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A B S T R A C T   

Pyrolysis oil from oil palm biomass can be a sustainable alternative to fossil fuels and the precursor for syn-
thesizing petrochemical products due to its carbon-neutral properties and low sulfur and nitrogen content. This 
work investigated the effect of applying mesoporous acidic catalysts, Ni–Mo/TiO2 and Ni/Al2O3, in a catalytic co- 
pyrolysis of oil palm trunk (OPT) and polypropylene (PP) from 500 to 700 ◦C. The obtained oil yields varied 
between 12.67 and 19.50 wt.% and 12.33–17.17 wt.% for Ni–Mo/TiO2 and Ni/Al2O3, respectively. The hy-
drocarbon content in oil significantly increased up to 54.07–58.18% and 37.28–68.77% after adding Ni–Mo/TiO2 
and Ni/Al2O3, respectively. The phenolic compounds content was substantially reduced to 8.46–20.16% for 
Ni–Mo/TiO2 and 2.93–14.56% for Ni/Al2O3. Minor reduction in oxygenated compounds was noticed from cat-
alytic co-pyrolysis, though the parametric effects of temperature and catalyst type remain unclear. The enhanced 
deoxygenation and cracking of phenolic and oxygenated compounds and the PP decomposition resulted in 
increased hydrocarbon production in oil during catalytic co-pyrolysis. Catalyst addition also promoted the 
isomerization and oligomerization reactions, enhancing the formation of cyclic relative to aliphatic hydrocarbon.   

1. Introduction 

Fossil fuels are essential building blocks in the petrochemical in-
dustries for producing materials such as plastics, synthetic fibres, rub-
bers, lubricants, detergents, and solvents (Keim, 2010; Speight, 2011). 
However, their non-renewable nature poses a sustainability risk, 
prompting the search for sustainable alternatives based on renewable 
biomass sources (Ozturk et al., 2017). Oil produced from pyrolysis of 
lignocellulosic biomass, such as oil palm biomass, can be a sustainable 
alternative to fossil fuels, given its carbon-neutral properties with low 
sulfur and nitrogen content (Martínez et al., 2014; Palamanit et al., 
2019). During pyrolysis, the thermal decomposition of oil palm biomass 
may produce more than 300 chemical compounds in the oil, which can 
be used as precursors for synthesizing petrochemical products (Keim, 
2010; Machado et al., 2022). Oil palm biomass-derived pyrolysis oil 

mainly consists of oxygenated compounds due to its high oxygen content 
in raw biomass. Such oil requires modification to improve the hydro-
carbon content (Palamanit et al., 2019). Co-pyrolysis of oil palm 
biomass with plastics like polypropylene (PP) is a promising method for 
increasing hydrocarbon content (Al-Maari et al., 2021). PP, rich in 
carbon and hydrogen, provides the hydrocarbon pool required for the 
deoxygenation reaction of oxygenated compounds from biomass to form 
hydrocarbons such as aliphatic and aromatic hydrocarbons in oil. 

Solid acidic catalysts can further promote the deoxygenation re-
actions (i.e., dehydration, decarbonylation, and decarboxylation) of 
pyrolytic volatiles to improve the hydrocarbon content in pyrolysis oil 
(Hassan et al., 2019; Shafaghat et al., 2019; Zhang et al., 2016). Due to 
its excellent catalytic performance for deoxygenation, which generates 
hydrocarbons such as olefins, aliphatic, and aromatic hydrocarbons, 
high-acidity zeolites have been widely used in several studies 
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(Balasundram et al., 2018; Wang et al., 2020). In such a reaction, oxygen 
is typically removed by releasing by-products such as water, carbon 
dioxide, and carbon monoxide (Hassan et al., 2019). Zeolites, none-
theless, are microporous catalysts. Thus, micropore-related flow re-
striction can affect their deoxygenation catalytic performance, 
especially if relatively large molecules such as lignin-derived com-
pounds are involved (Shafaghat et al., 2019). Such flow restriction can 
also cause coke formation, create pore blockage, catalyst deactivation, 
and catalyst poisoning, thereby reducing the performance of catalysts 
(Hassan et al., 2019; Shafaghat et al., 2019). To address this, meso-
porous acidic catalysts such as titania (TiO2) and alumina (Al2O3) based 
catalysts with larger pore sizes were introduced, allowing large mole-
cules to diffuse and reducing pore blockage and catalyst deactivation (Lu 
et al., 2010; Zhou et al., 2019). The high chemical and thermal stabilities 
of TiO2 and/or Al2O3-based catalysts have also sparked interest (Bagheri 
et al., 2014; Paranjpe, 2017). It has been proposed that doping of metals 
such as nickel, copper, molybdenum, cobalt, palladium, and cerium into 
TiO2 and/or Al2O3-based catalysts can improve deoxygenation (Bagheri 
et al., 2014; Lu et al., 2010; Zhou et al., 2019). 

