olefins and
aromatics.

Catalytic pyrolysis of 5-HMF produces a variety of aliphatic and aromatic hydrocarbons.
Zhao et al. [74] demonstrated the catalytic pyrolysis of 5-HMF at 600 °C on a fixed bed reactor at
atmospheric pressure using zeolite-based catalysts. The results showed that HZSM-5 achieved the
production of MAH, such as benzene (1.76%), toluene (20.90%), xylene (2.86%), naphthalene
(4.81%), while the other aromatics contributed approximately 18.66% of the total hydrocarbon
content. The possible route to produce aromatic hydrocarbons from HMF could take place via
hydrogenation and dehydration reactions in the presence of a metal-acid catalyst, where zeolite
can carry out dehydration reaction and the metal can favor hydrogenation reaction [71]. Hydrogen
required for the reaction could be supplied in-situ produced during the biomass pyrolysis.
However, the production of high concentration of Hz during pyrolysis of 5-HMF in the presence
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of a bifunctional catalyst can lead to a series of Aldol self-condensation, Aldol-crossed
condensation, hydrogenation and dehydration reactions to produce Co-C1s alkanes [75].

Bio-oil is usually enriched of different carboxylic acids (acetic acid, propanoic acid,
palmitic acid, heptanoic acid), esters and ketones, which are formed by the pyrolysis of all three
components of lignocellulose biomass. The presence of these acids makes the bio-oil acidic and
consequently highly unstable. The application of acid catalysts can successfully convert the acids
into high energy density hydrocarbons and thus enhance the bio-oil properties. The cracking of
carboxylic acids over acidic catalysts could be carried out in two pathways [67,76,77]. In the first
pathway, -COOH could undergo decarbonylation reaction to produce -CO and -OH and
decarboxylation reactions to generate CO2 and H" [67]. The further cracking of carboxylic acids
can produce light chain hydrocarbons and free -CH>-CHs, -CH> and CHzradicals. In the next step,
carbon chain elongation could take place to form short or long chain olefins, which could further
undergo aromatization reactions to produce aromatics like benzene, toluene and xylene [78,79].
In the alternative pathway, during the first step of acid-catalysed pyrolysis, carboxylic acids
transform into symmetrical ketones, which would further undergo y-hydrogen transfer
rearrangement mechanism to form methyl ketones and a terminated alkene [76,77], as shown in
Figure 5. For instance, the pyrolysis of carboxylic acid, like dodecanoic acid, would transform into
the ketonic form, that is diundecyl ketone, which would undergo y-hydrogen transfer mechanism
to form 2-tridecanone and 1-decene. It has been reported that y-hydrogen transfer is favoured by
the binding of the carbonyl group to Lewis acid sites of the catalysts and leaving the oxygen atom
with a partial positive charge [76]. This mechanism leads to scission between o and 3 carbon of
the symmetrical ketone to generate an enolic product and a terminated alkene. The enolic product
is highly unstable, thus could undergo keto-enol tautomerism to form methyl ketone [76].
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Figure 5. y-hydrogen transfer mechanism on symmetrical ketone/methyl ketone. Adapted from
reference [76].

Figure 6. Proposed reaction pathway for m-cresol conversion over zeolites. Reproduced with
permission from [80].
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Figure 7. Overview of the whole reaction mechanism of H-USY zeolite-catalysed pyrolysis of
guaiacol. Reproduced with permission from [81].

Phenols are the dominant organic compounds found in the bio-oil, mainly produced from
the pyrolysis of lignin component of the lignocellulose biomass. A number of studies have carried
out the catalytic cracking activity of various phenolic model compounds to understand their
transformation reaction pathways to hydrocarbons [80,82—86]. For instance, To and Resasco [80]
demonstrated the pyrolysis of m-cresol using acidic zeolites, HZSM-5 and HY. The possible
reaction pathway for m-cresol conversion to aromatics over zeolite catalysts is shown in Figure 6,
which suggests that cracking of m-cresol to aromatics firstly involves three main reactions that are
isomerization, transalkylation and condensation to convert m-cresol into a phenolic pool that acts
as the precursor for the generation of different aromatics. Later this phenolic pool undergoes
cracking and hydrogen transfer reactions to produce mainly aromatic hydrocarbons, such as
benzene, toluene, xylenes and naphthalenes, while no aliphatics were reported [80]. The phenolic
compounds have been also reported to undergo direct deoxygenation and dehydration reactions to
form aromatics [85]. Guaiacol is another major phenolic compound present in the bio-oil and the
acid-catalyzed pyrolysis can successfully convert into various MAH and PAH. Figure 7 shows the
possible mechanism of H-USY zeolite-catalysed pyrolysis of guaiacol. Jiang et al. [87] suggested
that Brgnsted acid sites in HZSM-5 catalyst promote the demethoxylation, dehydroxylation and

methy| substitution reactions to produce MAH, like benzene and toluene, which further undergo
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secondary polymerization reactions to form PAH, like naphthalene and methylnaphthalene.
However, several intermediate compounds are also formed during the conversion of guaiacol to
aromatics [87]. For example, the homolytic cleavage of O-CHs group of guaiacol leads to the
formation of catechol that can further undergo intramolecular hydrogen transfer and
decomposition reactions to produce 1,3-butadiene and 3-hexene-1,6-dione. o-hydroxyphenoxy is
also formed during the pyrolysis of guaiacol which undergoes decarbonylation reaction to produce
hydroxycyclopentadienyl [88]. Liu et al. [89] suggest that hydroxycyclopentadienyl can undergo
intramolecular hydrogen transfer reaction to generate cyclopentadienyl radical and its further ring
opening can form pentadienone radicals, which undergoes decarbonylation reaction to form Cs
hydrocarbons. Cyclopentadienyl can also combine with indenyl and undergo rearrangement to
form phenanthrene [90].

4. Kinetics of catalytic biomass pyrolysis

Generally, the catalytic pyrolysis of lignocellulose biomass is considered as a
heterogeneous chemical reaction. During the catalytic biomass pyrolysis, the chemical kinetics
depends on several key processes involved, such as adsorption and desorption of reactants and
products on the catalyst surface, breaking and formation of chemical bonds and the changing
reaction geometry. Therefore, each process can affect the reaction dynamics and kinetics of the
pyrolysis. The kinetics also depends on biomass composition, heating rate, particle size, and heat
and mass transport. The application of a catalyst usually reduces the potential energy barrier of a
reaction by decreasing the activation energy between reactants and products, thereby increasing
the feasibility of the formation of a product that could not form in the absence of a catalyst. It
could be inferred from Arrhenius equation (eqg. 1) that lower the activation the faster the rate of
reaction.

k(T) = Ae Ea/RT Q)

where k(T) is reaction rate constant, A is pre-exponential factor (min), R is gas constant (8.314 x
10 kJ mol?), T is temperature (K) and Ea is activation energy (kJ mol™?). The kinetics of the
catalytic pyrolysis process can be studied using thermogravimetric analysis (TGA), while the
activation energies for the decomposition of biomass components can be evaluated by employing
various kinetic models, such as distributed activation energy model (DAEM) [92], Coats—Redfern
[92,93], Flynn-Wall-Ozawa (FWO) [94,95], Kissinger-Akahira-Sunose (KAS) [94] and Starink
method [94]. A number of studies have demonstrated the Kinetics of biomass pyrolysis and suggest
that each biomass component (cellulose, hemicellulose and lignin) exhibits a varying range of
activation energies. For example, the pyrolysis of cellulose requires approximately 141 kJ mol*
of activation energy, which is higher compared to hemicellulose (124.51 kJ mol*) and lower
compared to lignin that requires nearly 166.68 kJ mol™* of activation energy [95]. Table 4
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summarizes few studies and provides the values of activation energy required for pyrolysis of
biomass with and without the presence of a catalyst.

Coat-Redfern method is a global kinetic isoconversional model widely used to study the
kinetics of biomass pyrolysis using thermogravimetric (TG) data obtained under varying heating
rates [92,93,95]. It divides the pyrolysis process into different stages based on temperature and
weight loss and provides the activation energy and reaction order for each stage of the pyrolysis
process [94]. This method does not require prior assumption of the reaction model and provides
accurate kinetic parameters compared to the other kinetic models. The following formula (eq. 2)
can be used to calculate the kinetic parameters of the first-order reactions:

In [M =1n[£(1—ﬂ)]—£ (2)

T? BE E RT
where « is the thermal conversion of the substance, A is pre-exponential factor, £ is the heating
rate dT/dt, T is temperature, R is gas constant. According to Coat-Redfern method, the pyrolysis
of biomass with and without catalyst follows a two or three-step reaction mechanism [92,93]. For
instance, Lu et al. [93] examined the Kkinetics of sole wheat straw pyrolysis using various zeolite
and Al>Os-based catalysts. The results suggested that both non-catalytic and catalytic biomass
pyrolysis exhibited multistep reaction characteristics, mainly divided into a two-step reaction
mechanism, as shown in Figure 8. Noticeably, during the first step for biomass pyrolysis, the
activation energy was 83.6 kJ mol?, which significantly decreased with the application of
catalysts. For example, 41.8 kJ mol* of activation energy was obtained when HZSM-5/y-Al,O3
was used as catalyst, while 47.6 kJ mol* for Ni-Mo-HUSY /y-Al,Os. Similarly, during the second
step, the sole biomass pyrolysis showed the activation energy of 3.74 kJ mol* while the
bifunctional catalysts, like Ni-Mo-HUSY/y-Al;0s and Ni-Mo-HZSM-5/y-Al,03  showed
activation energy values of 1.64 and 2.95 kJ mol?, respectively [93]. The higher activation energy
could result because of their rapid deactivation, probably due to coke deposition in the internal
pore passage or pore mouth of the catalyst. In addition, the authors reported that in the temperature
range of 200-350 °C, biomass pyrolysis followed first-order reaction kinetics, while the catalytic
pyrolysis did not follow the first-order reaction kinetics. Although, in the range of 350-500 °C,
both noncatalytic and catalytic biomass pyrolysis followed nearly first-order reaction kinetics but

could not continue to follow at the higher temperature of up to 700 °C [93].
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Table 4. Summary of the values of activation energy required for noncatalytic and catalytic pyrolysis of biomass samples.

Feedstock Instrument Temperature Heating rate Sample (Ea) Model used Reference
range (°C) (°C/min) mass (mg)  kJ mol?
Noncatalytic pyrolysis
Wheat straw NETZSCH 449 C (TG-DSC) 110-900 30 10 87.34 Coats—Redfern [93]
Beech wood TGA* 110-900 10 60 136.64 Coats—Redfern [92]
Cellulose SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 5 147.84 FWO [94]
Straw SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 5 245.44 FWO [94]
Hemicellulose EXSTAR TG/DTA6300 25-800 10-40 10 124.51 FWO [95]
Lignin EXSTAR TG/DTA6300 25-800 10-40 10 166.68 FWO [95]
Cotton stalk SDT Q600 (TA) 110-800 5 10 239.46 DAEM [96]
Sugar cane bagasse SDT Q600 (TA) 110-800 5 10 234.75 DAEM [96]
Switch grass SDT Q600 (TA) 110-800 5 10 260.95 DAEM [96]
Wheat straw SDT Q600 (TA) 110-800 5 10 240.61 DAEM [96]
Ground fir wood STA 409 PC Luxx TG-DSC 25-1300 10 20 90.7 Coats—Redfern [97]
Elephant grass Perkin Elmer 2400 25-900 10-30 10 227.20 / [98]
Date palm seed METTLER TGA/SDTA 851E 25-900 20 5 20.24 / [99]
Catalytic pyrolysis
HUSY/y-Al.Os + wheat straw NETZSCH 449 C (TG-DSC) 110-900 30 10 47.81 Coats—Redfern [93]
HZSM-5/y-Al>Os+ wheat straw NETZSCH 449 C (TG-DSC) 110-900 30 10 47.21 Coats—Redfern [93]
Ni—-Mo-REY/y- Al.Os + wheat straw NETZSCH 449 C (TG-DSC) 110-900 30 10 57.95 Coats—Redfern [93]
Ni-CaO-Ca»SiOs+ cellulose SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 37.65 FWO [94]
Ni-Ca0-Ca»SiOs+ cellulose SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 26.38 DAEM [94]
Ni-Caz2SiOs+ pine sawdust SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 115.14 DAEM [94]
Ni-CaO-CazSiOs+ straw SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 165.59 KAS [94]
Ni-CazSiOs+ straw SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 188.05 Starnik [94]
Ni-CazSiOs+ straw SDT Q600 (TA)- HPR20 (MS) 100-800 20-50 7 187.64 DAEM [94]
Cu20 + ground fir wood STA 409 PC Luxx TG-DSC 25-1300 10 20 84.80 Coats—Redfern [97]
CuO + ground fir wood STA 409 PC Luxx TG-DSC 25-1300 10 20 89.10 Coats—Redfern [97]

FWO: Flynn-Wall-Ozawa; KAS: Kissinger-Akahira-Sunose; DAEM: Distributed Activation Energy Model; Ea: Activation energy
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Figure 8. Coats—Redfern curves for biomass catalytic pyrolysis, (a) First stage from 200-350 °C;
(b) second stage from 350-700 °C. Reproduced with permission from [93].

In a separate study, Ratnasari et al. [92] adopted Coat-Redfern method to investigate the
effect of HZSM-5 and Al-MCM-41 on the kinetics of beech wood biomass pyrolysis between the
temperature of 180 and 360 °C at varying heating rates (10-50 °C/min). The study reported that
the pyrolysis of beech wood biomass with and without the catalysts followed first-order reaction
Kinetics during the studied temperature range and the activation energy for non-catalytic and
catalytic pyrolysis samples decreased with increase in the heating rate [53]. Interestingly, the
results revealed that at lower heating rates of 10 and 20 °C/min, the catalytic pyrolysis showed the
reduction of up to 13% for the activation energy compared to the non-catalytic pyrolysis but
exhibited comparatively higher activation energy values of up to 66% at the higher heating rates
of 30 and 50 °C/min [92]. A study by Belyi et al. [97] also showed that the addition of certain
catalysts instead of decreasing can increase the activation energy of the pyrolysis process. The
exceptional rise in the activation energy could be due to the competing reactions of the
carbonization and chemisorption of the primary pyrolysis products taking place on the catalyst
surface during the pyrolysis process [97]. Although Coat-Redfern method is accurate it could only
be applied to understand the kinetics of whole pyrolysis process by dividing into two or three
stages and could not be adopted to examine the kinetic parameters of independent or parallel
reactions involved in the pyrolysis process.

DAEM is a widely known kinetic model to obtain the kinetic parameters of biomass
pyrolysis [91,96,100,101]. This model is usually considered more complicated compared to other
Kinetic models since it covers a wide range of experimental parameters like temperature and
heating rate and their effects on different reactions involved in the distribution of char, volatiles
and pyrolytic gases [96]. The model is applied based on the assumption that the mechanism of
biomass pyrolysis consists of a number of independent and parallel reactions of varying orders of
reaction of 1, 2 or 3 [102]. Therefore, it could be further assumed that different activation energies

would result from the various reactions involved in the decomposition process, indicating
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significant transformations in the bond cleavage and consequently, in the reactant structures
[103,104]. DAEM provides the differences in the activation energies and represents them as a
continuous distribution function which is usually assumed to be a Gaussian distribution
represented with f(E) further in the text [105]. The following expression can be used to obtain the
distribution of activation energies:

V*-v

=l ew[-afew (5) @ [ as ®

where V* and V are the maximum amount of volatile or a chemical group present in the gas or

vapor phase produced at a time t, E is activation energy, A is rate constant, o is the variance and
Eo is the mean of the statistical distribution of activation energies. Further, distribution free
methods, like Miura differential method and Miura—Maki integral method and distribution fitting
methods could be used to solve the exponential integral and obtain the kinetic parameters [91,105].
Distribution free methods are the methods which are independent of the previous assumptions for
f(E), while the distribution fitting methods need the previous assumptions for f(E). More detailed
information for derivation and numerical calculation of DAEM could be found elsewhere
[91,103]. A number of researchers have utilized a three-parallel-DAEM-reaction model to
calculate the kinetic parameters of biomass pyrolysis, assuming three independent parallel
reactions for the decomposition of each component of the lignocellulose biomass since it contains
the three components cellulose, hemicellulose and lignin, and each component exhibits a Gaussian
distribution for activation energies [102,104,106-109]. For instance, Cai et al. [96] conducted a
study to understand the chemical kinetics of different lignocellulosic biomass using DAEM and
the results suggested that each biomass component shows a range of activation energies depending
on the type of biomass. Noticeably, the activation energies for cellulose, hemicellulose and lignin
were found in the ranges of 169.7-186.8, 204.2-212.5, and 237.1-266.6 kJ mol, respectively. The
study also suggested that cellulose had narrowest and lignin the widest distribution of activation
energies as the standard deviations for the activation energies were found least and highest for
cellulose and lignin, respectively, which could indicate the complexity of chemical reactions
during thermal degradation of the latter biomass component [96]. On the other hand, very limited
studies have applied DAEM for catalytic pyrolysis so far. Recently, Yang et al. [94] studied the
kinetics of nickel-based catalytic pyrolysis of various biomass feedstocks. The study showed that
all the biomass feedstocks showed higher activation energies which considerably decreased with
the addition of catalysts. For example, the activation energy for pine wood was 231.71 kJ mol™,
which reduced to 163.11 and 115.14 kJ mol using Ni-CaO/Ca,SiOs and Ni/CazSiOs4, respectively.

It could be suggested that the addition of catalysts decreases the activation energy of the
chemical reactions for thermal degradation of each biomass component and makes the pyrolysis
process more complex by deviating the kinetics of the chemical reactions. In addition, sole biomass

pyrolysis follows nearly first-order reaction kinetics while catalytic biomass pyrolysis could not
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follow first-order reaction Kkinetics at specific range of temperature, indicating the latter process
highly complex compared to the former.

5. Types of catalysts

A number of studies have been carried out on catalytic bio-oil upgrading, employing
various types of catalysts in different modes of pyrolysis [51,110-114]. Especially, the solid acid
catalysts are highly preferred for bio-oil upgrading because of their unique catalytic properties,
such as high BET surface area, strong chemical and hydrothermal stability, high acidity, suitable
porosity, high selectivity, and high resistance to the deposition of carbonaceous species [115-117].
The most commonly used solid acid catalysts are typically composed of zeolites, mordenites,
aluminosilicates or metal oxides, such as TiO2, Al>03, ZnO and their modification with different
active metals to obtain either supported monometallic or bimetallic catalysts [118-120].

Zeolites have been commonly used in petrochemical and refinery industries for cracking
activity for many decades. The main properties include shape selectivity, high strong Brgnsted
acidity, high stability and porous nature which makes zeolites a highly valuable choice for
heterogeneous catalysis for bio-oil upgrading and other value-added product generation [110,121—
126]. Zeolites are porous, crystalline aluminosilicate materials that exhibit proton donating
(Brensted) as well as electron accepting (Lewis) properties [127-129]. The zeolite lattice is usually
comprised of a three-dimensional network of tetrahedra of metals (TOs, where T is most
commonly Si and Al) having either four or three valency and each metal is connected with four
neighboring oxygen atoms [127,130-132]. Two tetrahedra of each metal in the zeolite framework
are connected via the common oxygen atom, as shown in Figure 9. It could be stated that one
oxygen atom has two neighboring metal cations. In case when Si ions occupy all the lattice, zeolite
has SiO> composition and exhibits an overall neutral charge [128]. Si, which is a tetra valent metal,
is substituted by the metal of a lower valency, mainly trivalent metals and most commonly Al due
to the similar value of ionic radii, T-O bond length and T-O-T bond angles. Consequently, this
leads to generation of a Bronsted acid site in the zeolite framework [127], which ultimately acts
as the active site for acid-catalysed transformations of organic molecules or, in this case, the
Brensted acid site acts as the active site to catalyse the deoxygenation reactions to convert the low
energy oxygenated compounds into high energy rich hydrocarbons. The substitution of Si** by
AlI®* in the zeolite framework results in the negative charge, which is usually compensated by
cations to maintain the charge balance [117,129]. If the cation is H*, it is attached to the oxygen
atom that connects the neighbouring Si and Al atom and the oxygen atom becomes three
coordinated, consequently, resulting in a strong Brgnsted acid site [133]. Generally, the trivalent
metals, like Al, Fe and Ga, are incorporated into the zeolite lattice to generate bridging -OH groups
(known to have weaker bonding), with high probability to donate or transfer the attached proton
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when interacting with basic molecules and therefore show high acidic character [134]. Noticeably,
the higher Al/Si ratios in the zeolite framework show relatively higher number of Brgnsted acid
sites [135]. However, the excessive loading of Al could also generate weak Brgnsted acid sites
due to the high accumulation of protons in the zeolite framework. Alternatively, the substitution
of Si with tetravalent elements, like Sn or Ti, can generate Lewis acid sites in the resultant zeolite
[127,128]. The Lewis acid character generally arises due to the generation of positive charge on
the metal atom when the valence electrons of the metal create covalent bond with the oxygen atom
of the adjacent tetrahedron. In addition, dehydroxylation of bridging OH groups can lead to the
generation of extra-framework species which can act as Lewis acid site [136]. The extra-
framework species could also be formed due the difference in the ionic radius between Si** and
other metals present in the zeolite lattice, and forcing the larger metal atom to migrate outside the
lattice, consequently, resulting in the lattice instability [125,127].

Figure 9. Building blocks of zeolites.

Another primary property of the zeolites that makes them efficient and most desirable
catalysts for bio-oil upgrading is their shape and size selectivity, which are mainly ascribed to their
varying pore structures and dimensions [121,137-139]. The shape and size selectivity could
consist of mainly three types, as shown in Figure 10. The first is reactant shape selectivity where
the reactant molecules are sterically restricted to enter the pores due to their larger structure. For
instance, the pore aperture of ZSM-5 of nearly 0.5 nm allows the diffusion of linear or nearly linear

molecules through it, while the larger molecules could not pass through the pore. The second type
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is the product selectivity where the larger organic molecules produced inside the pore structure are
sterically restricted to leave the pore structure [132]. For example, the monomolecular
isomerization reaction of alkylaromatics in ZSM-5 results in the formation of p-xylene, o-xylene
and m-xylene, however, p-xylene exhibits substantially higher diffusion co-efficient compared to
either o-xylene or m-xylene and hence leaves the zeolite and appears as the product [137]. On the
other hand, the restricted products could further undergo secondary reactions to form smaller
compounds or could also block the micropores, subsequently leading to the catalyst deactivation
[123]. The third type is transition state selectivity in which the generation of transition state
molecules is constrained due to the limited space in zeolite channels or intersections but allows
the diffusion of reactant and product molecules. Transalkylation of dialkylbenzenes in mordenite
zeolite is a good example of transition state selectivity. For instance, transalkylation of m-xylene
could produce either 1,3,5- or 1,24-trialkylbenzene, however, the dimensions of 1,3,5-
trialkylbenzene are too large to fit inside the pore structure of mordenite, therefore, selectively
favoring the formation of 1,2,4-trialkylbenzene [137]. There is another type of shape selectivity
called secondary shape selectivity, which is caused by the presence of certain molecules other than
the reactant molecules. For example, hydrocracking of n-hexane is inhibited in the presence of

benzene over Pt-H mordenite catalyst [140].

Figure 10. Schematic representation of the types of shape selectivity exhibited by zeolites. (a)
reactant selectivity, (b) product selectivity and (c) transition state selectivity. Adapted from
reference [137].
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In zeolite catalysts, Brgnsted acid sites, which act as the main active sites to catalyse a
specific chemical reaction, could be present on the external surface as well as on internal surface
of the pores [69,141]. However, it is believed that the chemical reactions catalysed by the zeolite
catalysts take place primarily at the internal surface of the pores, while the larger molecules that
are hindered to enter the pores could be catalysed at external surface of the pores [141]. Therefore,
it could be inferred that the pore dimension and structure play a pivotal role in the selection of
reactants (oxygenated compounds in the pyrolytic vapours) and distribution of products
(hydrocarbons or other organic compounds in the bio-oil composition). Different zeolites exhibit
varying micropore systems and dimensions, ranging from 0.3 nm to 2 nm. The micropore systems
and dimensions of some zeolites are shown in Figure 11. Depending on the size of pore diameters,
zeolites could be regarded as microporous (<2 nm), mesoporous (2-50 nm) and macroporous (>50
nm). A catalyst with micropores and mesopores is generally desirable for bio-oil upgrading to
obtain bio-oil composition with olefins, paraffins, naphthenes, MAH and PAH, as these
hydrocarbons are necessary to upgrade the bio-oil to a gasoline like fuel. The multiporous catalysts
could provide optimum number of active and Brgnsted acid sites and increase the mass transfer
Kinetics to enhance the conversion of oxygenated compounds into hydrocarbons. The pore
dimensions of zeolites can be tailored using different post-synthesis modification techniques
[127]. In addition, different active metals may also be incorporated into zeolite to enhance their
selectivity and catalytic activity to obtain the desirable products. Owing to the effective cracking
activity and shape selectivity properties, different zeolites, such as ZSM-5, Y zeolite, Mordenite
and Beta zeolite have been modified using various techniques and have been excessively
demonstrated for catalytic bio-oil upgrading.

ZSM-5 is the most widely used catalyst or catalyst support for bio-oil upgrading obtained
from various types of biomass feedstocks or biomass model compounds. ZSM-5, mainly in its
protonated form that is HZSM-5 has been used in different types of pyrolysis reactors and
pyrolysis modes and has demonstrated successful conversion of oxygenated compounds into
hydrocarbons, hence, improving the physicochemical properties of the bio-oil
[63,69,82,84,130,130,142-145]. Table 5, 6 and 7 conclude several studies that utilized various
zeolite catalysts in different pyrolysis modes for bio-oil upgrading. Although, HZSM-5 exhibits
higher Brgnsted acid sites, it has been often modified with the addition of one or two metals to
increase its catalytic activity for enhanced bio-oil upgrading. Different methods like ion-exchange,
impregnation, chemical vapour deposition could be adopted to load the metals into zeolite
framework. It has been observed that the addition of metals could increase the total acidity of the
catalyst but decrease strong Brgnsted acid sites and the total increase in the acidic character mainly

arises due to the increase in Lewis acid sites or the accumulation of extra-framework species.
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Figure 11. Structures of four zeolites: Faujasite or zeolites X, Y; zeolite ZSM-12; zeolite ZSM-5
or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions.
Reproduced with permission from reference [132].

Other than ZSM-5, many other metal oxides-based catalysts with varying structural and
physicochemical characteristics have been employed for bio-oil upgrading. Table 7 presents the
results of some studies for bio-oil upgrading and yields of pyrolytic products achieved after
applying different types of catalysts.
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Table 5. Zeolite-based catalysts used for bio-oil upgrading.

