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Abstract: Biomass pyrolysis is a promising technology for fuel and chemical production from an
abundant renewable source. It takes place usually in two stages; non-catalytic pyrolysis with further
catalytic upgrading of the formed pyrolysis oil. The direct catalytic pyrolysis of biomass reduces the
pyrolysis temperature, increase the yield to target products and improves their quality. However, in
such one-stage process the contact between biomass and solid catalyst particles is poor leading to an
excessively high degree of pure thermal pyrolysis reactions. The aim of this study was to enhance
the catalyst-biomass contact via co-pressing of biomass and catalyst particles as a pre-treatment
method. Catalytic pyrolysis of biomass components with HY and USY zeolites was studied using
thermogravimetric analysis (TGA), as well as experiments in a pyrolysis reactor. The liquid and coke
yields were characterized using gas chromatography, and TGA respectively. The TGA results showed
that the degradation of the co-pressed cellulose occurred at lower temperatures compared to the
pure thermal degradation, as well as catalytic degradation of non-pretreated cellulose. All biomass
components produced better results using the co-pressing method, where the liquid yields increased
while coke/char yields decreased. Bio-oil from catalytic pyrolysis of cellulose with HY catalyst
mainly produced heavier fractions, while in the presence of USY catalyst medium fraction was mainly
produced within the gasoline range. For hemicellulose catalytic pyrolysis, the catalysts had similar
effects in enhancing the lighter fraction, but specifically, HY showed higher selectivity to middle
fraction while USY has produced higher percentage of lighter fraction. Using with both catalysts,
co-pressing had the best effect of eliminating the heavier fraction and improving the gasoline range
fraction. Spent catalyst from co-pressed sample had lower concentrations of coke/char components
due to the shorter residence times of volatiles, which suppresses the occurrence of secondary reactions
leading to coke/char formations.

Keywords: biomass; zeolite catalysts; co-pressing pre-treatment; pyrolysis; TGA analysis; liquid
characterisation; coke characterisation

1. Introduction

Biomass feedstock has received consistent attention due to their vast potential as
sustainable materials to replace fossil fuels in energy applications and petrochemical
production [1–5]. Biomass is composed of cellulose (40–60%), hemicellulose (20–40%),
and lignin (20–35%). It also contains small amounts of pectin, protein, extractives, and
ash [1,6–9]. Cellulose is a glucose polymer linked by a β-1-4-glycosidic bond [1,4,5,9].
Its structure is regular with higher crystallinity without any branched chains [10–12].
Hemicellulose is a complex polymer mainly composed of pentoses (xylose and arabinose)
and hexoses (mannose, galactose, and glucose) [1,4,5,9–12] that are highly substituted with
acetic acid [2]. Hemicellulose polysaccharides differ, in terms of their structures as well as
physical and physicochemical properties [10,11]. Lignin, the third major constituent, is a
cross-linked phenolic polymer comprised of three constituent monomers (p-hydroxyphenyl,
guaiacyl, and syringyl) with no regular repeating structure [1,3,4,9,11]. Lignin is relatively
hydrophobic [8] and aromatic in nature [2,10] with several hydroxyl and methoxy branched
chains [2,7,11,13,14].
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Biomass is described by high moisture content, low calorific value, large volume and
low bulk density which poses difficulties in it is collection, processing, transportation
and storage, as well as low conversion efficiency to hydrocarbon fuels [15]. The low bulk
density associated with lignocellulosic biomass has been a consistent factor that negatively
influences the pyrolysis product yields and compositions [16]. To address these issues
different biomass pre-treatment techniques have been developed, which include the widely
reported torrefaction and pelletization [15]. These technologies can convert biomass into
densified products for pyrolysis process [16]. The densified products produced using these
technologies have improved bulk density, handling efficiency and compositional quality,
as well as conformance to specifications for conversion technologies [2].

Torrefaction is a biomass pre-treatment process where it is subjected to a mild thermal
treatment at relatively low temperatures of around 200–350 ◦C in an inert atmosphere for
the sake of densification [4,17–19]. On the other hand, pelletization involves compressing
of the biomass by applying mechanical force to produce uniformly sized pellets [15,20–22].
Torrefaction and pelletization are often used as biomass pre-treatment processes prior to
pyrolysis to improve the heat flow and mass transfer during pyrolysis [4,20,21,23], as well
as to increase the total carbon yield and aromatic hydrocarbons in the bio-oil [20].

The application of catalysts in biomass pyrolysis can alter the pyrolysis products distri-
bution and increase the yield to target products [24]. Various deoxygenation reactions are
promoted at the acid sites of the catalyst [20,25–27], such as dehydration, decarboxylation,
decarbonylation, hydrogen transfer, aldol condensation, Diels-Alder reaction, aromati-
zation and rearrangement reactions that convert the oxygen containing compounds into
different hydrocarbons. As such, different types of catalysts have been introduced to
increase the quality of products over a range of deoxygenation processes [24]. The catalyst
performance can be promoted by improving the physical contact between biomass and
catalyst. This causes changes in the biomass decomposition mechanism and leads to the
formation of products of catalytic pyrolysis with high selectivity. On the other hand, the
decomposition can be achieved at lower reaction temperatures due to the improved contact
between biomass and catalyst [28]. In order to achieve these objectives, a co-pressing
method was adopted in this study which is similar in principle to pelletisation. Despite
the improvement of the production of aromatic hydrocarbons by the use of catalyst, the
actual yields are still below commercialization potential. Improving the process through
pre-treatment process and other means is essential in order to upgrade the hydrocarbon
production [29].

