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ARTICLE INFO ABSTRACT

Keywords: Pyrolysis oil can be used as a precursor to synthesize value-added biochemicals. Co-pyrolysis of two or more
Co-pyrolysis feedstocks generally improves the selectivity and yield of the target compounds. In this work, oil palm trunk
M'e‘?ha“ism (OPT) was subjected to single-feed pyrolysis and co-pyrolysis with polypropylene (PP) from 500 to 700 °C. The
gllisl;aclsm trunk highest pyrolysis oil yield of 26.33 wt.% was obtained from OPT at 700 °C, which mainly contributed by the
Polypropylene lignin decomposition in OPT. Phenolics (51.77-57.78%) and oxygenates (36.31-46.99%) were the major com-

pounds detected in the OPT-derived pyrolysis oil. The addition of PP enhanced the formation of hydrocarbons
(5.19-10.22%) and decreased the contents of phenolics (34.01-41.85%) in the co-pyrolysis oil. In the case of co-
pyrolysis, the intermolecular reactions between PP and OPT-derived radicals led to the formation of ketones and
alcohols, which contributed to the increase of oxygenates content. The highest oil yield of 16.17 wt.% was
obtained at 600 °C from co-pyrolysis, the oil of which contained mainly phenolic compounds, oxygenated
compounds (i.e., ketones and furans), and hydrocarbons. These findings highlighted the potential of oil derived
from the pyrolysis of OPT (single feed) and co-pyrolysis of OPT and PP (binary feed) for the production of value-
added chemicals.

Pyrolysis oil

pressure (Yaman, 2004; Zhang et al., 2016). The rich composition of
pyrolysis oil with more than 300 chemical constituents enables its use as
the precursor for the synthesis of value-added chemicals (Machado
et al., 2022).

As the second largest palm oil producer in the world, Malaysia pro-
duced about 310 million tons of oil palm biomass waste from the oil

1. Introduction

The depletion of non-renewable fossil fuels triggers the global energy
crisis due to high energy demand. At the same time, this motivates the

development of renewable alternatives (i.e., biomass, solar, hydroelec-
tric energy, and etc.) to resolve this issue. Pyrolysis oil is a sustainable
alternative to fossil fuels since it can be produced from renewable re-
sources such as lignocellulosic biomass via pyrolysis (Chan et al., 2019).
Pyrolysis is generally a more attractive route since it allows the use of
different feedstock and operating conditions. Pyrolysis can be operated
at a wide temperature range of 300 to 900 °C under atmospheric

palm industry in 2021 alone. These biomasses can be harnessed as
feedstock for pyrolysis oil production. Table S1 in Supplementary In-
formation provides the approximate amounts of various types of oil
palm biomass generated per weight of fresh fruit bunch or hectare of oil
palm plantation. Among various oil palm biomass, i.e., empty fruit
bunches (EFBs), mesocarp fibers (MFs), palm kernel shells (PKSs), oil

Abbreviations: AC, Ash content; AGF, 1,6-anhydro--D-glucofuranose; DGP, 1,4:3,6-dianhydro-p-D-glucopyranose; DTG, Derivative thermogravimetric analysis;
EFB, Empty fruit bunch; FAME, Fatty acid methyl esters; FC, Fixed carbon; GC-MS, Gas chromatography—mass spectrometry; HHV, Higher heating value; LGA,
Levoglucosan; LGO, Levoglucosenone; MC, Moisture content; MF, Mesocarp fiber; OPF, Oil palm frond; OPL, Oil palm leaf; OPT, Oil palm trunk; PKS, Palm kernel

shell; PP, Polypropylene; TGA, Thermogravimetric analysis; VM, Volatile matter.
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Abbreviation
AGF 1,6-anhydro-p-p-glucofuranose
DGP 1,4:3,6-dianhydro-f-p-glucopyranose
EFB Empty fruit bunch
HHV Higher heating value
LGA Levoglucosan
LGO Levoglucosenone
MF Mesocarp fiber
OPF 0il palm frond
OPL Oil palm leaf
OPT 0il palm trunk
PKS Palm kernel shell
PP Polypropylene

palm trunks (OPTs), oil palm fronds (OPFs), and oil palm leaves (OPLs))
(Hamzah et al., 2019), OPTs have received less attention for research
studies. OPTs are typically shredded and left in the plantations for
natural decomposition following the replanting activities. The disposal
of OPT can be costly given its bulky fibrous form (Khor et al., 2010).
Thus, the push-felling and trunk-shredding followed by burning have
been widely applied to the left-over OPTs during replanting activities,
which resulted into undesirable greenhouse gas emissions (Abdullah
and Sulaiman, 2013).