Catalyst properties Pyrolysis parameters Bio-oil composition (%yield %, Ppeak area %)
Catalyst BET Total Brgnsted  Lewis Feedstock Reactor Mode T HR C/B or Aromatics Aliphatics  Oxygenates  Reference
m?/, acidit mmol/ mmol/ ° °C/mi FR
o (mmo)I//g) ( P ) v Emcs;mm/s Total B T X
yield

Beta zeolite 589 0.68 0.53 0.15 Pine wood Fluidized bed In-situ 450 10/min 20g/h .14 / / / / #21.69 [146]
Y zeolite 884 0.83 0.58 0.25 Pine wood Fluidized bed In-situ 450 10/min 20g/h 1.31 / / / / #20.01 [146]
ZSM-5 443 1.13 1.09 0.04 Pine wood Fluidized bed In-situ 450 10/min 20g/h #3.09 / / / / #20.57 [146]
Mordenite 522 0.87 0.83 0.04 Pine wood Fluidized bed In-situ 450 10/min 20g/h %0.08 / / / / #19.76 [146]
Zeolite 412 0.06 / / Pine wood Fixed bed In-situ 700 100/min 5 1166  / / / °0.31 ©47.14 [51]
Zeolite/Cul0% 212 0.07 / / Pine wood Fixed bed In-situ 700 100/min 5 ©20.97 / / / 7,51 42,59 [51]
Zeolite/Ni10% 295 0.09 / / Pine wood Fixed bed In-situ 700 100/min 5 6,12 / / / ©37.6 015,77 [51]
Zeolite 412 0.06 / / Pine wood Fixed bed Ex-situ 700 100/min 3 1420 / / / ©3,02 b25.69 [51]
Zeolite/Cul0% 212 0.07 / / Pine wood Fixed bed Ex-situ 700 100/min 3 °41.64 / / / 4,46 ©17.68 [51]
Zeolite/Ni10% 295 0.09 / / Pine wood Fixed bed Ex-situ 700 100/min 3 ©20.54 / / / ©21.85 ®9.48 [51]
ZSM-5 416 0.99 / / Cellulose Pyroprobe In-situ 600 20000/s 9 384 14.3 1.9 0.1 1.3 [147]
ZSM-5 416 0.99 / / Hemicellulose Pyroprobe In-situ 600 20000/s 9 #29.8 134 18.2 16.8 1.8 [147]
ZSM-5 416 0.99 / / Lignin Pyroprobe In-situ 600 20000/s 9 0.2 2.1 a25.6 a27.2 0.4 [147]
ZSM-5 416 0.99 / / Pine wood Pyroprobe In-situ 600 20000/s 9 254 1.6 14.5 14.2 1.2 [147]
ZSM-5 416 0.99 / / Corncob Pyroprobe In-situ 600 20000/s 9 a26.1 1.1 14.3 145 1.4 [147]
ZSM-5 416 0.99 / / Straw Pyroprobe In-situ 600 20000/s 9 a28.0 1.9 15.8 15.6 1.8 [147]
HZSM-5 322 / / / Oily Sludge Fixed bed Ex-situ 500 10/min 1 b58.7 / / / ©12.3 ©26.7 [142]
HZSM-5/Zn 3% 199 / / / Sludge Fixed bed Ex-situ 500 10/min 1 ®81.0 / / / ®7.0 °6.4 [142]
HZSM-5/Zn 6% 165 / / / Sludge Fixed bed Ex-situ 500 10/min 1 ®81.8 / / / °g.8 ©3.3 [142]
ZSM-5 138 0.54 0.36 0.18 Beech wood Fixed bed In-situ 500 / 0.46 b5,72 / / / 0,52 59,78 [148]
ZSM-5/Ni1% 138 0.76 0.21 0.54 Beech wood Fixed bed In-situ 500 / 0.46 b5,96 / / / °Q ©70.95 [148]
ZSM-5/Ni5% 132 0.76 0.21 0.54 Beech wood Fixed bed In-situ 500 / 0.46 8,29 / / / ®0.15 ©69.28 [148]
ZSM-5/Ni10% 117 0.62 0.19 0.43 Beech wood Fixed bed In-situ 500 / 0.46 b7.48 / / / °0.23 °68.19 [148]
ZSM-5/Co1% 138 0.65 0.25 0.39 Beech wood Fixed bed In-situ 500 / 0.46 8,12 / / / ®0.15 b57.88 [148]
ZSM-5/C05% 131 0.63 0.17 0.45 Beech wood Fixed bed In-situ 500 / 0.46 ®7.6 / / / °Q v57.78 [148]
ZSM-5/C010% 100 0.48 0.13 0.35 Beech wood Fixed bed In-situ 500 / 0.46 ©7.32 / / / ®0.56 v63.87 [148]
HZSM-5 / 2.3 / / CRaw bio-oil Fixed bed Ex-situ 450 / 5 mi/h b25 / / / °3.8 ®69.5 [116]
HZSM-5/Mg1% / 2.0 / / CRaw bio-oil Fixed bed Ex-situ 450 / 5 mi/h 26 / / / °3.8 ©69.2 [116]
HZSM-5/Ni1% / 2.3 / / CRaw bio-oil Fixed bed Ex-situ 450 / 5 mi/h ®31 / / / °4.7 63 [116]
HZSM-5/Cul% / 1.3 / / CRaw bio-oil Fixed bed Ex-situ 450 / 5 mi/h 26 / / / °4.7 °66.8 [116]
HZSM-5/Gal% / 18 / / CRaw bio-oil Fixed bed Ex-situ 450 / 5 mi/h ®29 / / / °4.6 °64.5 [116]
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C/B: catalyst/biomass ratio; FR: feeding rate; B: Benzene; T: Toluene; X: xylene; ‘Raw bio-oil: bio-oil was obtained from pyrolysis of woody biomass at 450 °C
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Table 6. Application of hierarchical zeolite-based catalysts used for bio-oil upgrading.

Catalyst properties

Pyrolysis parameters

Bio-oil composition (2wt %, "peak area %o)

Catalyst Method Chemical BET (m?g) Total Feedstock Reactor Mode T HR C/B  Aromatics Aliphatics Oxygenates  Reference
acidity (°C)  (°C/min/s or Totalyield B T X
(mmol/g) /ms) FR
HZSM-5 Desilication 0.1 M NaOH 331.79 / Waste Pyroprobe Ex-situ 600 20000/s 2 .22 ©2.34 ®7.18 ©3,74 / ©40.36 [124]
cardboard
HZSM-5 Desilication 0.3 M NaOH 338.46 / Waste Pyroprobe Ex-situ 600 20000/s 2 ©28.48 ©2.40 ©7.42 ®3,05 / ©32.22 [124]
cardboard
HZSM-5 Desilication 0.5 M NaOH 344.06 / Waste Pyroprobe Ex-situ 600 20000/s 2 ©29.81 ®1.50 ©7.34 ©3.34 / ©27.86 [124]
cardboard
HZSM-5 Desilication 0.7 M NaOH 337.82 / Waste Pyroprobe Ex-situ 600 20000/s 2 ©30.54 ®1.60 °8.42 4,55 / ©30.18 [124]
cardboard
HZSM-5 Desilication 0.2 M NaOH 405.70 0.40 Oak wood Fixed bed Ex-situ 500 / 0.3 11.14 / / / / %6.96 [143]
HZSM-5/4.1%Co Desilication 0.2 M NaOH 397.20 0.57 Oak wood Fixed bed Ex-situ 500 / 0.3 7.36 / / / / .00 [143]
HZSM-5 Desilication 0.2 M NaOH / 0.11 Rape straw Fixed bed Ex-situ 500 20/min 0.2 / / / / / 53,72 [145]
HZSM-5/5% La Desilication 0.2 M NaOH / 0.12 Rape straw Fixed bed Ex-situ 500 20/min 0.2 ©49.80 / / / / ®50.13 [145]
HZSM-5 Desilication 0.1 M NaOH 400.50 0.39 Beech wood Pyroprobe In-situ 650 20/ms 10 a26.9 / / / .78 30.32 [152]
HZSM-5 Desilication 0.2 M NaOH 376.90 0.35 Beech wood Pyroprobe In-situ 650 20/ms 10 a29.0 / / / a2.52 %0.36 [152]
HZSM-5 Desilication 0.3 M NaOH 363.10 0.32 Beech wood Pyroprobe In-situ 650 20/ms 10 430.1 / / / a2.59 %0.35 [152]
HZSM-5 Desilication 0.4 M NaOH 361.10 0.33 Beech wood Pyroprobe In-situ 650 20/ms 10 a28.6 / / / 83.43 %0.50 [152]
HZSM-5 Desilication 0.5 M NaCOH 37.70 0.32 Beech wood Pyroprobe In-situ 650 20/ms 10 426.2 / / / 4.15 %0.38 [152]
HZSM-5 Desilication 0.3 M NaOH 363.10 0.32 Cellulose Pyroprobe In-situ 650 20/ms 10 i32.1 / / / 1.88 0 [152]
HZSM-5 Desilication 0.3 M NaOH 363.10 0.32 Lignin Pyroprobe In-situ 650 20/ms 10 13.2 / / / #1.55 .17 [152]
HZSM-5 Desilication 0.3 M NaOH 396.20 5.10 Lignin Pyroprobe Ex-situ 600 1000/s 1 €79.91 / / / / #20.17 [153]
HZSM-5 Desilication 0.3 M NaAlO; 394.20 5.42 Lignin Pyroprobe Ex-situ 600 1000/s 1 °71.87 / / / / a27.87 [153]
HZSM-5 Desilication 0.3 M Na2COs 396.60 5.93 Lignin Pyroprobe Ex-situ 600 1000/s 1 °65.14 / / / / 834.77 [153]
HZSM-5 Desilication 0.3 M TPAOH 390.20 5.53 Lignin Pyroprobe Ex-situ 600 1000/s 1 °62.51 / / / / #37.23 [153]
HZSM-5 Desilication TPAOH 378.00 / Glucose Pyroprobe In-situ 600 1000/s 9 %65.1 7.1 404 10.4 / #35.00 [154]
HZSM-5/1.92% Ce Desilication TPAOH 351.00 / Glucose Pyroprobe In-situ 600 1000/s 9 7.8 6.9 17.3 15.2 / 352.40 [154]
HZSM-5 Desilication 0.2 M NaOH 369.43 3.00 Napier grass Fixed bed In-situ 600 50/min 3 *14.16 / / / #12.18 473.66 [23]
HZSM-5 Desilication 0.3 M NaOH 374.88 2.96 Napier grass Fixed bed In-situ 600 50/min 3 a24.72 / / / a7.19 %68.09 [23]
Z5 Dealumination 0.5 MHF 355.00 0.44 Cellulose Drop tube Ex-situ 500 / 2.75 26.68 5.60 10.45 5.80 / / [155]
Z5 Dealumination 1 MHF 326.00 0.23 Cellulose Drop tube Ex-situ 500 / 2.75 a22.61 451 10.07 4.28 / / [155]
Z5 Dealumination 2MHF 325.00 0.06 Cellulose Drop tube Ex-situ 500 / 275  *11.94 2.10 3.83 2.89 / / [155]
Z5/2% Ni Dealumination 0.5 MHF 312.00 0.46 Cellulose Drop tube Ex-situ 500 / 2.75 a22.79 6.20 10.30 3.91 / / [155]
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Z5/3% Ni Dealumination 0.5 MHF 297.00 0.46 Cellulose Drop tube Ex-situ 500 / 2.75 #20.76 5.15 9.23 4.38 / / [155]
Z5/4% Ni Dealumination 0.5 MHF 264.00 0.46 Cellulose Drop tube Ex-situ 500 / 2.75 *16.80 4.38 6.92 2.73 / / [155]
ZSM-5 Desilication 0.2 M NaOH 296.30 1.00 Corncob DSP In-situ 550 / 2 46.42 3.40 12.97 12.19 / / [156]
ZSM-5/5% Ni Desilication 0.2 M NaOH 188.95 0.85 Corncob DSP In-situ 550 / 2 249.45 3.69 12.98 1141 / / [156]
ZSM-5/ 8% Ni Desilication 0.2 M NaOH 180.78 0.81 Corncob DSP In-situ 550 / 2 354.42 2.87 13.75 13.21 / / [156]
ZSM-5/11% Ni Desilication 0.2 M NaOH 170.43 0.73 Corncob DSP In-situ 550 / 2 %53.75 2.33 14.10 12.35 / / [156]
HZSM-5 Desilication 0.6 M NaOH 147.00 / Cellulose TMR In-situ / / 20 2.37 418.23 427.93 418.48 #2.93 / [157]
HZSM-5 Desilication 0.8 M NaOH 80.00 / Cellulose TMR In-situ / / 20 a.27 414.66 936.21 423.84 1.83 / [157]
HZSM-5 Desilication 0.6 M TPAOH 336.00 / Cellulose TMR In-situ / / 20 #37.59 414.24 424.42 412.97 a2.55 / [157]
HZSM-5 Desilication 0.8 M TPAOH 331.00 / Cellulose TMR In-situ / / 20 36.86 414.12 424,55 413.35 .73 / [157]
HZSM-5 Desilication 0.6 M Na2COs 321.00 / Cellulose TMR In-situ / / 20 #38.07 414,96 425.19 414.32 %3.33 / [157]
HZSM-5 Desilication 0.8 M Na2COs 321.00 / Cellulose TMR In-situ / / 20 #36.96 414.70 425,44 414.19 ¥3.15 / [157]
HZSM-5 Desilication 0.2 M HCI 354.00 1.03 Rice straw TMR In-situ 600 / 20 a27.37 49.95 425,00 418.93 %9.09 / [46]
HZSM-5 Desilication 0.4 M HCI 384.00 0.99 Rice straw TMR In-situ 600 / 20 826.25 410.92 424,03 420.87 *10.12 / [46]
HZSM-5 Desilication 0.6 M HCI 352.00 0.99 Rice straw TMR In-situ 600 / 20 #26.15 49.70 423.79 420.87 .15 / [46]
HZSM-5 Desilication 0.8 M HCI 404.00 0.89 Rice straw TMR In-situ 600 / 20 #25.12 99.70 423,06 920.39 %8.25 / [46]
HZSM-5 Desilication 1 MHCI 433.00 0.84 Rice straw TMR In-situ 600 / 20 a23.34 410.67 424,03 419.42 %8.15 / [46]
HZSM-5/1% Ni Desilication 0.2 M HCI / / Rice straw TMR In-situ 600 / 20 #25.93 414.30 427.80 417.80 / / [46]
HZSM-5/1 % Cu Desilication 0.2 M HCI / / Rice straw TMR In-situ 600 / 20 826.73 413.40 427.00 418.40 / / [46]
HZSM-5/1% Zn Desilication 0.2 M HCI / / Rice straw TMR In-situ 600 / 20 21.74 416.40 929.40 417.80 / / [46]
HZSM-5/1% Ga Desilication 0.2 M HCI / / Rice straw TMR In-situ 600 / 20 #24.03 417.60 929.10 417.80 / / [46]
HZSM-5 Desilication 0.1 M NaOH 425.37 0.44 Beech wood Fixed bed In-situ / 25/min 0.4 #30.90 / / / / %69.13 [158]
HZSM-5 Desilication 0.2 M NaOH 434.10 0.45 Beech wood Fixed bed In-situ / 25/min 0.4 #33.32 / / / / %66.69 [158]
HZSM-5 Desilication 0.5 M NaOH 438.94 0.45 Beech wood Fixed bed In-situ / 25/min 0.4 #38.33 / / / / %63.13 [158]
HZSM-5/Ga Desilication 0.2 M NaOH 404.00 0.22 Beech wood Pyroprobe In-situ 550 20/ms 15 15.66 1.92 %4.55 .48 .38 / [159]

C: represents the total selectivity of all hydrocarbons (aromatics + aliphatics); D: represents selectivity of hydrocarbons; DSP: Double shot pyrolyzer; TMR: Tandem micro reactor; C/B: catalyst/biomass ratio; FR: feeding rate; B: Benzene; T: Toluene; X: xylene; TPAOH:
tetrapropylammonium hydroxide; Z5: zeolite with SiO2/Al.03=25; HF: hydrogen fluoride
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Table 7. Effect of catalysts on the distribution of pyrolytic products and bio-oil properties.

Catalyst properties Pyrolysis parameters Product yield Bio-oil properties Reference
Catalyst BET Acidity Feedstock Reactor Mode T (°C) HR C/B Bio- Gas Char Elemental composition HHV Viscosity ~ Water pH Density
(m?/g)  (mmolig (°C/mi  or oil (Wt%) (Wt%) (Wt%) (MJ/kg)  (cP) (Wt%) glem?®
n)ywWwH FR (Wt%) c H o
SV
ZSM-5 380 / Hydrolysis lignin Fixed bed Ex-situ 450 10-20 1 57.50 13.32 28.75 62.6 5.7 31.20 23.7 9.6 32.3 5.6 / [144]
ZSM-5/Ni5% 305 / Hydrolysis lignin Fixed bed Ex-situ 450 10-20 1 53.48 13.53 30.24 52.74 5.96 40.74 19.08 4.56 7.17 5.2 / [144]
HZSM-5 384.8 0.50 Oak wood Fixed bed Ex-situ 500 / 0.3 20.62 17.79 24,01 57.39 7.13 35.48 / / / / / [143]
*Ds-HZSM-5 405.7 0.40 Oak wood Fixed bed Ex-situ 500 / 0.3 2433 18.26 23.22 58.81 7.04 31.58 / / / / / [143]
HZSM-5/C04.3% 377.1 0.50 Oak wood Fixed bed Ex-situ 500 / 0.3 24.17 18.18 20.31 57.76 7.27 34.97 / / / / / [143]
*Ds-HZSM 397.2 0.57 Oak wood Fixed bed Ex-situ 500 / 0.3 28.11 16.92 22.12 61.63 7.56 30.80 / / / / / [143]
5/C04.1%
HZSM-5 / 0.04 Rape straw Fixed bed Ex-situ 500 20 0.2 23.23 39.61 29.07 70.65 8.51 20.82 31.52 6.01 / 5.17 0.93 [145]
*Ds-HZSM-5 / 0.11 Rape straw Fixed bed Ex-situ 500 20 0.2 1752 4517 27.22 77.59 8.03 14.37 35.30 5.81 / 5.94 0.95 [145]
*Ds-HZSM-5/La5% / 0.12 Rape straw Fixed bed Ex-situ 500 20 0.2 17.38  46.74 28.07 78.52 8.01 13.47 37.70 5.64 / 6.01 0.94 [145]
®MCM-1 972 / Lignocel Fixed bed Ex-situ 500 / 0.4 35.30 15.58 40.96 / / / / / / / / [160]
‘MCM-2 866 / Lignocel Fixed bed Ex-situ 500 / 0.4 31.94 15.51 49.99 / / / / / / / / [160]
IMCM-3 914 / Lignocel Fixed bed Ex-situ 500 / 0.4 31.74 13.99 44.66 / / / / / / / / [160]
MCM/Cul0.7% 879 / Lignocel Fixed bed Ex-situ 500 / 0.4 44.99 9.67 36.48 / / / / / / / / [160]
MCM/Fe4.3% 651 / Lignocel Fixed bed Ex-situ 500 / 0.4 35.34 8.55 52.00 / / / / / / / / [160]
MCM/Zn2.6% 1298 / Lignocel Fixed bed Ex-situ 500 / 0.4 47.80 8.28 35.04 / / / / / / / / [160]
®MCM-1 972 / Miscanthus Fixed bed Ex-situ 500 / 0.4 47.93 14.24 29.72 / / / / / / / / [160]
‘MCM-2 866 / Miscanthus Fixed bed Ex-situ 500 / 0.4 39.61 10.58 40.90 / / / / / / / / [160]
IMCM-3 914 / Miscanthus Fixed bed Ex-situ 500 / 0.4 38.50 13.41 40.69 / / / / / / / / [160]
MCM/Cul0.7% 879 / Miscanthus Fixed bed Ex-situ 500 / 0.4 53.29 14035 28.95 / / / / / / / / [160]
MCM/Fe4.3% 651 / Miscanthus Fixed bed Ex-situ 500 / 0.4 47.50 17013 34.76 / / / / / / / / [160]
MCM/Zn2.6% 1298 / Miscanthus Fixed bed Ex-situ 500 / 0.4 51.15 5.83 39.72 / / / / / / / / [160]
HZSM-5 / / Beech wood Fluidized In-situ 520 / 11 18 35 16 73.3 7.2 195 32.3 64 6.7 / 1.12 [161]
bed
HZSM-5 / / Beech wood Fluidized In-situ 520 / 14 18 35 16 74.9 74 17.7 32.7 42 5.7 / 1.10 [161]
bed
HZSM-5 / / Beech wood Fluidized In-situ 520 / 17 17 36 17 74.2 7.2 18.6 32.6 60 5.7 / 1.12 [161]
bed
HZSM-5 / / Beech wood Fluidized In-situ 520 / 21 15 37 18 75.1 74 175 34.4 81 55 / 1.12 [161]
bed
S042%-Zr0; 130 / Pine wood Auger Ex-situ 450 14/h / 395 17.0 42.2 66.2 7.2 26.3 343 / 11.2 / 11 [162]
reactor
WOx-ZrO: 130 / Pine wood Auger Ex-situ 450 14/h / 38.4 16.5 43.8 65.6 74 27.1 343 / 12.3 / 11 [162]
reactor
Zr02-TiO2 80 / Pine wood Auger Ex-situ 450 14/h / 38.4 16.2 44.3 61.5 7.1 314 329 / 10.9 / 1.13 [162]
reactor
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Al>O3-based catalysts are mesoporous and mild acidic solid catalysts with high Lewis and
low Brgnsted acid sites, considerable surface area (>200 m?/g) considered suitable alternatives for
zeolites for bio-oil upgrading [170,171]. These catalysts with larger pore sizes show better mass
transfer kinetics and significant cracking activity, and effectively catalyse deoxygenation
reactions, like dehydration, decarboxylation and decarbonylation [163]. Consequently, Al>Oz-
based catalysts have been used in ex-situ CBP for hydrocarbon production. For example, Che et
al. [172] demonstrated the upgrading of pinewood pyrolysis vapours into aromatics using Al.O3
catalysts. The results reported that Lewis acid sites of Al.Os promoted cleavage of C — O bonds
and showed significant deoxygenation activity [172]. Especially, the proportion of heavy
molecular weight compounds derived from lignin pyrolysis were noticeably reduced and
monocyclic aromatics like toluene were significantly increased [172]. Another study also
confirmed the outstanding deoxygenation activity of Al>Os catalyst, showing higher production of
Cs-C11 hydrocarbons, like 1-heptene, 1,3,5-cycloheptatriene and 1-Octene, from ex-situ CBP of
Jatropha wastes [173]. Mante et al. [163] demonstrated catalytic fast pyrolysis of loblolly pine in
the presence of y-Al>Os in a lab scale (450 g/h) and a pilot scale (1 ton/day) pyrolysis reactor. y-
Al>03 exhibited significant aromatic production in both types of reactors. The results showed that
the bio-oil produced from the lab scale had 77 wt% carbon content and 15.8 wt% of oxygen, while
the pilot scale reactor produced the bio-oil with 70.2 wt% of carbon and 23.1 wt% of oxygen. It
was further concluded that y-Al>O3 catalyzed the deoxygenation reactions like decarbonylation,
decarboxylation, and dehydration to remove carbonyl, carboxyl and hydroxyl containing
compounds. Also, the complex phenolic compounds were converted to light phenolic compounds
aromatics through demethoxylation, hydrolysis, cyclization and aldol condensation reactions. All
these deoxygenation reactions are carried out by the acidic sites (mainly Lewis acid sites) of y-
Al;O3 [163]. Payormhorm et al. [174] investigated the catalytic of Pt/Al.O3 on bio-oil
deoxygenation in a fixed-bed reactor at 450 °C using Leucaena leucocephala trunks as the
feedstock. The catalyst showed remarkable ability to reduce the oxygenated compounds through
various reactions as mentioned previously. Ozbay et al. [175] also applied Cu/Al>Oz to upgrade
the bio-oil quality in slow and fast pyrolysis modes from tomato waste in a fixed bed reactor at
500 °C. The resulted revealed that fast pyrolysis produced a better-quality bio-oil compared to the
slow pyrolysis. Noticeably, Cu/Al>Oz in fast pyrolysis mode produced the bio-oil with an higher
heating value (HHV) of 35.47 MJ/kg, while slow pyrolysis could produce the bio-oil with an HHV
of 25.19 MJ/kg [175].

Metal oxides such as CaO, MgO, ZnO, and Fe;Os as sole catalysts or impregnated with
other catalyst supports like zeolites and Al.Oz have also been investigated for bio-oil upgrading in
ex-situ CBP of biomass [176-178]. On one hand, oxides like CaO can be used to lower the strong
acid sites of zeolites to obtain the overall optimal acidity of the catalyst. On the other hand, the
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catalytic activity of oxides can also help to improve the yield of aromatics. CaO is known to
decrease the concentration of oxygenated compounds through dehydration reactions and directly
fixing the active quasi-CO- intermediates [178,179]. For instance, Lin et al. [178] investigated the
potential of CaO for bio-oil upgrading and showed that CaO catalyzed dehydration reactions of
cellulose and hemicellulose. As a result, the proportions of furfuryl and furfuryl alcohol were also
increased. In addition, CaO at higher concentrations may promote phenol formation via
demethoxylation reactions of lignin components. Another study demonstrated the comparative
effect of four metal oxides (CaO, MgO, ZnO, and Fe»Oz) on bio-oil composition obtained from
the pyrolysis of a mixture of poplar wood-polypropylene composite [180]. The results revealed
that CaO promoted the formation of cyclopentanones and alkenes, and reduced the content of acids
and phenols in the bio-oil. MgO enhanced alkene’s yield but had lower deoxygenation activity
compared to CaO [180]. ZnO produced the maximum alkenes among all the catalysts, suggesting
ZnO’s cracking activity to break long-chain aliphatics into shorter-chain alkenes. But ZnO also
increased ketone and phenols in the bio-oil. In contrast, Fe.O3 favored the formation of p-xylene
and 2-methyl-1-butenylbenzene, but also promoted the reaction pathways to form ketones, acids,
furans and phenols [180].

MgO catalysts are reported to deoxygenate the bio-oil primarily via decarboxylation,
ketonization, and aldol condensation reactions [181,182], and can also reduce the formation of
H20, thus conserving more hydrogen in the bio-oil and increasing its energy density [183]. Yuan
et al. [184] carried out catalytic pyrolysis of rice husk for bio-oil upgrading in the presence of MgO
and MgCOs. The study revealed that MgO was more effective than MgCOs to convert the
oxygenated compounds into aromatic hydrocarbons, suggesting the ability of MgO to catalyze
deoxygenation reactions [184]. Kalogiannis et al. [183] demonstrated the application of MgO
catalysts in a circulating fluidized bed pilot scale unit. It was noticed that MgO favored the
formation of cyclo-pentenones and ketones, suggesting MgO’s ability to catalyze ketonization and
aldol condensation reactions [183]. Another study by Fan et al. [185] employed MgO to upgrade
the pyrolytic vapors generated from microwave-assisted pyrolysis of low-density polyethylene.
The results showed that MgO catalyzed the reactions to convert oxygenated compounds primarily
into monoaromatics and alkenes [185].