Furthermore, biomass is poor conductor of heat which leads to heat transfer difficul-
ties during pyrolysis. Improving the contact between biomass and catalyst will directly
influence the yield and properties of the bio-oil. Better physical surface contact between
biomass and catalyst allows initiation of catalyzed reactions at relatively low temperatures
as well as immediate interaction of evolved pyrolysis vapours with catalytic active sites. It
also controls the rate of deoxygenation and aromatization reactions [30].

Tar formation is one of the problems during the upgrading of the pyrolysis oil [31].
These are higher molecular weight hydrocarbons that condense along the exit of the
reactor and in exit pipes leading to blockages during pyrolysis [2]. Tar removal is one of
the greatest technical challenges for the successful development of commercial biomass
conversion technologies [2,32]. In most cases the amount of tar decreased drastically
with temperature [33]. Therefore, one of the best methods of reducing tar formation is to
operate at higher temperatures. Furthermore, due to their cracking activity acidic zeolite
catalysts performed better in reducing the amount of tar compared to other catalysts [31,32].
Therefore, increasing the catalyst acidity results in the reduction of tar [33]. It was reported
that, HY and HZSM-5 were the best catalysts in reducing the tar formation [31]. By selecting
the right catalyst, it is possible to optimize hydrocarbon yield while minimizing char, coke
and tar formations. As shown in the graphical abstract, the first set of experiments carried
out without the pre-treatment procedure resulted in a dirty reactor and condensers due to
the deposition of tar along the wall of the reactor, condensers and exit pipes. In extreme
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cases, the experiment needed to be interrupted to clean the exit which made the process
impracticable. To address these worrisome issues, the co-pressing pre-treatment method
was used and as shown in the graphical abstract, a very clean system with almost zero
tar deposition was obtained. Other specific objectives set to achieve using the co-pressing
method include, alleviating heat transfer difficulties during the pyrolysis by densifying
the biomass into pellet and providing intimate contact between the biomass and catalyst.
This ensures a higher conversion of oxygenates into hydrocarbons without increasing the
temperature or requiring higher catalyst acidity enhancing the commercial feasibility of a
biomass pyrolysis process.

In this work, the influence of the co-pressing method in catalytic pyrolysis of cellulose,
hemicellulose and lignin with HY and USY zeolites was studied and compared with
catalytic pyrolysis without any pre-treatment. HY and USY zeolites were selected due to
their drastic effect in reducing the tar formation and improving the hydrocarbon production.
For this purpose, we used thermogravimetric analysis, as well as reactor experiments to
investigate the performance of the corresponding systems. We used gas chromatography
for liquid product characterization in order to assess the product quality.

2. Results and Discussion
2.1. Experimental Results from TGA of Thermal and Catalytic Degradation of Cellulose

TGA of cellulose was performed in the absence and presence of HY catalyst at different
heating rates to examine the effect of pre-treatment (co-pressing) in catalytic pyrolysis as
shown in Figure 1 (5 K/min) and 2 (10 K/min) respectively. Raw TGA data are provided
in Appendix A, Figures A1–A7. As the purpose of TGA experiments was to study the
effect of pre-treatment via co-pressing and identify differences between normal mixing and
co-pressing, only cellulose as biomass constituent and only HY catalyst were used. The
results show two phases of pyrolysis: An initial steep decomposition followed by a much
gentler decline later on.
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Figure 1 shows that the main thermal pyrolysis of cellulose without catalyst at 5 K/min
occurred within the range of 570–645 K, whereas at 10 K/min (Figure 2) the decomposition
shifted to higher temperatures with the main degradation attained at 572–655 K. In contrast,
the catalytic degradation of cellulose with HY catalyst via the normal mixing occurred at
580–648 K.
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For the pre-treated sample via co-pressing method, the degradation took place at
lower temperatures compared to the previous cases with the main degradation attained in
the range of 565–630 K. The catalytic degradation of cellulose at 10 K/min shifted to higher
temperature with the main degradation happens at 582–661 K, and 570–642 K for normal
mixing and co-pressing methods, respectively (Figure 2). These results had indicated that
the co-pressing method has improved catalytic degradation of cellulose by further lowering
the decomposition temperature, in particular in the first decomposition stage.