The utilization of OPT for pyrolysis oil production can reduce the
negative impacts of these aforementioned practices. OPT-derived py-
rolysis oil is carbon-neutral and more environmentally sustainable given
its lower S and N content relative to fossil fuels (Palamanit et al., 2019).
Nonetheless, high oxygen content of OPT generally translates to the
formation of the oxygenated compounds (i.e., acids, ketones, and fu-
rans) and phenolic compounds in the resultant oil, which is undesirable
since these compounds lower the energy content of the oil (Palamanit
et al., 2019). To this end, OPT can be pyrolyzed together with other
precursors such as plastics that contain large amount of carbon and
hydrogen via co-pyrolysis to improve the formation of desired hydro-
carbon and reduce the generation of oxygenated compounds (Rotliwal
and Parikh, 2011). The wide use of plastics, especially for packaging, has
created large amount of wastes and disposal issues. The resultant plastic
wastes are mainly disposed of via landfill or domestic burning (Chen
et al., 2021). Polypropylene (PP), which is rich in carbon and hydrogen
content, in particular, is the second most abundant plastic used globally
(Parku et al., 2020). During the co-pyrolysis, PP decomposition can
provide hydrocarbon pools for the: (i) formation of hydrocarbons, (ii)
reaction with the biomass-derived radicals to produce hydrocarbons,
and (iii) reaction with the biomass-derived radicals to generate oxy-
genates such as alcohols and ketones (Al-Maari et al., 2021; Rotliwal and
Parikh, 2011).

The existing studies on the OPT-derived pyrolysis oil have focused
mainly on the effects of the operating conditions (i.e., feedstock types,
temperature, and particle size) on the product yield (i.e., oil, char, and
gas) and the characterization of pyrolysis oil (Abnisa et al., 2013; Chin
et al., 2015; Mohammed et al., 2015; Sukiran et al., 2016). Although
several studies reported the composition of the OPT-derived pyrolysis oil
(Deris et al., 2006; Khor et al., 2010; Palamanit et al., 2019), none
evaluated the reaction mechanism behind the formation of the main
chemical compounds in the oil. The addition of PP into co-pyrolysis of
biomass (i.e., EFB, OPF, waste wood chips, rice straw, and corn stover)
or pure biomass chemical component (i.e., cellulose), on the other hand,
has been covered in several studies (Al-Maari et al., 2021; Izzatie et al.,
2016; Jeon et al., 2011; Ojha and Vinu, 2015; Wu et al., 2020). These
studies highlighted the changes in the pyrolysis oil composition
following PP addition and reported the increase of hydrocarbon con-
stituents, the reduction of oxygenated components, and the formation of
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new chemical components such as ketones and alcohols (from the re-
action between PP and biomass) in the products (Al-Maari et al., 2021;
Ojha and Vinu, 2015). This work is the first study that combines OPT
and PP as feedstocks of co-pyrolysis. Here, we evaluate the composition
of oil produced from the pyrolysis of OPT (single feed) and co-pyrolysis
of OPT and PP (binary feed). The changes in the composition of oil
following the addition of PP are explained by discussing the reaction
mechanism and interactions between the constituents of OPT and PP.

2. Materials and methods
2.1. Materials

OPT used in this work was collected from a local oil palm plantation
in Saratok, Sarawak. After collection, OPT was pre-dried in the oven at
105 °C for 24 h and kept in sealed bags until further use. Before ex-
periments, OPT was ground (Fritsch rotary mill, PULVERISETTE 14) and
sieved (Fritsch sieve shaker, ANALYSETTE 3 PRO) to obtain samples
with the particle size of 500 um and below (Fig. 1(a)). The sieved OPT
was then dried at 105 °C for 24 h and kept in the desiccators prior to the
experiments. PP food containers were acquired locally and cut into
smaller pieces and sieved by the sieve shaker (Fritsch, ANALYSETTE 3
PRO) to obtain samples with the particle size of 500 ym and below
(Fig. 1(b)). The sieved PP was kept under ambient conditions prior to
use.

2.2. Ultimate analysis

The ultimate analysis of OPT and PP was performed by using CHN
analyzer (Leco, CHN 628). The carbon (C), hydrogen (H), and nitrogen
(N) contents of the samples were obtained directly from the analyzer
while the ash content (AC) was obtained from the proximate analysis.
The oxygen content (O) was obtained via the difference in weight per-
centage as follows:

O(wt.%) = 100(wt.%) — C(wt.%) — H(wt.%) — N(wt.%) — AC(wt.%) (1)

2.3. Proximate analysis

Proximate analysis was performed using the simultaneous thermal
analyzer (Perkin Elmer, STA 8000) to determine the moisture content
(MCQ), volatile matter (VM), fixed carbon (FC), and ash content (AC) of
OPT and PP. The procedure was adapted from ASTM D7582-12 (ASTM
International, 2012), whereby approximately 10 mg of sample was
weighed in the sample pan of the thermal analyzer. The analysis was
programmed as follows:

(i) Sample was held at 30 °C for 4 min.
(ii) Sample was heated from 30 to 107 °C with a heating rate of 10 °C
min~! and a dwelling time of 9 min at 107 °C.
(iii) Sample was heated from 107 to 950 °C with a heating rate of
28 °C min~! and held for 7 min at 950 °C.
(iv) Temperature was then reduced to 600 °C.