6. Conclusion

This chapter discussed key reaction pathways involved in the formation of oxygenated
compounds from thermal degradation of lignocellulose biomass, and their conversion into
hydrocarbons over catalysts. The furanic compounds generated from cellulose and hemicellulose
can be converted over acidic catalysts into short and long straight-chain alkanes, monocyclic and
polycyclic aromatic hydrocarbons via dehydration, decarboxylation, decarbonylation and
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oligomerization reactions. Phenols are another dominant group of compounds formed from the
thermal degradation of the lignin component. The conversion of phenols (e.g., m-cresol) into
aromatics firstly involves three main reactions that are isomerization, transalkylation and
condensation to transform phenol into a phenolic for the pool that acts as the precursor generation
of different aromatics. Later this phenolic pool undergoes cracking and hydrogen transfer reactions
to produce mainly aromatic hydrocarbons, such as benzene, toluene, xylenes and naphthalenes.
On the other hand, basic catalysts also carry out key deoxygenation reactions such as dehydration,
decarboxylation, ketonization, and aldol condensation to convert the oxygenated compounds into
hydrocarbons. Though catalytic fast pyrolysis is a significant approach and widely used for bio-
oil upgrading, other techniques such as biomass pretreatment and downstream techniques can also

be applied for bio-oil upgrading. Such techniques are thoroughly discussed in chapters 3 and 4.
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Chapter 5

Enhanced bio-oil deoxygenation activity by Cu/zeolite and

Ni/zeolite catalysts in combined in-situ and ex-situ biomass

pyrolysis
Ravinder Kumar?®, Vladimir Strezov?, Emma Lovell®, Tao Kan?, Haftom Weldekidan?, Jing He?,

Sayka Jahan?, Behnam Dastjerdi?, Jason Scott”
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bParticles and Catalysis Research Group, School of Chemical Engineering, The University of New
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Previous chapters reviewed different approaches including catalytic, biomass pre-
treatment and downstream processing technologies, which indicate that catalytic approach is
comparatively advantageous for bio-oil upgrading. Catalytic biomass pyrolysis in a fixed bed
reactor can be of three types that is sole in-situ; ex-situ; and combined in-situ and ex-situ. This
chapter aims to compare three modes of pyrolysis for bio-oil deoxygenation and select the best
pyrolysis mode for further experiments. Pinewood sawdust was taken as the feedstock and
pyrolysis was carried out at 700 °C. Cu/zeolite and Ni/zeolite were prepared using wet-

impregnation method and employed as catalysts in three modes of the pyrolysis.

Kumar, R., Strezov, V., Lovell, E., Kan, T., Weldekidan, H., He, J., Jahan, S., Dastjerdi, B., &
Scott, J. (2019). Enhanced bio-oil deoxygenation activity by Cu/zeolite and Ni/zeolite catalysts
in combined in-situ and ex-situ biomass pyrolysis. Journal of Analytical and Applied
Pyrolysis, 140, 148-160. https://doi.org/10.1016/j.jaap.2019.03.008
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Chapter 6

Investigating the effect of mono and bimetallic/zeolite
catalysts on hydrocarbon production during bio-oil

upgrading from ex-situ pyrolysis of biomass

Ravinder Kumar, Vladimir Strezov, Tao Kan, Haftom Weldekidan, Jing He, Sayka Jahan

Department of Earth and Environmental Sciences, Faculty of Science & Engineering, Macquarie
University, Sydney, NSW 2109, Australia

The previous chapter suggests that ex-situ pyrolysis is economically better than other
pyrolysis modes and also showed outstanding bio-oil deoxygenation. Therefore, further
experiments were conducted in ex-situ pyrolysis mode. This chapter aims to compare the bio-oil
deoxygenation between monometallic and bimetallic catalysts. To achieve this, monometallic
catalysts (Cu/zeolite and Ni/zeolite) and a bimetallic (CuNi/zeolite) were prepared using dry-
impregnation method and employed in one-stage ex-situ pyrolysis mode. Preparation of catalysts
and characterization results of catalysts are provided in supporting information.

Reprinted (adapted) with permission from Kumar, R., Strezov, V., Kan, T., Weldekidan, H.,
He, J., & Jahan, S. (2020). Investigating the effect of mono and bimetallic/zeolite catalysts
on hydrocarbon production during bio-oil upgrading from ex-situ pyrolysis of biomass.
Energy and Fuels, 34(1), 389-400. https://doi.org/10.1021/acs.energyfuels.9b02724.
Copyright 2020 American Chemical Society.
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Supporting information

Investigating the effect of mono and bimetallic/zeolite catalysts on
hydrocarbon production during bio-oil upgrading from ex-situ pyrolysis

of biomass

Ravinder Kumar, Vladimir Strezov, Tao Kan, Haftom Weldekidan, Jing He, Sayka Jahan

Department of Earth and Environmental Sciences, Faculty of Science & Engineering, Macquarie
University, Sydney, NSW 2109, Australia

1. Experimental
1.1.  Synthesis and characterization of catalysts

The zeolite (Saint-Gobain, Paris) used in this study had a composition of Silica-25%
alumina with 0.35% Na>O, was provided in the form of pellets (3 mm). The pellets were crushed
and sieved with a 40-mesh sieve to obtain the particle size of 0.42 mm. The zeolite was calcined
at 550 °C for 2.5 h before using in the catalyst preparation. Cul0%/zeolite and Ni10%/zeolite as
the mono-metallic catalysts and Cu5%-Ni5%/zeolite as a bimetallic catalyst were prepared by an
incipient wetness impregnation method. To prepare 15g of mono-metallic catalyst, 5.70g of
Cu(NO3),.3H20 or 7.43g of Ni(NOs)2.6H20 was dissolved in 30 ml Milli Q water, followed by
the addition of the required amount of zeolite in the metal solution. The ultrasonic vibration at 40
kHz for 2 h was applied for better dispersion of the active metals on the zeolite. The resultant
slurry was held at room temperature for 22 h and subsequently dried in a vacuum oven at 110 °C
overnight. Successively, the material was calcined at 550 °C for 5.5 h. The material obtained after
the calcination process was used as the final catalyst. A similar method was used to prepare the
bi-metallic catalyst utilizing the required amount of the metal precursors. Moreover, the
concentration of metals in the catalysts was estimated by X-ray fluorescence (XRF), Olympus
Delta Pro spectrometers using Ta tube (50 kV). The XRF results showed that the concentrations
of Cu and Ni were 9.9% and 11.29% in mono-metallic catalysts, respectively, whereas 6.02% of
Cu and 4.74% of Ni was present in the bi-metallic catalyst, demonstrating the formation of the
catalysts with estimated concentrations of the metals.

The mono-metallic and bi-metallic catalysts were characterized by XRD on PANalytical
X’Pert Pro MPD X-ray diffractometer by employing CuKa radiations (A = 1.54056 A) and Ni-
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filter by measuring the X-ray intensity over a diffraction 20 angle from 5 to 90. The crystallite size
of the metal was measured using the following Scherrer equation:

0.941

d —
Bxcosé (1)

crystallite size ( )

where B is full-width at half-maximum (FWHM) of the most intense peak in the spectrum.
The morphology of all the catalysts was examined using TEM (Philips CM10, Netherlands) with
an operating voltage of 100 kV and Olympus SIS Megaview G2 digital camera.

N2 adsorption-desorption isotherms and Brunauer-Emmett-Teller (BET) specific surface
areas (SSA) were analyzed on a Micromeritics Tristar 3030 instrument at -196 °C. The samples
were degassed at 150 °C for 3 h under vacuum prior to analysis.

Ammonia temperature programmed desorption (NHs-TPD) and hydrogen temperature
programmed reduction (H2>-TPR) were carried out to analyze the acidity and the presence of
reducible metal species in the catalysts, respectively. Both the measurements were conducted on
a Micromeritics Autochem 2920 with a thermal conductivity detector (TCD). In the Hx-TPR
analysis, around 100 mg of sample was loaded into a quartz U-tube atop a plug of quartz wool.
The sample was successively pre-treated by heating to 150 °C (at 10 °C/min) and holding for 0.5
h under 20 mL/min Ar (Coregas Ar; >99.999 %), cooled to room temperature and then heated to
850 °C at 5 °C/min under 20mL/min 10% H> in Ar (Coregas, 10.05 % H in Ar). Alternatively, in
an NHs-TPD study, ~100 mg of sample was also loaded into the quartz U-tube on a plug of quartz
wool. Prior to analysis, the samples were pre-reduced by heating from room temperature to 550 °C
at 5 °C/min under 20mL/min 10% Hz in Ar with a 1 h hold, subsequently cooled to 50 °C under
He (20 mL/min, Coregas He; > 99.999 %). Then NHs in He (Coregas, 5.13% NHs in He) was
passed over the sample at 20 mL/min for 2 h at 50 °C. Any physiosorbed NHs was purged from
the system by holding at 50 °C for 2 h under 20 mL/min prior to heating (in He) at 5 °C/min to
800 °C with a 1 h hold at 800 °C.

2. Results and discussion
2. 1. Characterization of catalysts

XRD technique was carried out to examine the crystallinity and the presence of metals in
fresh mono and bi-metallic catalysts, while the spent catalysts were also subjected to XRD to
confirm the status of metal species in the catalysts, the results are shown in Fig. S1. In Fig. Sla, it
can be noticed that zeolite was not present in a highly pure crystalline form but few sharp peaks
in the pattern can be attributed to a crystalline form of zeolite. For example, the peaks at 26 of
39.7°, 46.1°, 66.7°, and 85.06° can be ascribed to crystalline zeolite, which is consistent with the
standard values of zeolite, International Centre for Diffraction data (ICDD) reference code 98-

009-3736. Further, it was observed that the metals were present in their oxide forms (CuO and
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NiO) in both mono and bi-metallic catalysts. Noticeably, Cu/zeolite exhibited diffraction peaks at
20 of 35.1°, 39.3°, 48.7°, 53.44°, 58.3°, 61.4°, and 75.2° which can be indexed to (002), (200),
(202), (020), (-113), (-311), and (-222) planes of CuO, respectively. These results were in a close
line with the standard values of CuO, ICDD reference code 00-045-0937. The crystallite size of
CuO was estimated to be 29.81 nm in the catalyst. Alternatively, Ni/zeolite showed the diffraction
peaks at the respective 26 angles which were in the agreement with the standard values of NiO,
ICDD reference code-01-089-7390. The determined crystallite size of NiO was 7.62 nm in this
catalyst. Similarly, the bi-metallic catalyst, CuNi/zeolite showed main diffraction peaks at 20 of
37.1°, 39.3°, 43.4°, 62.5°, 75.5° which can be attributed to NiO and CuO present in the catalyst.
The XRD patterns of the spent catalysts are given in Fig. S1b, which revealed that the metal oxides
present in the catalysts were successfully converted into their metal forms during the pyrolysis
reaction. These results support the findings of other research that also showed the transformation
of metal oxides into their metal forms [1,2].

The morphology of all the catalysts was examined using TEM. Fig. S2 shows TEM
micrographs of mono and bi-metallic catalysts. It can be observed from the figure that there were
substantial morphological changes in mono and bi-metallic catalysts when compared to sole
zeolite, which indicated that successful introduction of the metal oxides onto zeolite support. TEM
results were also supported by XRD analysis that confirmed the presence of CuO and NiO in the
catalysts. XRD study also suggested that in Ni/zeolite, the crystallite size of NiO was smaller as
compared to CuO in Cu/zeolite, which might result into better dispersion of the former on the

zeolite, and consequently improve its stability and catalytic activity.

Figure S1. XRD pattern of catalysts, (a) fresh catalyst, (b) spent catalysts.
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Figure S2. TEM images of (a) zeolite, (b) Cu/zeolite, (c) Ni/zeolite, and (d) CuNi/zeolite.

The BET results for mono and bi-metallic catalysts are given in Table S1. One can see in
the table, sole zeolite demonstrated the highest BET surface area of 412 m?/g among all the
catalysts. Further, it was noticed that the incorporation of metals on to the zeolite drastically
reduced the surface area, indicating the successful accumulation of metal oxide particles on to
zeolite surface or inside the pores. Expectedly, Cu/zeolite showed a BET surface area of 195 m?/g
and Ni/zeolite achieved the surface area of 307 m?/g. The higher surface area of Ni/zeolite can be
credited to the smaller crystallite size of NiO particles that resulted in its better dispersion on the
zeolite surface, whereas the crystallite size of CuO particles was observed higher in Cu/zeolite,
which might have blocked the pores on the zeolite surface, resulting in the lower surface area.
Moreover, the bi-metallic catalyst obtained the surface area of 253 m?/g, which can be attributed
to the mutual distribution of NiO and CuO on to the zeolite surface. These results support the
reports of other studies that also exhibited the substantial reduction in the surface area after the
addition of a metal in the zeolite catalyst [3,4]. For example, [4] revealed that the sole ZSM-5
catalyst showed a BET surface area of 392 m?/g, while the addition of 6% Ni decreased the surface

area to 316 m?/g.
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Table S1. BET results of mono and bi-metallic catalysts.

Catalyst Specific surface area Average pore size (nm) Pore volume (cm?®/g)
(m?/g)

Zeolite 412 6.51 0.696

Cu/zeolite 195 8.08 0.485

Ni/zeolite 307 6.77 0.554

CuNi/zeolite 253 7.22 0.511

The acidic characteristic of mono and bi-metallic catalysts was measured by NHs-TPD.
The acidic character in zeolite arise due to the presence of Brgnsted acidic protons in its
framework. A Brgnsted acidic proton contains a hydrogen atom bonded to the oxygen that
connects the tetrahedrally coordinated cation, which can be represented as [M]""—H—O [5].
These acidic sites in the catalyst play a pivotal role its catalytic activity and aromatization of
hydrocarbons [6]. Figure S3a showing NHs-TPD results revealed a broad peak at approximately
133 °C for the sole zeolite, which can be credited to the weak Brgnsted acid sites in the catalyst.
No peak was detected at the higher temperature, indicating the absence of strong Bragnsted acid
sites in the sole zeolite catalyst. However, Cu/zeolite showed a decrease in weak Brgnsted acid
sites as a lower intensity peak was observed at ~140 °C but exhibited a broad peak at
approximately 659 °C, which can be attributed to the strong and new Brgnsted acid sites created
by Cu cations or other Cu cluster species in the catalyst [7]. Alternatively, Ni/zeolite exhibited a
large and broad peak at 150 °C, corresponding to the presence of weak Brgnsted acid sites in the
catalyst. It was noticed that this peak shifted to a higher temperature when compared to the sole
zeolite (133 °C), suggesting that the addition of Ni improved the acidity of the catalyst. Moreover,
Ni/zeolite showed two peaks at 360 °C and 410 °C, which marked the formation of two new types
of Brensted acid sites by Ni cations in the catalyst [4]. The bi-metallic catalyst, CuNi/zeolite
demonstrated a desorption signal at approximately 155 °C, attributing to the occurrence of weak
acidic sites. Further, a low intensity and broad peak can be observed at 592 °C, which can be
attributed to the formation of new acidic sites by Cu and Ni cations in the catalyst [2]. Overall, it
can be suggested that the mono and bi-metallic catalysts showed a combination of weak and strong
acidic sites than the sole zeolite, which would affect their catalytic activity and consequently, the
selectivity of hydrocarbons in the bio-oil.

Figure S3b shows H2-TPR results for mono and bi-metallic catalysts, which confirmed the
presence of reducible metal species in the catalysts. One can notice two intense peaks at 236 and
278 °C for Cu/zeolite catalyst. The first peak at 236 °C could be attributed to the reduction of CuO
particles having less or weak interaction with zeolite support, whereas the second peak at a higher
temperature can be credited to the reduction of CuO particles with the stronger interaction with

zeolite support. These results support the findings of Widayatno et al. [7] that also reported almost
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similar data for the reduction of Cu/zeolite catalyst. Alternatively, Ni/zeolite exhibited a broad
peak that can be divided into two zones, one starting from the temperature of 353 to 450 °C and
the second starting from 450 to 654 °C. A study by Maia et al. [4] demonstrated the reduction
patterns of Ni/zeolite catalyst and proposed three reduction zones: (a) 430—470 °C, (b) 520-560
°C, and (c) 630—720 °C. The first reduction zone can be attributed the bulk NiO and the latter two
could be due to the smaller NiO particles. Besides, it was also concluded that Ni?* requires a higher
temperature to reduce if it is exchanged with H* on the zeolite structure [4]. Therefore, in this case,
it can be suggested that bulk NiO and smaller NiO particles with strong zeolite interaction were
present in the catalyst. In addition, the NiO particles could also be present within zeolite pores,
which are usually difficult to reduce as indicated by the reduction peak at the higher temperatures.
The bi-metallic catalyst showed an intense peak at 255 °C and two other small and broad peaks at
325 and 390 °C, which suggested that CuO and NiO particles had weak or no interaction with
zeolite support and these metal oxide particles were mostly present on the zeolite surface as no
peaks were detected at the higher temperatures. Overall, it can be suggested that Ni/zeolite showed
the better dispersion of NiO particles as compared to Cu/zeolite catalyst, while the addition of Cu
affected the dispersion of Ni particles in the bi-metallic catalyst, resulting in the comparatively
weaker interaction with zeolite support. These findings are also supported by XRD and BET
results which confirmed the smaller crystallite size of NiO particles and a higher surface area of

the catalyst, respectively.

Figure S3. (a) NH3-TPD curves for mono and bi-metallic catalysts (b) H>-TPR curves for mono
and bi-metallic catalysts.
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The previous chapter compares the bio-oil deoxygenation activity of monometallic
catalysts (Cu/zeolite and Ni/zeolite) and a bimetallic (CuNi/zeolite) in one-stage ex-situ pyrolysis
mode and showed that synergistic effect of Ni and Cu as a bimetallic catalyst achieved better bio-
oil deoxygenation. This chapter aims to compare the bio-oil deoxygenation between combined
monometallic catalysts in two-stage ex-situ mode and a bimetallic catalyst in one-stage ex-situ
pyrolysis mode. Similar catalysts employed in the previous chapter were utilized in this chapter

and the details are given in the supporting information of the previous chapter.
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Abstract

The study investigates the synergistic effect of transition metals (Ni, Cu, Fe and Mo)
supported ZSM-5 bimetallic catalysts on bio-oil deoxygenation and hydrocarbon production
during ex-situ pyrolysis of pinewood sawdust. The pyrolysis process was carried out in a fixed-
bed reactor at 500 °C with three catalyst to biomass (C/B) ratios (1, 2 and 3), and the pyrolytic
products were characterized with physicochemical techniques. The results showed that all
bimetallic catalysts achieved significant bio-oil yield that decreased with an increase in C/B ratio.
The gas yield was found to rise with the increase in C/B, while an insignificant effect was noticed
in the char yield. Further, it was found that the synergistic effect of Ni and Cu on ZSM-5 showed
maximum removal of oxygen in bio-oil, where nearly 31.90 wt% was observed in the bio-oil and
achieved high bio-oil quality with a higher heating value (HHV) of 24.28 MJ/kg. The synergistic
effect of Ni with Fe was also effective for bio-oil deoxygenation, producing bio-oil with 23.06
MJ/kg of HHV. The synergistic effect of different metals had a noticeable effect on the selectivity
of hydrocarbons, probably due to the preference of selective deoxygenation pathways. The results
revealed that NiCu/ZSM-5 produced biphenyl derived aromatics, anthracene and alkanes, such as
tridecane, heneicosane and tetracosane. However, Ni with Mo favored the production of alkanes
like nonane, decane and dodecane, while only few aromatics, mainly naphthalene, were found in
the bio-oils. The combination of Fe with either Ni or Cu favored the catalytic routes to form
benzene derived aromatics and cyclic aliphatics. The synergistic effect of Fe with Mo promoted
the formation of indene aromatics, benzene and cyclic hydrocarbons, like cycloheptatriene. The
results of gas composition indicate that the synergistic effect of Ni-Cu and Ni-Mo favored
decarboxylation reactions. In contrast, Ni with Fe preferred decarbonylation reactions
predominantly for bio-oil upgrading. The synergistic effect of Fe and Cu equally promoted the
decarboxylation and decarbonylation reactions. Overall, it can be suggested that bimetallic
catalysts with different metals could be highly effective for bio-oil deoxygenation, and their
synergistic effect can help to obtain quality bio-oils enriched with varying hydrocarbons.

1. Introduction

The increasing environmental concerns of climate change and depleting fossil fuels have
necessitated the generation of eco-friendly, renewable drop-in fuels and sustainable chemicals to
create a green world with less greenhouse gas emissions. In this regard, fast pyrolysis of
lignocellulose biomass and organic wastes is considered one of the viable approaches to produce
green energy fuels and commodity chemical feedstocks [1,2]. The primary product of biomass
pyrolysis is bio-oil or pyrolysis oil that exhibits approximately 40-70 wt% of the pyrolytic products
[3]. There are several pyrolysis plants operating around the world that generate bio-oil at a
commercial scale [4,5]. Although bio-oil contains several high value-added chemicals or source
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compounds that can be converted to energy fuels, it cannot be used as a drop-in fuel, because bio-
oil predominantly contains oxygen-containing compounds of low calorific values that make it
highly acidic and unstable. Bio-oil can be processed either to extract high value-added chemicals,
which can be further used for commercial applications, or it can be upgraded into a high calorific
energy fuel for heat or power generation. However, the isolation of sustainable chemicals from
bio-oil and downstream bio-oil upgrading would require other techniques in addition to pyrolysis,
which would make the overall process expensive. Considering the significance of bio-oil
applications, it is imperative to employ cost-effective and efficient techniques for bio-oil
upgrading and convert it into a drop-in fuel. Particularly, catalytic bio-oil upgrading, which can be
used during the pyrolysis process, is considered an effective and economical approach to convert
the oxygen-rich compounds into high energy density hydrocarbons, such as benzene, toluene,
xylenes, naphthalenes, cycloalkanes, alkenes and alkanes [6-8]. The approach that employs
catalysts for bio-oil upgrading during pyrolysis is termed catalytic biomass pyrolysis (CBP) [9].
CBP can consist mainly of two types based on the addition of a catalyst during the pyrolysis
process: in-situ and ex-situ CBP [10-12]. In in-situ CBP, a catalyst is mixed with biomass. In ex-
situ CBP, the catalyst(s) is placed downstream of the biomass, and the generated pyrolytic vapors
are passed through the catalytic bed. Ex-situ CBP is generally preferred over in-situ CBP for bio-
oil upgrading due to less coke formation, a requirement of low catalyst amount, easier regeneration
and higher deoxygenation catalytic activities [12-15]. Thus, considering the advantages, the ex-
situ CBP has been commonly adopted for bio-oil upgrading. The catalysts that favor the cleavage
of C — 0 bond and formation of the C — C bond are commonly preferred in CBP, which can
remove oxygen and promote hydrocarbon formation [16]. A number of nanomaterials with acidic
to basic properties, such as microporous and mesoporous zeolites, mordenites, aluminosilicates,
or metal oxides, such as TiO, Al>Os, and basic catalysts like CaO and MgO have been applied in
ex-situ CBP for bio-oil upgrading [17-21]. The results of several studies suggest that zeolites,
especially, Zeolite Socony Mobil-5 (ZSM-5)-based catalysts show remarkable cracking activity
and produce maximum proportion of hydrocarbons, owing to their desirable characteristics, such
as high surface area, suitable Brgnsted acid sites, regular pore structure and shape selectivity [22—
24]. Zeolites are generally modified or loaded with mono, bi or tri metals to enhance the overall
catalytic activity of the catalyst and to promote deoxygenation reactions, including dehydration,
decarboxylation, decarbonylation and aromatization, consequently, achieving bio-oil with higher
content of hydrocarbons and improved physicochemical properties [12,25,26]. It is evident from
the literature that bimetallic catalysts with compatible metals and appropriate composition are
catalytically more active compared to monometallic catalysts and thus show better activity for bio-
oil upgrading [27-29]. The catalytic activity of bimetallic catalysts can be enhanced because the
two metals can create special geometric and electronic effects, and their synergistic, bifunctional
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and oxophilic effects may promote deoxygenation reactions [28,30]. Moreover, incorporation of
the second metal may alter the surface structure of other metal and their interaction can create
additional synergistically catalytic active sites, which might prove advantageous to carry out
selective deoxygenation reactions which otherwise might not be favorable on monometallic
catalysts [28]. For example, Huang et al. [31] demonstrated the application of zeolite-based mono
and bimetallic catalysts (Mo/HZSM-5, Cu/HZSM-5 and MoCu/HZSM-5) for bio-oil upgrading
using pyrolysis of pine sawdust. The authors suggested that MoCu bimetals on HZSM-5 surface
were able to convert gaseous methane into liquid aromatic hydrocarbons through aromatization
reaction and also improved the cracking activity to generate more light phenols [31]. The catalytic
activity of MoCu/HZSM-5 produced the maximum yield of Cs-C12 hydrocarbons compared to
monometallic catalysts [31]. There are several other studies that provided inclusive evidences to
prove the superiority of bimetallic catalysts to convert oxygenated compounds into hydrocarbons
or other sustainable chemicals [30,32,33]. For instance, Wu et al. [28] studied the synergistic
catalytic effect of CuCo/Al>Os catalyst for hydrogenation of ethyl levulinate to 1,4-pentanediol.
The results reported that the addition of Co species in the bimetallic catalyst improved the
dispersion of Cu, while the strong electronic interaction at the interface of the Cu and neighboring
CoOy species altered the chemical states of Cu species to create Cu®/Cu* distributions and synergic
catalytic sites containing Cu and electron deficient CoOx species [28]. The overall modifications
in metallic distributions and the generation of synergic catalytic sites provided outstanding
catalytic activity for the bimetallic catalyst compared to monometallic counterparts as reflected by
the reduction in the activation energy of the rate-determining step and greater selectivity for 1,4-
pentanediol [28]. Evidently, the activation energy for Cu/Al,O3 was 100.2 kJ mol?, which
significantly decreased to 65.1 kJ mol™* for CuCo/Al,Os, while the selectivity for the bimetallic
catalyst was reported 93% compared to 52% for Cu/Al>Oz [28]. Another study demonstrating
hydrodeoxygenation selectivity of anisole using Ru and Fe on TiO-supported catalysts was
carried out by Phan et al. [32], which revealed that Ru/TiO. catalyst converted anisole to
methoxycyclohexane, mainly favoring hydrogenation reaction pathway, while the addition of Fe
changed the main reaction pathway from hydrogenation to direct deoxygenation. This change in
the reaction mechanism can be attributed to synergistic effects of Ru and Fe species on TiO>
surfaces [32]. Overall, the literature suggests that the combination of two active metals can bring
some significant changes in overall metal distribution on the catalyst and their synergistic effects
can increase the catalytic activity and favor selective deoxygenation reactions to obtain the
enhanced yield of the desired products.

The catalytic activities of several bimetallic catalysts have been demonstrated for bio-oil
upgrading using model compounds in either catalytic cracking or hydrodeoxygenation processes,
which have provided valuable information for understanding the favorable deoxygenation
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reactions on the bimetal surfaces. However, less information is available on the application of
bimetallic catalysts for bio-oil upgrading using lignocellulose biomass as the feedstock as well as
their effect on energy conversion efficiency in pyrolytic products. C the importance of real bio-oil
upgrading and its applications as a future energy fuel it is essential to examine the performance of
bimetallic catalysts for real bio-oil upgrading, their effects on pyrolysis products, energy
distribution as well as coke formation during biomass pyrolysis. Therefore, this study aimed to
investigate the effect of active transition metals supported on ZSM-5 as bimetallic catalysts on
production of hydrocarbons and sustainable chemicals. Bimetallic catalysts with combination of
four metals (Ni, Cu, Fe, and Mo) supported on ZSM-5 were prepared and employed in ex-situ
pyrolysis mode to study their synergistic effects for bio-oil deoxygenation and selectivity of
hydrocarbons. Bio-oil was characterized using quantitative and qualitative analysis methods. The
study is important to enhance the understanding of bimetallic catalysts for bio-oil deoxygenation
and energy conversion efficiency in pyrolytic products.

2. Experimental Section
2.1. Biomass
Pinewood sawdust applied in previous studies [12,34] was used in this study as feedstock

in ex-situ pyrolysis for bio-oil production.

Figure 1. A schematic diagram of horizontal fixed-bed pyrolysis set-up.

2.2.  Pyrolysis operation

Pine wood pyrolysis with all bimetallic catalysts was carried out in an infrared gold-coated
furnace containing a quartz tube horizontal fixed-bed reactor. A schematic diagram of the pyrolysis
set-up is shown in Figure 1. Approximately 100 mg of the feedstock was loaded in the quartz tube

reactor, and the catalyst of 100, 200 and 300 mg was loaded downstream of the biomass to obtain
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a catalyst to biomass ratio of 1, 2 and 3, respectively. The remaining space in the quartz tube was
filled with quartz wool. All the pyrolysis experiments were performed at 500 °C (retention time of
2 min for the final temperature) with a heating rate of 100 °C/min and He as a carrier gas at a flow
rate of 50 ml/min. Prior to each pyrolysis experiment He gas was purged in the reactor for 30 min
to ensure oxygen free conditions. Pyrolysis experiments were repeated twice with each catalyst to
confirm data reliability.

