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Abstract- Palm shell is one of Indonesia's most significant agricultural products, as well as the waste it produces. Pyrolysis is
the most effective method for converting biomass into biofuel and valuable chemicals. Understanding the decomposition
mechanism of pyrolysis is crucial for reactor design and optimization. This research aims to study the characteristics of palm
shell pyrolysis products, possible reaction mechanisms, and resulting valuable compounds. Palm shell slow pyrolysis at a heating
rate of 10 °C/min was performed in a fixed-bed reactor using Ni/Al,Os catalyst 20 wt.% at 300, 400, 500, and 600°C. The result
shows that the optimum yield of bio-oil was obtained at a temperature of 500 °C. The catalyst increased the heating value and
decreased the oxygenated and O/C content of bio-oil. Ni/Al,O3 catalyst has high selectivity to phenol, aliphatic hydrocarbon,
and aldehyde. The biochar product has a microporous structure with a mean pore diameter of 1.89 nm and a surface area of
0.3899 m?%g. Ni/ALLOs catalyst is effective for reforming process shown by decreasing CH4 and CO, content. The phenolic
component is the foremost valuable chemical in palm shell pyrolysis.

Keywords Palm shell, pyrolysis, nickel alumina, biofuel, valuable chemicals.

compared to other thermochemical conversions because of its
broader operating temperature range (300-600 °C), ability to
operate at standard pressure, and capacity to simultaneously
produce three value-added products (liquid, gas, and solid)

[11]-[13].

The pyrolysis of palm shells has been the subject of many
research studies, including upgrading methods, operating
parameters, and reactor configuration [14]-[16]. Niu et al.
performed in-situ flash pyrolysis of palm shells using HZSM-
5 catalyst in the py-GCMS and py-PIMS reactors [17]. Kim et
al. performed palm shell pyrolysis using Alumina, ZSM-5,

1. Introduction

In 2022, Indonesia is expected to generate 45.58 million
tons of palm oil; according to the Central Statistics Agency
(BPS), looking at the trend, Indonesia's production of palm oil
has an upward tendency [1]. The amount of palm waste
produced in Indonesia rises in correlation with the country's
growing production of palm oil, including palm shells, palm
sludge, empty palm fruit bunches, liquid waste, and fibers [2].
The processing of fresh fruit bunches from oil palm produces
6.5% of palm shells [3].

Biochemical and thermochemical are the two main
methods for converting biomass into biofuel [4]. The former
includes fermentation, hydrolysis, extraction [5], and
anaerobic digestion [6]. Combustion, pyrolysis, and
gasification are examples of the latter [7]. Pyrolysis is a heat-
assisted decomposition process without the use of oxidizing
agents [8]-[10]. It is regarded as an effective method

and eq. FCC catalyst in a fluidized bed reactor [18]. The
reaction mechanism and the resulting value-added chemicals,
especially for palm shell pyrolysis, are rarely studied. Lack of
understanding of reaction mechanisms and resulting valuable
chemicals will have an impact on the difficulty of process
design and optimization and will hinder further exploration of
the potential of pyrolysis products, respectively. In this study,
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we conducted palm shells' slow pyrolysis using Ni/AlbOs in a
fixed bed reactor with a simultancous ex-situ process
(pyrolysis and upgrading were carried out in one reactor,
consisting of two cylinders (R1 and R2) arranged vertically in
series) and then characterized the resulting product. This
research aims to study product characteristics, possible
decomposition mechanisms, and the resulting valuable
chemicals. Knowledge of product characteristics leads to
determining the possible reaction mechanism that occurs and
the valuable chemicals produced. This finding will add
specific information related to the pyrolysis of lignocellulosic
biomass by showing the reaction mechanism and potential
products of the pyrolysis process, especially lignocellulosic
biomass with high lignin content.

2. Materials and Methods

2.1. Preparation of Palm Shell

Palm shell was obtained from PTPN V, Riau. The sample
was washed and followed by a drying process at 105 °C for 24
hours. The sample was then ground and screened to produce
grain sizes 0of 0.425-2.00 mm. Table 1 presents the findings of
the ultimate analysis from this study and also the
compositional and proximate analyses from the literature [14],
[19].

