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ARTICLE INFO ABSTRACT

Keywords: Catalysts play a pivotal role in influencing product yields and compositions in pyrolysis processes, offering
C?'PYTOIYSiS significant advantages for biomass conversion. This study investigates the impact of natural and commercial
Biomass catalysts on the co-pyrolysis of ternary biomass at two different temperatures (550 °C and 750 °C). At higher
Bio-oil is . . . .

Product temperatures, secondary decompositions become prominent, leading to increased gas yields and decreased char
Vield and liquid oil yields. The introduction of catalysts generally enhances char yields across both temperature re-
Characterization gimes. Notably, CaCOs3 exhibits the highest bio-oil yield, while Ca(OH), shows the lowest, with reversed trends

observed for gas yields. The influence of catalysts extends to gas composition, with Ca(OH), and zeolite notably
increasing CH4 and CO3 concentrations at 750 °C. Each catalyst type exerts specific effects on gas production and
composition, underscoring the intricate interplay between catalysts and reaction pathways. Additionally, cata-
lysts significantly alter the composition of bio-oil, with calcium-based catalysts reducing acid content and
increasing aromatics, while zeolites exhibit contrasting trends at different temperatures. Noteworthy compounds
identified in the resulting bio-oil include bisphenol A, levoglucosan, phenols, and p-cresol, offering potential
applications in plastics, biofuels, resins, and more. Overall, catalysts offer the potential to enhance specific
compound yields, reduce corrosiveness, and optimize bio-oil and char composition for diverse industrial ap-
plications, highlighting the need for further research into synergistic effects when combining different catalysts.

1. Introduction

Biomass pyrolysis, the thermal decomposition of organic materials in
the absence of oxygen, holds immense promise as a renewable energy
conversion process. Through pyrolysis, biomass can be transformed into
valuable biofuels, biochemicals, and bioproducts, contributing to the
transition towards a sustainable energy future [1]. However, biomass
pyrolysis’s efficiency and product distribution are often limited by fac-
tors such as high tar content, low bio-0il quality, and undesired
byproduct formation [2].

Different reactors have been investigated for biomass pyrolysis re-
actions [3]. Continuous feeding pyrolysis technologies have gained
significant attention for their ability to enhance biomass conversion
efficiency and facilitate scalable biofuel production. Among these, flu-
idized bed reactors are widely recognized for their excellent heat
transfer and uniform temperature distribution, making them ideal for
processing various feedstocks. Rotary kilns offer versatility in processing
different biomass types, with their ability to handle larger feedstock
sizes while maintaining consistent pyrolysis conditions. Additionally,
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fixed bed reactors hold significant importance in biomass pyrolysis due
to their unique properties. Often constructed with a solid catalyst, fixed
bed reactors enhance product yields and allow for the modification of
process conditions, making them a vital choice in this field. Lastly, auger
reactors provide a continuous feeding mechanism with precise control
over reaction parameters, further enhancing the efficiency of the py-
rolysis process. Together, these technologies represent a promising
pathway for advancing biomass pyrolysis and producing sustainable
energy resources.

Catalytic pyrolysis, wherein catalysts are employed to enhance re-
action kinetics and modify product selectivity, offers a viable solution to
address these challenges [4]. In recent years, significant research efforts
have focused on developing novel catalysts to improve the efficiency
and selectivity of biomass pyrolysis. These catalysts, often derived from
abundant and inexpensive materials, aim to optimize biomass conver-
sion into high-value products while mitigating the formation of unde-
sirable compounds [5]. Catalysts facilitate the enhancement of bio-oil
quality by promoting specific bond cleavage reactions like deoxygen-
ation, cracking, decarbonylation, and other similar processes, with bulk
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and supported acid or base catalysts playing a crucial role in customizing
the production of premium bio-oil [6].

Zeolites, like H-ZSM-5-40, enhance aromatization and olefin pro-
duction [7], while nMFI promotes furan formation [8]. Catalyst com-
binations (HZSM-5 and HY - different types of zeolites) yield diverse
products, including BTEXs and phenol [9]. Feedstock composition also
influences yields, with unique conditions favouring specific compounds
[10]. Calcium-based catalysts have garnered significant attention due to
their potential to modulate reaction pathways and enhance product
yields [11].

Given the plentiful presence of calcium resources in nature, such as
limestone and marble, particularly in the form of calcium waste like
CaO, its utilization in biomass co-pyrolysis is cost-effective when
compared to alternative catalysts [12]. Similarly, in the presence of
NayCOs3, gas yield increased and in contrast, liquid yield decreased
compared to non-catalytic pyrolysis at the same temperatures. In-situ
catalysts are introduced directly into the reaction environment, inter-
acting with the reactants during the process. In contrast, ex-situ catalysts
are applied externally to the reaction mixture, typically in a separate
reactor or vessel. In-situ catalysts provide improved control over reac-
tion kinetics and selectivity due to their close interaction with the re-
actants, potentially leading to enhanced catalytic activity and higher
yields of bio-oil, while utilizing catalysts within a single reactor offers
additional operational advantages [13,14].

This study delves into in-situ catalytic biomass co-pyrolysis, focusing
on the comparative effects of four catalysts involving three specific
calcium-based catalysts and zeolite. Calcium-based catalysts, such as
CaCOgs, CaO, and Ca(OH),, possess high surface area and reactivity,
making them effective in facilitating thermochemical reactions during
pyrolysis. Similarly, zeolites exhibit remarkable catalytic activity and
selectivity in biomass conversion reactions with their well-defined pore
structures and acidic sites. Concurrently, soda lime (Ca(OH)5) and ZSM-
5 (a type of zeolite) are commercial catalysts, readily available in the
market, being explored in this article. This paper also aims to bridge the
gap by comparing commercial and newly developed catalysts — CaCO3
and CaO derived from seashells - in biomass co-pyrolysis. By systemat-
ically evaluating the performance of both commercial and developed
catalysts, we seek to elucidate their respective effects on bio-oil, char,
and gas yields and the composition and quality of the resulting products.

Furthermore, we aim to identify the key factors driving the observed
differences in product distribution and characteristics between the two
types of catalysts. This exploration sheds light on the intricate in-
teractions between catalysts and biomass constituents and contributes to
developing innovative pathways for sustainable biofuel and chemical
production.

This study investigates the impact of catalysts on the pyrolysis of a
ternary biomass mixture comprising date pits (DP), cow dung (CD), and
coffee waste (CW). These biomass feeds were selected due to their
abundance in Qatar and their potential as sustainable feedstocks for
biofuel production. Previous research by the authors has examined the
kinetic and thermodynamic characteristics of these materials in both
non-catalytic [15] and catalytic [4] contexts, as well as their capabilities
for bio-oil production [16], and char production predictions [17]. A
mixed biomass feedstock is more representative of real-world waste
management scenarios, where various organic materials are often pro-
cessed together. This reflects the complexity of biomass sources and can
provide insights into how different feedstock components interact dur-
ing pyrolysis. Notably, mixing these three waste materials has been
shown to significantly increase volatiles by up to 69 % [4]. The DP
composition is particularly rich in cellulose and hemicellulose [16],
which enhance its thermal degradation properties, while CD contributes
to the overall yield and quality of bio-oil, with reports indicating that it
contains major non-polar components similar to those found in crude
oil, gasoline, and diesel [18]. CW, a byproduct of the coffee industry, not
only serves as an environmentally friendly feedstock but also contains
substantial organic content that can be converted into valuable
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resources, including biodiesel, bio-oil, and biochar [19,20]. Co-pyrolysis
of these feedstocks improves process efficiency, as demonstrated in a
previous study [4], which found lower activation energy and
pre-exponential factor values for the ternary feed compared to single
feeds. By analyzing a ternary mixture, the authors observed how the
unique chemical properties of each biomass influence the overall reac-
tion pathways, product yields, and composition of bio-oil. This can
reveal important information about the effectiveness of the catalysts in a
more complex matrix, which may not be apparent when studying single
biomass samples. Additionally, the use of natural waste catalysts en-
hances thermal efficiency and reaction spontaneity, highlighting the
importance of feedstock blending in optimizing biomass utilization, and
economic feasibility.