The pyrolytic bio-oil product and pyrolytic gases were analyzed with gas chromatography-
mass spectroscopy (GC-MS, Agilent) and micro-gas chromatography (micro-GC, Agilent 490),
respectively. As shown in Figure 1 micro-GC was attached to the gas outlet of the quartz reactor.
Gases were analyzed online during the pyrolysis. The micro-GC was calibrated with a standard
gas mixture of CO (3%), CO; (3.05%), Hz (1.16%), CHa (1%), C2Ha (0.98%), and C2Hs (0.99%).
Agilent 490 micro-GC contains two channels. Channel A (PoraPLOT U) identifies CO2, CHa,
C2Ha, and C2Hs while channel B (molecular sieve 5A) detects H, and CO. Channel A and channel
B were maintained at 40 °C and 60 °C, respectively and pressure of 20 psi. Chromatograms were
obtained after each 150 sec with a sampling span of 15 sec. All gases were quantified from standard
gas mixture and each weight was estimated from the ideal gas equation.

Bio-oil condensed on the quartz wool at the end of the quartz reactor was collected and
extracted by dissolving in dichloromethane (DCM), filtered through glass wool and sodium sulfate
three times each to remove all solid impurities and dehydrate the bio-oil samples. The bio-oil
samples were condensed with argon gas, heated for 30 min at 60 °C and subjected to GC-MS
analysis. Agilent 7890B GC/5977A MS system with a HP-5MS capillary column (60 m x 0.25
pum) linked to a 5977A mass spectrometry system was used to analyze the bio-oil composition.
MassHunter software was used to identify the compounds, where the compounds with a matching
score of 80 or above were selected and grouped in different families based on their main functional
groups.

Biochar was retrieved from the quartz reactor after pyrolysis experiment and weighed. Product
yield (wt%) of the biochar and other pyrolytic products were calculated using the following
equation:

Product yield i (wt%) = 100.[(mass i (g))/biomass(g)] Q)

where i is gas, char, bio-oil.

2.3.  Energy yield of pyrolytic products

To calculate the energy content of pyrolytic products, biomass pyrolysis with all bimetallic
catalysts at 500 °C was carried out with a C/B ratio of 2 and heating rate of 100 °C /min. C/B ratio
of 2 was selected to obtain adequate amount of bio-oil for elemental analysis. The C, H, N and S
contents of the bio-oil and char were quantified using Vario MICRO cube elemental analysers
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(Elementar Analysensysteme GmbH, Germany). The values of CHNS for bio-oil and char samples
were calculated from a standard sample of known composition. The higher heating values (HHV)
of bio-oil and char samples were determined using equation 2:

HHV i (M]/kg) = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211A (2)
where C, H, O, N, S and A represents carbon, hydrogen, oxygen, sulphur and ash contents of i
wt%.

Oxygen distribution in bio-oil was determined according to equation 3:

Opio—oit Wt%) = 100 X [(Opio—0u (Wt%)/(Opiomass(Wt%)] 3

HHYV of pyrolytic gases was calculated from equation 4:
HHV; = [(n; X HHV;)/Sum of gases (Wt%)] (4
where n; is wt% of a gas and HHV; is HHV value of gas at standard conditions [35].

The energy yield of any pyrolytic product (i) was calculated using equation 5 [36]:

Energy yleld i (%) — 100 X [HHVl-x mass yieldi] (5)

HHVpiomass

2.4.  Catalyst preparation and characterization

ZSM-5 (Si/Al=30, CBV 3024E) was obtained from Zeolyst International, USA in powder
form and pelletized using hydraulic pressure machine. The pellets were crushed using a mortar
and pestle and sieved with a 40-mesh sieve to obtain the particle size of 0.42 mm of ZSM-5. ZSM-
5 was calcined at 550 °C for 2.5 hours to convert into its protonic form of HZSM-5. HZSM-5 was
used as the catalyst and support for bimetallic catalysts. The concentration of each metal was
projected 5wt% in all bimetallic catalysts, NiCu/ZSM-5, NiMo/ZSM-5, NiFe/ZSM-5,
CuMo/ZSM-5, CuFe/ZSM-5, and FeMo/ZSM-5. Bimetallic catalysts were prepared using
incipient wetness impregnation method. Cu(NO3),.3H20, Ni(NO3)2.6H.0, Fe(NO3)3.9H.0 and
(NH4)sM070244H>0 were used as metal precursors for Cu, Ni, Fe and Mo, respectively. To
prepare 10 g of the catalyst, the required amounts of metal precursors were dissolved in 15 ml
Milli Q water and stirred for 10 min on a magnetic stirrer, followed by slow addition of HZSM-5
particles. To improve the dispersion of metals on zeolite, the obtained slurry was placed in
ultrasonic vibrator at 40 kHz for 2 h, and after removing from ultrasonication kept for 22 h at room
temperature. The mixture was dried in a vacuum oven at 110 °C overnight. Dried samples were
calcined at 550 °C for 5.5 h in air muffle furnace. Calcined samples were sieved with 40-mesh
sieve to remove fine particles and obtain particle sizes of 0.42 mm. The final product was used for
further characterization and pyrolysis experiments. X-ray fluorescence (XRF), Olympus Delta Pro
spectrometers using Ta tube (50 kV) was used to estimate probable concentrations of metals in
catalysts. The results suggest 5.19% Ni and 5.74% Cu in NiCu/ZSM-5, 5.27% Ni and 4.78% Mo

in NiMo/ZSM-5, 5.06% Ni and 5.21% Fe in NiFe/ZSM-5, 5.95% Cu and 4.63% in CuMo/ZSM-
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5, 5.55% Cu and 5.13% Fe in CuFe/ZSM-5, and 5.28% Fe and 4.71% Mo in FeMo/ZSM-5.
Abbreviations mentioned in Table 1 have been used for the catalysts.

X-ray diffraction (XRD) of fresh and spent bimetallic catalysts was carried out using a
PANalytical X’Pert Pro MPD X-ray diffractometer with CuKa radiations (A\=1.54056 A) and X-
ray generator tube operating at 45 kV, 40 mA. Samples were scanned by measuring the X-ray
intensity over a range of 26 between 5 and 90 at a scanning rate of 50 sec per step, using Ni-filter,
1-16 divergent slit and 13 mm mask.

Textural properties of all catalysts were characterized by nitrogen adsorption-desorption
isotherms at -196 °C on a Micromeritics TriStar Il volumetric adsorption analyzer (Micromeritics
Instrument Corporation, GA, USA). Before the analysis, the samples were dried and degassed at
300 °C for 12 h under vacuum. Brunauer-Emmett—Teller (BET) method was applied to determine
specific surface areas by applying the relative pressure range between 0 and 1. The total pore
volume was evaluated from the amount of gas adsorbed at P/P° = 0.95.

Table 1. Quantity of feedstock and catalyst used in ex-situ pyrolysis of pinewood at 500 °C at a
heating rate of 100 °C/min.

Catalyst Catalyst Quantity of Quantity of C/B
abbreviation type catalyst (mg) feedstock
(mg)

Z-1 ZSM-5 100 100 1
Z-2 ZSM-5 200 100 2
Z-3 ZSM-5 300 100 3
NCZ-1 NiCu/ZSM-5 100 100 1
NCZ-2 NiCu/ZSM-5 200 100 2
NCZ-3 NiCu/ZSM-5 300 100 3
NMZ-1 NiMo/ZSM-5 100 100 1
NMZ-2 NiMo/ZSM-5 200 100 2
NMZ-3 NiMoZSM-5 300 100 3
NFZ-1 NiFe/ZSM-5 100 100 1
NFZ-2 NiFe/ZSM-5 200 100 2
NFZ-3 NiFe/ZSM-5 300 100 3
CMz-1 CuMo/ZSM-5 100 100 1
CMZ-2 CuMo/ZSM-5 200 100 2
CMz-3 CuMo/ZSM-5 300 100 3
CFz-1 CuFe/ZSM-5 100 100 1
CFz-2 CuFe/ZSM-5 200 100 2
CFz-3 CuFe/ZSM-5 300 100 3
FMZ-1 FeMo/ZSM-5 100 100 1
FMZ-2 FeMo/ZSM-5 200 100 2
FMZ-3 FeMo/ZSM-5 300 100 3

Acidic properties of the catalysts were characterized using NHs temperature programmed
desorption (NHs-TPD) on ChemBET Pulsar (USA) with a thermal conductivity detector.
Approximately 0.1 g of sample was used for the analysis. The sample was loaded into a quartz U-
tube plugged with quartz wool. Firstly, the sample was dried in inert conditions heating from room
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temperature to 350 °C at 5 °C/min under 15 ml/min He with a 2 h hold. The system was cooled to
50 °C and then NHs (5% NHs in He) was passed over the sample at 20 ml/min for 45 min at 50
°C. Data for NHz-desorption was recorded by removing physiosorbed NHs from the system by
heating the sample from 50 to 650 °C at a heating rate of 5 °C/min under 15 mi/min He.

High resolution transmission electron microscopy (HRTEM) of catalysts was conducted
on Jeol Jem-2100F operated at 200 kV. X-ray photoelectron spectroscopy (XPS) of catalysts was
carried out on Thermo ESCALAB 250Xi surface analysis system.

Carbon deposition on spent bimetallic catalysts was examined using a thermogravimetric
analyzer (TGA/DSC 1 Stare system, Mettler Toledo, Ltd.) Approximately 25 mg of the spent
catalyst in a crucible was placed in the furnace. The sample was heated from 25 to 700 °C at 10
°C/min in compressed air (100 ml/min) and nitrogen (20 ml/min).

To examine the presence of different functional groups in the bio-oils, Fourier transform
infrared spectroscopy (FTIR) was carried in the wavelength range of 400 and 4000 cm* using a
Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Inc.). Bio-oil samples obtained from
catalytic pyrolysis with C/B ratio of 3 were examined for FTIR analysis. An attenuated total
reflectance (ATR) accessory with a diamond crystal was used with a total scan of 32 and spectral

resolution of 4 cm™.

3. Results & discussion
3.1.  Pyrolysis products

Figure 2a shows the yields (wt%) of pyrolytic products obtained with bimetallic catalysts.
The primary pyrolytic product with the highest yield was bio-oil in both cases of non-catalytic and
catalytic pyrolysis. Non-catalytic pyrolysis produced the maximum bio-oil yield of 69.53 wt%.
The application of catalysts significantly decreased the bio-oil yield and a decreasing trend in bio-
oil yield was observed with all bimetallic catalysts when the C/B ratio was increased from 1 to 3.
For example, NCZ-1 achieved a bio-oil yield of 58.97 wt% while NCZ-3 obtained the bio-oil yield
of 46.99 wt%. The decrease in bio-oil yield with catalysts can be attributed to their efficient
catalytic activity and carrying out various deoxygenation reactions to upgrade the pyrolytic vapors
[36]. The increase in C/B ratio provided greater amount of catalyst to react with pyrolytic vapors
that presented higher number of active sites and thus enhanced the number of deoxygenation
reactions. In addition to increase in gas yield, enhanced formation of water due to dehydration
reactions promoted by catalysts and coke deposition on catalyst surface also led to decrease in bio-
oil yield [37]. On the other hand, the gas yield increased with the C/B ratio. For instance, FMZ-1
produced a gas yield of 15.7 wt% that increased to 33.92 wt% with FMZ-3. Similar increasing
trend of the gas yield with C/B was observed with all the catalysts. The results are consistent with

previous studies that showed similar trends for pyrolytic products in the presence of
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catalysts[36,38]. On the other hand, C/B had insignificant effect on the char yield, 15-18 wt% of
char yield was obtained from all catalysts with varying C/B ratio. Char formation can be ascribed

primarily to the carbonization of lignin and slightly from hemicellulose components of the biomass
[39].

Figure 2. (a) Distribution of pyrolytic product yield (wt%) and (b) gas composition obtained with
bimetallic catalysts from biomass pyrolysis at 500 °C with heating rate of 100 °C/min and C/B
ratios of 1, 2 and 3.

Figure 2b shows the yield (wt%) of gas composition obtained during the catalytic
pyrolysis. Primary gases detected in this study during the pyrolysis were CO, CO2, Hz, CH4, CoHs
and C2He. The release of gases could also reflect the type of reactions carried out by the catalysts
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during bio-oil upgrading. For example, the release of CO can be attributed to decarbonylation
reactions which can be formed by cracking of RR’CO or RCO2H groups [6]. Similarly, evolution
of CO> can be credited to decarboxylation reactions and from cracking of RCO2H groups [40].
The production of CHs is mainly ascribed to demethylation of methoxy groups from the lignin
structure [41]. H2 can be produced due to the cracking of C — H and C = C bonds in the organic
compounds. Hz can also be generated via water gas shift reaction (WGSR) favored by the catalysts
by reacting CO and H2O produced during pyrolysis [41]. On the other hand, gaseous olefins are
formed by cracking of alkyl aromatics or decarbonylation of light oxygenated compounds. The
results indicated that with increase in C/B ratio, the amount of gases, mainly CO and CO:
significantly increased with all catalysts, while some catalysts also produced small proportion of
H>. Noticeably, the synergistic effect of Ni-Cu and Ni-Mo favoured decarboxylation reactions for
bio-oil upgrading and produced higher amount of CO, of 17.44 wt% and 20.4 wt%. Ni with Fe
promoted decarbonylation reactions as higher amount of CO (16.93 wt%) was obtained compared
to CO> (12.48 wt%). However, the synergistic effect of Fe and Cu promoted decarboxylation and
decarbonylation reactions equally since nearly similar quantities of CO (11.86 wt%) and CO>
(11.13 wt%) were achieved. The variation in yields of gases indicates the preference of
deoxygenation pathways, and the results showed that the synergistic effect of metals selects unique
pathways to convert the oxygenated compounds into hydrocarbons.

Table 2. Elemental composition and HHV values of bio-oils obtained in ex-situ pyrolysis with
bimetallic catalysts from biomass pyrolysis at 500 °C with a heating rate of 100 °C /min and C/B
of 2.

Catalyst C (Wt%) H (wt%) N (Wt%) O (Wt%) HHV (MJ/kg)
No catalyst 44.79 5.59 0.00 49.62 17.09
ZSM-5 54.49 3.11 0.00 42.40 18.30
NiCu/ZSM-5 63.51 4.59 0.00 31.90 24.28
NiMo/ZSM-5 54.35 3.51 0.00 42.14 18.75
NiFe/ZSM-5 60.10 4.84 0.00 35.06 23.06
CuMo/ZSM-5 42.17 3.87 0.00 53.96 13.70
CuFe/ZSM-5 52.39 4.11 0.06 43.44 18.64
FeMo/ZSM-5 53.81 3.45 0.00 42.74 18.43

Note: O (wt%) was calculated by the difference.
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Figure 3. Comparative analysis of catalyst performance for (a) energy yield (%) in pyrolytic
products and (b) oxygen distribution (wt%) in bio-oil samples obtained from biomass pyrolysis at
500 °C with a heating rate of 100 °C /min and C/B of 2.
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Table 3. Elemental composition and HHV values of bio-chars obtained in ex-situ pyrolysis with
bimetallic catalysts from biomass pyrolysis at 500 °C with a heating rate of 100 °C/min and C/B
of 2.

Catalyst C (wt%) H (wt%) N (wt%) O (wt%) Ash (wt%)  HHV (MJ/kg)
No catalyst 83.41 2.47 0.03 14.09 5.92 30.58
ZSM-5 85.64 2.75 0.03 11.58 4.09 31.98
NiCu/ZSM-5 87.40 2.74 0.03 9.83 5.83 32.72
NiMo/ZSM-5 81.88 2.62 0.02 15.48 3.30 30.14
NiFe/ZSM-5 87.74 2.78 0.00 9.48 1.59 33.01
CuMo/ZSM-5 81.23 2.38 0.01 16.38 4.33 29.51
CuFe/ZSM-5 87.99 2.75 0.00 9.26 2.02 33.08
FeMo/ZSM-5 87.06 2.79 0.04 10.11 5.49 32.64

Note: O (wt%) was calculated by the difference

3.3.  Energy yield and bio-oil deoxygenation

A realistic approach is important to estimate the oxygen distribution and chemical energy
available in the bio-oil to compare the efficiency of bimetallic catalysts for bio-oil upgrading.
Therefore, elemental composition and HHV of the bio-oils were determined [36]. Table 2 shows
the elemental composition and HHV values of the bio-oil samples obtained from noncatalytic and
catalytic pyrolysis, while Figure 3b compares the oxygen concentration of bio-oils with respect to
the bio-yield. It is evident from the results that pyrolysis without catalyst resulted in bio-oil with
low carbon and high oxygen content, and consequently had low HHV of 17.09 MJ/kg. On the
other hand, catalytic pyrolysis significantly enhanced the carbon content in the bio-oils and
reduced the oxygen proportion. Among all bimetallic catalysts, NiCu/ZSM-5 showed the highest
carbon (63.51 wt%) and lowest oxygen concentration (31.90 wt%) and thus the maximum HHV
of 24.28 MJ/kg. The increased HHV of the bio-oil can be attributed to the excellent synergistic
catalytic activity of Ni and Cu on ZSM-5 that carried out various deoxygenation reactions, such
as dehydration, decarboxylation, decarbonylation, and polymerization, and condensation reactions
to convert oxygenated compounds into energy-rich aromatic and aliphatic hydrocarbons. The bio-
oils obtained with other catalysts also showed noticeable improvement in HHV, owing to
increased concentration of carbon due to their efficient synergistic catalytic activities to reduce the
proportion of oxygenated compounds and increase the concentration of valuable hydrocarbons.
The biochars showed retention of higher content of carbon and almost similar HHV were obtained
for all samples (Table 3). It should be noted that HHV of bio-oils can be further improved with
higher C/B ratios but at the expense of decreased bio-oil yield.

Figure 3a shows the energy yield of pyrolytic products. Compared to the results of product
yield (wt%), a different trend was obtained for the energy yield (%) of pyrolytic products. It was
observed that most of the chemical energy was present in bio-oils and may contain up to 60% of

the energy present in the raw biomass. For product yield (wt%), higher amount of gas than char
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was obtained, but in terms of energy yield (%), char contributes to higher energy yield and gases
retain the lowest amount of energy than char and bio-oil. For example, NiCu/ZSM-5 showed
energy Yield of 57.7% for bio-oil, 30.1% for biochar and 12.2% for gases. A similar trend can be
seen for other samples. A probable way to enhance the energy yield for bio-oil could be to reduce
the char formation during pyrolysis, which can be obtained by applying biomass-pretreatment
methods to reduce the lignin content in the feedstock and retain the cellulose component largely
for the pyrolysis that generally contributes most to the bio-oil yield [42].

3.4.  Bio-oil composition

The bio-oil composition generally contains more than 200 compounds, and it is not
possible to identify them all. GC-MS is usually considered as a semi-quantitative approach for
bio-oil analysis since it cannot detect all the compounds of bio-oil. It is evident that GC-MS is
unable to detect the oligomers produced from the pyrolysis of three biopolymers of lignin
component. Moreover, in this study, peak area % was considered to estimate the bio-oil
composition which provides qualitative analysis of the organic compounds. The organic
compounds detected were further grouped in different families based on their main functional
groups. Table 4 presents the bio-oil composition obtained from pyrolysis with all bimetallic
catalysts. The results showed that pyrolysis without any catalyst produced bio-oil enriched with
oxygenated compounds dominantly phenols, ketones, esters and alcohols, and nitrogen containing
compounds. These oxygenated compounds are generated from thermal degradation of cellulose,
hemicellulose and lignin components of pinewood. Thermal degradation of cellulose could result
into different anhydrosugars, such as levoglucosan (LGA) and levoglucosenone (LGO), and
furans, such as hydroxymethyl furfural (HMF) and pyrans like dianhydroglucopyranose (DAGP),
acids and aldehydes [43]. Hemicellulose also contributes to light oxygenates and furans [40].
Lignin contains monolignols (p-coumaryl, coniferyl, and sinapyl alcohols) which act as
intermediate compounds in formation of various phenolic compounds like eugenol, 2-methyl-4-
vinylphenol, creosol [44-46]. Negligible proportion of hydrocarbons was obtained with
noncatalytic pyrolysis. However, the application of sole ZSM-5 and supported bimetallic catalysts
showed excellent conversion of oxygenated compounds into high energy density aromatic
hydrocarbons. Furthermore, the formation of hydrocarbons was significantly improved with
increase in C/B ratio, while the undesirable oxygenated compounds like acids, ketones, phenols
and esters were drastically reduced. The primary aromatics obtained in bio-oils using ZSM-5 were
naphthalene, naphthalene derived and phenanthrene derived aromatics. The acidic sites (Bransted
as well as Lewis acid sites) present in the zeolite are well known to catalyze various deoxygenation
reactions to convert the generated oxygenated compounds into hydrocarbons. For instance,
naphthalenes were chief hydrocarbons in the bio-oils, which are assumed to generate from
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hydroxymethyl furfural and furans possibly via Diels-Alder condensation, decarboxylation,
decarbonylation, oligomerization and aromatization reactions [47]. The phenolic compounds have
also been reported to undergo direct deoxygenation and dehydration reactions to form aromatics
[48]. Bransted acid sites in ZSM-5 promote the demethoxylation, dehydroxylation and methyl
substitution reactions to produce monocyclic aromatics, like benzene and toluene, which further
undergo secondary polymerization reactions to form polycyclic aromatics, like naphthalene,
methylnaphthalene and phenanthrene [49].

On bimetallic catalysts, in addition to naphthalene derived aromatics, the synergistic effect
of metals produced a variety of additional aromatic and aliphatic hydrocarbons. For instance, the
synergistic effect of Ni and Cu produced biphenyl derived aromatics, anthracene and alkanes, such
as tridecane, heneicosane and tetracosane. However, Ni with Mo nanoparticles favored the
production of alkanes, like nonane, decane and dodecane, while only few aromatics, mainly
naphthalene, were found in the bio-oils. The combination of Fe with either Ni or Cu also showed
substantial production of hydrocarbons and favored the catalytic routes to form benzene derived
aromatics and cycloalkanes. The synergistic effect of Fe and Mo produced a variety of additional
hydrocarbons. Evidently, FeMo/ZSM-5 contributed to the formation of indene aromatics, benzene,
acenaphthene and cyclic hydrocarbons, like cycloheptatriene. The combination of Cu and Mo did
not lead to the deoxygenation reactions as they favored formation of oxygenation compounds, like
phenols, ketones, esters and alcohols. This unfavorable catalytic activity of CuMo/ZSM-5 can also
be attributed partially to its physicochemical properties of low acidic sites and surface area.
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Table 4. Bio-oil composition obtained from pyrolysis with bimetallic catalysts.

Bio-oil composition (peak area %)

Catalyst Aromatic Aliphatic  Phenol Ketone Ester Aldehyde  Alcohol Acid Furan Nitro Sugars Others
Control 1.35 1.39 31.37 13.79 5.79 2.69 4.06 0.90 1.23 7.44 1.89 3.35
Z-1 30.26 1.35 28.36 3.07 0.41 0.00 2.77 0.00 0.00 1.96 0.00 1.26
Z-2 59.73 4.76 3.95 0.00 2.13 0.00 1.64 0.00 0.52 0.00 0.00 0.00
Z-3 65.09 1.25 0.00 0.00 1.04 0.00 0.00 0.00 0.50 0.00 0.00 0.00
NCz-1 14.19 6.76 42.80 7.37 0.60 0.00 3.85 2.15 1.42 5.03 0.00 0.18
NCZz-2 45.35 0.00 18.96 0.43 1.43 0.00 2.02 0.00 0.41 0.00 0.00 2.20
NCZ-3 75.52 1.90 8.47 0.30 2.28 0.00 3.78 1.61 0.75 0.00 0.00 0.30
NMZ-1 4.64 0.36 46.89 5.76 0.28 0.72 6.72 0.00 0.00 2.82 0.00 0.97
NMZ-2 6.46 1.09 45.59 1.59 1.31 0.00 10.72 3.05 4.10 0.00 0.00 2.07
NMZ-3 8.06 14.38 13.08 3.59 23.27 0.44 0.00 1.75 0.00 2.90 0.00 5.42
NFZ-1 15.20 0.91 43.52 7.58 0.83 0.47 3.34 0.00 0.31 1.35 0.58 0.00
NFZ-2 57.93 0.49 12.21 1.06 0.69 1.51 1.74 0.97 0.74 2.54 0.00 0.00
NFZ-3 68.19 0.46 1.41 1.13 1.60 1.74 1.41 0.91 3.58 0.00 0.00 0.00
CMz-1 3.73 1.51 30.19 17.49 5.60 3.24 0.60 1.19 0.00 2.79 0.95 2.24
CMZ-2 4.02 2.22 48.47 14.91 4.29 1.27 1.45 0.43 0.27 0.84 1.72 1.97
CMZ-3 5.34 1.18 41.00 12.72 2.29 2.47 10.79 2.46 0.27 1.49 1.80 0.54
CFz-1 37.79 1.23 26.00 4.05 0.57 0.00 0.88 0.00 2.06 3.13 0.00 0.31
CFz-2 50.40 0.41 15.52 2.81 0.00 0.00 0.00 1.52 1.64 1.76 0.00 1.41
CFz-3 85.25 0.00 1.34 0.22 0.16 0.82 0.95 0.58 1.47 0.00 0.00 0.00
FMZ-1 18.14 0.40 43.32 6.75 0.00 0.00 1.35 0.00 0.78 0.83 0.00 0.00
FMZ-2 23.17 0.00 17.10 3.62 1.05 0.00 4.83 7.20 1.10 1.10 0.00 0.00
FMZ-3 54.27 0.88 7.32 1.68 1.32 0.43 1.80 0.38 2.55 0.00 0.00 2.67
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Figure 4. FTIR scans of bio-oil samples obtained from catalytic pyrolysis.

3.5.  FTIR of bio-oils

Figure 4a shows FTIR scans of the bio-oil samples while b, ¢, and d are enlarged regions
shown in part a. The absorbance peaks shown in the scans suggest the type of functional groups
and family of compounds present in the bio-oil samples. It can be observed from the figures
that all bio-oil samples showed strong IR absorbance at different regions. Noticeably, the peaks
between 2600 and 3100 cm™ can be attributed to C — H stretch present in the saturated and
unsaturated aliphatic and aromatic compounds, while C — H stretch present between 1350 and
1500 cm™ are often associated with alcohols, aldehydes and ketones [50,51]. The peaks
between 1000 and 1310 cm™ are designated to C — 0 and € — € bonds which might be present
in the family compounds of alkanes, alcohols, phenols and ethers [52]. The C = O stretch at
around 1705 cm* suggesting presence of aldehydes, acids and ketones, can be seen for all bio-
oil samples but its intensity was reduced for bimetallic catalysts compared to the noncatalytic
pyrolysis which indicates the reduction in the oxygenated compounds in the bio-oils. In
addition, strong absorbance peaks were observed at 1514 and 1598 cm™ ascribed to C = C
functional groups of aromatic hydrocarbons. A significant increase in the vibrations can be

observed for bimetallic catalysts, suggesting the presence of more aromatic hydrocarbons in
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the bio-oil samples. O — H stretch at 3370 cm™ suggests presence of water, alcohols and
phenols in the bio-oil. Low intensity of O — H stretch for the bio-oils obtained from catalytic

pyrolysis indicates low concentrations of phenols and alcohols compared to noncatalytic

pyrolysis.