As presented in Figures 1 and 2, the first phase of cellulose decomposition involved
an active pyrolytic stage or volatilization [34,35], which was extended up to 673 K. Depoly-
merisation of cellulose in this temperature range leads to the formation of levoglucosan
due to the intramolecular dehydration reactions [35–37]. The next transformation was
charring/coking or passive stage [34], which was the dominant process up to the final tem-
perature (1073 K). At this stage levoglucosan further degraded to form secondary char or
other volatile products [38] and the formation of char is favoured over other products [39].
The last process that took place at the final temperature in our TGA experiments, involved
burning of the accumulated char/coke in the presence of air. For the thermal pyrolysis
of cellulose there was no residual mass left at the end of the TGA heating. The lower
heating rate had allowed longer residence time of volatiles inside cellulose particles and
within the reactor, favouring secondary reactions such as cracking, re-condensation and
polymerization, which eventually led to higher char formation up to 1073 K [40]. When
the heating rate increased, the char residue decreased due to the higher intensity of the
active pyrolytic process [1]. This agreed well with the experimental results conducted by
Chen et al. [1] where the char residue decreased with increasing heating rate in TGA of cel-
lulose thermal pyrolysis. When the heating rate increased from 5 to 10 K/min the amount
of the solid residue (char and coke) obtained via normal mixing remained unchanged
(10 wt.%) while with the co-pressed sample the amount has increased from (12 to 21 wt.%).
Assuming that the presence of HY catalyst did not affect the production of char, the solid
residue in catalytic pyrolysis was mainly composed of coke [41]. Therefore, more coke was
generated with the co-pressed sample signifying the higher degree of catalytic hydrocarbon
conversion which was strengthened with increased heating rate. The higher char/coke
content can also be linked to the catalytic activity of the catalyst. HY is very active even at
relatively low temperatures and effective in the initial degradation due to its higher surface
area and acid site density [31,42–45]. In the presence of co-pressing method, HY produces
higher amount of coke/char at lower temperatures and emits higher amount of volatiles
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during the coke/char stabilization at higher temperatures [46]. Furthermore, coke/char
formation from gas phase volatiles may be facilitated at higher reaction temperature with
subsequent conversion of the primary coke/char into secondary coke/char [47].

Similar to the devolatilization temperature obtained from cellulose thermal decom-
position, Yang et al. [11] and Li et al. [41] reported decomposition temperature ranges of
588–673 K and 573–673 K during the non-catalytic TGA heating of cellulose. On the other
hand, Liu et al. [48] and Wang et al. [49] also reported an increase in the maximum degra-
dation temperature of cellulose when heating rate was increased. The restricted catalytic
reaction during the TGA pyrolysis of cellulose can be explained by the kinetic diameter of
cellulose (8.6 Å) which is larger than the pore size of HY zeolite (7.4 × 7.4 Å) [50]. In this
case, catalytic reactions are limited to the acid sites located on the external surface of HY
catalyst and the presence of coke/char from cellulose thermal/catalytic reactions reduces
the availability of these acid sites. The available number of acid sites on the external surface
of HY zeolite can be improved by maximizing the contact between the cellulose and HY
zeolite as with the co-pressed sample. This would allow the degradation to take place at
lower reaction temperature (Figures 1 and 2), thereby enhancing the catalytic reaction of
cellulose with HY catalyst. Corroborated results were also reported by Kim et al. [50] and
Xue et al. [51] where similar degradation temperatures were obtained for noncatalytic and
catalytic pyrolysis of cellulose using HY zeolite and mesoporous catalyst MCM-41. Similar
results by Muhammad and Manos [42] showed that catalytic degradation can be improved
by enhancing the contact between the catalyst and polymer.

2.2. Pyrolysis Reactor Experiments
2.2.1. The Effect of Co-Pressing Pre-Treatment Method on Liquid Product Yields

Pyrolysis reactor experiments of biomass components and USY catalyst were carried
out to study the effect of using pre-treatment method (co-pressing) on the performance
of the product yields. Figure 3 shows the results of the product yields. Reproducibility
experiments were carried out. Based on the calculated experimental error range of these
experiments, error bars were added in the figures (Appendix A, Table A1). Based on
Figure 3, 45.0% and 24.5% of liquid and coke/char yields were obtained from catalytic
pyrolysis of cellulose using normal mixing. Using co-pressing, the values changed to
57.0% and 20.0% for the liquid, and coke/char yields, respectively. For Hemicellulose
catalytic pyrolysis without pre-treatment, 53.5% and 24.0% of liquid and char/coke yields
are produced. With co-pressing the values decreased to 53.0%, and 19.0%, respectively.
Catalytic pyrolysis of lignin with USY showed similar trend with cellulose. The liquid
yield increased from 24.0% to 36.0% while the coke/char yield decreased from 61.2%, to
42.0% for normal and co-pressed samples, respectively.

All three components of the biomass produce better results using the co-pressing
method, where the liquid yields were increased and coke/char yields had decreased.
Hemicellulose produces similar amount of liquid yields irrespective of the pre-treatment
used. The presence of shorter molecule chain and more branches in hemicellulose makes it
decompose faster as well as at lower temperatures [52,53]. The pyrolysis products formed,
which are intensified with co-pressing, could be carried out by the inert gas easily [53],
hence, the lower liquid yield with the co-pressed sample. Among the biomass component,
lignin produces the lowest liquid yield as well as the highest coke/char yield. This can be
explained by the complex structure of lignin that is difficult to decompose [11] and has a
weaker catalytic effect compared with cellulose and hemicellulose [54,55]. The product
yields from catalytic pyrolysis of lignin has been improved through co-pressing method
resulting in higher liquid yield and lower coke/char yield respectively. Muhammad and
Manos [56] reported an increase in liquid yield from 41.5% to 52.0% and decrease in
coke/char yield from 25.0% to 26.0% for un-treated and co-pressed cellulose with USY,
studied at 723 K and 10 mLN/min flow rate. The liquid yield from this study showed the
same effect as presented in Figure 3, while the coke/char yield of the co-pressed sample
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has increased due to the lower N2 flow rate in the latter study, which has increased the
residence time of the volatiles in the reactor.
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2.2.2. The Effect of the Reaction Temperature on the Product Yields of the Normal Mixing
and Co-Pressed Samples