This investigation further spans two critical temperatures, 550 °C
and 750 °C, which were selected based on their significance in influ-
encing the yield and quality of pyrolysis products. At 550 °C, the con-
ditions are conducive to maximizing the production of bio-oil, as this
temperature allows for optimal volatile release while minimizing the
formation of char. This aligns with the findings that the volatile content
is highest at lower to mid-range temperatures, making it ideal for
capturing liquid products [4,17]. Conversely, 750 °C is employed to
investigate the effects of higher thermal energy on the decomposition of
organic materials, as elevated temperatures can enhance the breakdown
of complex biomass structures, resulting in an increased yield of gas
products and improved oil quality (high hydrocarbons and low
oxygenated compounds) [21]. The contrasting thermal conditions of
550 °C and 750 °C not only enable a comprehensive understanding of
the thermal degradation mechanisms but also elucidate the catalytic
influence on product distribution. By exploring both temperatures, this
study aims to provide insights into optimizing the pyrolysis process for
each feedstock, thereby contributing to the development of more effi-
cient biomass-to-energy conversion strategies.

Specifically, we seek to analyze the role of different catalysts (cal-
cium-based catalysts, and commercial zeolite) in enhancing char yields,
altering bio-oil composition, and modifying gas production, including
the concentrations of gases like CH4 and CO,. The comparison between
calcium catalysts (base catalysts) and zeolite (acid catalysts) was made
to provide a comprehensive understanding of how different catalytic
properties affect product distribution in biomass pyrolysis. This com-
parison allows for a more nuanced analysis of catalyst performance and
highlights the importance of selecting appropriate catalysts based on
desired pyrolysis outcomes, offering insights into how catalyst chemistry
influences bio-oil production and composition. Additionally, the study
aims to identify specific bio-oil compounds that hold potential for
upgrading and industrial applications. By elucidating the temperature-
dependent dynamics and catalytic effects on the formation of benefi-
cial compounds, we aspire to optimize catalytic pyrolysis systems and
propose future research on synergistic catalyst combinations and reac-
tion mechanisms. Ultimately, this research contributes to advancing the
field of biomass pyrolysis and promoting sustainable energy solutions.

2. Materials and methods

A tube furnace (MTI Corporation, model OTF-1200X) was employed
to conduct the pyrolysis process and analyze its resulting products. A
schematic of the laboratory setup for collecting pyrolysis products is
depicted in Fig. 1. Samples of 3.0 + 0.1 g held in quartz crucibles were
heated under high-purity nitrogen (99.99 %) at a flow rate of 100 mL/
min for 20 min at room temperature. The pyrolysis experiments were
carried out at 550 °C and 750 °C, at a heating rate of 10 °C/min and the
char, gas and bio-oil were collected in the crucible, tedlar bag, and
acetone from the tube and condensation system, respectively. The
collected liquid yield was subsequently rotary evaporated at 556 mbar
and 60 °C for 2 h to remove the acetone completely. Product yields were
determined using equations (1)—(3).

Exactly 20 wt% of the catalyst was physically added and mixed to the
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Fig. 1. Diagram of the laboratory setup for collecting pyrolysis products using a tube furnace.

ternary biomass feeds (DP, CD, CW at equal proportions) in the quartz
boat. The ternary feed pyrolysis used to validate yield was further
investigated in this chapter for gas, bio-oil, and char characterization.
However, the feeds have been previously characterized in articles pub-
lished by the authors [16]. As mentioned before, four catalysts are
investigated in this study: CaCOs, CaO, Ca(OH)3, and zeolite. The former
two are catalysts developed in laboratory using natural waste. Seashells
(SS) have previously been investigated as potential catalysts for biomass
co-pyrolysis due to their high CaCO3 content, considering both kinetic
and thermodynamic investigations [4,22]. The CaO was made by cal-
cinating CaCOs (SS) at 900 °C for 2 h in a mulffle furnace following the
methodology described by Wongsakulphasatch et al. [23]. The catalytic
materials, Ca(OH), (Soda-lime; Batch No: CBD1015) and zeolite (ZSM-5;
CASS: 308081-08-5), were purchased from Bee Chems, Uttar Pradesh,
India and Thermo Fisher Scientific, USA, respectively.

The char is characterized using Scanning Electron Microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) to examine the surface
morphology and elemental composition. The sample powders were
dispersed onto carbon tape, with any excess removed using compressed
air. A 5 nm gold layer was then sputtered onto the sample to enhance
electrical conductivity for SEM analysis using a Quoram Q150 sputter-
ing system. SEM imaging was conducted at 5 KV with an ETD secondary
electron detector using a Quanta 650FEG FEI SEM system. Elemental
microanalysis was performed at 15 KV using a Bruker Quantax EDS
detector.

The bio-oil composition was analyzed using GC-MS (Shimadzu
GCMS-QP2020 NX, Kyoto, Japan). Approximately 1 ml of the bio-oil
sample was injected into the GC-MS port, with an initial temperature
set at 50 °C and a residence time of 100 s. Helium served as the carrier
gas at a flow rate of 215 mL/min. The GC-MS was equipped with a
Restek Rxi-5ms column (30m length, 0.25 mm diameter, and thickness,
0.25 pm) with a split ratio of 25:1. The GC-MS operated in scan mode at
a detector voltage of 0.7 kV in the mass range of 20-400 m/z, with a scan
speed of 555 amu/s. The study reported bio-oil composition as GC-MS
peak area percentages, with compounds having areas higher than 2 %

considered. This method provides a detailed profile of the bio-oil com-
ponents by identifying and quantifying the relative abundance of
different compounds. The peak areas represent the proportional con-
centrations of these compounds within the bio-oil. The experimental
results presented in this study are mean values derived from multiple
trials. The measurement errors associated with these results were
consistently below 2 %, indicating a high level of consistency and reli-
ability in the data collected. Non-condensable gases, including COs,
CHy4, Hy, and CO, were quantified using spectrometric curves from a
fixed gas analyzer (CDS model 5500), with calibration gases purchased
from Buzwair Scientific and technical gases, Qatar.

Mass of residue

Char yield (%) =310 S of Feedstock

*100 [1]

Mass of liquid |

Bio — oil yield (%) = Mass of feedstock

100 [2]

Gas yield (%) =100 — (Char yield + Bio — oil yield) [3]

3. Results and discussion
3.1. Feed characterization

The analysis of biomass feeds in previous studies has examined their
proximate and ultimate composition [4,17]. The proximate and
elemental analyses of the three biomass feeds— DP, CW, and CD—reveal
distinct differences in their compositions. CW has the highest moisture
at 8.6 % and volatile content at 76 %, while CD shows the highest ash at
19 % and fixed carbon content at 18 %, indicating its potential for char
production. DP stands out with the lowest ash content 0.28 % and a high
hydrogen content 6.2 %, which could enhance bio-oil yields. In terms of
elemental composition, DP has the highest carbon 46 % and nitrogen
content 4.3 %, suggesting a more energy-dense feedstock, while CW has
the highest oxygen content 46 %, which may influence the type of bio-oil
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produced. CD’s relatively high ash and fixed carbon content make it
distinct from the other two, which are more volatile-rich, influencing the
efficiency of co-pyrolysis processes. These compositional differences
make each feedstock valuable for different aspects of the pyrolysis
process.

A detailed SEM-EDS analysis was conducted for the feeds, and the SS
was utilized to develop the catalysts CaCO3 and CaO [4]. SEM results
(refer [4]) depicted CW with a uniform, dense, and smooth surface,
while DP and CD appeared rougher and non-uniform. The catalyst SS
(CaCO3) exhibited distinct particle shapes compared to biomasses. EDS
data revealed differences in carbon and oxygen content among the
biomasses, with DP having the highest carbon content and CW having
the highest oxygen content. Other elements like sodium, magnesium,
aluminium, silicon, phosphorus, sulfur, chloride, potassium, calcium,
iron, and copper were present in varying concentrations across all bio-
masses, potentially influencing their applications. Notably, CD showed a
higher magnesium concentration, suggesting a different composition
and potential use, while differences in the presence of elements like iron
and copper indicated variations in biomass composition.