3.6.  Catalyst characterization

Figure 5a shows X-ray diffraction of fresh ZSM-5 and ZSM-5 supported bimetallic
catalysts. It can be observed from the figure that ZSM-5 and the impregnated metal
nanoparticles were crystalline in nature as sharp and less intense peaks can be clearly identified.
The impregnated metal nanoparticles were found in their oxide forms, such as NiO, CuO,
MoO3z and Fe204 on the zeolite support. In all catalysts, diffraction peaks at 26 degree of 9.03,
9.83, 26.67, 27.65, 28.26 correspond to 101, 111, 051, 313, 323 index planes of crystalline
ZSM-5, respectively and belong to the crystal system: orthorhombic; space group: Pnma. The
results match well with standard data given in JCPDS (Joint Committee on Powder Diffraction
Standards) no. 891421. In bimetallic catalysts containing Ni, the diffraction peaks at 26 degree
0f 43.23, 50.54 and 74.27 are designated to 111, 200 and 220 index planes of NiO, respectively,
corresponding to cubic crystal system and space group of Fm-3m. These results are well in line
with standard NiO crystallographic results (reference code-01-073-1523). The catalysts
comprising Cu (such as NiCu/ZSM-5, CuMo/ZSM-5, CuFe/ZSM-5) show diffraction peaks at
260 degree of 62.17 and 69.51 that are indexed to 020 and 202 planes of CuO, belonging to
monoclinic crystal system and C2/c space group. In Fe containing catalysts, diffraction peak
observed at 20 degree of 41.43 corresponds to 311 planes of crystalline FesO4, which belongs
to the cubic crystal system and Fd-3m space group (reference code-01-089-0950). In addition,
Mo impregnated catalysts showed sharp diffraction peaks at 20 degree of 29.82, 31.59, 45.56
and 57.82 which suggest presence of 040, 021, 060 and 002 planes of the crystalline MoOz in
the catalysts, respectively. The results were in line with standard data of MoOs (reference code-
00-005-0508) which suggests that MoO3z belongs to the orthorhombic crystal system and Pbnm
space group.

Figure 5b shows X-ray diffraction patterns of spent ZSM-5 and supported bimetallic
catalysts. The impregnated metals present in the fresh catalysts in their oxide forms, such as
NiO, CuO, MoO3 and FeszOs, were detected reduced to Ni, Cu, MoO, and FeO after the
pyrolysis process. It is well known that metal oxide species can be reduced to their metallic
forms after reacting with hydrogen and other gases produced during the pyrolysis and other
catalytic reactions such as hydrogenation and water-gas shift reaction (WGSR) carried out on
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the surface of the catalysts. Diffraction peaks at 20 degree of 30.22, 43.06, 63.10 are aligned
to 110, 020, 211 planes of MoO: (reference code-01-078-1072). Diffraction peaks at 50.62 and
59.75 correspond to 111 and 200 planes of Cu metal (reference code-00-004-0836). In addition,
the peaks at 20 degree of 51.34 and 53.08 can be indexed to the Ni (200) and FeO (110) planes,
respectively.

Figure 5. X-ray diffraction patterns of (a) fresh and (b) spent ZSM-5 and supported bimetallic
catalysts.
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Table 5. Textural properties of fresh and spent bimetallic catalysts.

No. Catalyst BET surface  External Surface Micropore Average Pore
area (m?/g) area (m?/g) volume (cm®/g) size (nm)

Fresh catalysts

1 ZSM-5 403.23 135.64 0.25 1.12
2 NiCu/ZSM-5 278.35 85.66 0.17 1.05
3 NiMo/ZSM-5 162.05 42.21 0.10 1.06
4 NiFe/ZSM-5 257.92 75.96 0.17 1.05
5 CuMo/ZSM-5 166.18 86.33 0.12 1.34
6 CuFe/ZSM-5 272.39 88.20 0.17 1.09
7 FeMo/ZSM-5 154.43 51.96 0.10 1.23
Spent catalysts
1 ZSM-5 280.35 47.35 0.17 1.02
2 NiCu/ ZSM-5 158.62 36.74 0.09 1.27
3 NiMo/ZSM-5 121.37 29.32 0.07 1.02
4 NiFe/ZSM-5 215.77 56.18 0.13 1.05
5 CuMo/ZSM-5 112.47 14.78 0.03 1.30
6 CuFe/ZSM-5 184.13 46.62 0.11 1.05
7 FeMo/ZSM-5 119.69 34.80 0.07 1.20

Nitrogen sorption isothermal curves of fresh and spent bimetallic catalysts are shown in
supplementary Figure S1 and S2 while textural properties of the catalysts are given in Table 5. All
catalysts either fresh or spent showed type | isotherm curve, which suggests the microporous
nature of the prepared materials. Evidently, the average pore size in all catalysts was around 1 nm.
ZSM-5 support showed the highest surface area and pore volume of 403.23 m?/g and 0.25 cm?/g,
respectively. The addition of metals on ZSM-5 significantly reduced the surface area as well as
the micropore volume. For instance, NiCu/ZSM-5 showed surface area of 278.35 m?/g and
micropore volume of 0.17 cm®/g. Other catalysts showed lower surface area and pore volume
compared to ZSM-5 and NiCu/ZSM-5. The reduction in surface area and micropore volume can
be attributed to the addition of metal nanoparticles on the zeolite surface that blocked the pores on
ZSM-5 and consequently, resulted in lesser adsorption of N2 gas molecules on the catalyst surface.
Moreover, the microporous properties of ZSM-5 restricted the distribution of metal nanoparticles
probably on its surface and could not access the internal pores of ZSM-5. Another noticeable point
observed in the results was that the bimetallic catalysts containing Mo metal showed lower surface
area compared to other catalysts. This can be explained with the observed agglomeration of Mo
nanoparticles in the Mo-incorporated catalysts, which blocked the pores on the zeolite surface that
were inaccessible for N2 adsorption. Agglomeration of Mo nanoparticles was evident from
HRTEM images, and XRD results also showed comparatively sharp intensity peaks for Mo
compared to other metal (Ni, Cu and Fe) impregnated catalysts, suggesting the presence of
crystalline Mo nanoparticles.
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Figure 6. HRTEM images of (a) ZSM-5, (b) NiCu/ZSM-5, (¢) NiMo/ZSM-5, (d) NiFe/ZSM-5, (e)
CuMo/ZSM-5, (f) CuFe/ZSM-5, and (g) FeMo/ZSM-5.
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BET results of spent catalysts showed noticeable decrease in both surface area and pore
volume. During the pyrolysis, catalysts carry out several deoxygenation reactions and convert
different oxygenated compounds into monocyclic and polycyclic aromatic compounds. Generally,
the polycyclic aromatic compounds or the hydrocarbons with larger structure than the pore
diameter could not escape the pores of the catalyst and block the pores as well the active sites.
Accumulation of polycyclic aromatics leads to coke formation and collectively leads to the
decrease in surface area and pore volume, which subsequently may lead to catalyst deactivation.

The dispersion of metal nanoparticles on ZSM-5 was examined using HRTEM. Figure 6
shows HRTEM images of bimetallic catalysts. Compared to the pristine zeolite, presence of
smaller to larger metal nanoparticles can be clearly observed for bimetallic catalysts. The metal
nanoparticles are assumed to be predominantly present on the zeolite surface. In addition, in case
of NiMo/ZSM-5 and CuMo/ZSM-5 catalysts, agglomeration of metal nanoparticles can be seen,
indicating the impregnation method might be inefficient for these catalysts.

ZSM-5 is well known for its high acidity that plays a crucial role in its catalytic activity.
ZSM-5 exhibits both Lewis and Brgnsted types of acidic sites and are responsible to carry out the
deoxygenation reactions to convert oxygenated compounds into hydrocarbons [38,53,54]. Acidic
properties of the prepared catalysts were examined using NHs-TPD. The results are shown in
Figure 7, indicating that all catalysts showed noticeable desorption peaks at lower and higher
temperatures, indicating presence of weak and strong acidic sites. Sole ZSM-5 showed total acidity
of 103.46 ymol/g. For bimetallic catalysts NiCu/ZSM-5 and NiFe/ZSM-5, total acidity increased
significantly to 136.43 and 123.51 ymol/g, respectively and slightly increased for NiMo/ZSM-5
showing acidity of 105.6 ymol/g. It has been demonstrated previously that the addition of metals
on zeolite decreases strong Bransted sites and produces new types of Lewis acidic sites [38,55].
Therefore, increase in total acidity for Ni incorporated bimetallic catalysts can be attributed mainly
to the increase in Lewis acidic sites. However, peaks around 525 °C for NiCu/ZSM-5 and small
peaks between 350 and 470 °C also indicate the presence of strong Lewis or Brgnsted sites. This
can be attributed to better dispersion of Ni and other metal nanoparticles on zeolite surface
allowing adsorption of more NHsz molecules on the catalyst surface. On the other hand,
CuFe/ZSM-5 and CuMo/ZSM-5 showed lower acidity of 96.48 and 67.70 ymol/g, respectively,
while no peak was observed at higher temperatures, indicating the presence of only weak Lewis
acidic sites in the catalysts. Low acidity by CuFe/ZSM-5 and CuMo/ZSM-5 can also be attributed
to agglomeration of metal nanoparticles on ZSM-5 surface that blocked the pores, leading to
adsorption of smaller number of NHz molecules. In addition, FeMo/ZSM-5 achieved total acidity
of 86.30 ymol/g, small peaks between 170 and 430 °C indicate the existence of some strong acidic

sites as well. The catalysts with higher acidic sites are expected to catalyze higher number of
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deoxygenation reactions and produce more hydrocarbons in bio-oil samples, however, may also

be prone to faster catalyst deactivation.

Figure 7. TPD analysis of bimetallic catalysts.

Figure 8. Cu2p photoelectron spectra of fresh catalysts (a) NiCu/ZSM-5, (¢) CuFe/ZSM-5 and (e)
CuMo/ZSM-5 and spent catalysts (b) NiCu/ZSM-5, (d) CuFe/ZSM-5 and (f) CuMo/ZSM-5.
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Elemental composition of the catalysts was analyzed using XPS. Results are shown in
Figures 8-11. Figure 8 shows Cu2p photoelectron spectra of Cu containing fresh (a, c and €) and
spent catalysts (b, d and f). Significant changes can be clearly observed in Cu2p spectra of fresh
and spent catalysts. In fresh catalysts, highly intense main peaks at binding energy of 934 eV and
953.04 eV can be attributed to Cu2ps;zand Cu2pi. of CuO in the catalysts. The presence of shake-
up satellites indicates the presence of Cu?* state of the metal. On the other hand, for spent
NiCu/ZSM-5, shake-up satellites were completely disappeared, suggesting the reduction of CuO
into metallic form of Cu [56]. In addition, for CuFe/ZSM-5 and CuMo/ZSM-5, the intensity of
shake-up satellites significantly decreased and the main peaks were observed at lower values of
binding energy, revealing high reduction in CuO species and transformation of Cu?* into Cu® form
[56].

Figure 9. Ni2p photoelectron spectra of fresh catalysts (a) NiCu/ZSM-5, (c) NiMo/ZSM-5 and (e)
NiFe/ZSM-5 and spent catalysts (b) NiCu/ZSM-5, (d) NiMo/ZSM-5 and (f) NiFe/ZSM-5.

Figure 9 shows Ni2p photoelectron spectra of Ni containing fresh (a, ¢ and e) and spent
catalysts (b, d and f). In all catalysts, Ni2p spectra can be divided into two main peaks present at
855.1 and 872.55 eV, and along with two shake-up satellites (except fresh NiFe/ZSM-5, where
only one shake-up satellite is present) at 863.9 and 880.75 eV, which can be ascribed to Ni2ps.2
and Ni2p12 of NiO present in the catalysts [57]. Intense satellites at 855.1 eV can be assigned to
Ni®* state of NiO. In contrast, in spent catalyst, intense peaks at 854.14 are attributed to the
presence of Ni%*, indicating the reduction of NiO to Ni during the pyrolysis process [58].

Figure 10 shows Mo3d photoelectron spectra of Mo containing fresh (a, ¢ and e) and spent

catalysts (b, d and f). It can be observed from the figures that all fresh catalysts showed
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approximately similar spectra of Mo3d. Noticeably, two main peaks at 232.99 and 239.09 can be
attributed to Mo3ds;, and Mo3ds2 of MoOQs, indicating the presence of Mo** and Mo®* species in
the catalysts. On the other hand, in spent catalysts, an additional peak at a lower binding energy of
229.7 eV can be clearly observed, which can be assigned to Mo*" of MoO-. These results are
consistent with previous studies [59].

Figure 10. Mo3d photoelectron spectra of fresh catalysts (a) NiMo/ZSM-5, (¢) CuMo/ZSM-5 and
(e) FeMo/ZSM-5 and spent catalysts (b) NiMo/ZSM-5, (d) CuMo/ZSM-5 and (f) FeMo/ZSM-5.

Figure 11. Fe2p photoelectron spectra of fresh catalysts (a) NiFe/ZSM-5, (c) CuFe/ZSM-5 and (e)
FeMo/ZSM-5 and spent catalysts (b) NiFe/ZSM-5, (d) CuFe/ZSM-5 and (f) FeMo/ZSM-5.

208



Figure 11 shows Fe2p photoelectron spectra of Fe containing fresh (a, ¢ and €) and spent
catalysts (b, d and f). All fresh catalysts showed two main peaks at 711.25 and 724.8 eV, which
are assigned to Fe2ps and Fe2pi, of FesO4 present in the catalysts. In addition, Fe metal was
present in Fe?* and Fe®* states. In contrast, in spent catalysts, additional peaks at 723.3 and 725.7
eV can be attributed to FeO and Fe2Os, respectively, indicating the reduction of Fe** to Fe?* during
the pyrolysis process. These results are also consistent with XRD results that showed the presence

of Fe3Oq4 in fresh catalysts and FeO in spent catalysts.

Figure 8. TPO analysis of spent bimetallic catalysts.

3.7.  Coke deposition

Figure 8 shows TPO results of spent bimetallic catalysts, while TPO results of fresh
catalysts are provided in supplementary Figure S3. It was concluded form the results that fresh
catalysts did not show any coke deposition and the insignificant weight decrease can be attributed
to the removal of moisture and impurities, while significant coke deposition was observed for
spent catalysts. On one hand, the higher acidic characteristics of the catalysts could be
advantageous to enhance their catalytic activity and convert the oxygenated compounds into more
valuable aromatic hydrocarbons, but on the other hand, the formation of excessive hydrocarbons
(mainly polycyclic aromatic) may also lead to coke formation and thus to catalyst deactivation.
The results suggested that higher coke deposition was achieved for the bimetallic catalysts that
showed efficient cracking activity for hydrocarbon formation. For example, spent ZSM-5,
NiCu/ZSM-5 and CuFe/ZSM-5 showed coke deposition of 7.29, 6.75 and 7.58 wt%, respectively.
Two sharp peaks at different temperatures (lower and higher) can be observed for NiMo/ZSM-5
and FeMo/ZSM-5 catalysts, suggesting the presence of two types of carbon species on the catalyst.
The lower temperature peaks (around 382 and 392 °C) can be attributed to the carbon with weaker
interactions with catalyst (zeolite or metal (oxide)) or their deposition on the outer part of pores,
while peaks at higher temperature (around 550 °C) can be ascribed to the carbon species with
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stronger interactions with catalyst or their deposition deep inside the pores. The initial mass
increase at around 200 °C in the spent catalysts can be credited to the oxidation of metal particles
inside the catalysts, as reported in the previous studies [34,60].

4. Conclusion

This work demonstrated the synergistic effect of ZSM-5 supported bimetallic catalysts on
conversion of low-energy oxygen-containing compounds into energy-rich hydrocarbons. Among
all the studied catalysts, it can be concluded the synergistic effect of Ni and Cu on ZSM-5 was
found advantageous, owing to their better physicochemical properties, such as higher surface area
and a large number of acidic sites, and the combined catalytic activity of Ni**/Cu?*/ZSM-5 that
paved the way to convert the oxygenated compounds into hydrocarbons. Evidently, NiCu/ZSM-5
produced bio-oil with the least amount of oxygen (31.90 wt%) and maximum carbon content
(63.51wt%), resulting in HHV of 24.28 MJ/kg. The synergistic effect of other metal combinations
was also found useful for bio-oil deoxygenation and producing bio-oils with improved calorific
values. For instance, NiFe/ZSM-5 and CuFe/ZSM-5 produced bio-oils with HHVs of 23.06 and
18.64 MJ/kg, respectively. The bio-oil compositions indicate the formation of varying types of
hydrocarbons, which can be ascribed to the synergistic effect of the bi-metals.
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Figure S1. Nitrogen adsorption-desorption isotherm curves of fresh ZSM-5 and bimetallic
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Figure S2. Nitrogen adsorption-desorption isotherm curves of spent ZSM-5 and bimetallic
catalysts.

Figure S3. TPO analysis of fresh ZSM-5 and bimetallic catalysts.
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Abstract

The present study examines the effect of different catalytic supports (ZSM-5, Al,Og,
Al>;03/Ca0/MgO, and CaO) with and without nickel impregnation for bio-oil deoxygenation in
one-stage ex-situ pyrolysis, and compares the results for bio-oil deoxygenation in a two-stage
mode using various combinations of the catalysts. The stability of Ni-modified catalysts was tested
for bio-oil deoxygenation. All pyrolysis experiments were carried out at 500 °C. In one-stage ex-
situ pyrolysis, three catalyst to biomass (C/B) ratios (1, 2 and 3) were applied, while two-stage
pyrolysis was demonstrated with C/B of 2. The results revealed that microporous and mesoporous
acidic catalysts in one-stage pyrolysis achieved substantial bio-oil deoxygenation. For example,
Ni/ZSM-5 produced bio-oil with 29.54 wt% oxygen content and 60.21 wt% carbon content, with
a higher heating value (HHV) of 23.6 MJ/kg. Ni/Al.Oz obtained bio-oil with an HHV of 20.6
MJ/kg. In contrast, basic catalysts were inefficient to produce desired concentrations of
hydrocarbons in one-stage pyrolysis. For instance, Ni/CaO could produce bio-oil with HHV of
16.41 MJ/kg. However, the combination of basic catalysts with either micro or mesoporous acidic
catalysts was useful for significant bio-oil upgrading in two-stage pyrolysis. Noticeably, Ni/CaO
and ZSM-5 produced a superior quality bio-oil, with HHV of 24.40 MJ/kg. Two-stage pyrolysis
produced a variety of hydrocarbons, attributing to the diverse physicochemical properties and
active sites of the two catalysts, which favoured additional deoxygenation reactions, resulting in
enhanced bio-oil deoxygenation. The stability tests of Ni-modified catalysts revealed that
Ni/ZSM-5 was least affected by coke deposition, while Ni/CaO achieved the highest coke
deposition. Consequently, Ni/ZSM-5 produced better quality of bio-oil even after four successive
pyrolysis experiments.

1. Introduction

Pyrolytic oil or bio-oil is considered a biofuel, an intermediate bioenergy carrier that can
be upgraded to sustainable chemicals and high value-added products [1,2]. The large-scale
production of bio-oil may contribute to renewable energy generation, reduce our dependence on
fossil fuels, and substantially decrease carbon dioxide emissions. In addition, bio-oil production
can also help create employment in the areas of feedstock harvesting, transportation and facility
management [3]. Therefore, considering the ecological and economic significance of bio-oil, it is
essential to produce high-quality bio-oil with improved physicochemical properties for its direct
applications. Catalytic biomass pyrolysis (CBP) is a well-known and promising technique for bio-
oil upgrading, generating renewable hydrocarbons and high value-added products [4-6]. CBP can
be successfully applied to enhance bio-oil carbon content, which increases the calorific value of

the bio-oil and improves other physicochemical properties.
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Different modes of CBP have been employed for bio-oil upgrading. Ex-situ CBP has been
widely accepted for enhanced bio-oil upgrading and operational advantages, such as low coke
deposition, low catalyst requirement and easier recovery of the catalyst [7,8]. Ex-situ CBP could
be either one-stage or two-stage based on the number of catalytic beds used in the process [9,10].
In one-stage mode, an individual catalyst bed is employed. In contrast, in the two-stage, a cascade
system involving two catalytic beds of similar or varying physicochemical and catalytic properties
is utilized where the pyrolytic vapours are passed through the first catalyst bed. The reacted
vapours are then passed through the second catalyst bed. Several catalysts have been used for bio-
oil upgrading in both modes of ex-situ CBP. A large number of studies indicate that zeolites,
chiefly ZSM-5-based catalysts, are most efficient in converting the oxygenated compounds into
aromatics [1,8,11]. The excellent deoxygenation activity of ZSM-5 is mainly attributed to its high
Bransted acid sites, uniform pore diameters (5.2-5.9 A), shape selectivity, and high thermal
stability [12]. Although the Brgnsted acid sites are present on external surfaces as well as internal
pores of zeolites, the majority of chemical reactions are believed to carry out by the acid sites
present inside the pores [13,14]. Therefore, pore sizes play a pivotal role in the diffusion and mass
transfer of molecules and thus in the conversion of oxygenated compounds into aromatics [15].
The major catalytic reactions carried out by zeolites in CBP are reported to be cracking,
dehydration, decarboxylation, decarbonylation, aromatization and oligomerization reactions
[16,17]. The higher acidity of zeolites promotes cracking and aromatization reactions, which
results in enhanced formation of polycyclic aromatics and, ultimately, leading to rapid catalyst
deactivation [18]. Consequently, it adversely affects the conversion of oxygenated compounds into
aromatics and decreases the bio-oil yield. Therefore, catalysts with optimal acidity are preferred
for efficient hydrocarbon production.

Al>O3-based catalysts are mesoporous and mild acidic solid catalysts with high Lewis and
low Brgnsted acid sites, considerable surface area (>200 m?/g) considered suitable alternatives for
zeolites for bio-oil upgrading [19,20]. These catalysts with larger pore sizes show better mass
transfer kinetics and significant cracking activity, and effectively catalyse deoxygenation
reactions, like dehydration, decarboxylation and decarbonylation [21]. Consequently, Al>Os-based
catalysts have been used in ex-situ CBP for hydrocarbon production. For example, Che et al. [22]
demonstrated the upgrading of pinewood pyrolysis vapours into aromatics using Al>Os catalysts.
The results reported that Lewis acid sites of Al.Os promoted cleavage of C — O bonds and showed
significant deoxygenation activity [22]. Especially, the proportion of heavy molecular weight
compounds derived from lignin pyrolysis were noticeably reduced and monocyclic aromatics like
toluene were significantly increased [22]. Another study also confirmed the outstanding
deoxygenation activity of Al,Oz catalyst, showing higher production of Cs-C11 hydrocarbons, like
1-heptene, 1,3,5-cycloheptatriene and 1-octene, from ex-situ CBP of Jatropha wastes [23].
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Solid basic catalysts, such as CaO and MgO, as sole catalysts or impregnated with other
catalyst supports like zeolites and Al>Oz have also been investigated for bio-oil upgrading in ex-
situ CBP of biomass [24-26]. On one hand, oxides like CaO can be used to lower the strong acid
sites of zeolites to obtain the overall optimal acidity of the catalyst. On the other hand, the catalytic
activity of oxides can also help to improve the yield of aromatics. CaO is known to decrease the
concentration of oxygenated compounds through dehydration reactions and directly fixing the
active quasi-CO2 intermediates [26,27]. For instance, Lin et al. [26] investigated the potential of
CaO for bio-oil upgrading and showed that CaO catalyzed dehydration reactions of cellulose and
hemicellulose. As a result, the proportions of furfuryl and furfuryl alcohol was also increased [26].
In addition, CaO at higher concentrations may promote phenol formation via demethoxylation
reactions of lignin components. Similarly, MgO catalysts are reported to deoxygenate the bio-oil
via decarboxylation, ketonization and aldol condensation reactions [28,29].

Although one-stage ex-situ pyrolysis has been extensively studied for bio-oil upgrading,
two-stage ex-situ pyrolysis has not been explored so far. Therefore, this study aims to demonstrate
the effect of different types of catalysts for bio-oil upgrading in two-stage ex-situ pyrolysis. To
achieve this, diverse types of catalytic supports, like ZSM-5, Al>03, Al,03/CaO/MgO and CaO,
were impregnated with nickel metal and explored their activity for bio-oil deoxygenation,
hydrocarbon production and energy distribution in pyrolytic products. Nickel-modified catalysts
were tested for their stability and the effect of deactivation on their physicochemical properties
and, consequently, on vyields of pyrolytic products and bio-oil deoxygenation were thoroughly
studied.

2. Materials & methods
2.1. Biomass

Pinewood sawdust applied in previous studies [8,30] was used as feedstock in ex-situ
pyrolysis for bio-oil production.

2.2.  Pyrolysis operation

Pinewood pyrolysis with and without catalysts was carried out in an infrared gold-coated
furnace containing a quartz tube horizontal fixed-bed reactor. A schematic diagram of pyrolysis
set-up is shown in Figure 1. For one-stage ex-situ pyrolysis, approximately 100 mg of the feedstock
was loaded in the quartz tube reactor and 100, 200 and 300 mg catalyst was loaded downstream
of the biomass to obtain a catalyst to biomass ratio (C/B) of 1, 2 and 3, respectively. For all
experiments in the two-stage ex-situ pyrolysis, C/B ratio of 2 was utilized using 100 mg of the
catalyst each in bed 1 and 2, while using 100 mg of the feedstock. The catalysts used for bed 1 and
2 are given in Table 1. The remaining space in the quartz tube was filled with quartz wool. All the
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pyrolysis experiments were performed at 500 °C (retention time of 2 min for the final temperature)
with a heating rate of 100 °C/min and He as a carrier gas at a flow rate of 50 ml/min. Prior to each
pyrolysis experiment He gas was purged in the reactor for 30 min to ensure oxygen free conditions.
Pyrolysis experiments were repeated twice with each catalyst to confirm data reliability.

Figure 1. (a) A schematic diagram of horizontal fixed-bed pyrolysis set-up (b) quartz tube reactor
showing central temperatures for biomass and catalyst beds.

The pyrolytic bio-oil and gas products were analyzed with gas chromatography-mass
spectroscopy (GC-MS, Agilent) and micro-gas chromatography (micro-GC, Agilent 490),
respectively. As shown in Figure 1 micro-GC was attached to the gas outlet of the quartz reactor.
Gases were analyzed online during the pyrolysis. The micro-GC was calibrated with a standard
gas mixture of CO (3%), CO2 (3.05%), and Hz, (1.16%) CHa, (1%) C2H4 (0.98%) and CzHs
(0.99%). Agilent 490 micro-GC contains two channels. Channel A (PoraPLOT U) identifies CO>,
CHa, C2H4, and CoHe while channel B (molecular sieve 5A) detects H> and CO. Channel A and
channel B were maintained at 40 °C and 60 °C, respectively and pressure of 20 psi. Chromatograms
were obtained after each 150 sec with a sampling span of 15 sec. All gases were quantified from

standard gas mixture and weight of each was estimated from ideal gas equation.
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Bio-oil condensed on quartz wool at the end of the quartz reactor was collected and
extracted by dissolving in dichloromethane (DCM), filtered three times each through glass wool
and sodium sulfate to remove all solid impurities and dehydrate the bio-oil samples. Bio-oil
samples were condensed with argon gas and heated for 30 min at 60 °C and subjected for GC-MS
analysis. An Agilent 7890B GC/5977A MS system with a HP-5MS capillary column (60 m x 0.25
pum) linked to a 5977A mass spectrometry system was used to analyze the bio-oil composition.
MassHunter software was used to identify the compounds, compounds with a matching score of
80 or above were selected and grouped in different families based on their main functional groups.