Several works have evaluated TiO2 and/or Al2O3-based catalysts in 
oil upgrading through catalytic pyrolysis and co-pyrolysis in a nitrogen 
atmosphere. Dong et al. (2019) compared the catalytic performances of 
titania-based catalysts doped with different metals, including copper 
(10% Cu/TiO2), iron (10% Fe/TiO2), and molybdenum (10% Mo/TiO2) 
on the phenol conversion during the catalytic pyrolysis of corn straw 
lignin at 450 ◦C. They reported that the highest total phenol conversion 
was attained using 10% Mo/TiO2, followed by 10% Cu/TiO2, TiO2, and 
then 10% Fe/TiO2. Lu et al. (2010) studied the catalytic upgrading of oil 
from pyrolysis of poplar wood using the titania, zirconia, and 
titania-zirconia-based catalysts doped with cerium, ruthenium, and 
palladium at 600 ◦C. In general, all the catalysts reduced the sugars (i.e., 
levoglucosan) in the oil, while titania-zirconia-based catalysts yielded a 
high amount of hydrocarbons and ketones. TiO2-based catalysts pro-
moted the formation of phenols. Mysore Prabhakara et al. (2021) 
investigated the catalytic performance of γ-Al2O3, dolomite, and 
hydrotalcite (HTC) MG70 with the addition of 20 wt.% Na2CO3 into the 
catalysts during the catalytic pyrolysis of beechwood at 500 ◦C. All these 
catalysts significantly reduced the oxygenated compounds and 
enhanced the formation of aliphatic, monoaromatic, and polyaromatic 
hydrocarbons. Zhou et al. (2019) investigated the utilization of NiO/-
γ-Al2O3 catalyst on the dehydration reaction mechanism during the 
pyrolysis of rice husks. Weak acid sites on Al2O3 were discovered to 
facilitate the dehydration reaction the most throughout the process. In 
addition, Imran et al. (2014) reported that the alumina-supported so-
dium carbonate (Na2CO3/γ-Al2O3) catalyst improved the quality of oil 
from the pyrolysis of wood fibers. 

No studies have used titania and alumina-based catalysts in the co- 
pyrolysis of OPT and PP to improve the targeted oil composition. The 
mesopores in these catalysts may facilitate the diffusion rate of large 
molecules (i.e., compounds derived from the thermal degradation of 
OPT and PP) through the pores of the catalysts and promote the con-
version into hydrocarbons during catalytic co-pyrolysis. This study 
investigated the catalytic performance of a titania-based catalyst doped 
with nickel-molybdenum (Ni–Mo/TiO2) and an alumina-based catalyst 
with nickel (Ni/Al2O3) for the upgrade of oil generated from co- 
pyrolysis of OPT and PP. The effect of the catalysts on the oil compo-
sition was evaluated. 

2. Materials and methods 

2.1. Materials 

OPT was collected from an oil palm plantation in Saratok, Sarawak. 
OPT was pre-dried in the oven at 105 ◦C for 24 h, ground (Fritsch rotary 
mill, PULVERISETTE 14), and sieved (Fritsch sieve shaker, ANALY-
SETTE 3 PRO) to obtain the samples with a particle size of 500 μm and 

below. Locally sourced PP food containers were cut into smaller sizes 
and sieved using a sieve shaker (Fritsch, ANALYSETTE 3 PRO) to obtain 
samples with a particle size of 500 μm and below. The sieved PP was 
stored under ambient conditions before use. Two catalysts used in this 
study, Ni–Mo/TiO2 and Ni/Al2O3, were synthesized based on the 
impregnation method reported by Aqsha et al. (2015). 