(a)

Biomass and Bioenergy 191 (2024) 107471

3.2. Effects of catalysts on product yields and gas composition

Fig. 2 shows the product and gas yields at 550 °C and 750 °C. At
higher temperatures (>600 °C), secondary decompositions dominate,
increasing the gas product yields at the expense of char and liquid oil
yields [24]. The low reduction in char yield from 550 °C to 750 °C in the
non-catalytic study can be explained by the limited thermal decompo-
sition of more stable components at higher temperatures. Although
higher temperatures typically lead to further breakdown of biomass, in
this case, the composition of the feedstock underwent significant
devolatilization at 550 °C, leaving behind a more resistant char fraction.
The analysis of char yields revealed interesting trends across different
catalysts and temperatures. Comparing the ternary feed with and
without catalysts, it is evident that catalysts generally led to increased
char yields at 550 °C and 750 °C. Notably, the highest char yield was
observed when CaO was used as a catalyst at 550 °C. The tendency for
gas and oil to increase and decrease respectively over temperature is
well-known in literature and has been discussed previously [25]. The
case is similar in the presence of catalysts as well. It is essential to
highlight that calcium ions have previously exhibited high reactivity
when it comes to enhancing the development of char, the transformation
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Fig. 2. Product (a) and gas yields (b).
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of lignin into light oxygenates and furans, and the conversion of
5-(hydroxymethyl) furfural into smaller furans like furfural [26]. The
reduction is not significantly lower at higher temperatures due to the
secondary pyrolysis char production. Catalysts based on calcium have
also been documented to substantially enhance the secondary reactions
of tar, leading to a rise in the production of gases and char. The calcium
has little impact on primary pyrolysis, it significantly promotes the
secondary reactions of nascent tar, leading to increased char formation.
Calcium species engage in repeated bond-breaking and bond-forming
processes with tar and coke, which enhances the polymerization of tar
forming more solid char rather than converting the volatiles into gas. At
higher temperatures, calcium is released as an atomic species, which
further promotes tar polymerization and can also enhance cracking.
However, the overall effect of the catalyst leans more towards favouring
char formation due to the reduction in energy activation for polymeri-
zation being more significant than for cracking reactions [27]. This
explains the increased char yield and reduced gas yield, even though
catalysts usually promote cracking and gas formation. The impact of
catalysts on bio-oil yields was marked by distinct product variations,
primarily due to the increased char yields. At 550 °C, CaCOs3 and zeolite
showed relatively marginal effects on bio-oil yields, while CaO and Ca
(OH); led to slight decreases compared to the feed without catalysts.
CaO has been previously reported to reduce bio-oil yields during py-
rolysis of sewage sludge [28]. Interestingly, at 750 °C, CaCO3 and CaO
exhibited an increasing trend, whereas Ca(OH), and zeolite contributed
to notable reductions in bio-oil production. This suggests that the
presence of certain catalysts can potentially alter the distribution of
reaction pathways, resulting in divergent bio-oil yields.

The overall gas yields depended on both catalyst type and temper-
ature. Using catalysts significantly impacted gas production, with
varying degrees of influence. In most cases, the addition of catalysts
resulted in alterations to the composition and quantity of gas phase
products. While all catalysts reduced total gas yields, Ca(OH); increased
at 550 °C; the same catalyst also provided the highest CH4 content
amongst all the catalysts.

Also, at the pyrolysis temperature of 550 °C, introducing catalysts
yielded distinct alterations in Hp, CO, CH4, and CO5 concentrations
compared to the ternary feed without catalysts. The subsequent dis-
cussion is contingent on the relative gas percentages and does not
necessarily imply an accurate representation of the absolute production
of each gas. Using CaCOj3 exhibited minimal impact on H; levels, causing
a 46 % reduction in CO concentrations. Remarkably, CH4 concentrations
surged by 27 %, and CO; concentrations saw a substantial increase of 19
%. The CO4 resulting from the decomposition of CaCOs3 could likely be
the reason for the rise, facilitating the intensified thermal decomposition
of VOCs formed during pyrolysis, thereby contributing supplementary
carbon and oxygen sources [29]. Similarly, including CaO led to un-
changed H; levels, a 44 % reduction in CO concentrations, a 15 % in-
crease in CHy, and an impressive 30 % escalation in COs.

Regarding the generation of carbon dioxide (COy), its primary source
is attributed to carboxyl and carboxylate groups at lower temperatures.
In contrast, at elevated temperatures, its origin is linked to ether link-
ages, quinones, or oxygen-containing heterocycles [30,31]. In terms of
methane (CHy4) formation, its production is associated with demethyla-
tion reactions, encompassing processes like the fragmentation of
aliphatic and aromatic hydrocarbons and the cleavage of methyl,
oxy-methylene, and poly-methylene constituents [32,33].

Elevating the temperature to 750 °C showcased analogous trends.
Notably, CaO introduced a 1.0 % augmentation in Hy concentrations
while causing a reduction of 45 % in CO. Furthermore, CH4 concentra-
tions saw a 49 % increase, while CO5 experienced a notable 10 % rise. Ca
(OH); and zeolite led to undeviating Hj levels and a further increase in
CO concentration. Similar results were yielded when various calcium-
based catalysts found that CaO increased Hy via carbonation, water
shift, Boudouard, and thermal cracking reactions, which increased CHa,
light hydrocarbons, and hydrogen [34]. CH4 concentrations, however,
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witnessed a decrease of 8.0 % and 4.0 %, respectively. The hydrogen
yields are lower than anticipated; this is considered to be due to the low
catalyst-to-biomass ratio applied in this study. According to Chen et al.
(2017), if the CaO ratio is lower than 0.20, there is a reduction in acids
and an increase in ketones, but between 0.20 and 0.40, the reaction
absorbs CO5, owing to water shift reactions and improved Hy genera-
tion, and further than 0.40, the reactions increase esters and
anhydro-sugar contents in the bio-oil [35]. Therefore, a detailed study to
understand the increased catalyst percentage is further required.

On the other hand, CO, concentrations are lowest amongst the cat-
alysts, at 550 °C, owing to its superior CO, capture abilities. Wongsa-
kulphasatch et al. [23] found that Ca(OH), precursor provided a better
adsorption capacity than CaO and CaCOj3 precursors, indicating that Ca
(OH), can enhance CO5 capture. The catalysts Ca(OH); and zeolite
brought about unaltered H; concentrations and a notable decrease of 51
% in CO. At 750 °C, the CO3 and CO concentrations are substantially
higher than CaO and CaCOsg; the catalyst promoted the water gas reac-
tion after 650 °C, which forms CaCOs, and which further decomposes to
CO; and CO. Another comparative study showed lower CO contents
while utilizing KoCO3 and MgO rather than Ca(OH), [36,37]. Interest-
ingly, both catalysts spurred a remarkable boost in CH, levels by ~41 %,
and a considerable 10 % and 11 % rise in CO5 concentrations, respec-
tively. Ca(OH),, by inducing substantial increases in CH4 production
due to the cracking of methyl groups and C-C bond breakage at 550 °C,
presents intriguing possibilities for methane-rich gas generation [38].

Similarly, zeolite produced more CH4 at 550 °C and higher CO at
750 °C. A previous study reported CH4 as the main gas component when
MSW was pyrolyzed in the presence of zeolites at 500 °C at around 45 %
[381; unlike our study, the relative concentrations of gases were calcu-
lated up to CsHjo rather than the four main permanent gases. Zeolites
are reliable adsorbents with extensive surface areas; however, they
present difficulties concerning gas desorption and require regeneration.
Additionally, temperature has a significant impact on the CO, adsorp-
tion capacity of zeolites [39]. Also, zeolites are known to cause an in-
crease in hydrogen yields in some cases; however, there is no increase in
our case, probably due to the low ratio of the catalyst or the lower total
gas yield produced, which could create difficulty in detecting lighter
gases. In our case, the ZSM-5 converted the oxygenated compounds to
CO and CO; at 750 °C up to 77 and 16 %. A previous study on DP re-
ported the same behavior in pyrolytic gases under the application of
ZSM-5, which also improved the viscosity due to lowered H;O content,
otherwise present at lower temperatures [40]. Future studies should
focus on analyzing the gases other than the four analyzed, to accurately
understand the heating value of the gases.