To examine the presence of different functional groups in the bio-oils, Fourier Transform
Infrared spectroscopy (FTIR) was carried in the wavelength range of 400 and 4000 cm™ using
Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Inc.). Bio-oil samples obtained from
catalytic pyrolysis (with C/B ratio of 3 for one-stage and C/B ratio of 2 for two-stage pyrolysis)
were examined for FTIR analysis. An attenuated total reflectance (ATR) accessory with a diamond
crystal was used with a total scan of 32 and spectral resolution of 4 cm-.

Bio-char was retrieved from the quartz reactor after pyrolysis and weighed. Product yield
(wt%) of bio-char and other pyrolytic products was calculated using the following equation:

Product yield i (wt%) = 100.[(mass i (g))/biomass(g)] Q)
where i is gas, bio-char, bio-oil.

2.3.  Energy yield of pyrolytic products

To calculate the energy content of pyrolytic products, one stage and two-stage ex-situ
pyrolysis experiments were carried out at 500 °C with a C/B ratio of 2 and heating rate of 100
°C/min. C/B ratio of 2 was selected to obtain adequate amount of bio-oil for elemental analysis
since higher C/B ratios produce lower bio-oil yield. The C, H, N and S contents of bio-oil and bio-
char were quantified using Vario MICRO cube elemental analysers (Elementar Analysensysteme
GmbH, Germany). The values of CHNS for bio-oil and bio-char samples were calculated from a
standard sample of known composition. Further the higher heating values (HHV) of bio-oil and
bio-char samples were determined using equation 2:
HHV i (M]/kg) = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211A (2)
where C, H, O, N, S and A represents carbon, hydrogen, oxygen, sulphur and ash contents of i
wt%.
Oxygen distribution in bio-oil was determined according to equation 3:

Opio—oit Wt%) = 100 X [(Opio—o0u (Wt%)/(Opiomass (Wt%)] 3

HHV of pyrolytic gases was calculated from equation 4:
HHV; = [(n; X HHV;)/Sum of gases (Wt%)] 4)
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where n; is wt% of a gas and HHV; is HHV value of gas at standard conditions [31].

The energy yield of any pyrolytic product (i) was calculated using equation 5 [32]:

[HHVl-x mass yield;

Energy yield i (%) = 100 X (5)

HHVpiomass

2.4.  Catalyst preparation and characterization

ZSM-5 (Si/Al=30, CBV 3024E) was obtained from Zeolyst International, USA in powder
form, which was pelletized using hydraulic pressure machine. The pellets were crushed using a
mortar and pestle and sieved with a 40-mesh sieve to obtain the particle size of 0.42 mm of ZSM-
5. ZSM-5 was calcined at 550 °C for 2.5 hours to convert into its protonic form of HZSM-5. Al,O3
and Al.03/CaO/MgO (4.5% CaO and 0.5% MgO) were provided by Saint-Gobain (Paris) in
pellets. The pellets were crushed using mortar and pestle and sieved with a 40-mesh sieve to obtain
particle size of 0.42 mm. Al.O3 and Al>O3/CaO/MgO were calcined at 550 °C for 2.5 hours to
remove any type of impurities. Calcium carbonate was purchased from Sigma-Aldrich and was
calcined at 750 °C for 3 h to convert into CaO [27]. Ni (10 wt%) loaded catalysts were prepared
using incipient wetness impregnation method. Ni(NOz3)..6H.O was used as the metal precursor.
To prepare 10 g of the catalyst, the required amount of Ni(NOz)2.6H20 was dissolved in 15 ml
Milli Q water and stirred for 10 min on a magnetic stirrer, followed by slow addition of the support.
To improve the dispersion of metals on zeolite, the obtained slurry was placed in ultrasonic
vibrator at 40 kHz for 2 h, and after removing from ultrasonication kept it for 22 h at room
temperature. The mixture was dried in a vacuum oven at 110 °C overnight. Dried samples were
calcined at 550 °C for 5.5 h in air muffle furnace. Calcined samples were sieved with 40-mesh
sieve to remove fine particles and obtain particle sizes of 0.42 mm. The final product was used for
further characterization and pyrolysis experiments. X-ray fluorescence (XRF), Olympus Delta Pro
spectrometers using Ta tube (50 kV) was used to estimate probable concentrations of Ni in
catalysts. The results suggested the all catalysts contained 10.3-10.5 wt% of Ni.

X-ray diffraction (XRD) of fresh and spent catalysts was carried out using PANalytical
X’Pert Pro MPD X-ray diffractometer with CuKa radiations (A\=1.54056 A) and X-ray generator
tube operating at 45 kV and 40 mA. The samples were scanned by measuring the X-ray intensity
over a range of 20 between 5 and 90 at a scanning rate of 50 sec per step, using Ni-filter, 1-16
divergent slit and 13 mm mask.

Textural properties of all catalysts were characterized by nitrogen adsorption-desorption
isotherms at -196 °C on a Micromeritics TriStar Il volumetric adsorption analyzer (Micromeritics
Instrument Corporation, GA, USA). Before the analysis, the samples were dried and degassed at
300 °C for 12 h under vacuum. Brunauer-Emmett—Teller (BET) method was applied to determine
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specific surface areas by applying the relative pressure range between 0 and 1. The total pore

volume was evaluated from the amount of gas adsorbed at P/P° = 0.95.

Table 1. Quantity of feedstock and catalyst used in two-stage ex-situ pyrolysis of pine wood at 500
°C at heating rate of 100 °C/min.

Sample Catalyst Feedstock
Catalyst 1 (100 mg) Catalyst 2 (100 mg) (mg)
Control 100
Rxnl Ni/ZSM-5 Al2O3 100
Rxn2 Ni/ZSM-5 AlICaOMgO 100
Rxn3 Ni/ZSM-5 CaO 100
Rxn4 Ni/Al.O3 ZSM-5 100
Rxn5 Ni/Al.O3 AlICaOMgO 100
Rxn6 Ni/Al.O3 CaO 100
Rxn7 Ni/AICaOMgO ZSM-5 100
Rxn8 Ni/AlCaOMgO Al2O3 100
Rxn9 Ni/AlCaOMgO CaO 100
Rxn10 Ni/CaO ZSM-5 100
Rxn1l Ni/CaO Al2O3 100
Rxn12 Ni/CaO AlICaOMgO 100
Rxn13 Al2O3 Ni/ZSM-5 100
Rxn14 Al2O3 Ni/AlCaOMgO 100
Rxn15 Al2O3 Ni/CaO 100
Rxn16 ZSM-5 Ni/Al.O3 100
Rxn17 ZSM-5 Ni/AlCaOMgO 100
Rxn18 ZSM-5 Ni/CaO 100
Rxn19 AlCaOMgO Ni/ZSM-5 100
Rxn20 AlICaOMgO Ni/Al.O3 100
Rxn21 AlCaOMgO Ni/CaO 100
Rxn22 CaO Ni/ZSM 100
Rxn23 CaO Ni/Al.O3 100
Rxn24 CaO AlICaOMgO 100

Acidic properties of the catalysts were characterized using NHs temperature programmed
desorption (NHs-TPD) on ChemBET Pulsar (USA) with a thermal conductivity detector.
Approximately 0.1 g of sample was used for the analysis. The sample was loaded into a quartz U-
tube plugged with quartz wool. Firstly, the sample was dried in inert conditions heating from room
temperature to 350 °C at 5 °C/min under 15 ml/min He with a 2 h hold. The system was cooled to
50 °C and then NHs (5% NHs in He) was passed over the sample at 20 ml/min for 45 min at 50
°C. Data for NHz-desorption was recorded by removing physiosorbed NHs from the system by
heating the sample from 50 to 650 °C at a heating rate of 5 °C/min under 15 mi/min He.

High resolution transmission electron microscopy (HRTEM) of the catalysts was
conducted on Jeol Jem-2100F operated at 200 kV. X-ray photoelectron spectroscopy (XPS) of the
catalysts was carried out on Thermo ESCALAB 250Xi surface analysis system.

Carbon deposition on the spent catalysts was examined using thermogravimetric analyzer
(TGA/DSC 1 Stare system, Mettler Toledo, Ltd.) Approximately 25 mg of the spent catalyst in a
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crucible was placed in the TGA furnace. The sample was heated from 25 to 900 °C at 10 °C/min
in compressed air (100 ml/min) and nitrogen (20 ml/min).

The stability of Ni-loaded catalysts was examined in one-stage ex-situ pyrolysis with C/B
of 3 for 4 consecutive runs without regenerating the catalysts. Pyrolytic products were examined

with similar methods and the catalysts were characterized under similar conditions.

3. Results & discussion
3.1.  Catalyst characterization

The prepared catalysts were examined for the presence of crystalline structures using XRD
technique. The results of XRD analysis are shown in Figure 2. It can be analyzed from the figure
that ZSM-5 and CaO with and without Ni showed sharp peaks at designated 20 angles, suggesting
the crystalline nature of the catalysts. For instance, high intensity diffraction peaks were observed
at 20 degree of 9.03, 9.83, 26.67, 27.65, 28.26, which can be attributed to 101, 111, 051, 313, 323
index planes of crystalline ZSM-5, respectively. The results were in line with standard data
provided in JCPDS (Joint Committee on Powder Diffraction Standards) no. 891421 and suggest
the material has orthorhombic crystal system and Pnma space group. For CaO-based catalysts,
sharp diffraction peaks at 26 of 33.32 and 39.76 can be ascribed to 111 and 200 index planes of
crystalline CaO4. The results resemble with standard data of CaO4 (reference code-00-021-055).
On the other hand, Al>O3 and Al>O3/CaO/MgO with and without Ni showed very low intensity
broad peaks, indicating the amorphous properties of the catalysts. In addition, the results showed
that Ni was in its oxide (NiO) form in all Ni-modified catalysts. Evidently, diffraction peaks at 20
degree of 43.23, 50.54 and 74.27 were clearly found for Ni/ZSM-5 and Ni/CaO observed which
can be designated to 111, 200 and 220 index planes of NiO, respectively, corresponding to cubic
crystal system and space group of Fm-3m. For Ni/Al,O3 and Ni/Al,03/CaO/MgO, low intensity
broad diffraction peak at 43.23 can be clearly seen. This peak can be attributed to 111 index planes,
confirming the presence of amorphous NiO in catalysts. The results match well with the standard

NiO crystallographic results (reference code-01-073-1523).

229



Figure 2. XRD pattern of catalysts with and without nickel.

Figure 3 shows HRTEM images of all catalysts. Ni nanoparticles can be clearly observed
in the images compared to the sole supports. Thus, it can be assumed that Ni nanoparticles were
successfully dispersed on the surface of the catalytic supports. For microporous supports, like
ZSM-5 and CaO that exhibit very small pore size (<2 nm), Ni nanoparticles are assumed to present
primarily on the surface, while for mesoporous supports with large pore diameters (>15 nm),

several Ni nanoparticles are assumed to exist inside the pores.
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Figure 3. HRTEM images (a) ZSM-5, (b) Ni/ZSM-5, (c) Al.O3 (d) Ni/Al20s3, (e) Al,03/CaO/MgO,
(F) Ni/ Al,03/Ca0/MgO, (g) CaO, and (h) Ni/CaO.
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Table 2. Textural properties of catalysts.

No. Catalyst BET surface External Surface Micropore Average Pore
area (m?/g) area (m?/g) volume (cm®/g) size (nm)
1 ZSM-5 403.23 135.64 0.249 1.12
2 AlQOs 218.39 210.43 0.576 15.89
3 Al03/Ca0/MgO 222.20 208.99 0.502 15.90
4 CaO 4.50 3.50 0.007 2.54
5 Ni/ZSM-5 280.35 93.80 0.174 1.16
6  Ni/AlOs 199.39 192.80 0.476 15.89
7 Ni/Al20s/CaO/MgO 208.75 200.13 0.471 15.90
8 Ni/CaO 4.59 2.53 0.007 2.35

Textural properties of the catalysts were examined using nitrogen sorption isotherm.
Results are presented in supplementary Figure S1 and Table 2. It was observed from the figures
that ZSM-5 and CaO with and without Ni showed type | isotherm, which suggests the microporous
nature of the catalysts, while Al,O3 and Al,03/CaO/MgO with and without Ni showed type IV
isotherm, indicating the presence of mesopores in the catalysts. Evidently, the average pore size
in ZSM-5 and CaO based catalysts was around 1 and 2 nm, while the average pore size in Al>Os3
and Al>03/Ca0/MgO based catalysts was 15.9 nm. On the other hand, sole catalytic supports
showed higher surface areas and micropore volume compared to Ni-modified catalysts. For
instance, ZSM-5 showed higher surface area of 403.23 m?/g and micropore volume of 0.24 cm®/g,
which significantly decreased to 280.35 m?/g and 0.17 cm®/g. This decrease in surface area and
pore volume can be attributed to successful dispersion of Ni nanoparticles on the catalyst surface,
and occupied majority of the pores on ZSM-5 [4]. In addition, on ZSM-5, Ni nanoparticles are
assumed to disperse predominantly on its surface rather than entering the pores due the
microporous nature of ZSM-5. As a result, Ni nanoparticles might block the pores and reduce the
adsorption of N2 molecules on its surface, thus decreasing the surface area and pore volume [33].
In contrast, a slight decrease in the surface area and micropore volume was noticed on mesoporous
supports (Al.Oz and Al,O3/CaO/MgO) after addition of Ni. For example, Al.O3 showed the
surface area of 218.39 m?/g and micropore volume of 0.57 cm3/g, while Ni/ Al,O3 achieved the
surface area of 199.39 m?/g and micropore volume of 0.47 cm®/g. Thus, it can be assumed that
majority of Ni nanoparticles (mainly smaller than the pore diameter) successfully entered the pores
and merely a fraction of Ni nanoparticles (larger particle than pore diameter) were present on the

surface.
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Figure 4. Photoelectron spectra of Ni2p in fresh (a) Ni/ZSM-5 (b) Ni/Al>Oz (c) Ni/AICaOMgO
and (d) Ni/CaO.

Figure 4 shows Ni2p spectra of fresh Ni-modified catalysts. In all catalysts, Ni2p spectra
can be divided into two main peaks. One peak present around 853.9 and 856 eV, and the second
main peak present around 872.3 and 873.85 eV, can be ascribed to Ni2ps» and Ni2p1. of NiO
present in the catalysts [34]. These two main peaks are assigned to Ni%* present in NiO. A slight
variation in the binding energies of the main peaks in all catalysts can be attributed to varying

strengths of Ni metal with catalytic supports [35].

233



Figure 5. TPD analysis of all the catalysts.

Acidic sites associated to either Lewis or Brgnsted acid sites are considered active sites to
carry out the necessary deoxygenation reactions to transform oxygen rich compounds into carbon
rich hydrocarbons [14,36]. The acidic sites might be present on the catalyst surface as well as
inside the pores. TPD analysis was conducted to estimate the amount of acidic sites in pristine and
Ni-impregnated catalysts. The results are shown in Figure 5. As expected, ZSM-5 showed the
highest acidity of 103.46 pmol/g. A broad peak at 220 °C indicates the presence of weak Lewis
acidic sites, while small broad peaks between 415 and 595 °C suggest the occurrence of strong
Brensted acid sites in the catalyst. The addition of Ni slightly decreased the total acidity to 97.81
umol/g, however, a sharp peak at 552 °C confirms the availability of strong acidic sites, which
would be advantageous to improve its catalytic activity. Mesoporous Al,Os-based catalysts also
showed noticeable desorption peaks below 200 °C, indicating the presence of mainly weak Lewis
acid sites. Sole Al,Os and Ni/Al,Oz achieved the total acidity of 93.50 and 84.63 pumol/g,
respectively. The decrease in acidity upon Ni impregnation can be attributed to the blockage of
active sites by Ni nanoparticles, resulting in the adsorption of a smaller number of NHz molecules.
Similarly, Ni/AICaOMgO achieved low acidity (65.44 umol/g) compared to sole AlICaOMgO
(72.16 pmol/g). For AICaOMgO, desorption peaks at 277 and 325 °C indicate the presence of
weak to medium acidic sites in the catalyst. Kumar et al. [37] demonstrated that when an acidic

support is mixed with a basic chemical, it neutralizes the strong acidity and new weak and medium
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acidic sites are created due to the charge redistribution in the structure of mixed metal oxide. In
contrast, CaO-based catalysts showed negligible amount of NHz adsorption and thus, contain
insignificant acidic sites. In Ni/CaO, the addition of Ni created trivial Lewis acidic sites, indicated
by the emergence of small broad peaks. Generally, the average electronegativity of the metal ions
contributes to the acidity of the catalyst. Hence it could be suggested that impregnation of Ni

nanoparticles improved the average electronegativity of the metal ions in Ni/CaO [37].

3.2.  Product yields in one and two-stage pyrolysis

Tables 3 and 4 show the distribution of pyrolytic products obtained from one and two-stage
pyrolysis with all catalysts. In one-stage pyrolysis, the results demonstrated that the primary
pyrolytic product was bio-oil that accounted for approximately 50-78 wt%, while gases and bio-
char were secondary and tertiary products at higher C/B of 3 and 2, respectively, and vice-versa at
C/B ratio of 1. Comparatively, for acidic catalysts, the increase in C/B ratio from 1 to 3 decreased
the bio-oil yield considerably and increased the gas yield. For instance, a bio-oil yield of 63.29
wit% and a gas yield of 18.43 wt% was obtained with 1 C/B of Ni/ZSM-5, while C/B of 3 decreased
the bio-oil yield to 49.80 wt% and increased the gas yield to 32.55 wt%. This can be attributed to
the excellent activity of the catalysts where the increased amount of the catalyst provided enhanced
number of active sites that carried out the deoxygenation reactions, and finally, contributed to the
increased gas yield. In contrast, the basic catalysts CaO and Ni/CaO produced much lower gas
yields than the other catalysts. The substantial decrease in gas yield for CaO based catalysts can
be attributed to their excellent activity to act as CO2 sorbent and fix CO. containing compounds
to form active quasi-CO- intermediate compounds during liquid-solid contact in the pyrolysis
process [26]. CaO can react with evolved CO: to form stable CaCOgz species as shown in the
following equation:

Ca0 (s) + CO, = CaC05(s),AHy,s = —170.5 kJ (exothermic)

Mild acidic catalysts also achieved similar trends to acidic catalysts for pyrolytic products,
bio-oil as the primary product with lower C/B ratios, and gases and bio-char as secondary and
tertiary products with C/B of 2 and 3.

In two-stage pyrolysis mode, bio-oil was also the dominant product in all the experiments,
resulting in varying yields from the combination of different types of catalysts. Noticeably, the
combination of microporous acidic and mesoporous acidic or vice versa showed comparatively
lower bio-oil yield than the combination of basic catalysts with either of microporous or
mesoporous acidic catalysts. This is mainly because higher acidic sites showed enhanced cracking
and carried out other several catalytic reactions to upgrade the pyrolytic vapors, which
consequently increased the gas yield and decreased the bio-oil yield. On the other hand, the basic
catalysts could not exhibit cracking activity and the availability of lower number of active sites
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could not carry out efficiently the deoxygenation reactions. In addition, the CO> sorbent ability of
CaO decreased the gas yield during pyrolysis, resulting in the higher bio-oil yield when CaO based
catalysis were used.

Table 3. Product yield in one-stage ex-situ pyrolysis.

Catalyst C/B Gas (wt%o) Bio-char (wt%o) Bio-oil (wt%o)
Control 14.65 18.43 66.92
ZSM-5 1 16.49 18.69 64.82
2 21.5 19.73 58.77
3 25.94 20.29 53.77
Al20s 1 16.61 23.02 60.37
2 22.64 20.20 57.16
3 27.78 21.20 51.02
AlCaOMgO 1 18.81 19.64 61.55
2 21.62 20.93 57.45
3 27.81 17.76 54.43
CaO 1 1.65 22.36 75.99
2 1.82 20.37 77.81
3 2.51 19.69 77.80
Ni/ZSM-5 1 18.43 18.28 63.29
2 25.67 18.50 55.83
3 32.55 17.65 49.80
Ni/Al203 1 14.85 19.94 65.21
2 21.5 19.67 58.83
3 26.05 16.60 57.35
Ni/AlCaOMgO 1 13.86 16.54 69.60
2 19.26 17.80 62.94
3 25.82 16.02 58.16
Ni/CaO 1 3.38 18.33 78.29
2 4.56 14.51 80.93
3 5.31 16.72 77.97

Table 4. Product yield in two-stage ex-situ pyrolysis.

Catalyst Gas (wt%o) Bio-char (wt%)  Bio-oil (wt%o)

Sample Catalyst 1 Catalyst 2

Control 14.65 18.43 66.92
Rxnl Ni/ZSM-5 Al2O3 25.32 14.99 59.69
Rxn2 Ni/ZSM-5 AlCaOMgO 26.82 18.02 55.16
Rxn3 Ni/ZSM-5 CaO 12.91 17.61 69.48
Rxn4 Ni/ Al2Os ZSM-5 21.08 19.47 59.45
Rxn5 Ni/ Al2Os AlCaOMgO 21.33 20.21 58.46
Rxn6 Ni/ Al2Os Ca0O 7.40 20.47 72.13
Rxn7 Ni/AlCaOMgO ZSM-5 22.45 17.65 59.90
Rxn8 Ni/AlCaOMgO Al2O3 20.89 18.37 60.74
Rxn9 Ni/AlCaOMgO CaO 15.05 19.99 64.96
Rxn10 Ni/CaO ZSM-5 9.85 16.76 73.39
Rxn1l Ni/CaO Al2O3 11.97 21.88 66.15
Rxn12 Ni/CaO AlICaOMgO 18.74 20.68 60.58
Rxn13 Al2O3 Ni/ZSM-5 26.58 17.67 55.75
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Rxn14 AlO3 Ni/AlCaOMgO 21.25 18.72 60.03
Rxn15 Al2Os Ni/CaO 8.94 16.46 74.60
Rxn16 ZSM-5 Ni/ Al2O3 22.23 20.31 57.46
Rxn17 ZSM-5 Ni/AlCaOMgO 27.01 17.21 55.78
Rxn18 ZSM-5 Ni/CaO 6.73 21.50 71.77
Rxn19 AlCaOMgO Ni/ZSM-5 21.53 21.47 57.00
Rxn20 AlCaOMgO Ni/ Al2O3 25.44 21.61 52.95
Rxn21 AlCaOMgO Ni/CaO 4.31 22.54 73.15
Rxn22 CaO Ni/ZSM 8.14 18.04 73.82
Rxn23 CaO Ni/ Al2O3 5.67 20.21 74.12
Rxn24 CaO AlCaOMgO 8.59 18.16 73.25
Table 5. Gas composition produced during one-stage ex-situ pyrolysis.
Catalyst C/B CHa CO2 C2oH4 C2Hs H: CcO Total
(Wt%)  (wt%)  (wt%)  (wt%)  (wt%) (wt%o)
Control 1.70 7.79 0.11 0.17 0.00 4.88 14.65
ZSM-5 1 1.92 5.62 0.65 0.68 0.05 7.57 16.49
2 2.42 7.82 0.75 0.59 0.12 9.80 21.50
3 2.63 11.18 0.85 0.66 0.16 10.46 25.94
Al2Os 1 2.06 10.22 0.32 0.42 0.05 3.54 16.61
2 3.39 13.42 0.48 0.52 0.11 4.72 22.64
3 3.83 16.02 0.48 0.50 0.10 6.85 27.78
AlCaOMgO 1 3.04 11.82 0.30 0.42 0.05 3.18 18.81
2 3.26 13.11 0.28 0.40 0.09 4.48 21.62
3 4.20 17.44 0.22 0.26 0.19 5.50 27.81
CaO 1 0.63 0.42 0.00 0.03 0.57 0.00 1.65
2 0.78 0.07 0.00 0.12 0.75 0.10 1.82
3 1.18 0.15 0.06 0.06 1.06 0.00 2.51
Ni/ZSM-5 1 2.25 8.54 0.44 0.37 0.17 6.66 18.43
2 2.37 13.97 0.56 0.37 0.18 8.22 25.67
3 2.94 18.34 0.64 0.44 0.34 9.85 32.55
Ni/Al203 1 1.84 7.68 0.23 0.35 0.09 4.66 14.85
2 2.20 10.83 0.32 0.46 0.13 7.56 21.50
3 2.56 13.92 0.13 0.03 0.30 9.11 26.05
Ni/AlCaOMgO 1 1.66 8.06 0.07 0.04 0.18 3.85 13.86
2 2.57 10.00 0.37 0.32 0.32 5.68 19.26
3 2.90 13.68 0.47 0.54 0.40 7.83 25.82
Ni/CaO 1 2.29 0.37 0.11 0.28 0.11 0.22 3.38
2 2.84 0.34 0.24 0.64 0.14 0.36 4.56
3 3.95 0.16 0.09 0.23 0.19 0.70 5.32

The results of gas composition obtained during one-stage and two-stage pyrolysis are given
in Table 5 and Table 6, respectively. In one-stage pyrolysis, sole ZSM-5 showed almost equal
proportion of CO and CO2, which indicates that it equally favoured the decarbonylation and
decarboxylation reactions. The evolution of CO and CO> gases can be attributed to the release of
CO and CO2 by cracking of RR’CO or RCO2H groups. All other catalysts with or without Ni
except CaO-based catalysts showed higher proportions of CO> compared to CO, which indicates
that they promoted more the decarboxylation reactions than decarbonylation. CH4 was also
produced in all catalytic pyrolysis reactions, owing to the demethylation of methoxy groups from
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the lignin structure. In CaO catalysed pyrolysis, very low or negligible amount of CO. was found
in the gas composition. It can be ascribed to the excellent CO; sorbent activity of CaO to fix CO>
containing compounds and form active quasi-CO: intermediate compounds during the pyrolysis
process [24]. The formation of active quasi-CO: intermediate compounds by CaO is well known
and has been reported in the previous studies [24,38].

Another interesting finding was the increased H> yield in CaO catalysed pyrolysis. For
example, CaO with C/B of 3 generated 1 wt% Hz where CO; yield was 0.15 wt% and no CO was
obtained. H> can be produced due to cracking of deformation of C — H and C = C bonds of the
organic compounds. H> can also be generated via WGSR favoured by the catalysts by reacting CO
and H20 produced during pyrolysis [16].

Similar to one-stage, the dominant gases obtained in two-stage pyrolysis were CO, CO.,
and CH4 with fraction of other gases like Hz, CoH4, CoHg also found in the gas composition.
However, the combination of different types of catalysts showed varying proportions of gases. For
example, Ni/ZSM-5 with Al,O3 produced higher concentration of CO (13.71 wt%) and CO (10.68
wit%) but Ni/ZSM-5 with CaO produced low amounts of CO (4.16 wt%) and CO2 (5.76 wt%),
indicating the former combination favoured decarbonylation and decarboxylation reactions
effectively, but, in the latter combination, CO, and CO produced by Ni/ZSM-5 were absorbed by
CaO to form active quasi-intermediates which decreased the total gas yield. The combination of
Al>;0O3 with either Ni/ZSM-5 or Ni/AICaOMgO generated more CO; than CO, suggesting the
preference of decarboxylation reactions over decarbonylation by the catalysts. These catalysts also
produced noticeable proportion of CH4, demonstrating their ability to remove methoxy groups
from oxygenated compounds, mainly from the lignin component. The combination of the catalysts
containing CaO and Ni/CaO showed good activity to absorb CO> and, therefore, less amount of
CO. was obtained from the pyrolysis, while the Hz content was comparatively higher than other

pyrolysis experiments.