Table 1. Phsyco-chemical properties of palm shells

Proximate (wt.%) Ultimate (wt.%)

Moisture 11 c 48.99

Fixed carbon 19.7 H 6.6
Volatile matter 67.2 N 0.37
Ash 2.1 S 0.076
Composition (wt.%) o 43.96
Cellulose 27.7 o/C 0.67
Hemicellulose 21.6 H/C 1.62
Lignin 44 (I\I/IIJI;IIZg) 24.27

2.2. Preparation of Catalyst

Ni/AlLOs catalyst was received from PT Pupuk Kujang
Jawa Barat in pellet form. A hammer mill was used for
crushing the catalyst. The crushed catalyst was stolen for a
0.42- to 2.00 mm grain size.

2.3. Catalytic Pyrolysis

A fixed bed reactor with a height of 600 mm, an inside
diameter of 400 mm, and an outside diameter of 440 mm was
used to conduct the investigation. The reactor had an electric
heater made of nickel wire that was spirally coiled around the
reactor's exterior. The reactor temperature was determined
using a thermocouple, and a 0.5 kva TGDC regulator was used

to control the heating rate. There are two vertical cylinders in
the reactor. The first cylinder (R1) was used for the palm shell,
while the second (R2) was for catalysts. The catalyst-
containing portion of R2 received the gas product from R1 and
directed it upward and then downward to the condenser. The
experiment setup can be seen in Figure 1.
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Fig. 1. Experimental setup of palm shell pyrolysis.

Catalytic pyrolysis was conducted by inserting a 50 g
sample into R1 and 40 wt.% catalyst into R2, while non-
catalytic pyrolysis was conducted without catalyst. The
sample was heated to the expected temperature of 300, 400,
500, or 600 °C at a heating rate of 10 °C/minute. Once the
temperature reached the required level, the heating continued
isothermally for 15 min. The tar product was gathered in a
measuring cup, weighed, and analyzed using GC-MS. The
charcoal was taken at the end of pyrolysis and then weighed
and analyzed using BET-BJH. Once gathered, the gas product
was placed in a plastic container, and its content was analyzed
using GC-TCD.

2.4. Product Analysis

The component identification of the bio-oil was carried
out using Gas Chromatography-Mass Spectrometry
(Shimadzu, QP2010-SE). Surface characteristics of biochar
were analyzed using Gas Sorption Analyzer (Quantachrome
Novatouch LX-4) with a Full isothermal-40pts parameter.
Analysis was performed using the N, adsorption-desorption
method at a degassing temperature of 300 °C within 1 hour.
The gas from the pyrolysis process was analyzed using a
Shimadzu 8 A Gas Chromatograph.

3. Result and Discussion
3.1. Characteristics of Palm Shell Thermal Decomposition

Figure 2 shows the mass evolution of palm shell
decomposition. The figure reveals that the initial mass loss of
palm shells occurs between 190 and 200 °C. Due to the
complexity of the palm shell constituent, a large temperature
range (between 190 and 600 °C) is required for its thermal
decomposition. At stage I, the temperature range for the
decomposition is between 190 and 300 °C. The mass
evolution curve at stage 1 shows a mass reduction of 15%. The
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decomposition of the palm shell at this stage caused by the
hemicellulose decomposition. The primary decomposition
occurred at the range of 300 to 420 °C (stage II), with 365 °C
being the maximum decomposition temperature. At this stage,
hemicellulose, cellulose, and lignin were all decomposing
simultaneously, with cellulose decomposition acting as a
primary decomposition [20]. The temperature decomposition
of hemicellulose occurs between 250 and 350 °C, cellulose at
the range of 325 to 400 °C, and lignin at the range of 300-550
°C. The slow decomposition rate at stage III may be caused by
the lignin and secondary biochar decomposition [21], [22].
Figure 2 presents that the derivative mass curve shows the
existence of one shoulder, one peak, and the likelihood of
forming a second peak at 600 °C related to the hemicellulose,
cellulose, and lignin decomposition, respectively [20].
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Fig. 2. Thermal decomposition interpolated curve of palm
shell pyrolysis.