2.2. Nitrogen adsorption-desorption isotherm 

The catalysts’ specific surface area, average pore diameter, and pore 
volume were determined via nitrogen adsorption-desorption isotherm 
analysis (Brunauer–Emmett–Teller (BET) surface area and pore size 
analyzer, Quantachrome Nova 4200e). Before the analysis, the samples 
were degassed at 200 ◦C for 12 h to remove any surface-adsorbed re-
sidual moisture. 

2.3. Powder X-ray diffraction (XRD) 

The crystallinity of the catalysts was investigated using powder X-ray 
diffraction (XRD) (X-ray Diffractometer, Rigaku SmartLab). Cu-Kα ra-
diation (λ = 0.154 nm) was used to measure the diffraction patterns in 
the range of 2θ from 5 to 100◦. 

2.4. X-ray fluorescence (XRF) 

XRF was used to analyze the composition of the catalysts with an 
accelerating voltage of 15 kV and a current of 30 μA (Bruker S2 PUMA). 

2.5. Temperature-programmed desorption with ammonia (NH3-TPD) 

The acidity of the catalysts was determined through NH3-tempera-
ture programmed desorption (TPD) analysis (Micromeritics Chemisorb 
2750). The sample was pre-treated by heating it from room temperature 
to 200 ◦C in helium gas flow for 120 min. Adsorption of NH3 was carried 
out at 100 ◦C for 60 min (5% in He, v/v), followed by helium purging at 
the same temperature for another 60 min. Following that, NH3 desorp-
tion was carried out by heating from 50 to 800 ◦C at a ramping rate of 
10 ◦C min-1 and holding at the final temperature of 800 ◦C for 15 min. 

2.6. Experimental runs 

The catalytic co-pyrolysis was carried out in a horizontal tube 
furnace (MTI, GSL-1100X) with a 400 mL min-1 nitrogen flow rate to 
form an inert condition in the tube furnace. 3 g of OPT and PP mixture 
sample (weight ratio of OPT: PP of 1:1) with 0.3 g of catalyst were 
loaded into the reactor and nitrogen purged for 5 min. The reactor was 
heated to the desired operating temperature (i.e., 500, 600, and 700 ◦C) 
at a heating rate of 10 ◦C min-1, with a holding time of 40 min. After-
wards, the reactor was cooled down to 200 ◦C while continuously 
purged with nitrogen gas. A cold trap in an ice bath (2–3 ◦C) was con-
nected to the tube reactor outlet to collect the liquid product (oil) from 
the experiment. The collected oil was stored at 2–7 ◦C until further 
analysis. The non-condensable gases were released into the environ-
ment. The product yield obtained from the experiments was calculated 
using Equations (1)–(3). 

Pyrolysis oil yield (wt.%)=
Mass of pyrolysis oil obtained (g)

Mass of sample (g)
x 100% (1)  

Solid yield∗ (wt.%)=
Mass of solid obtained (g)

Mass of sample (g)
x 100% (2) 

*Solid yield refers to all solid residues collected from the experi-
ments, including feedstock residue, catalysts, and coke. 

Gas yield (wt.%)= 100 wt.% – pyrolysis oil yield (wt.%) – solid yield (wt.%)

(3) 
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2.7. Gas chromatography-mass spectrometry (GC-MS) analysis 

The composition of pyrolysis oil was determined using a gas 
chromatography-mass spectrometer (GC-MS) with an HP-5MS column 
(Agilent, 30 m length x 0.25 mm inner diameter x 0.25 m film thickness) 
(Agilent, 6890 N). The column oven was programmed to operate at 
40 ◦C for 3 min. Afterwards, it was heated from 40 to 200 ◦C at the rate 
of 8 ◦C min-1 with a holding time of 10 min. The temperature was then 
ramped from 200 to 220 ◦C at a rate of 10 ◦C min-1 and held for 10 min. 
The column was kept at a pressure of 7.04 psi and a flow rate of 1 mL 
min-1 of helium. The split ratio of 50:1 was used in the analysis. Before 
the analysis, 0.2 g of pyrolysis oil was diluted in 10 mL of acetone. A 
syringe filter was used to filter the diluted oil sample before it was 
transferred to the GC sample vial and injected into the equipment via 
auto-injection mode for analysis. Compounds were identified by 
comparing the NIST08 mass spectral data library entries. 