™

Fig. 1. (a) The sieved oil palm trunk (OPT) and (b) polypropylene (PP) for
experimental runs.
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(v) The purging gas was switched from nitrogen to oxygen at 600 °C. containing sample to 3% concentration with the total volume of 115 mL
(vi) Sample was then heated from 600 to 750 °C at 2.5 °C min~! and for the solution. Next, the solution was boiled for 4 h and its constant
held for 18 min at 750 °C in oxygen atmosphere. volume (115 mL) was maintained during boiling by the addition of hot

water frequently. After 4 h of boiling, the insoluble material (insoluble

Step (i)-(ii), (iii), and (iv-vi) were for the determination of MC, VM, lignin) in the solution was allowed to settle. Then, the supernatant so-
and AC, respectively. The FC was calculated via the difference in weight lution was collected carefully using micropipette without stirring up the
percentage as follows: precipitate (insoluble lignin). The collected supernatant solution was

then used to determine the content of acid soluble lignin of OPT via

FC(wt.%) = 100(wt.%) — MC(wt.%) — VM(wt.%) — AC(wt.%) @ UV-Visible spectrophotometer (Perkin Elmer, Lambda 35) at 205 nm.
The flow rates of nitrogen and oxygen were 20 mL min "~ throughout (Refer to Supplementary Information for calculation). The remaining
the analysis. solution with insoluble lignin was filtered and washed using hot water to
remove sulfuric acid. The washed sample was then dried at 105 °C for

24 h. The difference between initial and mass after the drying was ob-

2.4. Lignocellulosic content analysis tained to determine the insoluble lignin content of extractive-free OPT.

The extractives of OPT was determined through Soxhlet extraction Total lignin (wt.%) = Acid soluble lignin (wt.%)

method with the ethanol used as the solvent (Sluiter et al., 2005). + Acid insoluble lignin (wt.%) 5)
Approximately 2-10 g of raw OPT sample was added into the cellulose

thimble while 190 mL of ethanol was added into the round-bottom flask. The cellulose content of extractive-free OPT was then determined as

Then, the Soxhlet apparatus was assembled. The Soxhlet extraction was follows:

conducted by achieving a minimum of 6-10 siphon cycles per hour with Cellulose(wt.%) = 100(wt.%) — hemicellulose(wt.%) — total lignin(wt.%)

the reflux period of 16-24 h. Once the reflux was completed, the Soxhlet (6)
apparatus was left for cooling down to room temperature. The cellulose

thimble containing OPT sample was then taken out from the Soxhlet

apparatus and washed with distilled water. After this, it was dried at 2.5. Thermal analysis

105 °C for 24 h. The extractive of OPT was determined via the difference

in weight percentage between raw OPT and extractive-free OPT after The thermal behaviors of OPT and PP were analyzed via thermog-
drying. ravimetric method using simultaneous thermal analyzer (Perkin Elmer,

Initial mass of OPT sample (g) — Mass of OPT sample after drying (g)
Initial mass of OPT sample (g)

Extractives (wt.%) = x 100% 3)

STA 8000). The samples were weighed in the sample pan of the analyzer

The procedure of hemicellulose extraction was adapted from Yang and then heated from 50 to 900 °C at a heating rate of 10 °C min .

et al. (2006). Approximately 1 g of extractive-free OPT sample was Nitrogen gas flow rate was maintained at 20 mL min~! during the
added into the round-bottom flask and followed by 150 mL of sodium analysis.

hydroxide solution with the concentration of 0.5 mol L™, The sample

was heated at 80 °C for 3.5 h using reflux apparatus. After the sample

was cooled down to room temperature, it was washed with distilled

water until the pH of distillate reached 7. The washed sample was then

dried at 105 °C for 24 h. The hemicellulose content was obtained via the

difference between the initial mass and mass of extractive-free OPT after

2.6. Higher heating value (HHV) analysis

The higher heating values (HHVs) of OPT and PP were measured
using a bomb calorimeter (IKA, C200). The sample was weighed and put

drying. into the combustion crucible. A cotton thread was tied on the ignition
wire of the decomposition vessel and put into the vessel together with
Hemicellulose(wt.%) =
Initial mass of extractive — free OPT (g) — Mass of extractive — free OPT after drying (g) « 100% @
Initial mass of extrative — free OPT (g) ’

the crucible. The vessel was filled with oxygen through the oxygen

filling station until the pressure in the vessel reached 30 bar. Then, the

The lignin content was determined based on the standard procedure vessel was placed in the main machine, and the information was input
from NREL (Sluiter et al., 2012) and TAPPI T222 om-02 (TAPPI, 2006). into the software before the analysis was started. Once it was completed,
Approximately 0.2 g of extractive-free OPT sample was added in a 100 the HHV value of the sample was obtained from the software and

mL beaker. 3 mL of cold 72% sulfuric acid (10-15 °C) was added recorded.
gradually and the sample was stirred and macerated with a glass rod
simultaneously. Then, the beaker was covered with a petri dish and
placed in a bath of 2 °C during the dispersion of the sample for 2 h. After
that, 112 mL of distilled water was added to dilute the sulfuric acid