In order to extend the scope of application of the co-pressing method, pyrolysis reactor
experiments were conducted at different reaction temperatures for the normal mixing and
co-pressed samples of cellulose and HY catalyst. As shown in Figure 4, 54.5% and 15.0% of
liquid and coke/char yields were obtained from catalytic pyrolysis of cellulose with HY
using normal mixing at 723 K. There is a decrease in the liquid yield and increase in the
coke/char yield to 47.0%, and 16.0%, respectively by increasing the temperature to 823 K.
The same effect took place with the co-pressed sample when the reaction temperature
was increased from 723 K to 823 K. The liquid yield has decreased from 57.5% to 55.1%
while coke/char yield has increased from 14.0% to 20.5%. The differences between the
performance of HY and USY zeolites were due to a combination of their acidity and their
structure. The extraction of aluminium from the zeolitic framework creates mesopores in
the USY structure which are absent in the parent Y zeolite. Comparing the performance
of the pre-treatment across the reaction temperatures used, the co-pressed samples had
produced higher liquid yield than the normal mixing at all the temperatures used. On the
other hand, although the coke amount on the co-pressed sample was lower at 723 K than
with normal mixing, at 823 K the picture was reversed, the coke amount on the co-pressed
sample was higher.

In relation to the liquid yield, similar temperature trends were observed for both
samples. Liquid yield decreased with temperature, but the effect was more pronounced
with the normal mixing, while the coke/char from the co-pressed sample showed signifi-
cant difference with temperature rise. These trends can be explained by the temperature
dependence of the main cellulose pyrolysis products, which differs between isothermally
driven pyrolysis (co-pressed sample) [57] and transport-limited driven pyrolysis (powder
sample) [57,58]. The reduction in the bio-oil yield at 823 K was due to further reactions of
the volatile primary products [59]. The severity of this effect is higher in normal mixing
(powder sample pyrolysis) due to the longer residence time of volatile compounds in the
reactor. For the co-pressed sample, the lower content of coke/char yield at 723 K could be
attributed to further pyrolysis of coke/char precursors on the surface of the catalyst [57,60].
At 823 K, the co-pressed sample pyrolysis produces substantially more lighter oxygenates
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than normal mixing pyrolysis [57,58]. Therefore, a considerable amount of coke/char was
deposited on the catalyst. The coke/char had stabilized at higher temperatures with the
formation of more thermally stable polyaromatic coke/char through the gas phase reac-
tions [46,47,58]. Hu et al. [59] studied the effect of temperature on catalytic co-pyrolysis of
cellulose as well as seaweed on zeolitic catalysts. The bio-oil yield increased from 38.08% at
723 K to 45.15% at 773 K. However, it slightly decreased to 43.89% at 823 K and then further
reduced to 36.00% at 873 K. The trend with temperature rise is similar, but the differences
especially lower liquid yield from the latter study can be attributed to the differences in the
catalysts and reactors used.
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2.3. Liquid Product Characterisation

As it is impossible and impractical to identify the huge number of individual chro-
matographic peaks, we present the liquid analysis results in the form of a Boiling Point
Distribution, according to the methodology described in Section 3.5 of the Experimental.
Due to the complexity of the samples, the results would be discussed based on a simplified
classification of three fractions. The lighter fraction, with components in the boiling point
range from 272.70 K to 424.00 K, the middle fraction, with components in the boiling point
range from 424.00 K to 526.70 K and the heavier fractions with components in the boiling
point range from 526.70 K to 617.00 K.

2.3.1. The Effect of Pre-Treatment (Co-Pressing Method) on the Boiling Point Distribution
of the Bio-Oil from Catalytic Pyrolysis of Cellulose with HY and USY Catalysts

The results of the comparison of boiling point distribution of the bio-oil produced
from catalytic pyrolysis of cellulose with HY and USY using the normal mixing and co-
pressing method are presented in Figure 5. The thermal pyrolysis of cellulose produced
mainly heavier fraction with also substantial amount of lighter fraction. On HY catalyst
via normal mixing, the amount of the lighter fraction decreased significantly with an
associated increase in the heavier fraction. For the co-pressed sample with HY catalyst,
the pattern is similar to normal mixing with further decrease in lighter fraction and in-
crease in heavier fraction. The application of USY zeolite has altered the selectivity in
the boiling point distribution with the majority of the product within the middle fraction.



Catalysts 2021, 11, 805 8 of 20

The co-pressed cellulose with USY zeolite has further increased the amount of the middle
fraction with predominance within the gasoline range fraction. The differences in the
boiling point distribution of the two zeolite catalysts can be explained by their different
structures and properties. As shown in Table 1, HY has higher surface area and acid density.
The higher acid density obviously influences its higher initial degradation performance
but the frequent deactivation and poor thermal stability are the main drawbacks in its
application [42,56,61,62]. On the other hand, USY is the modified form of Y zeolite which
exhibits very strong acidic sites [63,64], mesoporous system [64,65] and high thermal stabil-
ity [62–65]. This modification happens under controlled conditions by steam treatment at
high temperatures leading to the creation of active sites and mesopores that enhance the
catalytic activity of USY zeolite [61,62,65–67]. The presence of these large cavities enable the
macromolecules and heavy initial fragments from the primary reactions to diffuse readily
into the internal acid sites, and be converted to hydrocarbons via a series of reactions,
such as cracking, deoxygenation (dehydration, decarboxylation, and decarbonylation), and
aromatization [29,68,69].
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Table 1. Coked/Charred catalyst classification.