3. Results and discussion 

3.1. Catalysts characterization 

Table 1 presents the textural properties (i.e., specific surface area, 
pore volume, and average pore diameter) of Ni–Mo/TiO2 and Ni/Al2O3. 
The lower specific surface area of Ni–Mo/TiO2 compared to Ni/Al2O3 
could be attributed to the accumulation of two types of metal particles 
on the catalyst’s surface or within its pores (Kumar et al., 2019). Both 
catalysts are categorized as mesoporous since their average pore diam-
eter sizes are between 2 and 50 nm (Thommes et al., 2015). The large 
pores allow large molecules, such as lignin-derived compounds, to flow 
in and out of the catalysts’ pores for higher conversion of the compounds 
during the catalytic co-pyrolysis (Lu et al., 2010). 

Fig. 1 depicts the acidities of the catalysts analyzed with NH3-TPD, 
which reveals the acid site distribution. The temperature region where 
the ammonia desorption peak has located indicates the types of acid 
sites (i.e., weak, medium, and strong acid sites) on the surface of both 
catalysts. The weak acid sites correspond to the ammonia desorption 
peak at temperatures less than 250 ◦C. In comparison, the medium acid 
sites appear in the temperature region between 250 and 500 ◦C. The 
ammonia desorption peak, which appears at temperatures above 500 ◦C, 
represents strong acid sites (Phan et al., 2020). Strong acid sites with 
higher acid strength likely provide higher catalytic cracking activity for 
converting the compounds into desirable products through the catalyst 
(Li et al., 2020). Fig. 1(a) shows that most ammonia desorption peaks are 
between 250 and 500 ◦C, indicating the presence of medium acid sites 
for Ni–Mo/TiO2. On the other hand, weak, medium, and strong acid sites 
are present on Ni/Al2O3 catalyst surface as the ammonia desorption 
peaks are detected in all three temperature regions (Fig. 1(b)). A higher 
peak intensity value in Ni–Mo/TiO2 relative to that in Ni/Al2O3 con-
tributes to the higher acidity in the former catalyst (Table 1). 

Fig. 2 shows the powder XRD patterns of Ni–Mo/TiO2 (upper) and 
Ni/Al2O3 (bottom) catalysts, respectively. Numerous peaks appear on 
the pattern of Ni–Mo/TiO2, indicating the presence of a mix of phases. 
Indexing reveals three major oxide phases, i.e., anatase (TiO2), molyb-
denum oxide (Mo9O26), and nickel oxide (NiO2). An intense peak at 2θ of 

25.3◦ is detected for TiO2 phase, along with weak peaks at 2θ of 37.8◦, 
48.0◦, 53.9◦, 55.1◦, and 62.7◦ (COD#96-720-6076). For Mo9O26 phase, 
intense peaks are observed at 2θ of 24.9◦ and 25.3◦, while weak peaks 
are present at 2θ of 27.3◦, 32.2◦, and 33.0◦ (ICSD#98-002-7510). NiO2 
has a weak characteristic peak at 2θ of 37.1◦ (ICSD#98-007-8698). Ni/ 
Al2O3 has two-phase components, i.e., nickel oxide (NiO) and alumina 
(Al2O3). The intense peaks of NiO are observed at 2θ of 37.2◦ and 43.3◦

while the weak peak is detected at 2θ of 62.93◦ (ICDD#03-065-6920). 
On the other hand, the characteristic peaks of Al2O3 are observed at 2θ 
of 46.0◦ and 66.8◦ (ICDD#00-004-0858). The catalyst’s composition 
from XRF analyses is presented in Table S1 in Supplementary 
Information. 