3.3. Effect on bio-oil composition

This section discusses the trends observed in the bio-oil composition
due to the addition of catalysts. The characterization of the bio-oil ob-
tained from the pyrolysis of ternary biomass (date pits + coffee waste +
cow manure) at 550 °C and 750 °C. The volatiles characterization from
ternary biomass using the pyroprobe was discussed in an article pub-
lished by the authors [16]. However, this section distinguishes from it
since the bio-oil collected from the tube furnace was characterized,
thereby having a more distinct depiction of the characteristics. Addi-
tionally, the other analysis was conducted at 10 °C/s heating rate and
500 °C, while this study has much slower heating rates and two distinct
temperatures (550 and 750 °C). The use of catalysts on the bio-oil
characteristics is also conducted for the first time.

3.3.1. Trends in familial classifications

In the presence of various catalysts CaCOs3, CaO, Ca(OH),, and
zeolite, the bio-oil has been analyzed, and the familial classification is
presented in Table S1 and Fig. 3. The addition of catalysts during the
pyrolysis of the ternary biomass resulted in notable variations in the
composition of the bio-oil, as discussed below.
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At 550 °C, the ternary feed pyrolysis exhibits a diverse composition.
It contains a significant proportion of acids (50 %), indicating carboxylic
acids in the reaction mixture. A lack of catalysts would result in highly

acidic bio-oil, reduced heating value, heightened corrosion, increased
viscosity, and instability, thus limiting its use as a transportation fuel
[41]. Additionally, there are notable amounts of alcohols (3.9 %) and
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aldehydes (2.2 %), indicating the occurrence of various chemical re-
actions. The presence of alkaloids (3.9 %) in the feed is intriguing but
expected since caffeine is a significant compound in CW [42]. The aro-
matic compounds (22 %) are substantial in the feed; additionally, phe-
nols make up ~5 % of the oil composition. At 750 °C, the composition of
the ternary feed undergoes significant changes. The proportion of acids
decreases (34 %), indicating possible decomposition to the gaseous stage
and further transformation of these compounds at higher temperatures.
Alcohols and phenols also decrease (0.68, 3.5 %), suggesting their po-
tential conversion to other products. Interestingly, amides (8.1 %) are
prominent, possibly due to reactions involving the nitrogen content in
the feed. On the contrary, aromatic compounds (31 %) increase signif-
icantly, likely due to the decarboxylation of acids and alcohols (refer to
following discussions), yielding high CO and CO; levels [41]. As docu-
mented in the literature, the creation of nearly all poly-aromatics, such
as pyrene, phenanthrene, anthracene, and naphthalene, takes place at
elevated temperatures (>700 °C), with their levels increasing in corre-
lation with temperature [24]. The escalation of the ultimate pyrolysis
temperature prompts a secondary cracking process in functional
group-containing compounds, resulting in the generation of species that
exhibit greater stability.

Upon adding different catalysts to the reaction mixture, noticeable
trends emerge. Adding CaCOs generally increases alcohol content
(3.9-5.9 %), suggesting its potential role in promoting alcohol forma-
tion. CaO is the only catalyst that yields aldehydes, albeit less than the
non-catalytic feed. Moreover, it has the potential to enhance the tar’s
quality by reducing its levels of oxygen, nitrogen, and sulfur. It stimu-
lates the creation of lighter alkanes and augments the outputs of ben-
zene, toluene, xylene, and naphthalene. Utilizing CaCO3 as a catalyst
also yielded reductions in the acid ratios, showing a decrease of 14 % for
Chlorella vulgaris, 49 % for kitchen waste, and 25 % during their co-
pyrolysis—these values were notably lower compared to the effect of
CaO [43]. Also, the study presented the introduction of CaCOs, which
exhibited enhancements in aromatic hydrocarbons for Chlorella vulgaris

and mixed. The study’s findings underscored the capacity of CaO and
CaCOg to elevate the quality of pyrolysis products through the mitiga-
tion of oxygen-related elements like acids, nitriles, and amides, likely in
the form of gases. Similarly, our study found lower acid concentrations
by 22 % and 18 % at 550 °C in the presence of CaCOs; and CaO,
respectively. On opposing trends, CaCOj3 increases alkaloid and alcohol
concentrations, while CaO boosts alkaloid compounds.

At 550 °C and 750 °C, Ca(OH); leads to a decline in aldehydes (0 %)
from 2.2 % in the non-catalytic feed at 550 °C, which has been reported
previously [36]. Also, Ca(OH) leads to a decline of 3.7 to 0.6 % of al-
cohols with increasing temperature at the expense of an increase in ar-
omatics from 41 to 54 %. A previous biomass co-pyrolysis study with
ZSM-5 transformed feedstock into aromatics (yielding up to 58 %)
through olefin cyclization and aromatization due to a synergistic deox-
idation effect in corn stalk and MSW [8]. This suggests that the catalyst’s
influence can vary depending on the reaction temperature and the
specific reactions. Additionally, the acid content was lowest during the
catalytic pyrolysis using Ca(OH),, with an astounding reduction of 36 %
and 21 % at 550 °C and 750 °C, respectively. Reduction of the acid
components of oil and enhancement in desirable phenolic components
have been reported in the pyrolysis of empty fruit bunch pyrolysis [37]
and pine wood pyrolysis [36] due to the neutralization of the carboxylic
groups by the catalysts. The Ca(OH), catalyst enhances aromatics, and
zeolite leads to elevated aromatics, aliphatics, carbohydrates and
reduced acids. At 750 °C, the Ca(OH), catalyst results in higher
aliphatic, amide, aromatic, carbohydrate, and ester concentrations,
suggesting its role in these reactions.

Ketones exhibit exciting trends based on catalysts and temperatures.
At 550 °C, the ternary feed contains 12 % ketones, while CaCO3 and CaO
catalysts boost ketones to 22 % and 14 %, respectively. This indicates
that these catalysts might facilitate ketone-forming reactions, such as
decarbonylation. Ding and colleagues confirmed that using CaO as the
catalyst medium effectively converts acids into ketones and hydrocar-
bons due to neutralization reactions, thermal cracking, and catalytic
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cracking [44]. At 750 °C, the ketone concentrations increased in the
presence of CaO by 2 %, indicating their role in promoting decomposi-
tion reactions that generate ketones at higher temperatures.

Zeolite addition substantially increases the proportion of aliphatic
compounds at both temperatures, indicating its catalytic role in pro-
moting hydrocarbon formation. Zeolites have been previously reported
to be effective in removing acids and improving the formation of aro-
matics and olefins through catalytic cracking, neutralization, and ther-
mal cracking due to the unique microporous structure of ZSM-5 favours
the aromatic production, but coke deposition on the surface inevitably
deactivates the catalyst at higher temperatures [45,46]. Zeolites pro-
vided shape selectivity for deoxygenation and increased hydrocarbon
yields. The effect of zeolites at 750 °C is similar to the calcium-based
catalysts at both temperatures. Compared to non-catalytic feed, at
750 °C, zeolite decreases amides, acids and alcohols and increases aro-
matics, ketones, aliphatic, alkaloids, and carbohydrates, suggesting its
preference for other reaction pathways. Notably, the zeolite catalyst at
this temperature significantly enhances aromatics to 44 at 550 °C,
suggesting its role in promoting aromatization reactions at relatively
lower temperatures.

On the other hand, at 750 °C, the zeolite catalyst decreases aromatic
compounds to 34 %, possibly due to coke formation filling the micro-
porous structure of the zeolites, which favours aromatic production
[47]. Notably, zeolite eliminates alcohol and aldehyde formation at
750 °C, possibly due to their conversion into other products. The
reduction in the specific gases shows that above 550 °C, most of the
compounds are converted into gases such as CO and CO,, where the CO
concentration was highest (77 %) during zeolite co-pyrolysis at 750 °C.

In conclusion, the reducing acids content with increasing tempera-
ture is echoed in the calcium-based catalysts. In these series, an eleva-
tion in temperature is generally accompanied by a decrease in acid
content. Intriguingly, the zeolite series exhibits an interesting exception:
the 750 °C sample possesses a slightly higher acid content (26 %) than its
550 °C counterparts (14 %), diverging from the temperature trend the
calcium-based catalyst presented. This divergence beckons further
investigation into the temperature-dependent dynamics within zeolite-
mediated reactions. Consequently, these findings underscore that
zeolite is best utilized at 550 °C since the sum of aromatics and aliphatic
are highest; the percentages were 24, 31, 38, 39, 53%without catalysts,
with CaCOs, CaO, Ca(OH),, and zeolite respectively. The aliphatic hy-
drocarbons derived from the pyrolysis of specimens could serve as
combustible fuels, while monocyclic aromatic hydrocarbons found
widespread utility in the chemical industry as crucial foundational
materials [48]. The lowest acids at 550 °C occur in the presence of ze-
olites (14 %), reducing corrosiveness and stability issues and increasing
the calorific value in the pyrolysis oil.