2.7. Pyrolysis experiments
Pyrolysis experiments were performed in a horizontal tube furnace
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(MTI, GSL-1100X). Nitrogen was used as the carrier gas at a flow rate of
400 mL min? to create an inert condition during the experiments. 3 g of
OPT sample was loaded into the reactor and purged with nitrogen for 5
min. Then, the purged reactor tube was heated to the target temperature
(i.e., 500, 600, and 700 °C) at a heating rate of 10 °C min~ . The sample
was held at the target temperature for 40 min. Following the hold
duration, the reactor was cooled down to 200 °C with continuous ni-
trogen flow. A cold trap submerged in an ice bath that was installed at
the outlet of the tube reactor served as the condenser for collecting
pyrolysis oil. Liquid fractions generated during the reaction were
collected and stored at 2-7 °C until further analysis. The non-
condensable gasses were vented into the atmosphere. During the co-
pyrolysis experiments, 3 g of OPT and PP mixture sample (weight
ratio of OPT:PP of 1:1) was used. Then, the same operating procedure (i.
e., heating rate, the flow rate of nitrogen gas, temperature, and hold
time) was applied in the co-pyrolysis experiments. The product yield
obtained from the experiments was calculated using Eqgs. (7)-(9).

Mass of pyrolysis oil obtained (g)

1
Total mass of sample (g) X 100%

)

Pyrolysis oil yield(wt.%) =

__ Mass of char obtained (g)

Char yield(wt.%) x 100% 8

Total mass of sample (g)

Gas yield(wt.%) = 100(wt.%) — pyrolysis oil yield(wt.%) — char yield(wt.%)
)

2.8. Gas chromatography-mass spectrometry (GC-MS) analysis

The pyrolysis oil composition was analyzed using gas
chromatography-mass spectrometer (GC-MS) analysis (Agilent, 6890 N)
with HP-5MS column (Agilent, 30 m length x 0.25 mm inner diameter x
0.25 pm film thickness). Helium gas at a 1 mL min~! flow rate and a
pressure of 7.04 psi were applied to the equipment. A split ratio of 50:1
was adopted for the analysis. The oven was programmed to be heated to
40 °C firstly and held at 40 °C for 3 min. Next, it was ramped from 40 to
200 °C at 8 °C min~! and held at 200 °C for 10 min. Then, another
ramping from 200 to 220 °C at 10 °C min~! was performed. The tem-
perature was kept at 220 °C during analysis. Prior to analysis, 0.2 g of
pyrolysis oil was diluted in 10 mL of acetone. The diluted sample was
filtered by a syringe filter, transferred into the GC sample vial, and
injected into the equipment through auto-injection mode for the anal-
ysis. Chemical compounds in pyrolysis oil were identified by comparison
with entries in the NIST08 mass spectral data library. Phenol was used as
the chemical standard for the calibration. The phenol was prepared in
three different concentrations (i.e., 0.426, 0.644, and 0.98 mg mL™1) to
construct the calibration curve.

Table 1
OPT and PP analyses results.
Properties OPT PP
Ultimate analysis (wt.%)" Carbon content 43.20 85.03
Hydrogen content  6.42 13.99
Nitrogen content 0.52 0.09
Oxygen content 43.37 0.00
Proximate analysis (wt.%) Moisture content 0.98 0.00
Volatile matter 89.02  96.48
Fixed carbon 3.51 2.63
Ash content 6.49 0.89
Lignocellulosic content analysis (wt.%)  Hemicellulose 41.66 -
Cellulose 26.83 -
Lignin 1294 -
Extractives 1857 -
HHV analysis (MJ kg~") 17.68  46.79

2 Sulfur-free basis.
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3. Results and discussion
3.1. Materials characterization

Table 1 presented the results of ultimate, proximate, lignocellulosic
content, and HHV analyses of OPT and PP. The CHNO content of OPT
obtained from the ultimate analysis was consistent with the literatures in
particular for its high oxygen content (Khor et al., 2010; Palamanit et al.,
2019). High oxygen content of OPT likely led to the production of py-
rolysis oil with high amount of oxygenated compounds (i.e., acids, ke-
tones, and furans) and phenolic compounds. Conversely, PP had lower
oxygen content and higher carbon and hydrogen contents than OPT.
This allowed PP to be used as a co-feeding material for co-pyrolysis with
OPT since it could supply carbon and hydrogen needed to form the
desired hydrocarbons in the pyrolysis oil (Al-Maari et al., 2021; Ojha
and Vinu, 2015).

The moisture contents of OPT and PP were 0.98 and 0 wt.%,
respectively, which lied within the suggested moisture content range in
the feedstock selection for high pyrolysis oil production (i.e., 10 wt.%
and below) (Abnisa and Wan Daud, 2014). Moreover, the volatile
matters of OPT (89.02 wt.%) and PP (96.48 wt.%) were anticipated to
contribute to the pyrolysis oil production during co-pyrolysis. The ash
content of both feedstocks was considered low, which was favorable to
get high yield of pyrolysis oil (Fukuda, 2015). PP had a 2.6-fold higher
HHV value than OPT, which reflected its higher carbon and hydrogen
content and lower ash content (Devasahayam et al., 2019). For the
lignocellulosic content of OPT, its hemicellulose, cellulose, and lignin
obtained was 41.66, 26.83, and 12.94 wt.%, respectively, of which their
depolymerization during pyrolysis contributed to the formation of
different chemical compounds in the oil. Hemicellulose and cellulose
mainly contributed to the ketones and furans formation while lignin
contributed to the production of phenol and its derivatives (Jiang et al.,
2010; Zhao et al., 2017).