Sample Experiment Type % Soft Coke/Char % Hard Coke/Char Coke/Char Concentration

Cellulose Thermal 72.0 28.0 -
Cellulose + USY Catalytic (Normal mixing) 78.0 22.0 0.59
Cellulose + USY Catalytic (Co-pressed) 71.0 29.0 0.51
Hemicellulose Thermal 14.5 85.5 -
Hemicellulose + USY Catalytic (Normal mixing) 75.5 24.5 0.45
Lignin Thermal 36.0 64.0 -
Lignin + USY Catalytic (Normal mixing) 73.0 27.0 1.45

Due to its larger micropore size volume and high acid density produced mainly
heavier fraction and this was supported by the findings from Lee et al. [29], Li et al. [41],
and Park et al. [70]. They reported higher amounts of polycyclic aromatic hydrocarbons
from catalytic pyrolysis of cellulose. The slow diffusion of the main products from cellulose
thermal decomposition into the HY pores [69,71] due to coke/char deposition has also
contributed to the higher amount of heavy fraction obtained [56]. However, USY was
able to allow further cracking of the products and the boiling point distribution was
shifted to middle fraction in consistency with its stronger acid sites, thus suggesting a
more extended degree of conversion. Lee et al. [29] also pointed that mesoporous HY
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exhibited higher selectivity toward mono aromatic hydrocarbons while the normal HY
produced larger amounts of poly aromatic hydrocarbons. Bertero et al. [72] reported
high selectivity to gasoline range fraction over modified mesoporous FCC catalysts from
catalytic pyrolysis of biomass. All these studies corroborated the performance of USY
in enhancing the gasoline fraction during biomass catalytic pyrolysis. In terms of the
co-pressing method, the improved catalytic effect over both catalysts make this among
the most effective methods for catalytic biomass conversion into hydrocarbons over solid
acid catalysts.

2.3.2. The Effect of Pre-Treatment (Co-Pressing Method) on the Boiling Point Distribution
of the Bio-Oil from Catalytic Pyrolysis of Hemicellulose on HY and USY Catalysts

Hemicellulose the second most abundant biomass component was decomposed ther-
mally and on HY and USY catalysts. The boiling point distribution of the bio-oil obtained
is presented in Figure 6. The thermal pyrolysis of hemicellulose in the absence of catalyst
produced predominantly heavier fraction in accordance with the mechanism of its thermal
degradation. Thermal pyrolysis of hemicellulose exhibits similar competing pyrolysis
pathways like cellulose, consisting of depolymerization to sugars and anhydrosugars,
dehydration to furan and pyran ring derivatives and furanose, as well as pyranose ring-
breakage to light oxygenated species [73–75]. The higher amount of these oxygenated
compounds in the thermal pyrolysis of hemicellulose especially sugars and anhydro sugars
resulted in the significant amount of the heavier fraction, as shown in Figure 6. Specifically,
Räisänen et al. [76] reported dianhydroglucopyranoses, levoglucosan and hexadecanoic
acid among the main pyrolytic products of mannose and arabinose thermal degradations.
The heavy nature of the bio-oil in Figure 6 could be attributed to the presence of these
compounds.
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catalysts (Hemicellulose 2 g, catalyst 1.0 g, pyrolysis temperature = 723 K, N2 flow rate 60 mLN/min).

In relation to zeolites HY and USY, the boiling point distribution is mainly in the
lower fraction with the heavier fraction largely consumed consequently improving the
bio-oil quality. All zeolite catalysts had similar effects in enhancing the lighter fraction.
In addition, HY showed higher selectivity to middle fraction while USY has produced
higher proportion of lighter fraction. This could be explained by the extensive conversion
with USY due to its strong acid sites and higher thermal stability. With both catalysts, co-
pressing had the best effect of eliminating the heavier fraction and improving the gasoline
range fraction. USY largely removed the oxygenated compounds including aldehydes,
acids and ethers promoting the formation of isoalkanes and aromatics and leading to
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an improvement in octane and gasoline selectivity [77–79]. This is the reason why USY
showed most distinct behaviour compared to the boiling point distribution of the thermal
pyrolysis of hemicellulose. In a similar work, Wang et al. [77] used TG-FTIR to study the
catalytic pyrolysis behaviour of Manchurian ash over four zeolite catalysts. They found
that the Y-type zeolites showed the best result regarding dehydration and the consumption
of oxygenated compounds such as acids, aldehydes ethers, and furans.