3.2. Product yield analysis 

Fig. 3 depicts the product yield obtained from non-catalytic and 
catalytic co-pyrolysis of OPT and PP with Ni–Mo/TiO2 and Ni/Al2O3 at 
temperatures ranging from 500 to 700 ◦C. The solid yield in Fig. 3 refers 
to all solid residues collected from the experiments, including feedstock 
residue, catalysts, and coke. When the temperature rises from 500 to 
700 ◦C, the solid yield decreases for non-catalytic and catalytic condi-
tions due to the decomposition of char present in the solid fraction into 
the oil and gas with the rising temperature. According to Zhou et al. 
(2013), char formation is more favorable at a lower temperature 
(450 ◦C) due to the lower decomposition rate of the feedstocks. At 
temperatures above 450 ◦C, the decomposition of feedstocks into con-
densable volatiles and non-condensable gases improves while char for-
mation decreases. The pyrolysis oil yield in non-catalytic co-pyrolysis is 
maintained at 16 wt.% from 500 to 600 ◦C and drops to 11.50 wt.% 
when the temperature rises to 700 ◦C. The pyrolysis oil yield in catalytic 
co-pyrolysis with Ni–Mo/TiO2 increases from 12.67 to 19.50 wt.% with 
the rise in temperature from 500 to 600 ◦C. Further increase of tem-
perature to 700 ◦C reduces the oil yield to 17 wt.% due to the 
enhancement of the secondary reactions of the primary volatiles into the 
gaseous products at higher temperatures (>600 ◦C) (Fan et al., 2017; 
Zhou et al., 2013). The highest pyrolysis oil yield obtained from catalytic 
co-pyrolysis of Ni/Al2O3 is 17.17 wt.% at 500 ◦C, followed by a reduc-
tion to 12.33 wt.% at 600 ◦C. Such oil yield reduction is likely due to the 
increase of gas yield by 10 wt.% at this temperature. Ni/Al2O3 has been 
shown to improve the formation of gaseous hydrocarbons rather than 
liquid hydrocarbons during catalytic cracking of OPT and PP (Lin et al., 
2020; Singh et al., 2019; Xue et al., 2017). This finding is consistent with 
the lower amount of liquid hydrocarbons obtained at 600 ◦C, as shown 
in Fig. 4. On the other hand, the gas yield increases with rising tem-
peratures from 500 to 700 ◦C for three cases (Fig. 3). The secondary 
reaction of primary volatiles into lighter compounds at higher temper-
atures results in the formation of non-condensable gases, increasing gas 
yield with temperature (Hassan et al., 2019). 

3.3. Oil composition analysis 

Fig. 4 shows the oil composition obtained from the non-catalytic and 
catalytic co-pyrolysis of OPT and PP with Ni–Mo/TiO2 and Ni/Al2O3 in 
the temperature range of 500–700 ◦C. The oil from non-catalytic co- 
pyrolysis consists mainly of oxygenated (39.74–52.10%) and phenolic 
compounds (34.01–41.85%). The oil contains a small amount of hy-
drocarbons (5.19–10.22%), as evidenced by the relatively low GC-MS 
relative area for these components. During non-catalytic co-pyrolysis, 
the oxygenated and phenolic compounds are generated from the thermal 
decomposition of OPT (i.e., hemicellulose, cellulose, and lignin) (Pala-
manit et al., 2019; Stefanidis et al., 2014). The thermal degradation of 
PP produces hydrocarbons via a series of reactions that include random 
chain scission, mid-chain β-scission, end chain β-scission, radical 
recombination, and hydrogen transfer reactions (Singh et al., 2019; Xue 
et al., 2017). 

When Ni–Mo/TiO2 and Ni/Al2O3 are used as the catalysts in the co- 

Table 1 
Textural properties and acidity of the catalysts.  