3.2. Characteristic of Tar Product

The tar consists of bio-oil and water phases. Figure 3
shows the yield at various experimental temperatures,
including catalytic and non-catalytic pyrolysis. The optimal
bio-oil yield was obtained at 500 °C for catalytic and non-
catalytic pyrolysis with yields of 10.47% and 13.02%,
respectively. The yield of bio-oil increases along the
temperature of 300 to 500 °C. Increasing the temperatures
over 500 °C decreases the yield due to the secondary tar
decomposition that promotes the forming of non-condensable
gas. It can be seen that using a catalyst decreases the bio-oil
yield by an average of 2.82%. This occurs because using a
catalyst promotes the secondary decomposition of tar via
cracking, decarbonylation, decarboxylation, hydrocracking,
hydrodeoxygenation, and hydrogenation. Catalytic pyrolysis
produces a lower yield of the water phase. This occurs because
the catalyst will increase the water gas shift reaction that
produces hydrogen (H:) and carbon monoxide (CO;) and
improve the reforming process, which converts H,O into H»
gas [23]-[25].
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Fig. 3. Yields of pyrolysis product at different pyrolysis
temperatures for a) non-catalytic pyrolysis and b) catalytic

pyrolysis.

Figure 4 reveals that phenolic components (phenol and
substituted phenol) and acids in the form of long-chain fatty
acids (LCFA) are the primary components in the palm shell
bio-oil. Phenol is the most significant phenolic component,
with an average percentage of 65.21% and 45.44% for
catalytic pyrolysis and non-catalytic, respectively. The LCFA
comprises fatty acids with a chain length of C atoms between
12 and 18, such as oleic acid, palmitic acid, lauric acid,
myristic acid, and potentially crude biodiesel. In the case of
non-catalytic pyrolysis, fatty acid formation rose from 300 to
400 °C and subsequently somewhat decreased above 400 °C.
The degradation of both cellulose and hemicellulose causes
this rising of fatty acid through the depolymerization of
oligosaccharides into xylose, which then decomposes further
to form acids, furfural, and furan. Likewise, it occurs due to
the dehydration of hydroxyl aldehydes, which become
aldehydes such as furan, which are then further hydrated to
become acids [26]. This could also occur due to breaking the
branch chain of ferulic acid ester in xylan to carboxylic acids
[27]-[30]. Meanwhile, the decrease in fatty acid content was
due to the decarboxylation of fatty acids into aliphatic and
aromatic hydrocarbons.

Using Ni/Al,Os catalyst increased the formation of phenol
components with an average increase of 20% and reduced the
content of phenolic components (phenol complex/substituted
phenol). This is due to the possibility that using a catalyst
increases the polymerization of unsaturated light elements
such as propylene, butane, and butadiene via gas-phase
polymerization [31]. Breaking the branch chain of ferulic acid
ester in xylan through decarboxylation produces vinyl
guaiacol, which is further decomposed to produce guaiacol
through hydrogenation, which then undergoes further
decomposition to produce phenol [29]. Another factor that
causes an increase in the phenol content in catalytic pyrolysis
is the increase of the iso-substitution (radical-induced
rearrangement) reaction of guaiacol and syringe, which
produces cresol and xylenol and then further decomposed
through demethylation reaction to produce phenol [30].
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Fig. 4. Pyrolysis product compositions at different pyrolysis temperatures for a) non-catalytic pyrolysis and b) catalytic
pyrolysis.

Figure 1 presents bio-oil chromatogram at different
pyrolysis temperatures. The chromatogram of non-catalytic
pyrolysis bio-oil has six dominant compounds: aldehydes,
ketones, phenolics, aromatics, acids, and esters. For catalytic
pyrolysis, there are six dominant groups of compounds:
aldehydes, ketones, phenolics, hydrocarbons, acids (acids),
and esters. In the chromatogram of non-catalytic pyrolysis, the
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phenolic and aromatic components have a longer retention
time than in catalytic pyrolysis, which indicates that the
catalyst can reduce the amount (variant) of the phenolic and
aromatic components. In contrast, the hydrocarbon
components in the chromatogram of catalytic pyrolysis had a
longer retention time, indicating an increase in the number
(variant) of the hydrocarbon components.
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Fig. 5. Bio-oil chromatogram at different pyrolysis temperatures: a) non-catalytic, b) catalytic.

Figure 6 compares bio-oil functional groups between
catalytic and non-catalytic pyrolysis. In general, the use of
Ni/Al,O; catalyst decreases the yield of ketones, furans,
alcohols, carboxylic acids/fatty acid (LCFA), phenol
complexes, and aromatic compounds and increases the yield
of phenols, aliphatic hydrocarbons, aldehydes, and ester. The
decrease in alcohol content is due to the hydrodeoxygenation
of alcohol into aliphatic hydrocarbons. The decline in ketone

content is probably due to the decarbonylation of ketones into
aliphatic hydrocarbons. The decrease in furan content is
caused by oligomerization, decarbonylation, and
decarboxylation to produce a hydrocarbon pool or coke.