2.3.3. The Effect of Pre-Treatment (Co-Pressing Method) on the Boiling Point Distribution
of the Bio-Oil from Catalytic Pyrolysis of Cellulose at Different Reaction Temperatures

Considering the prime importance of reaction temperature in pyrolysis experiment,
the efficacy of co-pressing method was determined at different reaction temperatures as
shown in Figure 7.
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The effect of increasing reaction temperature is more pronounced with the normal
mixing compared to the co-pressed sample due to the longer residence time of volatiles
in the normal mixing. In all the cases, increasing the reaction temperature resulted in
higher amount of lighter fraction and lower amount of heavier fraction. Higher reaction
temperature supports the easy cleavage of bonds, thereby promoting the catalytic cracking
of heavier fraction and the suppression of alkylation reactions [80]. Similar results were
reported by Wong et al. [81] and Muhammad and Manos [56] where the increase in reaction
temperature caused further cracking of oligomers to form smaller hydrocarbons and
increase the lighter fraction.

2.4. Coked/Charred Catalyst Characterization

Carbonaceous residue in form of char and coke are formed during thermal and
catalytic conversion of biomass. The mechanisms of char and coke formation in biomass
thermal pyrolysis are similar to those in catalytic pyrolysis [82]. Char is the primary
solid product formed in non-catalytic pyrolysis of biomass [83], while coke is the carbon
deposits formed during catalytic reaction of biomass [84,85]. Thermal coke can also be
formed during the catalytic and non-catalytic conversion of bio-oil [86]. This type of
coke is less condensed with high oxygen content compared to the catalytic coke which
is more condensed with less oxygen content [87]. The formation of char and coke in
biomass pyrolysis emerges from the polymerization, dehydration, decarboxylation and
decarbonylation of anhydrosugars, furanic compounds, fragmented oxygenates and/or
olefin components of the biomass [2]. Generally, coke formation causes catalyst deactivation
often increasing undesirable product selectivity [2,85]. Whereas char may or may not
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deactivate the catalyst, depending on the position of its formation [2]. Solid residues
obtained from this study are mixture of char/coke since the experiments were conducted
in-situ. As explained previously, char is predominantly from thermal cracking whereas in
the presence of catalyst mainly coke is obtained. This section has examined the nature of
the char/coke deposited based on their relative volatilities and the results are presented in
Table 2. For cellulose thermal and catalytic degradation with USY zeolite, the volatility of
the char/coke components showed almost similar character. Thermal pyrolysis of cellulose
produced 72.0% soft char and this amount increases to 78.0% in the presence of USY via
the normal mixing method which is predominantly coke. This can be attributed to further
conversion of cellulose char in the presence of USY, resulting in more volatiles components
that were partly transformed into thermal coke. Co-pressed cellulose produced more hard
coke compared to normal mixing because of the intimate contact it provides between the
cellulose and USY, which enhanced not only its pyrolysis but its coke formation too [56].
Higher catalytic effect of the co-pressed sample at lower reaction temperature also leads to
the lower formation of coke/char as shown by the coke concentration (Table 1).

Table 2. Catalysts Properties.

Catalyst
Properties

BET (m2/g) Micropore Volume (cm3/g) Micropore Surface Area (m2/g) External Surface Area (m2/g) Si/Al Ratio

HY 590.00 ± 23.50 0.26 532.40 72.58 2.5
USY 433.60 ± 14.08 0.19 361.02 72.58 5.7 (framework)

Solid residue from hemicellulose thermal and catalytic pyrolysis had different thermal
behaviour compared with the cellulose. The coke/char from thermal pyrolysis of hemicel-
lulose is largely hard coke/char and in the presence of USY, the volatility of the coke/char
is grossly reversed (Table 2).

Lignin also showed similar behaviour with hemicellulose where the presence of USY
produced highly volatile coke/char compared to the thermal pyrolysis. This different
degree of volatility in the coke/char character is strongly related to the structure of the
biomass [87]. The process of coke formation is a shape selective reaction. Large molecules
formed by thermal cracking of cellulose such as levoglucosan with molecular size larger
than pore diameter of USY could not enter into the channels. These molecules undergo
re-polymerization and condensation on the external catalyst surface and are deposited
on catalyst surface as thermal coke [86]. It is known that coke in catalytic degradation
of cellulose predominantly occur through re-polymerization reaction [63,88]. This type
of coke is mostly volatile and easy to remove at lower temperatures [88]. However, the
structures of hemicellulose and lignin are complicated with large numbers of branched
side chains [6,86]. Usually, the more branching structures the components have, the easier
they are to crosslink and form coke/char [89]. The structural diversity of hemicellulose
and lignin could produce multiple types of oxygenated radicals. These macromolecular
radicals are expected to undergo polymerization/condensation reactions to form char/coke
during the thermal and catalytic degradation [87,90]. Henceforth, hemicellulose and lignin
produced more complicated coke/char compared to cellulose. The coke/char concentration
among the biomass components is of the following order lignin>cellulose>hemicellulose,
in line with their thermal stability. The longer residence times of volatiles inside particles
of the un-treated cellulose sample favored secondary reactions, which eventually resulted
to high concentration of coke/char [91–93]. Bai et al. [94] also found that on larger particles,
dehydration of polymerization products was stimulated, leading to higher coke/char
concentration.