Catalysts Pore volume 
(cm3 g-1)a 

Average pore 
diameter (nm)a 

Specific surface 
area (m2 g-1)b 

Acidity 
(mmol NH3 

g-1)c 

Ni–Mo/ 
TiO2 

0.09 11.06 32.99 2.17 

Ni/Al2O3 0.22 8.00 109.38 0.85 

Note: aBarrett-Joyner-Halenda (BJH) analysis; bBrunauer-Emmett-Teller (BET) 
analysis; cNH3-TPD. 
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pyrolysis of OPT and PP, the hydrocarbons contained in the oil are 
significantly increased, as shown by an increase in the GC-MS relative 
area of up to 54.07–58.18% and 37.28–68.77%, respectively (Fig. 4). 
The amount of phenolic compounds is reduced, with the reduction in the 
GC-MS relative area for Ni–Mo/TiO2 (down to 8.46–20.16%) and Ni/ 
Al2O3 (down to 2.93–14.56%). The presence of catalyst generally re-
duces the amount of oxygenated compounds, although no clear trend 
can be drawn concerning the parametric effect of temperature and 
catalyst type. Fig. 5 illustrates the proposed reaction mechanism for the 
hydrocarbon formation from the analyses based on relevant previous 
works (Dai et al., 2020; Lin et al., 2020; Singh et al., 2019; Xue et al., 
2017). The increase of the hydrocarbon content in the catalytic 
co-pyrolysis is due to the catalytic cracking of PP and deoxygenation of 
oxygenated and phenolic compounds promoted by Ni–Mo/TiO2 and 
Ni/Al2O3 catalyst in addition to the thermal decomposition of PP 
(Fig. 5). 

The two catalysts used here rely on the presence of both metal (Ni 
and Ni–Mo) and acidic (TiO2 and Al2O3) sites to provide high deoxy-
genation ability and thus improve hydrocarbon production. The 
oxygenated and phenolic compounds undergo deoxygenation reactions 
via dehydration, decarbonylation, and decarboxylation to form 

hydrocarbons (Fig. 5) (Dai et al., 2020). The oxygen in the oil is removed 
during deoxygenation reactions with water, carbon dioxide, and carbon 
monoxide released as by-products. The acidic sites in the two catalysts, 
TiO2 and Al2O3, tend to the occurrence of dehydration reaction over 
decarbonylation and decarboxylation reactions, resulting in the removal 
of oxygen from the oil and its subsequent combination with hydrogen to 
form water as a by-product (Ding et al., 2020). This reaction pathway 
nonetheless consumes the hydrogen in the oil, which is required to 
produce hydrocarbon. The presence of metal sites, namely Ni and 
Ni–Mo, in the two catalysts is expected to partially counteract this 
pathway, resulting in a more dominant occurrence of decarbonylation 
and decarboxylation reactions in Ni–Mo/TiO2 and Ni/Al2O3-catalyzed 
co-pyrolysis of OPT and PP (Balasundram et al., 2018; Dai et al., 2020). 
Higher acidity of Ni–Mo/TiO2 relative to Ni/Al2O3 (Table 1) due to more 
abundant acidic sites and synergy between Ni and Mo leads to the for-
mation of a higher amount of hydrocarbons from the catalytic 
co-pyrolysis of OPT and PP (Fig. 4). 

Fig. 1. NH3-TPD profile of (a) Ni–Mo/TiO2 and (b) Ni/Al2O3.  

Fig. 2. Powder XRD patterns of Ni–Mo/TiO2 and Ni/Al2O3.  Fig. 3. Product yield from non-catalytic and catalytic co-pyrolysis of OPT and 
PP with Ni–Mo/TiO2 and Ni/Al2O3 catalysts. Data for non-catalytic co-pyrolysis 
are from our previous work (Terry et al., 2023). The term “solid yield” refers to 
the total amount of solid residue collected from the experiments, which in-
cludes feedstock residue, catalysts, and coke. 
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During the catalytic co-pyrolysis, the hemicellulose, cellulose, and 
lignin present in OPT undergo thermal decomposition to produce pri-
mary products or intermediates. Afterwards, these products and in-
termediates diffuse through the pores of Ni–Mo/TiO2 and Ni/Al2O3 and 
undergo catalytic cracking and deoxygenation reactions to produce 
secondary products (Balasundram et al., 2018; Lin et al., 2020). The 
thermal decomposition of hemicellulose primarily yields ketones, fu-
rans, and acids, which are then catalytically cracked into smaller oxy-
genates (i.e., acetic acid, acetone, and simple furans) and olefins on the 