3.3.  Bio-oil composition in one and two-stage pyrolysis

The bio-oil composition obtained from both modes of pyrolysis was examined using GC-
MS. The results were presented based on the peak area% that provides a qualitative analysis and
suggests the formation of hydrocarbons and other organic compounds. Hence, possible pathways
and deoxygenation reactions favoured by the catalysts in one-stage and two-stage pyrolysis can be
predicted. Bio-oil composition obtained during one-stage pyrolysis is given in Table 7. The results
showed that catalysts with increasing C/B ratio showed higher proportions of hydrocarbons. ZSM-
5 and Al>Os3 catalysts with and without Ni favoured the formation of aromatic hydrocarbons, while
Ni/AICaOMgO also showed significant generation of aliphatic hydrocarbons. The primary
aromatics produced by ZSM-5 based catalysts were naphthalenes, fluorenes, phenanthrene,
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biphenyl and benzene derived aromatics. Al.Oz-based catalysts also promoted the formation of
naphthalenes and benzene aromatics but additional aromatics like anthracene, retene and pyrene
were also found in the bio-oils. Brgnsted acid sites and Lewis acid sites in ZSM-5 and Al,Oz are
well known to convert phenolic compounds directly into aromatics via deoxygenation and
dehydration reactions, and also carry out the demethoxylation, dehydroxylation and methyl
substitution reactions to produce monocyclic aromatics, like benzene and toluene [39].
Monocyclic aromatics further undergo secondary polymerization reactions to form polycyclic
aromatics, like naphthalene and phenanthrene [20,33].

Table 6. Gas composition obtained during two-stage ex-situ pyrolysis at 500 °C with C/B of 2.

Catalyst CHa CO2 C2oH4 C2Hs H: CcO Total
Sample Catalyst 1 Catalyst 2 (Wt%)  (wt%)  (wt%) (wt%)  (wt%)  (wt%)
Control 1.70 7.79 0.11 0.17 0.00 4.88 14.65
Rxnl Ni/ZSM-5 Al2O3 0.37 10.68 0.39 0.01 0.16 13.71 25.32
Rxn2 Ni/ZSM-5 AlCaOMgO 2.55 12.07 0.08 0.04 0.27 11.81 26.82
Rxn3 Ni/ZSM-5 CaO 2.36 4.16 0.00 0.015 0.62 5.76 12.92
Rxn4 Ni/Al.O3 ZSM-5 2.66 10.85 0.39 0.51 0.09 6.58 21.08
Rxn5 Ni/Al.O3 AlICaOMgO 2.33 12.30 0.39 0.50 0.27 5.54 21.33
Rxn6 Ni/Al.O3 Ca0O 2.52 0.45 0.37 0.52 0.40 3.14 7.40
Rxn7 Ni/AICaOMgO ZSM-5 3.03 10.69 0.55 0.40 0.23 7.55 22.45
Rxn8 Ni/AICaOMgO  Al203 2.22 10.81 0.51 0.58 0.22 6.55 20.89
Rxn9 Ni/AlICaOMgO CaO 1.41 4.68 3.17 1.58 0.24 3.97 15.05
Rxnl10  Ni/CaO ZSM-5 2.52 1.05 0.61 0.60 0.87 4.20 9.85
Rxnll  Ni/CaO Al2O3 1.67 4.33 1.53 1.04 0.79 2.61 11.97
Rxnl2  Ni/CaO AlICaOMgO 3.65 9.52 0.33 0.60 1.32 3.32 18.74
Rxn1l3  Al0Os Ni/ZSM-5 4.57 13.73 0.03 0.44 0.29 7.52 26.59
Rxnl4  Al:0s3 Ni/AICaOMgO  3.37 11.99 0.03 0.04 0.20 5.62 21.25
Rxnl5  AlOs Ni/CaO 4.62 3.20 0.05 0.00 0.91 0.16 8.94
Rxnl6  ZSM-5 Ni/Al.O3 2.27 11.91 0.10 0.09 0.28 7.58 22.23
Rxnl7  ZSM-5 Ni/AICaOMgO 2.66 13.29 0.25 0.35 0.35 10.11 27.01
Rxnl8  ZSM-5 Ni/CaO 2.04 2.20 0.00 0.00 0.38 2.11 6.73
Rxnl19  AlCaOMgO Ni/ZSM-5 2.77 12.18 0.04 0.20 0.31 6.03 21.53
Rxn20  AlCaOMgO Ni/Al.O3 3.15 14.47 0.02 0.01 0.27 7.52 25.44
Rxn21  AlCaOMgO Ni/CaO 1.67 1.80 0.00 0.00 0.64 0.20 4.31
Rxn22  CaO Ni/ZSM 1.76 4.54 0.00 0.00 0.65 1.19 8.14
Rxn23  CaO Ni/Al.O3 1.90 1.87 0.06 0.12 0.80 0.92 5.67
Rxn24  CaO AlCaOMgO 2.35 4.31 0.23 0.40 0.84 0.46 8.60

Al;03CaOMgO converted the major oxygenated compounds into aromatic hydrocarbons

like benzene, fluorene, phenanthrene, pyrene and retene. Interestingly, the catalyst favoured the
formation of cyclic hydrocarbons like cyclopentene, ethyltetramethylcyclopentadiene, 1,3,5-
cycloheptatriene, 2,5-diethyl-7,7-dimethyl, and heptamethyl-3-phenyl-1,4-cyclohexadiene.

On the other hand, CaO could not convert oxygenated compounds into hydrocarbons more
efficiently and lower proportions of aromatic and aliphatic hydrocarbons were obtained, while
promoted the formation of phenols. CaO is known to catalyze demethoxylation reactions to
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convert lignin components into phenol and dehydration reactions to convert cellulose and
hemicellulose components into furans, ketones and pyrans [26,27]. CaO exhibits cracking

mechanism of aromatic ring side chains in five main steps, as shown in Scheme 1.

Scheme 1. Reaction mechanism of aromatic ring side chains by CaO.

Primary aromatics produced with CaO based catalysts were benzene, di-p-tolylacetylene,
retene and naphthalene. In addition, Ni/CaO favored the formation of cyclic hydrocarbons like
cyclohexene, cyclopentene and cycloheptatriene were found in the bio-oils.

Bio-oil composition obtained during two-stage pyrolysis is given in Table 8. The results
revealed that the combination of catalysts in two-stage pyrolysis carried out additional
deoxygenation reactions when compared to one-stage pyrolysis, owing to their diverse
physicochemical properties and active sites, and thus produced a variety of hydrocarbons. For
example, Ni/Al.O3 with ZSM-5 transformed all oxygenated compounds into aromatics like
naphthalenes, fluorene, phenanthrene and anthracene. However, Ni/Al.Oz with AlICaOMgO
produced extra aromatics, such as s-Indacene and annulene, and long chain alkanes like
hexadecane and octadecane. On the other hand, the combination of Ni/Al,Oz with CaO catalyzed
deoxygenation reactions to form long chain alkanes such as octadecane, 3-ethyl-5-(2-ethylbutyl),
5-ethyl-5-methylheptadecane, and hentriacontane and cyclic hydrocarbons such as
ethylidenecyclobutane, cyclopropane and cyclopentene. Similarly, the other combinations of
catalysts produced bio-oils with different composition involving a variety of hydrocarbons.
Scheme 2 presents possible pathways involved in the conversion of oxygenated compounds into
hydrocarbons.
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Scheme 2. Primary pathways involved in the production of hydrocarbons during catalytic pyrolysis
of pinewood biomass.

Figure 6. FTIR scans of bio-oil samples obtained during one-stage ex-situ pyrolysis at 500 °C,
heating rate of 100 °C /min with C/B of 3.
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Table 7. Bio-oil composition obtained from one-stage ex-situ pyrolysis.

Bio-oil composition (peak area%b)

Catalyst Aromatic  Aliphatic Phenol Ketone Ester Aldehyde Alcohol Acid Furan Nitro  Sugar Others
Control 4.20 2.43 29.62 20.56 7.91 0.00 0.30 4.19 0.00 2.52 1.82 2.18
ZSM-5-1 34.22 0.85 31.76 6.86 0.93 0.00 0.81 0.00 0.68 3.18 0.00 1.84
ZSM-5-2 60.20 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZSM-5-3 87.15 0.00 0.22 0.00 0.00 0.00 0.57 0.00 0.35 0.00 0.00 0.00
Al20sz-1 6.59 333 23.99 11.16 4.90 0.00 2.97 1.37 1.37 4.32 0.00 0.65
Al203-2 41.31 1.80 1.88 1.45 0.00 0.00 3.13 0.00 0.00 0.00 0.00 0.00
Al203-3 33.13 6.40 0.00 1.00 0.00 0.62 0.91 0.00 0.00 1.95 0.00 0.00
AlICaOMgO-1 5.92 1.78 37.13 18.43 2.04 0.00 1.05 0.35 1.94 1.73 0.00 0.45
AlICaOMgO-2 29.19 5.81 2.24 0.80 2.74 0.00 3.00 1.74 0.00 1.09 0.00 0.56
AlICaOMgO-3 39.83 3.64 0.50 0.00 0.00 0.00 1.34 0.00 0.00 0.53 0.00 0.00
CaO-1 7.16 2.30 30.03 13.48 2.95 0.00 0.00 1.36 0.00 4.81 0.00 1.18
Ca0-2 7.32 6.64 38.40 11.11 2.79 0.37 0.77 0.27 0.00 3.63 0.54 3.30
Ca0O-3 8.55 5.84 37.68 5.70 3.06 0.37 5.80 0.84 0.00 1.19 0.00 0.00
Ni/ZSM-5-1 60.31 0.38 13.58 1.93 0.00 0.00 1.39 0.00 0.91 0.35 0.00 0.00
Ni/ZSM-5-2 80.51 1.29 3.28 0.00 0.45 0.23 131 0.00 0.00 0.00 0.00 0.34
Ni/ZSM-5-3 86.56 5.92 1.60 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00
Ni/Al20s-1 21.82 9.21 10.34 3.52 2.80 0.63 2.06 0.00 0.00 0.00 0.00 0.00
Ni/Al20s-2 41.40 8.89 2.17 0.00 0.57 0.76 1.88 0.00 0.00 0.00 0.00 0.00
Ni/Al20s-3 36.83 17.39 0.41 1.89 0.97 0.00 0.40 0.00 1.53 0.00 0.00 0.00
Ni/AlCaOMgO-1 14.50 16.66 18.94 1.47 3.30 0.68 7.33 0.00 0.30 0.00 0.00 0.71
Ni/AlCaOMgO-2 27.25 6.35 4.04 7.16 1.22 0.92 0.00 0.00 0.00 0.00 0.00 181
Ni/AlCaOMgO-3 44.65 4.74 2.62 1.48 5.21 0.00 0.00 0.00 0.00 0.23 0.00 1.09
Ni/CaO-1 8.41 2.82 39.12 11.14 0.82 0.76 2.05 1.11 1.00 2.07 0.42 2.36
Ni/CaO-2 7.94 2.71 40.86 10.55 171 0.36 2.59 0.96 0.00 5.44 0.31 2.24
Ni/CaO-3 15.74 4.42 13.39 4.53 1.85 0.00 5.86 0.00 1.59 5.16 0.00 0.00

242



Table 8. Bio-oil composition obtained from two-stage ex-situ pyrolysis.

Catalysis Bio-oil composition (peak area %)

run Aromatic  Aliphatic Phenol Ketone Ester Aldehyde Alcohol Acid Furan Nitro Sugar Others
Rxnl 51.81 0.00 0.58 0.00 5.49 0.00 6.12 0.00 0.00 0.56 0.00 3.34
Rxn2 97.06 0.00 0.00 0.38 0.56 0.00 0.86 0.00 0.00 0.12 0.00 0.00
Rxn3 65.92 0.41 11.12 0.86 0.40 0.00 4.82 0.00 0.00 0.00 0.00 0.19
Rxn4 56.50 0.00 0.00 0.00 0.00 0.00 0.16 0.23 0.00 0.43 0.00 0.08
Rxn5 27.59 12.87 0.47 0.00 3.05 0.00 5.05 1.40 0.00 0.52 0.00 0.00
Rxn6 9.07 13.10 22.16 6.78 3.31 0.00 3.23 1.56 0.43 0.00 0.00 2.39
Rxn7 35.41 0.59 0.00 0.00 0.00 0.00 5.86 0.00 0.00 3.44 0.00 0.00
Rxn8 77.63 0.44 0.44 0.00 0.42 0.00 0.27 0.00 0.00 0.27 0.00 0.00
Rxn9 12.30 7.52 2.86 4.43 5.05 0.00 2.73 1.91 1.02 0.00 0.00 4.44
Rxn10 82.21 0.00 0.00 0.00 1.09 0.00 0.54 0.00 0.00 0.00 0.00 0.32
Rxnll 38.93 0.00 0.91 0.00 4.60 0.00 2.71 0.00 0.00 0.74 0.00 0.65
Rxn12 35.21 2.70 0.00 0.69 4.71 0.00 1.47 0.00 0.00 1.39 0.00 0.00
Rxn13 55.74 1.64 0.36 0.00 0.00 0.00 3.43 0.00 0.00 0.00 0.00 1.29
Rxn14 26.21 5.48 2.28 0.00 3.44 0.00 4.65 0.00 0.00 0.63 0.00 0.58
Rxn15 17.99 7.64 7.13 1.48 3.60 0.82 2.79 1.64 0.00 0.00 0.00 0.79
Rxn16 88.14 0.00 0.00 0.00 1.12 0.00 0.27 0.00 0.00 0.00 0.00 0.00
Rxnl17 91.02 0.39 0.82 0.21 0.87 0.00 0.00 0.48 0.28 0.00 0.00 0.32
Rxn18 66.91 0.59 6.73 1.52 1.19 0.00 2.27 0.82 0.00 0.85 0.00 0.45
Rxn19 24.95 13.18 0.53 1.22 5.28 0.00 8.27 0.00 0.00 0.00 0.00 4.16
Rxn20 84.34 0.31 0.40 0.00 1.05 0.00 0.56 0.00 0.00 0.00 0.00 0.36
Rxn21 15.53 6.21 4.48 3.10 3.63 1.02 2.15 1.20 0.00 0.00 0.00 2.21
Rxn22 67.64 1.65 6.82 1.41 1.07 0.00 5.47 1.30 0.61 0.00 0.00 2.39
Rxn23 30.44 3.80 5.87 3.93 1.64 0.00 4.59 0.00 0.00 0.68 0.00 1.95
Rxn24 26.50 3.01 1.08 3.28 6.13 0.75 3.95 0.00 0.00 0.00 0.00 2.02
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3.4. FTIR of bio-oils

Figures 6 and 7 show FTIR scans of bio-oil samples obtained during one-stage and two-
stage ex-situ pyrolysis using all catalysts, demonstrating intense IR absorbance at different
wavelengths to confirm the presence of various functional groups-based organic compounds.
As shown in the figures, all catalysts either in one-stage or two-stage ex-situ pyrolysis showed
IR peaks for functional groups, such asO —H, € -0, C =0, C — 0 — H that represent
oxygenated compounds and also for the functional groups like C —H,C = C, C — C that
indicate the occurrence of numerous hydrocarbons in the bio-oils [40,41]. For one-stage
pyrolysis, it can be clearly seen from the results that catalytic pyrolysis showed low intensity
of peaks for the 0 — H, C — O and C = O functional groups, and high intensity vibrations for
C—H,C = C and C — C stretches. For example, absorbance peaks at wavelengths of 2600-
3100 cm™ can be attributed to € — H vibrations present in saturated and unsaturated aliphatic
and aromatic compounds, while peaks at 1350-1500 cm™ can be ascribed to other C — H bound
compounds, like aldehydes and ketones. Similarly, high intensity absorbance peaks achieved
between 1514 and 1598 cm™ can be assigned toC = C functional groups of aromatic
hydrocarbons and alkenes in the bio-oils. The Ni-modified catalysts Ni/ZSM-5 and Ni/Al,O3
showed higher intensity for these peaks compared to other catalysts and noncatalytic pyrolysis,
which indicates that these catalysts promoted the formation of hydrocarbons. On the other
hand, the peaks between 1000 and 1310 cmare designated to C — 0 and C — C bonds which
might be present in the family compounds of alkanes, alcohols, phenols and ethers. In addition,
a broad band between 3100 and 3600 cm™ is assigned to O — H stretch of alcohols, phenols
and water in the bio-oil. It was noticed that bio-oils obtained from catalytic pyrolysis showed
low intensity peak for O — H compared to noncatalytic pyrolysis, indicating a significant
decrease in the concentration of O — H associated oxygenated compounds.

Similar to one-stage pyrolysis, the combination of catalysts in two-stage pyrolysis
showed enhanced intensity of absorbance peaks for C — H,C = C and C — C stretches,
suggesting the presence of significant quantity of different hydrocarbons in the bio-oil samples.
Furthermore, in two-stage pyrolysis, some samples showed very low intensity or no peak for
0 — H between 3100 and 3600 cm™, indicating the presence of very low amount or absence of

oxygenated compounds like alcohols, phenols and water in bio-oils.

244



Figure 7. FTIR scans of bio-oil samples obtained during two-stage ex-situ pyrolysis at 500 °C,
heating rate of 100 °C /min with C/B of 2.

3.5.  Bio-oil deoxygenation and calorific values

The elemental composition of the bio-oils and bio-chars were determined and used to
calculate their HHV [32], while the HHV of the produced gases were calculated as mentioned
by Weldekidan et al. [31]. Results for elemental composition and calorific values of the bio-
oils and bio-chars are given in Table 9-12. Oxygen distribution in bio-oils obtained from one
and two-stage pyrolysis is also compared in Figure 8b and d. In one-stage pyrolysis, all
catalysts showed noticeable reduction in the oxygen concentration, while the carbon content
was significantly improved. It can be estimated from Table 9 that the catalytic supports (except
CaO) produced better quality bio-oil with higher HHVs compared to noncatalytic pyrolysis.
The addition of Ni enhanced the catalytic activity of supports and further produced the bio-oils
with increased HHVs. For instance, the bio-oil obtained with ZSM-5 showed HHV of 21.73
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MJ/kg that increased to 23.91 MJ/kg with Ni/ZSM-5. Similarly, Ni/Al>Os generated the bio-
oil with HHV of 20.61 MJ/kg which was higher than sole Al,Oz (17.83 MJ/kg). Overall, the
best quality of bio-oil was obtained using Ni/ZSM-5, achieving the maximum HHV and lowest
oxygen content of 29.54 wt%. This can be attributed to better physicochemical properties of
Ni/ZSM-5, such as higher surface area that allowed better dispersion of Ni nanoparticles on
catalyst, and presence of strong Brgnsted active sites that carried out major deoxygenation
reactions to transform low energy density oxygenated compounds into high energy density
aromatics. Ni-modified mesoporous catalysts also produced bio-oils with improved calorific
values, owing to their acidic character and larger pore volume that enhanced the mass transfer
kinetics, and collectively, contributed to bio-oil upgrading.

In two-stage pyrolysis, some catalytic combinations that showed higher proportion of
hydrocarbons in GC-MS analysis were further selected for elemental analysis and the results
are shown in Table 10. After a comparative analysis, it can be estimated that the combination
of two different catalysts of varying physicochemical properties could be more advantageous
to achieve bio-oils with high energy content. The application of highly acidic-microporous and
mild acidic-mesoporous or basic catalysts can carry out additional deoxygenation reactions and
possess better mass transfer kinetics and selectivity for hydrocarbons and high value-added
chemicals. One-stage pyrolysis that utilizes only catalyst can produce one dimensional
products, while two-stage pyrolysis can produce a variety of hydrocarbons or sustainable
chemicals. Evidently, some combinations of the catalysts in two-stage pyrolysis produced bio-
oils with improved HHVs and low oxygen concentration. For instance, Ni/CaO with ZSM-5
and AlCaOMgO with Ni/Al>03 produced bio-oil with higher HHVs of 24.4 and 23.57 MJ/kg,
respectively. The production of high-quality bio-oil in two-stage pyrolysis by these catalysts
can be attributed to their combined catalytic activities to convert the low-energy oxygenated
compounds into high-energy hydrocarbons.

The bio-char samples obtained from either one-stage or two-stage pyrolysis showed
significant calorific values with some samples achieving HHVs of more than 30 MJ/kg. The
highest HHV of 34.77 MJ/kg for bio-char was obtained during one-stage pyrolysis with
Ni/AICaOMgO. Therefore, bio-chars obtained from the pyrolysis process can be regarded a
valuable source of energy and, subsequently, can be used for energy production.
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Table 9. Elemental composition of bio-oils obtained in one-stage ex-situ pyrolysis at 500 °C,
heating rate of 100 °C/min with C/B of 2.

Catalyst N (Wi%)  C (wt%) H (wt%) O (Wt%) HHV (MJ/kg)
Control 0.00 44.79 5.59 49.62 17.09
ZSM-5 0.00 55.04 5.36 39.60 21.73
Al,03 0.00 49.65 4.21 46.14 17.83
AICaOMgO 0.00 47.45 6.00 46.55 19.14
Ca0 0.00 4357 3.48 52.95 14.16
Ni/ZSM-5 0.00 60.21 5.25 29.54 23.91
Ni/Al203 0.01 54.07 4.83 41.09 20.61
Ni/AlCaOMgO 0.06 51.19 5.34 43.41 19.98
Ni/CaO 0.00 46.84 4.09 49.07 16.41

Note: O (wt%) was calculated by the difference

Table 10. Elemental composition in bio-char samples obtained in one-stage ex-situ pyrolysis
at 500 °C, heating rate of 100 °C/min with C/B of 2.

Catalyst N (Wt%) C(Wit%) H (Wit%) OWt%) Ash Wit%) HHV(MJ/kg)
Control 0.03 83.41 2.47 14.09 0.30 20.38
ZSM-5 0.02 84.09 3.09 12.80 8.01 31.64
Al203 0.01 79.03 2.84 18.12 3.12 29.14
AICaOMgO 0.04 84.93 3.04 11.99 2.91 32.05
Cao 0.03 78.31 2.87 18.79 2.85 28.86
Ni/ZSM-5 0.02 74.83 2.66 22.49 5.48 26.97
Ni/AL:Os 0.01 78.26 2.77 18.96 4.47 28.67
Ni/AICaOMgO 0.03 90.67 3.22 6.08 7.96 34.77
Ni/CaO 0.04 86.75 3.07 10.14 2.15 32.93

Note: O (wt%) was calculated by the difference

Table 11. Elemental composition in bio-oil samples obtained in two-stage ex-situ pyrolysis at
500 °C, heating rate of 100 °C/min with C/B of 2.

Sample Catalyst 1 Catalyst 2 N (wt%) C (wt%) H Wwt%) O (wt%) HHV (MJ/kg)
Rxn 1 Ni/ZSM AlCaOMgO 0.00 47.03 4.06 48.91 16.36
Rxn 2 Ni/Al.O3 AlICaOMgO 0.08 49.81 4.18 45.93 17.77
Rxn 3 Ni/AICaOMgO  Al203 0.00 52.60 4.23 43.17 19.08
Rxn 4 Ni/CaO ZSM 0.00 59.24 6.05 34.71 24.40
Rxn 5 Al2O3 Ni/ZSM 0.02 64.84 2.27 32.87 22.09
Rxn 6 ZSM Ni/Al.O3 0.03 54.68 4.87 40.42 20.84
Rxn 7 ZSM Ni/AlCaOMgO  0.02 54.21 4.79 40.98 20.53
Rxn 8 AlICaOMgO Ni/Al.O3 0.00 58.50 5.50 36.00 23.37

Note: O (wt%) was calculated by the difference
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Table 12. Elemental composition in bio-char samples obtained in two-stage ex-situ pyrolysis
at 500 °C, heating rate of 100 °C/min with C/B of 2.

Sample Catalyst 1 Catalyst 2 N (wt%) C(wt%) H(Wwt%) O(wt%) Ash(wt%) HHV
MJ/k
Rxnl  Ni/ZSM AlCaOMgO 0.02 84.99 2.99 12.00 3.16 g2.01 2
Rxn2  Ni/AlOs AICaOMgO 0.05 87.70 3.00 9.25 0.07 33.31
Rxn3  Ni/AlICaOMgO Al:0s 0.04 81.24 2.72 16.00 2.85 29.99
Rxn4  Ni/CaO ZSM 0.00 79.47 2.94 17.59 2.69 29.47
Rxn5  Al0s3 Ni/ZSM 0.03 54.68 4.87 40.42 1.35 20.82
Rxn6  ZSM Ni/Al203 0.03 86.26 3.15 10.56 2.63 32.80
Rxn7  ZSM Ni/AlICaOMgO  0.05 85.58 2.93 11.44 4.15 32.18
Rxn8  AICaOMgO Ni/Al203 0.40 86.99 3.10 9.51 1.44 33.12

Note: O (wt%) was calculated by the difference

Energy yield (%) or energy conversion efficiency suggests the transfer of chemical
energy present in the biomass into pyrolysis products. The results of one-stage and two-stage
pyrolysis are shown in Figure 8a and c, respectively. In both modes of pyrolysis, bio-oil
retained most of the chemical energy and showed the highest energy yield. For example,
Ni/Al203 in one-stage pyrolysis attained 59.53% energy yield for bio-oil, while the
combination of Al,O3 and Ni/ZSM-5 in two-stage pyrolysis achieved 61.69% energy yield for
the bio-oil. Bio-char was the second pyrolytic product with high energy yield and gases
reserved the least chemical energy. Results revealed that a range of energy yield between 23.50
and 32.80% was obtained for bio-char samples in one-stage pyrolysis and a similar range of
energy Yyield was achieved in two-stage pyrolysis. Although the product yield could be lower
for bio-chars compared to gases, they contain more chemical energy than gases and hence, are
highly valuable pyrolytic product.
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Figure 8. (a) Energy yield distribution in pyrolytic products obtained during one-stage and (c)
two-stage pyrolysis, (b) oxygen distribution in bio-oils obtained from one-stage and (d) two-
stage pyrolysis.

Note: Rxnl utilized Ni/ZSM-5 and AICaOMgO, Rxn2 utilized Ni/Al203 and AlICaOMgO, Rxn3 utilized
Ni/AICaOMgO and Al.0s, Rxn4 utilized Ni/CaO and ZSM-5, Rxn5 utilized Al.Os and Ni/ZSM-5, Rxn6 utilized
ZSM-5 and Ni/Al:03, Rxn7 utilized ZSM-5, Rxn8 utilized AICaOMgO and Ni/Al2Os.

3.6.  Stability of Ni-modified catalysts

Stability or deactivation of all Ni-modified catalysts was examined, and four
consecutive pyrolysis experiments were carried without regenerating the catalysts. The
catalysts were characterized for coke deposition and other physicochemical properties. Figure
9 reports TPO results for Ni-modified catalysts during stability tests, showing the amount of
coke deposition after every pyrolysis run. It can be clearly seen from the data that significant
coke was deposited on the catalyst surfaces. Comparatively, acidic catalyst Ni/ZSM-5 showed
less coke deposition compared to other catalysts, whereas Ni/CaO showed the highest coke
deposition. For instance, Ni/ZSM-5 achieved coke deposition of 2.46 wt% at 1% pyrolysis run
and 8.71wt% after 4™ pyrolysis run, while Ni/CaO achieved a maximum coke deposition of
23.16 wt% after 4" pyrolysis run. On the other hand, Ni/Al,Os, and Ni/Al.Os/CaO/MgO
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obtained 16.55 wt% of coke deposition. The results further revealed that each catalyst showed
different types of interactions with the carbonaceous species, as weight loss in TPO scans was
observed at varying temperatures. However, this may also be attributed to the presence of
different types of carbon species after each pyrolysis run. Noticeably, Ni/ZSM-5 catalysts
showed peaks between 500 and 550 °C, and Ni/Al.O3z between 450 and 550 °C, indicating
presence of slightly varying types of carbon species. In contrast, Ni/CaO showed peaks at 400
°C, and between 700 and 750 °C, suggesting the occurrence of two types of carbon species
where the former peaks could be ascribed to simple structured carbon species or might have
weak interactions with the catalyst, while the latter peaks can be attributed to the presence of
complex structured carbon species having strong interactions with the catalyst. Overall, it can
be suggested that Ni/ZSM-5 showed greater stability and least deactivation, while Ni/CaO

showed the highest deactivation with significant coke deposition.