Consequently, a greater abundance of aliphatic hydrocarbons and
monocyclic aromatic hydrocarbons was anticipated, coupled with a
reduced presence of acids. Although the combined aliphatic and aro-
matic yields have increased due to all the catalysts compared to non-
catalytic feeds, zeolite seems to be the best option if targeting the
highest yields. Also, future work should focus on combining the calcium-
based catalysts with zeolites to utilize both their positives in bio-oil
composition; for example, reference [49] found that the addition of
CaO or MgO to ZSM-5 led to a significant improvement in the conversion
of aromatic hydrocarbons.

3.3.2. Product composition

Carbohydrates exhibit intriguing behavior at different temperatures.
At 550 °C, compounds like beta-D-glucopyranose, 1,6-anhydro- show
increased yields in the presence of Ca(OH),. However, at 750 °C, the
yield of this compound increases in the absence of catalysts and with all
catalysts except Ca(OH);. The transformations of individual glucose
monomers involving the rupture and subsequent reconstruction of the
ring structure due to dehydration reactions lead to an increase in glu-
copyranose [50]. Next, we will discuss the presence of certain aromatic
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compounds that make significant differences in the overall yield.

At 550 °C, the distribution of aromatic compounds reveals a distinct
sensitivity to different catalysts. The compound, 3,4-iso-
propylidenediphenol forms most of the bio-oil composition, which in-
creases significantly with temperature, up to 22 % at 750 °C from 8.0 %.
The percentages also increase with catalysts, except in the case of zeo-
lites. This is a primary reason why the aromatics content was lowest in
the case of zeolites at 750 °C (compared to other catalysts). It has been
reported previously that high-molecular-weight, elongated compounds
become broken down into individual monomers through the cleavage of
carbon chains, including compounds like bisphenol A and 3,4"-iso-
propylidenediphenol in the presence of zeolites [51].

Additionally, another study showed that 3,4'-iso-
propylidenediphenol is the only compound that was detected in the
presence of ZSM-5, Al,O3, MgO during the pyrolysis of electronic
equipment [52]. The most striking trend emerges with compounds like
3,4-isopropylidenediphenol and p-cresol, which substantially increase
their formation under the influence of Ca(OH), and zeolite at 550 °C.
The process of dehydrogenation and transalkylation reactions within the
context of the pyrolysis of tyres could lead to p-cresol in the presence of
zeolite catalysts [53]. This suggests that these catalysts play a pivotal
role in promoting the conversion of precursor molecules into these ar-
omatic compounds. The slight presence of pyridine has been reported
previously in the co-pyrolysis of food waste digestate and corn husk with
CaO [54].

Furthermore, the compound furan-2-carbohydrazide, N2-(1-meth-
ylhexylideno), shows a notable increase in formation when Ca(OH) is
introduced (0.76 %), indicating the catalytic role of Ca(OH); in pro-
moting the formation of this compound. In this scenario, a precursor
compound with a furan ring and hydrazide functional group is present,
but its arrangement does not naturally lead to furan-2-carbohydrazide
formation. When Ca(OH), is introduced as a catalyst, interactions be-
tween Ca(OH); and the precursor occur, potentially through surface
adsorption or acid-base interactions. Ca(OH);’s catalytic effect triggers
the rearrangement of the precursor’s functional groups, possibly
involving bond cleavage, isomerization, or other changes. This rear-
rangement, facilitated by Ca(OH),, transforms the precursor into furan-
2-carbohydrazide, particularly N,-(1-methylhexylideno), increasing
concentration. This highlights Ca(OH)y’s role in promoting this com-
pound’s formation. The described pathway presents a speculative
mechanism, likely involving more complex steps and interactions. The
reaction’s specifics require further investigation in the future for
confirmation. Similarly, the compound 1,2-benzenediol, 4-methyl — an
oxygenated compound - increased slightly with CaCO3, CaO, and zeolite
at 550 °C, and CaO and zeolite at 750 °C. However, the increase is not
significant enough to increase the overall oxygenated compounds (all
below 1.6 %). Phenolic compounds originating from lignin can experi-
ence cleavage of the oxygen-aromatic carbon bond and further cleavage
of the oxygen-alkyl carbon bond, leading to benzene-diols or benzene-
triols [41]. Reducing benzene-diol with increasing pyrolysis tempera-
ture was first reported during rice husk pyrolysis [55].

Additionally, naphthalene formation exhibits a noticeable enhance-
ment under the influence of the catalysts at 750 °C in the non-catalytic
and catalytic pyrolysis, up to 2. 7 % in the presence of CaCO3 - which
implies that this catalyst promotes the synthesis of this polycyclic aro-
matic hydrocarbon. Poly-aromatics, such as pyrene, phenanthrene,
anthracene, and naphthalene are known to increase at temperatures
(>700 °C) [24]. Meanwhile, hydroquinone and phenol display differ-
ential responses to catalysts at 750 °C. However, hydroquinone forma-
tion remains largely unchanged under the influence of most catalysts,
except for a slight increase with Ca(OH),. Phenol, on the other hand,
demonstrates slightly increased formation, reflecting these catalysts’
role in enhancing its production and, at the same time, reducing the
production of phenol, 4-(1-methyl-1-phenylethyl), especially in the
presence of zeolite (no detection). Importantly, phenols increase by 1.1
% in the presence of CaO.
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Furthermore, about 15 and 11 ketone compounds were detected at
550 and 750 °C, respectively, for the ternary feed. At 550 °C, different
catalysts exert varying effects on the formation of ketone compounds.
Butyrolactone, for instance, shows a consistent trend of decreased pro-
duction in the presence of CaCOs, Ca0, and zeolite, suggesting that these
catalysts demote the conversion of precursor molecules into this ketone.
1,2-cyclopentanedione, 3-methyl-, another ketone compound, exhibits
an interesting pattern. Its formation is enhanced with CaCO3 and zeolite,
indicating that these catalysts contribute to its synthesis. Similarly, 2-
acetyl-2-methyl-succinonitrile and 2-pentanone, 4-hydroxy-4-methyl-
are more effectively formed (increase by 2 %) when CaCO3 and zeolite
are present. Also, 2-propanone, 1-hydroxy-, 2-pyrrolidinone are only
present in CaCOg and zeolite. Furthermore, ketones of 2-cyclopentenone
derivatives show selective enhancement in the presence of specific
catalysts. On the other hand, ketones, 2-tridecanone, and ethanone 1-
cyclododecyl- are present only the presence of Ca(OH)a.

At 750 °C, the behavior of ketone compounds becomes even more
pronounced. The majority of the ketone compounds were not detected
without a catalyst. Also, most of the ketones were 2-pentanone, 4-hy-
droxy-4-methyl-, without any catalyst and with CaCOs, CaO, and zeo-
lites. The percentage increases slightly in the presence of CaCO3 but is
lower for the others. The yields of 2-pentanone, 4-hydroxy-4-methyl-,
increased significantly from 400 °C to 600 °C when organic pruning
wastes were pyrolyzed [56]. Similarly, 2-heptadecanone and 2-nonade-
canone exhibit a notable increase in synthesis with the addition of CaO
and Ca(OH); catalysts. This implies that these catalysts are crucial in
forming these ketone compounds. A recent study emphasized the role of
CaO is producing ketone groups, which constituted 27 % of the peak
area during the pyrolysis of DP utilizing calcined dolomite [57]. It in-
cludes elongated compounds like undecanone, tridecanone, non-
adecanone (around 1 %), and 2-heptadecanone (approximately 5 %).
The elevated ketone content is attributed to CaO’s role as a reactant;
CaO’s interaction with acids or carboxyl groups forms calcium carbox-
ylates, breaking down into CaCO3 and ketones. In our case, CaO pro-
duced 5 % pentanone, 4-hydroxy-4-methyl, and 4.2 % 2-heptadecanone
at 550 °C, which increased to 5.6 % at 750 °C, forming most of the ke-
tones content. Additionally, 2-pentanone, 4-amino-4-methyl-, displays
enhanced synthesis in the presence of Ca(OH), and zeolite, indicating
that these catalysts contribute to its production.