Meanwhile, the decrease in fatty acid content was caused
by a decarboxylation reaction, which produced aliphatic
hydrocarbons with C chain lengths between 12 and 18, and by
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a reduction reaction, which had aldehyde. Demethylation and
demethoxylation of phenol complexes (substituted phenol)
such as guaiacol, syringol, and xylenol increase the formation
of phenol. The increase in aliphatic hydrocarbon content is
caused by decarbonylation, decarboxylation, and
hydrodeoxygenation reactions. The reduction in the aromatic
hydrocarbon and aliphatic hydrocarbon content at high
temperatures may be caused by the cracking of the
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components into light hydrocarbons or coke formation. The
explanation above showed that the Ni/Al,O; catalyst was
selective for constructing phenols, aliphatic hydrocarbons,
and aldehyde. The possible decomposition mechanism for
pyrolysis of palm shells using a Ni/Al,O3 catalyst can be seen
in Figure 7.
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Fig. 6. Comparison of the functional group between non-catalytic and catalytic pyrolysis.
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Figure 8 shows that increasing temperature does not have
a significant impact on improving HHV, decreasing O/C, and
reducing oxygenate content. Meanwhile, the use of Ni/Al,O3
catalysts can have a significant effect on increasing HHV,
decreasing O/C, and reducing oxygenate content. Hu et al.
stated that the Ni catalyst had a high selectivity for the
hydrodeoxygenation of oxygenate compounds [32]. Reducing
the oxygenate content will decrease the O/C value and
increase the HHV value. Using a Ni/Al,O3 catalyst can
increase the cracking of oxygenic compounds, including
carboxylic acids, to produce aliphatic hydrocarbons [33].
Using a Ni/Al,O3 catalyst will increase the hydrogenation
reaction, which causes oxygen removal through internal
dehydration and decarboxylation during the initial step of
pyrolysis [34]. Likewise, the existence of Ni catalyst will
increase the reforming process between oxygenated
hydrocarbons, and the water content in bio-oil produces CO,
through the aqueous reforming process (ARP) [35].
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Fig. 8. HHV, H/C, O/C, and oxygenated value of obtained
bio-oil at different temperature.

Palm shell bio-oil from palm shell contains value-added
chemicals in phenolic components, including phenol, syringe,
guaiacol, creosol, and eugenol. The phenolic part comes from
lignin decomposition [15], [36]. Figure 9 shows the phenol
and substituted phenol component in the palm shell bio-oil.
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Fig. 9. Valuable chemicals from palm shell pyrolysis.

Figure 9 shows that phenol, as a major constituent of the
bio-oil, has a value of 21.40-35.89 %. Phenol is the basic
material of many chemical industries such as bio-plastics,
epoxy resins, phenolic resins, polyurethanes, antimicrobial
agents [15], and other applications [36], [37]. The bio-oil also
contains guaiacol in the range of 2.03-2.88 %. Guaiacol is a
guaiacum derivate and is found in various essential oils.

Guaiacol acts as an aromatic oil and beneficial precursor for
green fuel production. Guaiacol and syringol are the
significant products of hardwood lignin pyrolysis [38].
Eugenol is included in the phenylpropanoid group of phenolic
components and is the major constituent of clove oil. Eugenol
exhibits a range of pharmacological activities such as
antimicrobial, antioxidant, analgesic, anti-inflammatory, and
local anesthetic [39]. Apart from having wide applications in
the food, pharmaceutical, cosmetic, and industrial fields, the
pyrolysis product also has an attractive price, as shown in
Table 2. It makes the refinery process of valuable chemicals
still promising.