3.2. Thermal analysis

Fig. 2 and Fig. 3 showed the respective weight loss profile (TGA) and
derivative weight loss profile (DTG) of OPT, PP, and the mixture of OPT
and PP obtained from thermogravimetric analyses in nitrogen (inert)
atmosphere. The peaks detected below 150 °C in DTG profiles could be
attributed to the moisture removal from the feedstocks (Fig. 3) (Soh
et al., 2020).

For OPT, three peaks were observed between 187-235, 235-387,
and 800-900 °C, respectively (Fig. 3). Hemicellulose had the lowest
thermal stability among the three main biopolymers of lignocellulosic

120
e OPT+PP
100 4 T
$ 804
Z
= 60-
=)
W
=3
40
20 4
A
I
0

T T T T T
400 500 600 700 800

Temperature (°C)

T L] T
100 200 300 900

Fig. 2. TGA profiles of OPT, PP, and the mixture of OPT and PP in nitro-
gen atmosphere.
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Fig. 3. DTG profiles of OPT, PP, and the mixture of OPT and PP in nitro-
gen atmosphere.

biomass (i.e., cellulose, hemicellulose, and lignin), its decomposition of
which corresponded to the first peak that appeared between 187 and
235 °C (Fig. 3) (Yang et al., 2006). Lignin decomposition started at
180 °C, thus minor lignin decomposition may also occur in this tem-
perature range (Yang et al., 2006). The maximum weight loss of up to
64.8% that occurred between 235-387 °C was due to the overlapping of
hemicellulose, cellulose, and lignin decomposition (Fig. 2) (Zhao et al.,
2017). Above 400 °C, the weight loss of OPT was mainly due to the
decomposition of lignin, which has the highest thermal stability with a
broad decomposition temperature range from 180 to 900 °C (Fig. 2)
(Gasparovic et al., 2010).

In PP case, only one sharp peak was observed in the temperature
range of 340 to 500 °C (Fig. 3) that was associated to a weight loss of up
to 95% (Fig. 2). Similar observation of single peak in DTG curve of PP
was also reported in the literature (Singh et al., 2019). Within the
temperature range of 340 to 500 °C, the thermal breakage of the
carbon-carbon bonds between the monomers of PP was enhanced as
temperature rose. The increase of temperature promoted the formation
of gaseous products and reduced the solids’ yield (H.-S. Kim et al.,
2006). However, beyond 500 °C, an unexpected weight gain appeared,
which was most likely caused by the reaction between the additives’
residues in PP sample during TGA analysis (Fig. 2). Nonetheless, further
studies were required to better understand the commercial PP compo-
sition since the types of additives used may vary depending on the
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Fig. 4. Product yield from the pyrolysis of OPT.
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Fig. 5. Oil composition from pyrolysis of OPT at 500, 600, and 700 °C.

manufacturing process.

For the OPT and PP mixture, multiple peaks were observed from the
DTG profiles in the temperature range of 187 to 507 °C (Fig. 3) that
correlated with the weight loss of 85% from its initial weight (Fig. 2).
The peaks that appeared between 187 and 387 °C came from the
decomposition of hemicellulose, cellulose, and lignin while the sharp
peak that was present between 387 and 507 °C corresponded to the PP
decomposition (Fig. 3). A minor peak was also observed from DTG curve
of the mixture in between 800 and 900 °C (Fig. 3), attributable to the
lignin decomposition from OPT. The residues that remained upon
heating beyond 387 and 507 °C for OPT and the mixture of OPT and PP,
respectively, correlated well with the fixed carbon and ash contents in
OPT that were thermally stable up to 900 °C (Brebu et al., 2010).

3.3. Pyrolysis of OPT

This section mainly discussed the product yield and oil composition
obtained from the pyrolysis of OPT between 500 and 700 °C. The for-
mation mechanisms of the main oil composition detected from the OPT-
derived oil were also evaluated in this section.

3.3.1. Product yield

Fig. 4 showed the product yield (i.e., oil, gas, and char) obtained
from the pyrolysis of OPT in the temperature range of 500-700 °C.
Pyrolysis oil yield increased from 18.33 to 26.33 wt.% as the tempera-
ture increased from 500 to 700 °C, implying that lignin decomposition
was the main contributor within this temperature range as supported by
the GC-MS results (Fig. 5). The highest pyrolysis oil yield of 26.33 wt.%
was obtained at 700 °C with a solid char yield of 28.17 wt.%. At 700 °C,
the highest pyrolysis oil yield was contributed by the phenolic and
oxygenated compounds as the major composition in the oil (Fig. 5). An
increase in the amount of oxygenated compounds by 8% was observed
when temperature was increased from 600 to 700 °C. A reduction in the
amount of phenolic compounds by 9% due to their conversion into the
hydrocarbons (3.33%) was also shown from 600 to 700 °C, contributing
to the highest oil yield at 700 °C. The decrease of solid char yield from
42.67 to 28.17 wt.% with the increase of temperature from 500 to
700 °C was due to the enhanced secondary decomposition of char at
higher temperature (Khor et al., 2010). Gas yield, on the other hand,
exhibited a maximum trend with the highest yield of 48 wt.% recorded
at 600 °C.