Figure 9. TPO results of catalysts after stability experiments (a) Ni/ZSM-5, (b) Ni/Al>Os, (c)
Ni/Al,03/CaO/MgO, and (d) Ni/CaO.

250



Figure 10 shows XRD patterns of all catalysts retrieved after each pyrolysis
experiments. For Ni/ZSM-5 and Ni/Ca0, it can be estimated from the results that compared to
fresh catalysts where Ni was present in NiO form, it was completely changed to its metallic
form as no diffraction peaks were found for NiO in the spent catalysts after the first run while
intense crystalline peaks can be clearly seen for metallic Ni in each run. Noticeably, diffraction
peaks at 26 degree of 52.17 and 61.01 can be indexed to the 111 and 200 planes of crystalline
Ni (reference code-00-004-0850). It is well known that NiO can react with Hz produced during
the pyrolysis process released from deoxygenation reactions carried out by the catalysts during
upgrading of pyrolytic vapors and can be converted into Ni form [42]. On the other hand, for
Ni/Al,0O3 and Ni/Al,03/CaO/MgO, NiO was partially converted to Ni form while the major
content was in its original NiO form since a diffraction peak at 20 degree of 43.23 (111 plane
of NiO) can be clearly seen, while a small peak around 52.80 (111 plane of Ni) started to appear
after the second run.

Figure 10. XRD patterns of catalysts after four consecutive runs. (a) Ni/ZSM-5, (b) Ni/Al>O3,
(c) Ni/Al,03/Ca0/MgO, and (d) Ni/CaO.
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Table 13. Textural properties of catalysts after stability experiments.

Catalyst BET surface External Surface Micropore volume  Average Pore size
area (m?/g) area (m?/g) (cm¥/g) (nm)
Fresh Ni/ZSM-5 403.23 135.64 0.249 1.16
Run 1 231.63 59.82 0.141 1.05
Run 2 215.73 56.51 0.130 1.02
Run 3 205.38 54.96 0.126 1.20
Run 4 141.63 38.76 0.088 1.02
Fresh Ni/Al203 199.39 192.80 0.476 15.89
Run 1 196.02 182.25 0.421 15.89
Run 2 194.74 169.39 0.394 15.89
Run 3 172.45 140.19 0.313 15.89
Run 4 90.40 72.12 0.267 15.89
Fresh Ni/AICaOMgO 208.75 200.13 0.471 15.90
Run 1 177.96 163.49 0.379 15.90
Run 2 169.51 155.88 0.338 15.90
Run 3 162.92 152.09 0.310 15.90
Run 4 163.26 147.27 0.287 15.90
Fresh Ni/CaO 4.59 2.53 0.007 2.35
Run 1 8.04 3.57 0.012 1.88
Run 2 12.43 3.50 0.015 1.41
Run 3 12.47 5.65 0.015 1.55
Run 4 11.65 2.04 0.011 1.23

Supplementary Figures S2 and S3 show nitrogen sorption isotherms and pore
distribution of the retrieved Ni-modified catalysts from each pyrolysis run. Table 13 shows the
textural properties of the catalysts. As shown in the table, surface areas and micropore volumes
considerably decreased after each pyrolysis run except Ni/CaO which showed a slight increase
in the surface area and pore volume. The decrease in surface area can be attributed to the
formation of carbonaceous species during pyrolysis and their accumulation on the catalytic
pores. On the other hand, porous carbon deposition of Ni/CaO might enhance the N2 adsorption
of catalyst surface and contributed to the increase in surface area.

XPS analysis was carried out to confirm metallic states after pyrolysis. Figure 11 shows
photoelectron spectra of Ni2p present in spent Ni-modified catalysts. Compared to the fresh
catalysts, significant changes were observed for Ni2p spectra of the spent catalysts. For
example, in Ni/ZSM-5, the binding energies for the two main peaks assigned to Ni2ps; and
Ni2p12 slightly increased when compared to the fresh catalysts and also showed additional
shake-up satellite, suggesting the evolution of new state of Ni metal. Hence, it can be assumed
that Ni2* present in the fresh Ni/ZSM-5 was reduced to Ni. In contrast, in Ni/CaO, intense peak
at 849.45 eV was observed which was missing in the fresh Ni/CaO, indicating the presence of
new state of Ni. Thus it can be assumed that NiO was reduced to Ni after reacting with
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hydrogen and other gases released during the pyrolysis process or deoxygenation reactions
catalyzed by Ni/CaO [35].

Figure 11. Photoelectron spectra of Ni2p in (a) Ni/ZSM-5 (b) Ni/Al2O3 (c) Ni/AICaOMgO
and (f) Ni/CaO.

Ni-impregnated catalysts were examined for their stability in one-stage ex-situ
pyrolysis mode, and its effect on the distribution of pyrolysis products was observed. Tables
S1 and S2 show the distribution for pyrolysis products and gas composition, respectively. It
can be observed from the results that for acidic catalysts the bio-oil yield started to increase
slightly compared to the fresh catalysts, while the gas yield decreased simultaneously after
each pyrolysis experiment. This is probably due to the coke deposition on the catalyst surface
that occupied the pores as well as active sites and thus decreased the catalytic activity of the
catalysts. TPO analysis confirmed noticeable coke formation and BET results showed a
decrease in pore volume and surface areas of the catalysts. In contrast, for Ni/CaO, a minor

decrease in bio-oil yield and a subtle increase in gas yield was observed. This change in

253



pyrolytic products for Ni/CaO can be explained by the better activity for CO> absorption of the
fresh Ni/CaO catalyst where coke deposition decreased its ability to absorb CO. compounds
with the subsequent pyrolysis runs, thereby increasing the gas yield and decreasing the bio-oil

yield.

Table 14. Elemental composition in bio-oil samples obtained in ex-situ pyrolysis during
stability experiments at 500 °C, heating rate of 100 °C/min with C/B of 2.

Catalyst N (Wt%)  CWwi%)  HWt%) OWi%)  HHV(MJKkg)
Run 1 Ni/ZSM-5 0.00 60.21 5.25 29.54 23.01
Run 1 Ni/AL:Os 0.01 54.07 4.83 41.09 20.61
Run 1 Ni/AICaOMgO 0.06 51.19 5.34 43.41 19.98
Run 1 Ni/CaO 0.00 46.84 4.09 49.07 16.41
Run 4 Ni/ZSM-5 0.04 50.77 4.39 44.80 18.57
Run 4 Ni/AL:Os 0.00 46.94 3.53 49.53 15.74
Run 4 Ni/AICaOMgO 0.42 49.67 3.11 46.80 16.47
Run 4 Ni/CaO 0.04 41.88 3.54 54.54 13.48

Note: O (wt%) was calculated by the difference

Coke deposition during the stability tests had significant effects on physicochemical
properties of the catalysts such as decrease in pore volume and surface area, and reduction in
the number of active sites. Therefore, the catalysts with reduced physicochemical properties
impacted the bio-oil upgrading during the pyrolysis and resulted in bio-oil with comparatively
lower calorific values. For example, fresh Ni/ZSM-5 produced bio-oil with HHV of 23.91
MJ/kg, while after the 4" pyrolysis, bio-oil with HHV of 18.57 MJ/kg was obtained. Table 14
and Table S3 show elemental composition of the bio-oil and biochar samples obtained in ex-
situ pyrolysis during stability experiments, respectively.

Bio-oil composition obtained during stability tests after each pyrolysis run are given in
Table 15. The results showed that despite coke deposition catalysts retained their catalytic
activity and produced a variety of aromatic and aliphatic hydrocarbons. However, after the 3™
and 4™ pyrolysis run, noticeable proportion of oxygenated compounds, like ketones and
phenols, were also found in the bio-oils, indicating the adverse impact of coke deposition on
catalytic activity. As shown in Figure S4, it can be observed the oxygen content was increased
after the 4™ pyrolysis run for all the catalysts, attributing to their diminished physicochemical
properties due to coke deposition.
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Table 15. Bio-o0il composition obtained from ex-situ pyrolysis during stability tests.

Bio-oil composition (peak area %)

Catalyst Aromatic  Aliphatic ~ Phenol Ketone Ester Aldehyde  Alcohol Acid Furan Nitro Sugar Others
Control 4.20 2.43 29.62 17.99 7.91 0.00 0.3 4.19 0.00 2.52 1.82 2.18
Ni/ZSM-5
Fresh 86.56 5.92 1.60 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00
Run 1 71.27 1.88 0.00 0.99 5.09 1.34 0.79 0.00 0.68 0.00 0.00 1.24
Run 2 73.72 0.46 2.99 1.06 0.59 0.49 0.61 0.00 0.00 0.91 0.00 0.38
Run 3 53.33 0.00 11.12 3.51 0.82 0.00 0.81 1.12 0.00 0.73 0.00 0.00
Run 4 59.35 0.00 9.40 4.45 0.33 0.00 0.49 0.00 1.11 0.33 0.00 0.00
Ni/Al2O3
Fresh 36.83 17.39 0.41 1.89 0.97 0.00 0.4 0.00 1.53 0.00 0.00 0.00
Run 1 44.43 7.73 0.49 1.86 1.51 0.42 2.18 0.00 0.00 0.74 0.00 0.00
Run 2 56.56 2.65 0.00 0.00 0.99 0.00 0.42 0.00 0.00 0.00 0.00 0.51
Run 3 58.30 3.99 8.00 3.84 3.49 0.63 6.00 0.00 0.00 0.62 0.00 1.99
Run 4 18.46 11.39 13.95 6.88 5.96 0.56 1.48 0.80 0.00 1.35 0.00 0.00
Ni/AlICaOMgO
Fresh 44.65 4.74 2.62 1.48 5.21 0.00 0.00 0.00 0.00 0.23 0.00 1.09
Run 1 33.37 10.61 1.46 1.6 1.54 0.00 1.69 0.00 0.00 2.82 0.00 0.30
Run 2 52.03 2.53 3.71 2.21 3.67 0.00 1.02 0.00 0.00 0.00 0.00 0.00
Run 3 23.33 0.00 24.61 7.94 10.54 0.00 0.00 3.4 0.79 4.3 0.00 0.00
Run 4 14.59 5.98 39.80 6.25 3.49 1.27 0.30 1.88 0.89 1.23 0.00 0.00
Ni/CaO
Fresh 15.74 4.42 13.39 4.53 1.85 0.00 5.86 0.00 1.59 5.16 0.00 0.00
Run 1 9.96 6.61 43.58 1.88 7.79 0.2 7.69 0.00 1.55 0.00 0.00 0.29
Run 2 7.07 5.67 45.80 5.73 9.38 0.00 5.92 0.88 0.69 0.24 0.00 0.34
Run 3 10.38 1.85 51.31 6.11 2.83 0.00 0.95 0.00 1.64 0.00 0.00 0.00
Run 4 6.44 3.50 43.06 14.38 2.09 0.45 1.19 0.42 0.00 6.33 0.00 1.08
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4. Conclusion

The present study investigated the effect of different types of catalytic support (ZSM-5,
Al,O3, Al03/CaO/MgO, and CaO) with and without nickel impregnation for bio-oil
deoxygenation in one-stage and two-stage ex-situ pyrolysis. Results revealed that efficient bio-oil
deoxygenation could be achieved in both modes of pyrolysis. However, two-stage pyrolysis that
employs two different catalysts of varying physicochemical properties possesses additional active
sites to catalyse deoxygenation reactions, thus, leads to production of diverse range of
hydrocarbons in the bio-oils. For example, Ni/Al.O3 in combination with ZSM-5 converted
oxygenated compounds into aromatics, like naphthalenes, fluorene, phenanthrene and anthracene.
In contrast, Ni/Al2Os with AICaOMgO produced extra aromatics, including s-Indacene and
annulene and long-chain alkanes like hexadecane and octadecane, owing to the combined catalytic
activity of both catalysts. The stability tests of Ni-modified catalysts further revealed that Ni/ZSM-
5 showed the least coke deposition of 8.71 wt% after 4 successive pyrolysis run, while Ni/CaO
achieved the highest coke deposition of 23.16 wt%. Consequently, coke deposition had a negative
impact on the physicochemical properties of the catalysts and, therefore, on their catalytic activity
for bio-oil deoxygenation.
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Figure S1. Nitrogen sorption isotherms for (a) catalytic supports (b)Ni-modified catalysts and
pore distribution in (c) catalytic supports (d) Ni-modified catalysts.
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Figure S2. Nitrogen sorption isotherms of Ni-modified catalysts after stability tests: (a) Ni/ZSM-
5, (b) Ni/Al20O3, (c) Ni/Al,03/CaO/MgO and (d) Ni/CaO.
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Figure S3. Pore distribution in Ni-modified catalysts after stability tests: (a) Ni/ZSM-5, (b)
Ni/Al2QOg, (c) Ni/Al203/CaO/MgO and (d) Ni/CaO.
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Figure S4. Change in oxygen concentration of bio-oils after Run 1 and Run 4 using Ni-modified
catalysts.

Table S1. Product yield during stability tests.

Catalyst Sample Gas (wt%o) Char (wt%b) Bio-oil (wt%o)
Ni/ZSM Fresh 32.55 17.65 49.80
Run 1 28.08 16.18 55.74
Run 2 27.54 19.41 53.05
Run 3 25.14 19.46 55.40
Run 4 25.82 19.11 55.07
Ni/Al203 Fresh 26.05 16.60 57.35
Run 1 22.02 17.69 60.29
Run 2 23.44 22.27 54.29
Run 3 22.79 16.73 60.48
Run 4 21.07 17.94 60.99
Ni/AlCaOMgO Fresh 25.82 16.02 58.16
Run 1 21.88 16.97 61.15
Run 2 21.03 21.14 57.83
Run 3 19.00 19.87 61.13
Run 4 17.52 18.95 63.53
Ni/CaO Fresh 5.31 16.72 77.97
Run 1 4.59 17.85 77.56
Run 2 5.42 17.30 77.28
Run 3 5.68 16.13 78.19
Run 4 6.54 17.63 75.83
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Table S2. Gas composition during stability runs.

Catalyst Sample CHs COz2 CaHq CaHs H: Co Total
(Wi%o) (wt%o)  (wi%)  (wi%o) (Wt%)  (wi%)

Ni/ZSM Fresh 2.94 18.34 0.64 0.44 0.34 9.85 32.55
Run 1 2.25 16.70 0.17 0.16 0.65 8.15 28.08
Run 2 2.43 13.81 0.14 0.05 0.70 10.41 27.54
Run 3 2.89 13.76 0.22 0.25 0.57 7.45 25.14
Run 4 2.18 12.68 0.93 0.38 0.66 8.99 25.82

Ni/Al20s Fresh 2.56 13.92 0.13 0.03 0.30 9.11 26.05
Run 1 2.04 12.66 0.08 0.02 0.37 6.85 22.02
Run 2 2.45 11.49 0.31 0.37 0.51 8.31 23.44
Run 3 2.01 11.64 0.05 0.04 0.79 8.26 22.79
Run 4 2.85 10.20 0.13 0.23 0.5 7.16 21.07

Ni/AICaOMgO  Fresh 2.90 13.68 0.47 0.54 0.40 7.83 25.82
Run 1 2.24 10.57 0.37 0.37 0.41 7.92 21.88
Rin 2 2.69 9.05 0.09 0.21 0.94 8.05 21.03
Run 3 1.93 8.60 0.03 0.15 1.17 7.12 19.00
Run 4 121 7.26 0.03 0.18 0.94 7.90 17.52

Ni/CaO Fresh 3.95 0.16 0.09 0.23 0.19 0.70 5.32
Run 1 2.26 0.13 0.03 0.07 2.06 0.04 4.59
Run 2 1.73 0.07 0.25 0.36 2.14 0.87 5.42
Run 3 2.53 0.15 0.07 0.05 1.68 1.20 5.68
Run 4 1.93 1.30 0.10 0.16 1.68 1.37 6.54

Table S3. Elemental composition in biochar samples obtained in ex-situ pyrolysis during stability
experiments at 500 °C, heating rate of 100 °C/min with C/B of 2.

Catalyst N (Wt%) C(Wto%) HWi%) OWi%) Ash(wt%) HHV (MJ/kg)
Run 1 Ni/ZSM-5 0.02 74.83 2.66 22.49 5.48 26.97
Run 1 Ni/AL:Os 0.01 78.26 2.77 18.96 4.47 28.67
Run 1 Ni/AlCaOMgO 0.03 90.67 3.22 6.08 7.96 34.77
Run 1 Ni/CaO 0.04 86.75 3.07 10.14 2.15 32.93
Run 4 Ni/ZSM-5 0.01 86.11 3.02 10.86 4.13 32.53
Run 4 Ni/Al203 0.03 86.11 3.02 10.84 3.71 32.54
Run 4 Ni/AICaOMgO 0.00 76.05 2.77 21.18 5.44 27.66
Run 4 Ni/CaO 0.00 79.40 2.95 17.65 3.19 29.44

Note: O (wt%) was calculated by the difference
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Chapter 10

Conclusions and future outlook

1. Conclusions

This thesis studied the application of diverse types of catalysts (mesoporous, microporous,
acidic and basic catalysts) primarily for ex-situ catalytic biomass pyrolysis (CBP) modes and the
combined in-situ and ex-situ mode using pinewood sawdust as the feedstock. The results found in
the thesis may enhance the fundamental understandings of ex-situ CBP and help in designing
catalysts for two-stage ex-situ CBP for efficient bio-oil deoxygenation or production of other
sustainable chemicals.

Firstly, this thesis compared the potential of Cu/zeolite and Ni/zeolite catalysts for bio-oil
deoxygenation in in-situ, ex-situ and combined in-situ and ex-situ pyrolysis. Competitive results
were obtained in ex-situ and combined pyrolysis modes, while the in-situ mode could not achieve
desirable bio-oil deoxygenation. The study showed that the combined pyrolysis with highest
catalyst to biomass ratio of 5 achieved the maximum proportion of total hydrocarbons (73%) in
the bio-oil, compared to ex-situ and in-situ pyrolysis mode. After comparing the bio-oil quality
with petroleum crude oil (naphthenes-49%, paraffins- 30%, aromatic hydrocarbons-15%), it can
be suggested that the combined pyrolysis approach obtained a competitive proportion of aromatic
hydrocarbons ("15%) and naphthenes ("48%) but could not produce sufficient paraffins in the bio-
oil. The major aliphatic hydrocarbons detected in all bio-oil samples was ethylidenecyclobutane,
while retene, fluorene, phenanthrene, and pyrene were the primary aromatic hydrocarbons in all
the bio-oil samples. The enhanced deoxygenation activity and hydrocarbon production by the
catalysts can be attributed to abundant acidic sites insides the pores or on the surface of the
catalysts that carried out major deoxygenation reactions, such as dehydration, decarboxylation,
decarbonylation, aldol condensation and aromatization. Although combined catalytic pyrolysis
process could be advantageous to obtain higher deoxygenation of bio-oil compared to either in-
situ or ex-situ catalytic pyrolysis, ex-situ pyrolysis proved more viable since the catalyst can be
easily recovered from the reactor. Subsequently, the catalyst can be used multiple times in further
pyrolysis experiments. Thus, ex-situ pyrolysis was further explored for bio-oil upgrading using

different types of catalysts.
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The activity of monometallic catalysts (Ni/zeolite and Cu/zeolite) was compared with a
bimetallic catalyst (CuNi/zeolite) in one-stage and two-stage ex-situ pyrolysis modes. In one-stage
pyrolysis, Cu/zeolite promoted only aliphatic hydrocarbons, while Ni/zeolite also facilitated the
formation of aromatic hydrocarbons. In contrast, CuNi/zeolite showed better deoxygenation
efficiency than Cu/zeolite or Ni/zeolite and also produced comparatively a variety of aromatic
hydrocarbons (14.53%) and aliphatic hydrocarbons (39.94%), attributing to its higher acidity that
created a higher number of active sites for deoxygenation reactions. The main deoxygenation
pathway for monometallic catalysts was decarboxylation, while the bimetallic catalyst favoured
decarboxylation and decarbonylation reactions as the main deoxygenation pathways. On the other
hand, compared to combined monometallic catalysts (in two-stage pyrolysis mode), the sole
bimetallic catalyst (in one-stage mode) showed better deoxygenation activity as only 0.11% of
phenols, and 0.33% of acids were obtained in the bio-oil samples. At the same time, ketones and
aldehydes were converted entirely to liquid and gaseous products. It was observed that sole
bimetallic catalyst preferred the production of aliphatic hydrocarbons, with CuNi/zeolite
generating 49.34% of aliphatic hydrocarbons, whereas the combination of monometallic catalysts
favoured the production of aromatic hydrocarbons, with Cu/zeolite: Ni/zeolite producing 18.87%
of aromatics in the bio-oil. The major deoxygenation reactions promoted by the catalysts were
found to be cracking, aromatization, dehydration, decarboxylation and decarbonylation.

Since bimetallic catalyst showed significant results for hydrocarbon production in ex-situ
pyrolysis, the synergistic effect of different transition metals as bimetallic catalysts was explored
for bio-oil deoxygenation, hydrocarbon selectivity and energy distribution in pyrolytic products.
Among all the catalysts studied, it can be concluded the synergistic effect of Ni and Cu on ZSM-
5 was found advantageous, owing to their better physicochemical properties, such as higher
surface area and a large number of acidic sites, and the combined catalytic activity of
Ni®*/Cu?*/ZSM-5 that paved the way to convert the oxygenated compounds into hydrocarbons.
Evidently, NiCu/ZSM-5 produced bio-oil with the least amount of oxygen (31.90 wt%) and
maximum carbon content (63.51wt%), resulting in HHV of 24.28 MJ/kg. The synergistic effect of
other metal combinations was also found useful for bio-oil deoxygenation and achieving the bio-
oil with improved calorific values. For instance, NiFe/ZSM-5 and CuFe/ZSM-5 produced bio-oils
with HHVs of 23.06 and 18.64 MJ/Kkg, respectively. The bio-oil compositions obtained indicate
the formation of varying types of hydrocarbons, ascribed to the synergistic effect of bi-metals.

Lastly, the diverse nature of catalytic supports like ZSM-5, Al>03, Al,03/CaO/MgO, and
CaO were impregnated with nickel metal and explored in one-stage and two-stage ex-situ CBP for
bio-oil deoxygenation, hydrocarbon production and energy distribution in pyrolytic products. The
results revealed that efficient bio-oil deoxygenation could be achieved in both modes of pyrolysis.

However, two-stage pyrolysis that employs two different catalysts of varying physicochemical
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properties possesses additional active sites to catalyse deoxygenation reactions producing diverse
hydrocarbons in the bio-oils. For example, Ni/Al.O3 in combination with ZSM-5 converted
oxygenated compounds into aromatics like naphthalenes, fluorene, phenanthrene and anthracene.
In contrast, Ni/Al>O3 with AICaOMgO produced extra aromatics like s-Indacene and annulene
and long-chain alkanes like hexadecane and octadecane, owing to the combined catalytic activity
of both catalysts. The stability tests of Ni-modified catalysts further revealed that Ni/ZSM-5
showed the least coke deposition of 8.71 wt% after 4 successive pyrolysis run, while Ni/CaO
achieved the highest coke deposition of 23.16 wt%. Consequently, coke deposition had a negative
impact on the physicochemical properties of the catalysts and, therefore, on their catalytic activity
for bio-oil deoxygenation.

2. Limitations and future outlook

Although this work enhanced the understanding of CBP in one and two-stage pyrolysis
modes for bio-oil deoxygenation and hydrocarbon production, there are substantial limitations to
this work which could be taken as opportunities for future work.

This study utilized in-situ pyrolysis mode sole (and in combined pyrolysis mode) in a
fixed-bed pyrolysis reactor where the biomass and catalyst were mixed. After the pyrolysis, it was
impossible to separate the catalysts, and thus the mass yield of pyrolytic products and coke
deposition could not be determined. Besides, the loss of catalyst in the process could prove the
process expensive compared to the ex-situ mode. A continuous type of pyrolysis reactor that allows
catalyst’s recovery from the mixture can be used to recover the catalyst. After the oxidative
regeneration process, the catalyst can be used for successive experiments for bio-oil upgrading.
To make the combined pyrolysis mode significant, an optimization study of other parameters like
amount of catalyst, temperature for in-situ and ex-situ catalyst bed can be organized to determine
favorable pyrolysis conditions for enhanced bio-oil deoxygenation. In addition, similar to two-
stage pyrolysis that was employed with different types of catalysts in this study, combined in-situ
and ex-situ can also be explored with a variety of catalysts, and possible reaction pathways can be
studied for hydrocarbon production.

Another major limitation of the work was that the study (especially in chapters 5-7)
employed qualitative analyses to examine bio-oil deoxygenation. Therefore, quantitative methods
should be used for bio-oil characterization to compare the catalytic activity of catalysts with more
accuracy.

This study utilized real biomass in all pyrolysis modes, so it was difficult to determine the
accurate reaction pathways for hydrocarbon production. Particularly, in combined pyrolysis and
two-stage pyrolysis modes. Thus, it would be highly interesting to know the chemical reactions
taking place at the first stage, production of intermediate compounds and reaction pathways taking
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place at the second stage. Therefore, utilizing a model compound like m-cresol or guaiacol and
two catalysts such as ZSM-5 and Al>Os employed either in combined pyrolysis or two-stage
pyrolysis modes can be carried out, and reaction pathways for selective hydrocarbons can be
studied. Furthermore, the effects of varying the pyrolysis parameters and catalyst physicochemical
properties, altering active sites on the selectivity of hydrocarbons and bio-oil deoxygenation can
be investigated. A comparative study to examine the effect of pore size (micro, meso and
macroporous catalyst) on bio-oil upgrading can also be carried out in all three pyrolysis modes.

In the last chapter, CaO based catalysts showed the ability to enhance hydrogen production.
The in-situ produced hydrogen can be utilized for partial hydrodeoxygenation reactions, which is
considered a highly efficient way for bio-oil deoxygenation. Therefore, more catalysts can be
explored for in-situ hydrogen production. Such catalysts could be highly advantageous in
combined and two-stage ex-situ pyrolysis, where the hydrogen produced at the first stage can be
utilized at the second stage. This approach may require more research insights to prove the
hypothesis.

Catalyst deactivation due to the deposition of carbonaceous species during the pyrolysis is
a major concern for commercializing the technique. Results of this study also showed considerable
coke deposition on the catalyst. Therefore, coke deposition should be reduced to enhance the
stability of catalysts for the successful commercialization of CBP. This study also conducted
stability tests for the catalysts. However, the catalysts were used in the pyrolysis without
regenerating them. The regenerated catalysts would exhibit different physicochemical properties
and thus would show varying results for bio-oil upgrading. Hence, a separate study can be carried
out to compare their bio-oil deoxygenation activity with regenerated catalysts.

It is crucial to produce the bio-oil at a competitive price to already commercialized
biofuels. Hence, a techno-economic study considering all the CBP steps should be conducted to
examine the total cost required to produce upgraded bio-oil.
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