In the alcohol family, 2-furanmethanol responds differently to the
two temperatures and various catalysts. The compound 2-furanmetha-
nol forms at relatively lower temperatures due to the decomposition
of levoglucosan [58] and has been detected in bio-oil from pyrolyzed
tomato plant residues [59] ironwood (4 %) [60], and fruit shells [61]. At
550 °C, the presence of CaCO3, Ca(OH),, CaO enhances its yield, while
at 750 °C, it shows increased yields with CaCO3 and CaO. This demon-
strates that temperature and catalysts impact the formation of alcohols,
indicating potential pathways for bio-oil production.

In the acids family, at 550 °C, acetic acid shows a notable reduction
with Ca(OH); (from 8.1 to 2.9 %) and zeolite (3.4 %) catalysts, sug-
gesting their efficient role in its conversion. Butanoic acid displays an
increase with CaCOs, hinting at a potential catalytic effect. Propanoic
acid remains relatively stable across catalysts. Specific acids like tetra-
decanoic acid and 9-eicosenoic acid are unique to the ternary feed,
seemingly removed by all catalysts. 9-octadecenoic acid’s concentration
changes notably with different catalysts, indicating varying conversion
rates. Similarly, n-hexadecanoic acid shows sensitivity to CaO and Ca
(OH);, catalysts, influencing its concentration. Overall, the acid content
reduces considerably. Due to decarboxylation, acids convert carboxylic
acids to ketones, such as acetone, 2-butanone, 2-pentanone, and 3-hex-
anone [62].

At 750 °C, the presence of 9,12-octadecadienoic acid is pronounced
with CaO. On the other hand, 9-octadecenoic acid and its derivatives
vary with catalysts. The yields of 9-octadecenoic acid (Z)-, 2,3-bis(acety-
loxy)p are highest amongst the derivatives and are notably decreased in
the presence of catalysts, suggesting their role in its conversion.
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Dodecanoic acid remains relatively stable, while n-hexadecanoic and
tetradecanoic acid concentrations are considerably diminished by Ca
(OH); catalyst. Both acids have been important acid components in the
bio-oil of biochemical sludge (25, 0.80 %) and sewage sludge (23.0,
0.66 %) [63]. Oleic acid — with 19 carbon atoms — with Ca(OH)- at both
temperatures reduced considerably, as presented in other [37].

Generally, while some compounds show similar trends in their
response to catalysts at both temperatures, there are instances where the
effect of a catalyst at 750 °C differs from its effect at 550 °C. For example,
at 750 °C, 2-pentanone, 4-hydroxy-4-methyl-, exhibits increased yields
with CaCOs, CaO, and Ca(OH),, whereas at 550 °C, the same compound
shows enhanced yields primarily with CaO and Ca(OH)2 only. These
differences suggest that the temperature plays a significant role in
dictating the interaction between catalysts and specific compounds. At
the same time, catalysts may have differing effects on the same com-
pound independent of the temperature. For instance, 2-nonadecanone
has higher yields with CaCO3 and Ca(OH),. This indicates that specific
catalysts might favour different reaction pathways or intermediate
species irrespective of the temperature. Similarly, some catalysts
consistently enhance the yields of specific compounds across both
temperatures. For instance, 3,4-isopropylidenediphenol consistently
shows increased yields with all the calcium-based catalysts at both
550 °C and 750 °C. This suggests that certain catalysts may exhibit
similar catalytic behaviours regardless of temperature due to their
intrinsic activity and interaction mechanisms.

On the other hand, compounds that are sensitive to temperature-
driven reactions might exhibit differing trends in response to catalysts
at both 550 °C and 750 °C. For instance, pyridine was detected only at
550 °C in the presence of CaO and Ca(OH),. The differences in reaction
kinetics due to the reaction rate constants at different temperatures can
influence the behaviour of catalysts. Catalysts may promote specific
reactions more effectively at certain temperatures due to activation
energy requirements. The formation and stability of intermediate spe-
cies during pyrolysis can be temperature-dependent. Different catalysts
may interact with these species uniquely, leading to varying product
distributions. Certain reactions might compete for the same precursors
at different temperatures. Catalysts can influence the relative rates of
these reactions, resulting in varied product distributions.

The major compounds generated at 550 and 750 °C are shown in
Fig. 4. Generally, the addition of catalysts tends to influence the pro-
duction of the major compounds. For example, at 550 °C, catalysts like
CaCOj3 and CaO lead to increases in certain compounds, such as 2-pen-
tanone, 4-hydroxy-4-methyl- and 3,4-isopropylidenediphenol, suggest-
ing their role in promoting these reactions. Conversely, the presence of
catalysts like Ca(OH); and zeolite can lead to decreases in compounds
like n-hexadecanoic acid and acetic acid. At 750 °C, the effects of cat-
alysts are more diverse. While some compounds like n-hexadecanoic
acid show increases in concentration with certain catalysts, others like 9-
octadecenoic acid (Z)-, 2,3-bis(acetyloxy)p decrease in the presence of
all catalysts. The compound 3,4-isopropylidenediphenol show de-
creases, especially with zeolite. These variations indicate the complex
interplay between catalysts and reaction pathways at different temper-
atures. Hence, understanding the trends in the total familial classifica-
tion rather than the product composition seems useful. Also, the effect of
physical properties due to the compound composition is a necessary
study for the future.

3.3.3. Identification of valuable compounds

Various compounds were identified in the bio-oil produced from
pyrolysis, each with distinct applications. The major compound, 3,4
Isopropylidenediphenol (Bisphenol A), accounted for up to 37 % at
750 °C with CaCOs, and is used in polycarbonate plastics and epoxy
resins for food can coatings [64]. 1,6-Anhydro-beta-D-glucopyranose
(Levuloglucosan) was present at 1.8 % with Ca(OH)2 at 550 °C and
can be converted into biofuels or high-value chemicals [65,66]. Other
notable compounds include 4-Methylcatechol (2.0 % at 550 °C), which



S. Mariyam et al.

-7

Cellulose

Biomass and Bioenergy 191 (2024) 107471

ey

\ P L

Hemicellulose

+ .

550 °C O n-Hexadecanoic acid
@

I
CH3(CHy)14—C—OH

HyC_ CHs
NN A OH
J
HO™ N~

3,4"-Isopropylidenediphenol

N

9-Octadecenoic acid (2)-, 2,3-

®

bis(acetyloxy)p
@ o] CH; O
HO.
I C e N8 S
CHy OH
Acetic acid 2-Pentanone, 4-hydroxy-4-methyl-
50 °C

2-Pentanone, 4- |
amino-4-methyl- c

Fig. 4. Trends of the main compounds detected in the non-catalytic and catalytic bio-oil.

has applications in fine chemicals and pharmaceuticals [67], and
3-Methyl-1,2-cyclopentanedione (2.0 % at 550 °C), serving as a pre-
cursor in pharmaceuticals [68,69]. Compounds such as caffeine (up to 8
% in zeolite at 550 °C) and catechol (5.4 % at 550 °C) have diverse
applications in food, beverages, and cosmetics [70,71]. The separation
and isolation of these compounds from bio-oil typically involve tech-
niques such as distillation, solvent extraction, and chromatography.
These methods help separate the bio-oil components based on their
boiling points and chemical properties, enabling the recovery of valu-
able compounds like n-hexadecanoic acid (up to 18 %) and phenol (4.0
% with CaCO3) for further industrial use [72,73].

The separation and isolation of compounds from bio-oil produced
during pyrolysis typically involve several techniques, such as distilla-
tion, solvent extraction, and chromatography. For instance, caffeine (up
to 8.0 %) using sequencing temperature-raising pyrolysis [74] and
phenol (about 4.0 %) from the bio-oil by solvent extraction can effec-
tively isolate phenols using liquid-liquid extraction using chloroform
and n-hexane [75], and utilizing precipitation and Soxhlet extraction for
retrieving 1,6-anhydro-beta-D-glucopyranose (Levuloglucosan) (1.8 %)
[76]. Chromatography can further purify compounds like 4-Methylcate-
chol (2 %) and catechol (5.4 %) based on their chemical properties [76].
Additionally, nanofiltration and membrane separation techniques may
be employed to isolate smaller molecules such as acetic acid from larger
bio-oil constituents [77]. These methods collectively enable the efficient
recovery of valuable compounds, contributing to the development of
sustainable materials and chemicals.