3. Experimental
3.1. Materials

The biomass model compounds were purchased from Sigma-Aldrich Co., Ltd. UK,
including cellulose, hemicellulose and lignin all in powder form with average particle
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size of 100 µm. The cellulose was α-cellulose with CAS number (9004-34-6), and lignin
was alkali lignin kraft in brown powder, with CAS number (8068-05-1). Hemicellulose is
a combination of two model compounds, D-(−)-Arabinose (C5H1005) with CAS number
10323-20-3 and D-(+)-Mannose (C6H1206) with CAS number 3458-28-4. HY and USY
zeolites were used as catalysts kindly provided by Grace Gmbh in powder form with an
average particle size of 1 µm. The parent zeolite of USY was HY with a Si/Al ratio of 2.5.
During the ultrastabilisation treatment with steam, aluminium was extracted from the Y
zeolite framework and remained in the zoolite structure as extraframework aluminium
resulting in a framework Si/Al ratio of USY of 5.7. The detailed properties of the catalysts
are stated in Table 2.

3.2. Experimental Setup

The experimental rig is made up of a semi-batch pyrex reactor with two semi-circle
infrared heating elements for fast heating connected to a temperature controller, mass flow
controller and two condensers placed in ice baths for liquid products collection. Further
details of the experimental equipment and procedure are given in our previous study [56]
where a schematic diagram of the experimental setup was also presented. The initial
amount of the cellulose, hemicellulose and lignin was equal to 2 g in all experiments. The
biomass to catalyst ratio was maintained at 2:1. The experiment was usually run for 30 min.
At the end of the experiment, the majority of the biomass had been converted to gas and
liquid products, leaving in the reactor only catalyst with deposited coke/char. For all the
pyrolysis experiments a constant nitrogen flow rate of 60 mLN/min was used and the final
reaction temperature was between 723 and 823 K.

3.3. Pre-Treatment Process

In order to improve the catalytic pyrolysis behaviour of the biomass model compounds
and enhance the quality of their product yields, a pre-treatment method using co-pressing
of biomass and catalyst into pellets was employed in this research work and this was
compared with normal mixing.

3.3.1. Normal Mixing

Normal mixing involves mixing of the biomass model compounds with the catalyst
thoroughly using spatula. As normal mixing with catalyst resulted in very similar behavior
as thermal degradation, a pre-treatment method prior to pyrolysis was considered essential.

3.3.2. Co-Pressing

This involves mixing of the biomass model compounds and catalyst thoroughly with
a spatula as in a normal mixing. After this stage, the mixture was placed on a hydraulic
press and pressed for 5 min at a weight of 3 tons for 5 times, providing intimate contact
between the biomass and catalyst and a solidified biomass-catalyst pellet. The pellet was
then crushed gently using hand to produce smaller pellets that could be placed inside
the reactor.

3.4. Experimental Calculations

Conversion to volatile products was the fraction of the initial mass of the feed (cellu-
lose, hemicellulose and lignin), reacted to form volatile products.

The percentage liquid yield is the mass of the liquid collected divided by the initial
amount of the feed, i.e., the fraction of the original feed converted to the liquid products
multiplied by 100:

Yl = ml/m f × 100 (1)

where Yl = liquid yield, ml = mass of liquid collected, m f = mass of the feed.
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The percentage coke/char yield is the mass of the coke/char obtained after the experi-
ment divided by the initial amount of the feed and represents the fraction of the original
feed converted to coke/char multiplied by 100:

Yc = mc/m f × 100 (2)

where Yc = coke/char yield, mc = mass of coke/char obtained, m f = mass of the feed
The coke/char concentration is the amount of coke/char deposited on the catalyst

divided by the catalyst mass and represents the amount of coke/char formed per g of
catalyst. It is estimated by TGA and converted to yield based on the catalyst amount in the
reactor, i.e., biomass to catalyst ratio,

Cc = mc/mcat (3)

where Cc = coke/char concentration, mc = mass of the coke/char deposited on the catalyst,
mcat = mass of the catalyst.

3.5. Liquid Sample Analysis

The liquid products were analysed on a Shimadzu 2014 gas chromatograph equipped
with a flame ionization detector (FID) using a non-polar Rtx-1 DHA 100 m × 0.25 mm
× 0.50 µm capillary column which enabled the component separation based on their
volatility (Raw GC data are provided in Appendix A, Figures A1–A4). Details of the
chromatographic conditions are given in reference [56]. A calibration mixture of normal
alkanes C5–C20 (standard) was run before the analysis to assign retention times to each
normal alkane of the standard calibration mixture enabling allocation of boiling points
of the standard components to their corresponding retention times as shown in Table 3.
Hence, the boiling distribution curve of the liquid was created [56]. The mass fraction of
each component is set equal to the area fraction [95–97].

Table 3. Boiling point distribution intervals of calibration mixture.

Group of Carbon Atom Boiling Point (K) Group of Carbon Atom Average Boiling Point (K) ∆T(K) Retention Time (min)

C4H10 272.70 C4H10–C5H12 290.95 36.50 -
C5H12 309.20 C5H12–C6H14 325.55 32.70 16.03
C6H14 341.90 C6H14–C7H16 356.75 29.70 20.94
C7H16 371.60 C7H16–C8H18 385.20 27.20 27.16
C8H18 398.80 C8H18–C9H20 411.40 25.20 33.26
C9H20 424.00 C9H20–C10H22 435.65 23.30 38.64
C10H22 447.30 C10H22–C11H24 458.20 21.80 43.37
C11H24 469.10 C11H24–C12H26 479.30 20.40 47.61
C12H26 489.50 C12H26–C13H28 499.05 19.10 51.49
C13H28 508.60 C13H28–C14H30 517.65 18.10 55.05
C14H30 526.70 C14H30–C15H32 535.25 17.10 58.51
C15H32 543.80 C15H32–C16H34 551.90 16.20 61.91
C16H34 560.00 C16H34–C17H36 567.60 15.20 65.26
C17H36 575.20 C17H36–C18H38 582.35 14.30 68.71
C18H38 589.50 C18H38–C19H40 596.30 13.60 72.43
C19H40 603.10 C19H40–C20H42 610.05 13.90 76.60
C20H42 617.00 C20H42