3.3.2. Pyrolysis oil composition
The constituents of pyrolysis oil from OPT were analyzed using
GC-MS, and their relative amounts were presented in terms of GC-MS
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(2010) and J.-Y. Kim et al. (2020).

relative area (Fig. 5). Between 500 and 700 °C, the OPT-derived pyrol-
ysis oil mainly consisted of phenolic compounds (51.77-57.78%) and
oxygenated compounds (36.31-46.99%) with smaller portion of sugars
(2.7-3.15%) and hydrocarbons (3.33%). High content of oxygenated
and phenolic compounds in OPT-derived pyrolysis oil was anticipated
given the high oxygen content of 49.86 wt.% in OPT as revealed by the
above ultimate analysis result in Table 1.

A maximum GC-MS relative area of phenolic compounds of 57.58%
was obtained at 600 °C, which was reduced to 48.21% upon heating to
700 °C. The production of phenolic compounds was mainly from the
lignin decomposition, which began via the cleavage of ether bonds (i.e.,
-O-4 and a-0O-4 bonds) to form the lignin monomers (i.e., guaiacols and
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Fig. 7. Oxygenated compounds detected in OPT-derived pyrolysis oil from 500
to 700 °C.
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syringols) (Jiang et al., 2010). The conversion of the lignin monomers
into the phenolic compounds was through the homolysis of O—CHjs
bonds, radical-induced rearrangement, and demethylation, as illus-
trated in Fig. 6. The detected phenolic compounds from the pyrolysis oil
include phenol, 2-methyl-phenol, 2,6-dimethoxy-phenol, 2,6-dimethox-
y-4-(2-propenyl)-phenol, 2-methoxy-4-vinyl-phenol, 5-tert-butylpyr-
ogallol, 1,2-benzenediol, and 3-methoxy-1,2-benzenediol, which were
consistent with the findings of the other studies on the pyrolysis of OPT
(Deris et al., 2006; Palamanit et al., 2019). Above 600 °C, the reduction
in the content of phenolic compounds reflected their conversion into
hydrocarbons such as aromatic hydrocarbons. At higher temperatures,
the cracking, dehydration, and decarbonylation of the phenolic com-
pounds occurred to generate small olefins. After that, these small olefins
further underwent aromatization to form aromatic hydrocarbons such as
4-ethylbiphenyl as detected in the pyrolysis oil (Charisteidis et al., 2019;
J.-Y. Kim et al., 2020).

These phenolic compounds generally can be used as the primary
precursors in the manufacturing of resins (e.g., phenol-formaldehyde
resins), adhesives, nylon, and synthetic fibers (Machado et al., 2022).
They also can be converted into valuable aromatic hydrocarbons, such
as benzene, toluene, and xylene that are important in petrochemical
industry (Suriapparao et al., 2020). Benzene can be applied as the pre-
cursors in the styrene production for making latex, synthetic rubber, and
polystyrene resins (Niziolek et al., 2016).

Ketones (13.73-14.98%) and furans (8-23.23%) were the major
oxygenated compounds detected in the OPT-derived pyrolysis oil
(Fig. 7). During hemicellulose decomposition, the cyclic ketones were
produced through the cyclization of the linear carbon chains (i.e., the
reaction of intermediates with the hexatomic rings). On the other hand,
linear ketones formation took place via the breakage of linear carbon
chains (Fig. 8) (Wang et al., 2013). The formation of furans was mainly
associated with the formation of anhydrosugars intermediates (i.e.,
levoglucosan (LGA) and 1,4:3,6-dianhydro-f-D-glucopyranose (DGP))
during the depolymerization of cellulose (Fig. 9). The dehydration,
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Fig. 8. Proposed reaction mechanism of hemicellulose decomposition

decarboxylation, and decarbonylation of the anhydrosugars resulted in
the formation of furans such as furfural, 2-furanmethanol, and 5-hydrox-
ymethylfurfural (Lin et al., 2009; Zhao et al., 2017). Besides that, the
formation of furans was also contributed by the cyclization of the linear
chains (i.e., intermediates from the depolymerization of hemicellulose)
(Fig. 8) (Wang et al., 2013). The conversion of the anhydrosugars into
furans was the highest at 500 °C as the maximum GC-MS relative area of
furans (23.23%) was recorded (Fig. 7), with no anhydrosugars detected
in the OPT-derived pyrolysis oil (Fig. 5). The increase of temperature led
to the reduction in the content of furans due to the lower conversion
from anhydrosugars into the furans. This was consistent with the pres-
ence of anhydrosugars in the pyrolysis oil at 600 and 700 °C (Fig. 5).

Both ketones and furan compounds are considered as the valuable
platform chemicals in many industries. Jaya et al. (2022) reported the
application of cyclic ketones (i.e., cyclopentanone and its derivatives) in
the synthesis of pesticides, fungicides, and pharmaceuticals. Besides, Li
et al. (2021) also reported the potential routes in the production of
aviation fuel through the aldol condensation and hydrogenation of
biomass-derived ketones. For furan compounds such as furfural, about
62% are converted into the furfuryl alcohol and its derivatives annually
for the production of foundry resins, furan fiber-reinforced plastics (for
piping) in global market (Mandalika et al., 2014). The by-product, furoic
acid produced during this conversion process also can be used in the
pharmaceutical, fragrance, flavor, and agrochemical industries (Kohli
et al., 2019).