3.4. Effect on char characterization

The SEM image (Fig. 5a) shows rough char surfaces at 550 °C for the
ternary feed resulting from the decomposition of organic matter and the
loss of volatile components during pyrolysis, while only a few rough
surfaces are due to the presence of residual minerals or the preservation
of specific biomass structures. However, at 750 °C (Fig. 5f), it becomes
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smoother due to the ashy nature of the char due to the high decompo-
sition of the chart to gas and bio-oil. Furthermore, the structures look
distinctly different in the presence of catalysts. However, the rough
nature persists for CaCOs, 750 °C. It still looks rough at 750 °C, unlike
the non-catalytic feed. In the presence of CaO, you see a lot more cracks
and roughness at both temperatures than CaCOs, which shows the
distinction between the two catalysts because of their respective activ-
ity. CaO tends to have more precipitates on its surface at 750 °C,
probably the CaCOg3 that forms at higher temperatures in addition to
CaO. The images for Ca(OH); (Fig. 5d-i) show some form of residue on
the surfaces and relatively small particle sizes — compared to all catalytic
chars. Additionally, the zeolite chars are more aggregated, with less
precipitation.

The elemental analysis (SEM-EDS) of the catalytic chars resulting
from the pyrolysis of non-catalytic (ternary) and catalytic feeds at
temperatures of 550 and 750 °C reveals distinct compositional differ-
ences among the experimental conditions (Fig. 6). The carbon content
exhibits relatively high levels across all conditions, particularly reaching
peaks in the non-catalytic conditions at 550 °C (80 %) and 750 °C (82
%), implying the prevalence of carbonaceous compounds.

The lowest carbon content was at 550 °C in the presence of CaO but
with a high oxygen content. Interestingly, in the case of Ca(OH),, the
oxygen content is almost as much as the carbon content, which is also
reflected in the lowest acids (oxygenated compound) content in the bio-
oil with 12-14 %; the high oxygenated compounds embedded within the
char particles reflect probable precipitation of compounds due to the
interaction with acids. The SEM images also attest to the same effect
(Fig. 6). Additionally, the total bio-oil and char yields were lowest (32,
43 %), respectively, in the presence of Ca(OH),. Fig. 7 shows the inverse
trend between the acid content in bio-oil and the oxygen content in the
char; this finding should be studied in further depth in the future by
applying statistical tests, such as correlation and regression analyses, to
verify whether the observed inverse relationship holds across various
experimental conditions. Ca(OH),-based chars also seem to have higher
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Fig. 5. SEM images of the chars at 550 °C, and 750 °C using non-catalytic feed
(a, ), catalytic CaCO3 (b, g), CaO (c, h), Ca(OH), (d, i), and zeolite (e,j).

calcium content than the other catalysts. The calcium content also
increased from ~4 % to ~11 % with increasing temperature in the
presence of zeolites, but this is at the expense of a higher oxygen content
and lower carbon content; with increasing temperature, the lowering of
carbon could alter the relative ratios of the other elements present in the
sample.

Similarly, the lower oxygen content in CaO-based chars could have
relatively increased the nitrogen content. Also, the nitrogen content
remains zero in all samples, except for CaO at 550 °C, where nitrogen
content rises to 2.2 %. The nitrogen-containing compounds in the bio-oil
in the form of amides at 750 °C, respectively, lead us to believe that
certain compound reaction pathways interact with the nitrogen-
containing compounds in the char cracking to give off amides at
higher temperatures.

All other elements are in small quantities, so any variation is not
significant for discussion. However, the following section mentions a
few variations amongst the chars. Among the various elements studied,
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sodium (Na) and magnesium (Mg) exhibit consistently low levels across
all conditions. Potassium (K) content is highest in zeolite at 550 °C and
subsequently declines. Also, the iron (Fe) content is undetected in all
feeds except zeolite chars. The pore sizes of zeolite perhaps allow certain
elements to be trapped, while the catalytic behaviour of calcium-based
catalysts is natural. Silicon (Si) and phosphorus (P) are present in
minor quantities, while sulfur (S) and chlorine (Cl) content remains
relatively modest, implying a limited presence of such corresponding
compounds.

The detected variations in elemental composition underscore the
discernible impacts of catalysts on the pyrolysis process and the result-
ing char composition. Carbon and oxygen levels are generally consis-
tent, highlighting the dominance of carbonaceous compounds with
varying degrees of oxidation. Nitrogen content appears to be minimally
affected by the presence of catalysts. Mainly, the distribution of other
elements such as sodium, magnesium, calcium, and iron exhibits
discernible patterns across the different conditions; however, they are in
minimal amounts in the chars.

In this study, the separation of char from the catalyst poses some
challenges, as it remained mixed with the char (Fig. 6). Given that the
catalyst constitutes a relatively small fraction of the overall feedstock, it
is essential to consider its potential impact on the physical characteris-
tics of the char without overstating its influence on the overall yield. The
prolonged vapor residence time within the catalyst pores during in situ
catalytic fast pyrolysis (>10 s) facilitates significant conversion to sec-
ondary products, such as aromatics and coke, which complicates the
precise quantification of char constituents [78]. However, future studies
will implement more rigorous separation methods, such as increasing
the particle size of the catalysts to better remove the catalysts or to better
isolate the catalyst from the char [79]. This would allow for a clearer
assessment of the char’s intrinsic properties, free from potential catalytic
residues. While the presence of the catalyst complicates yield analysis, it
could also offer potential benefits in enhancing the char’s functionality
in various applications. Further research into the interactions between
the char and the catalyst will be crucial to optimize the pyrolysis process
and fully realize the potential of the resultant char as a gasifying agent.

3.5. Reaction pathways

Reaction pathways are simplifications of the complex chemical re-
actions occurring during biomass pyrolysis because of the presence of
catalysts. The following is a summary of the reaction pathways that
could probably have occurred in the presence of the studied catalysts to
yield different products and compositions.

i. Reactions increasing ketones: The thermal decomposition of
acids and carbonyl compounds present in the biomass can lead to
the formation of ketones, aldehydes, and alkenes. The increase in
aromatic compounds (38 % increases significantly with temper-
ature, even without a catalyst, due to the decarboxylation of acids
and alcohols, yielding high CO and CO; levels [16]. As docu-
mented in the literature, aromatics have increased at elevated
temperatures (>700 °C) [2]. Furthermore, catalysts like CaO
enhance decarboxylation and decarbonylation reactions,
increasing yields of specific compounds. Ketone compounds such
as 2-heptadecanone and 2-nonadecanone exhibited a notable
increase in synthesis with the addition of CaO. CaCO3 and CaO
catalysts boosted ketones to 22 % and 14 %, respectively. This
indicates that these catalysts might facilitate ketone-forming re-
actions, such as decarbonylation. Ding and colleagues also
confirmed that the utilization of CaO as the catalyst medium
effectively converts acids into ketones and hydrocarbons due to
neutralization reactions, thermal cracking, and catalytic cracking
[48,80].

ii. Increasing alcohols: Dehydration reactions involving hydroxyl
groups can lead to the formation of alkenes and water molecules.
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CaO or CaCOgs could catalyze these reactions, influencing the
production of alkenes and alcohols. At 550 °C, carbohydrate
compounds such as. beta.-D-glucopyranose, 1,6-anhydro- show
enhanced yields in the presence of Ca(OH),, while at 750 °C, the
same compound exhibits an increase in yield when pyrolyzed
without catalysts and a catalyst except Ca(OH),. The trans-
formations of individual glucose monomers involving the rupture
and subsequent reconstruction of the ring structure due to
dehydration reactions lead to an increase glucopyranose [50].