Table 2. Valuable chemicals obtained from palm shell
pyrolysis

Component Application Price ($)

Antimicrobial, phenolic
resin, multiplex,
pharmaceutical [36], [40]

Phenol 120,57/100 g

Anticancer [41],
antimicrobial [42],
vanillin manufacturing

[43]

Guaiacol 13,52/100 g

Fragrances, antioxidants

4] 166,57/100 g

p_
Ethylguaiacol

Flavoring agents, biofuels

Creosol [45]

74,57/ml

Flavoring agents,

Syringol fragrances [46]

106,28/100 g

Inhibits campylobacter
activity [47], [35],
inflammatory response
inhibitor [39]

Eugenol 24,00/100 mg

3.3. Characteristics of Biochar Product

In addition to producing bio-oil, pyrolysis also produces
biochar [48]. Biochar can be used as a catalyst , adsorbent
[49], carbon electrode, magnetic for waste remediation, or
supercapacitor [50]. Figure 10 shows the results of BET and
BJH analysis of biochar at the 550°C pyrolysis temperature.
Figure 10a shows that based on the IUPAC classification and
according to the type of adsorption isotherm curve, the
resulting biochar was classified into adsorption isotherm type
I, which offers a microporous structure. When viewed from
the pore shape, based on the isotherm adsorption-desorption
hysteresis loop curve, the resulting biochar belongs to the H4
type (IUPAC/de Boer classification), which has narrow slit
pores. Figure 10b shows the pore size distribution and
cumulative volume of the pores in biochar. The figure shows
that biochar has a limited pore size distribution range, with the
dominant pore size in the field of 0 to 3 nm with a pore size
distribution peak of 1.8 to 2 nm. The biochar product has a
surface area of 0.3899 m?/g.
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Fig. 10. Results of biochar analysis, a) the curve of isotherm adsorption-desorption, b) the curve of pore size distribution.

Table 3 shows the characteristics of biochar at the
optimum pyrolysis temperature. From the table, it can be seen
that biochar is included in the microporous material. As a
microporous material, biochar from palm shell pyrolysis is
weak when used as a catalyst for the cracking process because
the small pore size does not allow long-chain hydrocarbon
compounds to be adsorbed into the pores, thereby reducing
conversion. Likewise, catalysts with microporous sizes are
very quickly deactivated due to coking [51].

Table 3. Biochar characteristic at pyrolysis temperature of
550 °C

Parameters Value
Surface Area (m?/g) 0.389946
Mean Pore Size (nm) 1.89417
Total Pore Volume (cc/g) 0.000369312

3.4. Characteristics of Gas Product

The gas product at various non-catalytic and catalytic
temperatures is shown in Figure 11. Figure 11 shows that high
temperature increases the concentration of gaseous
components. The gas products from palm shell pyrolysis
consist of methane (CH4) and carbon dioxide (CO,). This
differs from other literature, which states that pyrolysis gas
consists of Hy, CO, CHy, and CO, [14], [52]. Akubo et al.
noted that the use of Ni/AlbO; catalyst in pyrolysis of palm
shells produced CO, H,, CO,, and CH4 with volume percent
respectively of 21.79%, 57.36%, 18.49%, and 2.27% [53].
The undetectable H, component is probably caused by
methanation, hydrogenation, and dehydration reactions that
convert hydrogen into alkanes and water or by the
consumption of H, in the hydrocracking or
hydrodeoxygenation processes.

Meanwhile, the undetected CO is probably caused by the
methanation reaction, which converts CO into CH4 and H;O.
CH4 content is higher than CO,. This may be due to the
methanation process, which converts CO and CO, to CHa.

Ni/ALOs catalyst produces lower CH4 and CO» than non-
catalytic. Ni/Al,O3 catalyst is an effective metal catalyst for
steam reforming, which converts CHy4 into CO and H,. It is
also effective for dry reforming, which converts CH4 and CO»
into CO and H; [54]. The high CH4 and low CO, content
indicate the potential of the pyrolysis process to produce
biogas.
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Fig. 11. Effluent gas composition.

4. Conclusion

Palm shell pyrolysis has the potential to be developed into
valuable products as biofuels or chemicals. The experiment
using a fixed bed reactor showed that the temperature increase
does not significantly impact the rise in HHV and decrease of
O/C and oxygenate content. Meanwhile, using a catalyst
increases the HHV by 1.96%, reduces the O/C by 16.25%, and
reduces the oxygenate content by 12.73%. Phenolic and fatty
acid components are significant in palm shell bio-oil. Palm
shell pyrolysis produces phenolic components as the primary
value-added chemicals. Ni/Al,O3 catalyst has high selectivity
to phenol, aliphatic hydrocarbons, and aldehydes. The gas
product was dominated by methane (CH4). Ni/Al,O3 catalyst
is effective for steam and dry reforming process. The biochar
product was classified into a microporous structure with a
narrow slit pore, a mean pore diameter of 1.89 nm, and a
surface area of 0.3899 m?%/g.
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