The presence of acids (i.e., linear short-chain acids, long-chain acids,
and aromatic acids) were mainly attributed to the decomposition of
hemicellulose and lignin. The increase in the overall acidic components
from 500 to 700 °C (Fig. 7) was contributed by long chain and aromatic
acids in the pyrolysis oil. Short-chain linear acids such as propanoic acid
formed from the carboxylation group’s cleavage from the O-acetyl xylan
units, which also resulted in the release of carbon dioxide gas during the
thermal degradation stage of hemicellulose (Fig. 8) (Stefanidis et al.,
2014; Wang et al., 2013). The long-chain acids (i.e., palmitic acid) and
aromatic acids (i.e., benzoic acid, 4-hydroxy-3-methoxy-benzoic acid,
and 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid) were obtained

\/\/‘;° \)L/”‘

2-Ethyl-hexanal 1-llydroxy-2-butanone

for the formation of ketones and furans. Adapted from Wang et al. (2013).
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from the breakage of ether bonds and the side chain of the lignin (Zhao
et al., 2017) (Fig. 10).

These biomass-derived acids are common and important chemicals
for variety of applications in many industries. Gonzalez-Garcia et al.
(2017) reported the commercial application of propanoic acid in the
production of propionate for the uses in food preservative and cleaning
products. Mank and Polonska (2016) mentioned the application of
palmitic acid as the bioactive ingredient in the cosmetics products.
Prinsen et al. (2018) reported that the production of renewable bio-
diesel, which is also called as fatty acid methyl ester (FAME) via the
esterification of palmitic acid (methyl palmitate is the FAME produced
from this process). Another work by Duongbia et al. (2022) also reported
the potential of the catalytic hydrotreating of palmitic acid with the
selected catalysts for the production of oleochemicals (i.e., fatty acid
ester and fatty alcohol). Both fatty acid ester and fatty alcohol can be
further processed for the manufacturing of detergent, lubrication, sol-
vent, and surfactant. Nevertheless, benzoic acid and its derivatives are
mostly used in food preservatives, plasticizers, dyes, and medicines (Xin
Zhang et al., 2013).

Light oxygenates such as aldehydes (1.8-2.36%) were also detected
from the OPT-derived pyrolysis oil at between 500 to 700 °C (Fig. 7),
which were produced via the fragmentation of anhydrosugars (from
cellulose) and linear carbon chains (intermediates of hemicellulose), as
illustrated in Fig. 8 and Fig. 9 (Lin et al., 2009; Usino et al., 2020; Wang
et al., 2013). In addition, a low portion of esters (1.1-2.3%) such as
4-methoxy-benzoic acid methyl ester was detected in pyrolysis oil,
which was originated from the esterification of aromatic acids and al-
cohols during the process.

3.4. Co-pyrolysis of OPT

This section presented the findings on the product yield and oil
composition after the addition of PP into co-pyrolysis of OPT between
500 and 700 °C. The changes in oil composition following the addition
of PP were explained by discussing the reaction mechanism and in-
teractions between the constituents of OPT and PP.
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3.4.1. Product yield On the other hand, although a major reduction in the amount of

Fig. 11 depicted the effect of temperature on the product yield of the oxygenated compounds of 17% was observed as the temperature was
co-pyrolysis of OPT and PP between 500 and 700 °C. The increase in the increased from 500 to 600 °C (Fig. 12), the oxygenated compounds were
yield of pyrolysis oil was observed with temperature rise from 500 to still present as the major component (34.9%) in the oil. Above 700 °C,
600 °C with a maximum oil yield of 16.17 wt.% obtained at 600 °C. This the secondary decomposition of volatiles and char into lighter compo-
was then followed by a reduction in oil yield to 11.50 wt.% at 700 °C. nents occurred that generated more gaseous products (Wu et al., 2020).

The decrease of char yield from 33.50 to 19.33 wt.% occurred with an
increase in the temperature from 500 to 700 °C. On the other hand, gas 3.4.2. Pyrolysis oil composition

yield of 50.42-69.17 wt.% was obtained between 500 and 700 °C. Below Fig. 12 presented the pyrolysis oil composition from the co-pyrolysis
700 °C, high thermal decomposition of the OPT and PP was responsible of OPT and PP between 500 and 700 °C. During the co-pyrolysis, the
for the production of volatiles that maximized the pyrolysis oil yield. At chemical compounds in the pyrolysis oil were formed via a series of
600 °C, the highest oil yield was mainly contributed by the formation of reactions, which included (i) OPT decomposition (hemicellulose, cel-
the phenolic compounds (45.16%) and hydrocarbons (10.2%) (Fig. 12). lulose, and lignin), (ii) PP decomposition, and (iii) intermolecular
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reactions between OPT, PP, and their intermediate products, as sug-
gested by Xue et al. (2017). Phenolic (34.01-41.85%) and oxygenated
compounds (39.74-52.10%) remained as the dominant pyrolysis oil
components in the co-pyrolysis of OPT and PP as depicted by the GC-MS
results in Fig. 12. Besides that, hydrocarbons (5.19-10.22%) and
anhydrosugars (1.18%) were also detected in the pyrolysis oil.