Increasing gases and aromatics due to cracking and fragmenta-
tion: Large organic molecules in biomass can undergo cracking
and fragmentation reactions at high temperatures, resulting in
the formation of smaller volatile compounds and aromatics. The
presence of catalysts might promote these reactions by providing
suitable surfaces for bond cleavage. The intriguing potential for
the generation of methane-rich gas arises from the substantial
enhancement in CH,4 production facilitated by Ca(OH), at 550 °C,
attributed to the cracking of methyl groups and the breaking of
C-C bonds. Similarly, Zhang et al. (2014) obtained comparable
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outcomes when examining various calcium-based catalysts.
CaO’s influence on hydrogen generation involved processes like
carbonation, water shift, Boudouard reactions, and thermal
cracking, boosting CHy, light hydrocarbons, and hydrogen [34].

Catalysts like CaO or CaCOs3 could act as catalysts for reforming
reactions, where larger molecules are broken down into smaller
ones through processes like hydrogen transfer, dehydrogenation,
and isomerization. The presence of oil shale during the fast py-
rolysis maximized the aromatics yields to 35 %, with only 3.0 %
of OS enabled by catalytic cracking and reforming [81]. Some
compounds might undergo hydrogenation or dehydrogenation
reactions in the presence of catalysts. These reactions can influ-
ence the distribution of products, such as alkanes and alkenes.
The most striking trend emerges with compounds like 3,4"-iso-
propylidenediphenol and p-cresol, which substantially increase
their formation under the influence of Ca(OH), and zeolite at
550 °C. The process of dehydrogenation and transalkylation re-
actions within the context of the pyrolysis of tyres could lead to
p-cresol in the presence of zeolites [52]. This suggests that these



S. Mariyam et al.

catalysts play a pivotal role in promoting the conversion of pre-
cursor molecules into these aromatic compounds.
Aromatization: Ding and colleagues confirmed that using CaO as
the catalyst medium effectively converts acids into ketones and
hydrocarbons due to neutralization reactions, thermal cracking,
and catalytic cracking [48,80]. Incorporating zeolite notably
enhances aliphatic compounds’ presence at both temperatures,
underscoring its catalytic function in bolstering hydrocarbon
creation through effective acid removal and enhanced aromatics
and olefins formation via catalytic cracking, neutralization and
thermal cracking due to its exceptional porosity [45,46]. [82]
Chaerusani et al. describes the increased aromatization process in
the presence of zeolites due to the hydrocarbon pool species
possessing the capacity for subsequent reactions like cyclization
and aromatization, which culminate in the production of mono-
cyclic aromatic hydrocarbons. Conversely, lignin is known to
decompose into phenolic compounds through processes like
cracking, dehydration, and depolymerization. The active sites
found on zeolites expedite the conversion of phenols by cata-
lyzing reactions like oligomerization, decarboxylation, decar-
bonylation, and dehydroxylation, ultimately resulting in the
genesis of monocyclic aromatics. These monocyclic aromatics can
further transform into polycyclic aromatics through polymeriza-
tion reactions. In our case, the phenols have reduced to 750 °C.
The aromatics also reduce with increasing temperature, probably
due to the coke formation that clogs the zeolite sites. The poly-
condensation of polycyclic aromatics has previously been re-
ported to lead to coke formation, obstructing the zeolite pores
and consequently inducing catalyst deactivation [82]. Some
compounds might undergo polymerization reactions, forming
larger, aromatic compounds. Catalysts can influence the extent of
these reactions, affecting the production of aromatic hydrocar-
bons. A co-pyrolysis study of MSW and corn stalk with ZSM-5
converted feedstock into aromatics via olefin cyclization and
aromatization, yielding up to 58 % [8]. In our case, the aromatics
were highest in the presence of zeolite at 550 °C, reaching up to
~49 %. Also, the high Lewis acid sites induced the Diels-Alder
reaction, forming more furans; in our study, the highest com-
pound furan, tetrahydro-2-methyl- formed at 750 °C.

v. Secondary Reactions: The interaction of pyrolysis products with
catalyst surfaces can lead to secondary reactions, altering the
composition of products and influencing pathways such as
cracking and isomerization. Catalysts based on calcium have also
been documented to substantially enhance the secondary re-
actions of tar, leading to a rise in the production of gases and char
[4]. Their selectivity toward certain pathways can change with
temperature due to shifts in reaction energetics. Secondary re-
actions like cracking and isomerization might become more
prominent at higher temperatures. The presence of catalysts
could influence these reactions differently at distinct
temperatures.

Specific product formation: Catalysts like zeolites might have
acidic properties that facilitate reactions like dehydration and
isomerization, leading to the production of specific compounds,
such as heptane, 4-methyl-, hexadecane, 1-(ethenyloxy)-, and
heptadecanenitrile. Ca(OH)s’s catalytic effect triggers the rear-
rangement of the precursor’s functional groups, possibly
involving bond cleavage, isomerization, or other changes. This
rearrangement, facilitated by Ca(OH),, transforms the precursor
into furan-2-carbohydrazide, particularly Ng-(1-methylhex-
ylideno), increasing concentration.

iv.

Vi.

4. Conclusion

The use of catalysts in pyrolysis processes offers a range of advan-
tages that influence product yields and compositions. Analyzing the
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impact of catalysts on the pyrolysis of the ternary biomass at different
temperatures (550 °C and 750 °C) reveals several significant benefits.
Secondary decomposition becomes prevalent at higher temperatures,
increasing gas yields and reducing char and liquid oil yields. The
introduction of catalysts generally enhances char yields at both tem-
peratures. The bio-oil yield was highest and lowest in the presence of
CaCO3 and Ca(OH)s, respectively, while the same trends were opposed
in the case of gas yields.

Furthermore, the behaviour of gases like CO and CO, is influenced by
catalysts. Ca(OH); and zeolite considerably increase CH4 and CO5 con-
centrations at 750 °C. The specific effects of each catalyst on gas pro-
duction and composition depend on catalyst type and temperature,
highlighting the intricate interplay between catalysts and reaction
pathways. The utilization of various catalysts brought about distinct
advantages in altering the composition of the resulting bio-oil. At
550 °C, the initial feed contains acids, alcohols, aldehydes, alkaloids,
and aromatics, each indicating specific chemical reactions. All the
calcium-based catalysts reduce the acid content and increase the aro-
matics considerably at both temperatures. Although zeolites accomplish
the same at 550 °C, both compound families show opposite trends at
750 °C. This underscores the importance of considering temperature-
dependent dynamics within zeolite-mediated reactions. Additionally,
CaCOj3 enhances alcohol content, which could promote alcohol forma-
tion. Ca(OH), reduces aldehyde content and produces the highest aro-
matics at 550 °C and 750 °C.

There are specific compounds that could prove beneficial for
upgrading purposes and use. For example, 3,4-isopropylidenediphenol,
or bisphenol A, is a significant component in polycarbonate plastics and
epoxy resins. Also, beta.-D-glucopyranose, 1,6-anhydro- (levulogluco-
san) has the potential for biofuels and high-value chemicals. Phenol, 4-
(1-methyl-1-phenylethyl)- and 4-ethyl- phenols contribute to resins,
surfactants, and antioxidants. P-cresol finds use in solvents, synthetic
resins, disinfectants, and more, while other compounds contribute to
diverse applications in multiple industries.

Therefore, catalysts offer the potential to enhance specific compound
yields, reduce corrosiveness, and optimize bio-oil composition for
various applications, warranting further research into synergistic effects
when combining different catalysts. Future research into understanding
intricate reaction mechanisms within complex systems like pyrolysis or
catalytic processes should adopt a comprehensive strategy. Mechanistic
analyses involving situ spectroscopy, isotopic labelling, and computa-
tional modelling can unveil intermediate species and transition states.
Essential kinetic investigations can establish rate constants and activa-
tion energies, illuminating reaction pathways (necessary for all studied
catalysts). Isotope tracing can follow specific functional groups,
revealing diverse reaction trajectories. Employing transient techniques
like pulse radiolysis and time-resolved spectroscopy can capture and
analyze transient intermediates. Also, the effect of catalysts on the
physical properties, including viscosity, drop point, acidity, etc., needs
to be investigated in the future. The development of catalysts on specific
compounds is complicated; the best we can do is to characterize the bio-
oil for its physical properties and ensure the acidity and corrosive nature
are eliminated as much as possible. At the same time, we look for target
compounds that can be useful in the future for upgrading purposes.
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