acidic sites of the catalysts (Dai et al., 2020). Conversely, cellulose is 
degraded to form anhydrosugars as primary products (Lin et al., 2009). 
The acidic sites in the two catalysts aid in the dehydration of anhy-
drosugars to produce more furans. Likewise, the catalytic cracking and 
deoxygenation of furans form smaller oxygenates and olefins (Dai et al., 
2020; Praveen Kumar and Srinivas, 2020). Table 2 shows the decrease of 
acids and furans in pyrolysis oil after adding Ni–Mo/TiO2 and Ni/Al2O3 
catalysts. The result suggests their conversion into olefins, which are the 
important precursors for the formation of hydrocarbons (Peng et al., 
2022). The presence of Ni and Mo in Ni–Mo/TiO2 promotes the decar-
bonylation and decarboxylation of oxygenated compounds (i.e., ke-
tones, acids, and furans), producing olefins for the subsequent 
production of hydrocarbons (Balasundram et al., 2018; Xue et al., 2021). 
Despite this, the amount of ketones in the oil increases after adding these 
two catalysts (Table 2). This is likely due to catalyst-promoted radical 
interactions between OPT and PP (Lin et al., 2020). 

Compared to hemicellulose and cellulose, lignin has a more complex 
structure, thus producing larger molecules of oligomers during thermal 
decomposition (Jiang et al., 2010; Lu et al., 2010; Stefanidis et al., 
2014). The mesoporous structure of Ni–Mo/TiO2 and Ni/Al2O3 catalysts 
with wide channels allow for higher diffusion of these lignin-derived 
oligomers, resulting in high conversion into simple phenols (Lu et al., 
2010), which are then converted into olefins via deoxygenation (Hassan 
et al., 2019; Xue et al., 2017). During the thermal decomposition of PP, 
olefins can be produced via radical recombination and hydrogen transfer 
reactions of PP-derived radicals (Singh et al., 2019; Xue et al., 2017). 
These olefins would produce cyclic hydrocarbons via isomerization and 
oligomerization. The acidic sites in the catalysts have previously been 
reported to aid in the isomerization and oligomerization reactions 
resulting in the formation of cyclic hydrocarbons. Fig. 6 shows a higher 
amount of cyclic hydrocarbons in the oil derived from the catalytic 
co-pyrolysis than that from the non-catalytic co-pyrolysis (Peng et al., 
2022). 

Aliphatic hydrocarbons, on the other hand, are produced during PP 

Fig. 4. Oil composition from non-catalytic and catalytic co-pyrolysis of OPT 
and PP with Ni–Mo/TiO2 and Ni/Al2O3 catalysts. Data for non-catalytic co- 
pyrolysis is adopted from our previous work (Terry et al., 2023). 

Fig. 5. Proposed reaction mechanism of hydrocarbon formation (Dai et al., 2020; Lin et al., 2020; Singh et al., 2019; Xue et al., 2017).  
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decomposition through random chain scission, β-scission, radical 
recombination, and hydrogen transfer reactions (Singh et al., 2019; Xue 
et al., 2017). Fig. 6 depicts an increase in aliphatic hydrocarbons in the 
oil produced by catalytic co-pyrolysis compared to non-catalytic 

co-pyrolysis. The metal sites (i.e., Ni and Ni–Mo) in the two catalysts 
promote the hydrogen transfer reactions (Peng et al., 2022). The pres-
ence of Mo in Ni–Mo/TiO2 promotes the transfer of electrons from Mo to 
Ni, which enhances the catalyst’s electron density and thus improves the 
hydrogen transfer reaction (Maluf and Assaf, 2009). The lower relative 
amount of aliphatic hydrocarbons observed in Fig. 6 compared to cyclic 
hydrocarbons is consistent with the nature of aliphatic hydrocarbons as 
intermediates. Furthermore, some aliphatic hydrocarbons may go 
through additional isomerization and oligomerization reactions to 
become cyclic hydrocarbons, facilitated by the acidic sites of the cata-
lysts (Xue et al., 2017). Table 3 compares the catalytic performances of 
the catalysts used in this work with other works (Imran et al., 2014; Lu 
et al., 2010; Mysore Prabhakara et al., 2021). Significantly higher con-
tent of hydrocarbons is obtained with the use of Ni–Mo/TiO2 and 
Ni/Al2O3 as compared to the other TiO2 and Al2O3-based catalysts. 
However, this is also contributed by the addition of PP as the co-feeding 
material that provides a sufficient hydrogen source. High oxygenated 
compounds in the oil reported in the other works are expected, mainly 
from the decomposition of the wood biomass in the presence of TiO2 and 
Al2O3-based catalysts. 