+ 617.00 - 81.45

3.6. Thermal Gravimetric Analysis

The TGA measurements were carried out with Perkin Elmer Pyris TGA instrument.
The TGA experiments were carried out under an inert atmosphere of flowing N2. After
the pyrolysis experiment had finished, air was introduced, in order to burn the formed
coke/char in order to estimate its amount. In a typical run, ca. 5–10 mg of cellulose biomass
component and catalyst were blended in 2:1 ratio. After removal of water up to 473 K
the sample was heated at the required heating rate up to 873 K held there for 30 min to
complete the degradation [56].
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Coke/Char Catalyst Characterisation and Calculation

The coke/char characterisation is shown in Figure 8. This method is simple and
specific using the TGA of coked/charred catalyst. It provides information about the
character of coke components, more specifically their volatility [56].
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After removing of water and reaction mixture components up to 473 K, the coke/char
components were classified into soft coke/char (removed between 473 K and 1073 K
through volatilisation in inert nitrogen) and hard coke/char (removed by burning with
airat 1073 K) as demonstrated in Figure 8.

So f t coke/char (%) =
Mass o f so f t coke/char

Total mass o f coke
× 100 (4)

Hard coke/char (%) =
Mass o f hard coke/char
Total mass o f coke/char

× 100 (5)

where Mass o f so f t coke/char is the total weight of the coke/char removed in nitrogen atmo-
sphere from 473 K to 1073 K and Mass o f hard coke/char is the total weight of the coke/char
removed in air atmosphere at the final temperature (1073 K) while Total mass o f coke/char
correspond to the total weight of soft and hard coke/char respectively.

4. Conclusions

In this work, we have shown that pre-treatment of biomass before catalytic pyrolysis
by co-pressing method can improve the degradation process. Co-pressing of the biomass
and catalyst also had a positive impact on the quantity and quality of the liquid and
coke/char yields. From the investigation on thermal and catalytic degradation of biomass
components (cellulose, hemicellulose and lignin), the following can be concluded:

• Co-pressing method has improved the catalytic degradation of cellulose by further
lowering the decomposition temperature.

• All the three biomass components produce a better result using the co-pressing
method, where the liquid yields increased and coke/char yields decreased.

• The co-pressed cellulose with HY catalyst had further decreased the amount of lighter
oxygenated fraction from cellulose thermal cracking.

• The application of USY catalyst has altered the selectivity in the boiling point distribu-
tion with the majority of the product within the middle fraction.

• The co-pressed cellulose with USY catalyst has further increased the amount of the
middle fraction predominantly within the gasoline range fraction.

• The co-pressed hemicellulose with HY catalyst showed higher selectivity to middle
fraction compared to the heavy fraction from the thermal cracking.
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• The co-pressed hemicellulose with USY catalyst has produced higher amount lighter
fraction compared to the heavy fraction from the thermal cracking.

• The improved catalytic effect of the co-pressed cellulose and USY catalyst has en-
hanced the formation of hard coke/char.

• The higher catalytic effect of the co-pressed sample at lower reaction temperatures
leads to lower concentration of coke/char on the catalyst.
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Table A1. Raw data from reactor pyrolysis experiments.

Replicates Values

Experiment Type Liquid Yields Coke/Char Yields

1 2 3 Mean SD 1 2 3 Mean SD

Cellulose: USY/Normal 44.00 46.00 45.00 45.00 1.00 24.50 24.00 25.00 24.50 0.50
Cellulose: USY/Pressed 57.00 56.00 58.00 57.00 1.00 20.00 20.40 19.60 20.00 0.40

Hemicellulose: SY/Normal 53.00 53.50 54.00 53.50 0.50 23.30 24.00 24.70 24.00 0.70
Hemicellulose: SY/Pressed 54.10 53.00 51.90 53.00 1.10 18.60 19.40 19.00 19.00 0.40

Lignin: USY/Normal 24.00 24.50 23.50 24.00 0.50 62.80 61.20 59.60 61.20 1.60
Lignin: USY/Pressed 37.00 35.00 36.00 36.00 1.00 43.00 41.00 42.00 42.00 1.00

Cellulose: HY/Normal,723K 56.00 54.50 53.00 54.50 1.50 14.60 15.40 15.00 15.00 0.40
Cellulose: HY/Pressed,723K 57.50 57.00 58.00 57.50 0.50 13.70 14.00 14.30 14.00 0.30
Cellulose: HY/Normal,823K 46.50 47.00 47.50 47.00 0.50 15.50 16.50 16.00 16.00 0.50
Cellulose: HY/Pressed,823K 55.10 56.70 53.50 55.10 1.60 20.50 20.00 21.00 20.50 0.50

SD = Standard deviation.
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