The formation of phenolic compounds was contributed by the lignin
depolymerization via similar reaction mechanism as shown in Fig. 6.
Hydrocarbons (i.e., olefins and aliphatic hydrocarbons) detected in py-
rolysis oil were mainly from the decomposition of PP via the reaction
mechanism illustrated in Fig. 13. The mechanism involved a series of
reactions, which included random chain scission, f-scission (i.e., mid-
chain and end chain p-scission), radical recombination, and hydrogen
transfer reactions (Kruse et al., 2003; Singh et al., 2019; Xue et al.,
2017). The decrease of hydrocarbons content with temperature rise to
700 °C (Fig. 12) was most likely caused by the higher conversion of
hydrocarbons into gaseous hydrocarbons via f-scission and hydrogen
chain transfer reactions at higher temperature (Wu et al., 2020). Hy-
drocarbons are important precursors in petrochemical industry for va-
riety of usage. Generally, hydrocarbons can be used as solvents in
household cosmetics, chemicals, and pesticides, the manufacturing of
plastics, rubber, fertilizers, detergents, fiber raw materials and so on
(Park et al., 2019).

In oxygenated compounds case, GC-MS results indicated an increase
in content from 500 to 600 °C with the highest GC-MS relative area of
52.10% attained at 500 °C (Fig. 12). This was followed by the reduction
in GC-MS relative area to 39.74% at 700 °C. The increase in the content
of long-chain acids (i.e., palmitic acid and tetradecanoic acid) in the
pyrolysis oil with temperature rise indicated the enhancement on the
breakage of ether bonds and side chain of the lignin at higher temper-
ature (Fig. 10) (Zhao et al., 2017). The highest GC-MS relative area of
furans (20.39%) was obtained at 500 °C (Fig. 14). This correlated with
enhanced deoxygenation of anhydrosugars into furans in the presence of
PP-derived radicals (Lin et al., 2020). In the presence of PP-derived
radicals during co-pyrolysis, the formation of ketones occurred
through two main routes, which were (i) the enhancement of hemicel-
lulose and cellulose depolymerization by the PP-derived radicals (Lin
et al.,, 2020) and (ii) the interactions between carbonyl radicals from
hemicellulose and cellulose and PP-derived radicals for the formation of
new ketones such as 4-isopropyl-1,3-cyclohexanedione, and 2-acetylcy-
clopentanone (Fig. 13) (Ojha and Vinu, 2015). In addition, new
oxygenated compounds were detected that were absent in pyrolysis of
OPT, i.e., alcohols such as 1-heptacosanol and 2-hexyl-1-decanol
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(compare Fig. 14 to Fig. 7). They were generated from the intermolec-
ular reactions between hydroxyl radicals from cellulose and PP-derived
radicals (Fig. 13), which was consistent with the findings from the lit-
eratures (Al-Maari et al., 2021; Ojha and Vinu, 2015; Xue et al., 2017).

4. Conclusion

The pyrolysis of OPT (single feed) and co-pyrolysis of OPT with PP
(binary feed) were successfully carried out between 500 and 700 °C.
Several characterization tests, i.e., ultimate, proximate, lignocellulosic
content, HHV, product yield, and GC-MS analyses were performed on
the feed materials and products. PP had higher carbon, hydrogen, and

\ Olefins Aydmtion
/\/ /\

Allphatlc hydrocarbons

Radical recombination

Hydrogen transfer

Cellulose

357

Interactions between
biomass derived radicals

. I—I2
\m/l & PP-derived radicals
I

2-Acetyleyclopentanone

N W\‘/
OH
o OH _ Alcohol
(o) O
o
OH oH

(2021); Ojha and Vinu (2015), and

volatile contents relative to OPT, thus allowing PP to become the hy-
drocarbon source in co-pyrolysis to improve the hydrocarbon content in
the resultant pyrolysis oil. The highest pyrolysis oil yields of 26.33 wt.%
and 16.17 wt.% from pyrolysis of OPT at 700 °C and co-pyrolysis of OPT
at 600 °C with PP, respectively, were obtained. The main chemical
constituents in the OPT-derived pyrolysis oil were phenolic and
oxygenated compounds formed via the depolymerization of hemicellu-
lose, cellulose, and lignin in OPT. For co-pyrolysis, the phenolic and
oxygenated compounds were still the dominant constituents in oil, but
their slight decrease in amount was observed in comparison to pyrolysis.
At the same time, the improvement of hydrocarbon content in pyrolysis
oil was contributed by the decomposition of PP. The interaction between
PP-derived radicals and carbonyl radicals from OPT contributed to the
formation of ketones. A new type of oxygenated compound, alcohols,
were formed via the intermolecular reactions between PP-derived radi-
cals and hydroxyl radicals from OPT. The findings on the oil composition
suggest that the pyrolysis oil is promising as the precursors in the pro-
duction of value-added biochemicals.
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