4. Conclusion 

Ni–Mo/TiO2 and Ni/Al2O3 are mesoporous acidic catalysts based on 
nitrogen adsorption-desorption isotherm and NH3-TPD analyses. Be-
tween 500 and 700 ◦C, the pyrolysis oil yields from the catalytic co- 

Table 2 
Major oxygenated compounds detected in oil. Data for non-catalytic co-pyrolysis 
are taken from our previous work (Terry et al., 2023).  

Condition Temperature (◦C) GC-MS relative area (%) 

Acids Furans Ketones 

No catalyst 500 7.73 ± 0.93 20.39 ±
1.77 

23.67 ±
3.71 

600 7.91 ± 1.07 18.70 ±
2.62 

15.81 ±
0.05 

700 13.77 ±
0.60 

10.70 ±
0.03 

10.38 ±
1.05 

Ni–Mo/ 
TiO2 

500 1.20 ± 0.02 0.31 ± 0.03 24.90 ±
0.68 

600 1.82 ± 0.03 – 28.63 ±
0.54 

700 1.26 ± 0.03 0.47 ± 0.00 17.32 ±
0.54 

Ni/Al2O3 500 2.60 ± 0.04 2.33 ± 0.06 18.84 ±
1.35 

600 1.17 ± 0.04 10.26 ±
0.54 

28.42 ±
1.07 

700 – 0.45 ± 0.02 19.06 ±
0.14  

Fig. 6. Types of hydrocarbon detected in oil with (a) Ni–Mo/TiO2 and (b) Ni/Al2O3.  

Table 3 
Comparison of the catalytic performances of the catalysts and other relevant works.  

Catalyst Feedstock Pyrolysis temperature Hydrocarbons Oxygenated compounds* Phenolic compounds Ref. 

◦C GC-MS relative area% 

Ni–Mo/TiO2 OPT:PP (1:1) 500, 600 & 700 54.07–58.18 24.4–31.11 8.46–20.16 This work 
TiO2 (Rutile) Poplar wood 600 0.1 38.3 28 Lu et al. (2010) 
Ce/TiO2 (Rutile) 0.1 39.1 28.8 
Ru–Ce/TiO2 (Rutile) 0.1 44.1 27.5 
Pd–Ce/Ce/TiO2 (Rutile) 0.4 37.3 37.2 
TiO2 (Anatase) 0.1 37.6 28.1 
Ce/TiO2 (Anatase) 0.3 48.6 17.8 
Ru–Ce/TiO2 (Anatase) 0.4 49.3 21.3 
Pd–Ce/Ce/TiO2 (Anatase)  0.7 55.1 18.1 
Ni/Al2O3 OPT:PP (1:1) 500, 600 & 700 37.28–68.77 23.1–40.44 2.93–14.56 This work 
γ-Al2O3 Beechwood 500 7.00 74.00 6.00 Mysore Prabhakara et al. (2021) 
Na2CO3/γ-Al2O3 Wood fibers 500 0.00 30.00 54.00 Imran et al. (2014) 

Note: *Oxygenated compounds include acids, ketones, furans, and aldehydes. 
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pyrolysis of OPT and PP using Ni–Mo/TiO2 and Ni/Al2O3 were 
12.67–19.50 wt.% and 12.33–17.17 wt.%, respectively. The acidic 
properties of both catalysts enhanced the production of hydrocarbon in 
oil by facilitating the deoxygenation of oxygenated and phenolic com-
pounds and the catalytic cracking of PP. By adding transition metals (Ni 
and Mo) into the acidic TiO2 and Al2O3-based catalysts, the deoxygen-
ation mechanism was shifted towards decarbonylation and decarbox-
ylation, removing oxygen from oil as carbon dioxide and carbon 
monoxide gases, which can conserve hydrogen for hydrocarbon for-
mation. Compared to the non-catalytic co-pyrolysis case, the high 
amount of cyclic hydrocarbons in oil from catalytic co-pyrolysis with 
Ni–Mo/TiO2 and Ni/Al2O3 catalysts indicates their high catalytic ability 
in promoting the isomerization and oligomerization reactions of olefins 
and aliphatic hydrocarbons. 
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