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Abstract

Pyrolysis is one of thermochemical conversion to convert biomass into bio-oil. The higher energy
content in bio-oil suggests its potential as a raw material in the production of energy, bio-fuels, and
other chemicals. Pyrolysis of PKS and the chemicals released were studied using pyrolysis—gas
chromatography/mass spectrometry (Py-GC/MS) at 400-600°C. Prior to pyrolysis, thermogravimetry
experiments were carried out to monitor the degradation temperature of hemicellulose, cellulose, and
lignin in the PKS. Degradation of hemicellulose occurred within a temperature range of 150-330°C,
whereas the cellulose was degraded in temperatures range between 330-400°C. Degradation of lignin
took place within a broad range of temperatures, which reached maximum at temperatures range of
200-500°C. Based on the Py-GC/MS results, pyrolysis of PKS at 400°C produced bio-oil that can be
used as biofuel due to its high aromatic compounds but low carboxylic acids contents.
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INTRODUCTION

Biomass is widely recognized as one of the
potential solutions to worldwide future energy
problems. One of the largest biomass resources from
agricultural residues in Indonesia is palm kernel shell
(PKS). This idea is based on the fact that the Indonesia
palm oil production growth is about 10% per year
(Indonesia Investments, 2015). Palm oil production
generated approximately 6-7% PKS based on fresh
fruit bunch (Umikalsom et al., 1997; Chiew et al.,
2011; Husain et al., 2002). Indeed, the availability of
PKS with high carbon content as source of biomass
fuel can be sustained. PKS is a lignocellulosic biomass

composed mainly of cellulose, hemicelluloses, and
lignin. Currently, PKS is used as fuel for boiler
through combustion with low thermal conversion
efficiency (Husain et al., 2002; Kim et al., 2010;
Asadullah et al., 2013). However, technological
barrier and lack study and information on indigenous
properties of PKS and the physico-chemical properties
of bio-oil from PKS has slowed down the commercial
uptake of PKS for advanced energy production
(Asadullah et al., 2013).

Pyrolysis is the chemical decomposition of
organic material (biomass) through the application of
heat in the absence of oxygen. During the pyrolysis
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process, biomass is converted into a liquid product
(bio-oil), a solid residue (bio-char) and gaseous
compounds (Cordella et al., 2012). Pyrolysis-based
energy densification processes can be considered an
interesting route for the energy valorization of residual
biomass such as PKS (Faaij, 2006). Bio-oil is
particularly attractive pyrolysis product because of its
high energy content per volume as well as its potential
use in the production of energy, bio-fuels, and
chemicals (National Renewable Energy Laboratory,
2009).

Fundamental understanding of PKS pyrolysis
behavior is essential to further PKS efficient
thermochemical conversion. Several researchers have
investigated the behavior and mechanism as well as
characteristics of the products of PKS pyrolysis. They
used single thermogravimetric analysis (TGA) and
thermogravimetric characteristics of PKS in inert
atmosphere (Kim et al., 2010; Asadullah et al., 2013;
Lee et al., 2013). Asadulah et al. (2013) observed that
the thermal decomposition of PKS was slower than
other biomass because of the higher lignin content.
Quantitative  pyrolysis—gas  chromatography/mass
spectrometry (Py—-GC/MS) was used to study the
components involved in biomass pyrolysis (Gao et al.,
2013). Py-GC/MS  technique involves the
compositional information of the complex component
macromolecules, as well as the characteristics of
volatile products. This technique has been shown to be
a reliable analytical technique for the characterization
of biomass (Fahmi et al., 2007; Qiang et al., 2009).

Previous studies have examined the bio-oil
composition obtained from Py-GC-MS of PKS. Chang
et al. (2016a) focused their research in lignin
conversion and reported that the phenol content of
PKS bio-oil obtained from pyrolysis at 500°C was
about 13.49%. Furthermore, they investigated the Py-
GC/MS of PKS at higher temperature i.e. 600-800°C
which yielded liquid product (bio-oil) of 36.8-50.9%
(Chang et al. 2016b). Based on the previous studies,
the main objective of the present study was to examine
the pyrolysis of PKS at lower temperature and its PKS
bio-oil characteristics.

METHOD
Materials

The PKS used in this study was supplied by
palm oil mills of PTPN-IV located in Tombatu (North
Sumatera-Indonesia). Prior to the experiment, PKS
was firstly crushed and pulverized to a size 80-100
mesh. The cellulose (21.17 wt.%), hemicelluloses
(16.13 wt.%), lignin (45.06 wt.%), ash (1.87 wt.%),
and moisture (15.77 wt.%) contents in PKS were
analyzed using NREL methods (Hyman et al., 2008;
Sluiter et al., 2008a; Sluiter et al., 2008b; Sluiter and
Sluiter, 2008). Based on the ultimate analysis using
elemental analyzer CHN 628 (Leco Corporation), the
C, H, N, and O contents in PKS were found to be
48.60, 6.29, 0.48, and 44.63%, respectively.

Thermogravimetry (TG) Analysis

Thermogravimetric analysis was carried out on
a Netzsch TG 209 F3 Tarsus. About 10-13 mg of PKS
was placed in an alumina crucible and heated from
room temperature (30°C) to 600°C under nitrogen
atmosphere. The heating rate was controlled from 5-
20°C/min.

Identification of Pyrolysis Products by Pyrolysis-
GC/MS (Py-GC/MS)

Pyrolysis of PKS and volatile product
identification was carried out by Py-GC/MS
(Shimadzu, GC-2010, GCMS-QP2010). In the gas
chromatography, a capillary type phase Rtx-5MS
column with a length of 60 m, ID of 0.25 mm, and
film thickness of 0.5 um were used. The column
temperature program was applied with a split ratio of
1:50 from 50 to 280°C.

The pyrolyzer was heated for 10 s from 30°C to
the final temperature of 400-600°C with an interval of
50°C. Then, the vapor and aerosol were auto injected
into the GC/MS for compounds analysis. The
compounds were grouped into the same functional
group and the concentration was based on percentage
of peak area.

RESULTS AND DISCUSSION
Thermogravimetric Analysis of Palm Kernel Shells

There are numerous applications of the TGA
for material characterization such as through
quantitative weight losses that occur in specified
temperature regions of the TGA curve. This technique
was applied to study the chemicals released during
pyrolysis of PKS using Py-GC/MS until 600°C. The
Py-GC/MS was operated at a maximum temperature
of  600°C. The TGA and differential
thermogravimetric (DTG) curves of PKS under 5, 10,
15, and 20°C/min of heating rates are shown in
Figures 1 (a) and (b).

During the pyrolysis test as shown in Figure 1,
the thermal degradation of PKS took place within a
wide range of 150-600°C, which consisted of three
distinct decomposition regions: 150-330°C; 330-
400°C, and 400-600°C. The thermal degradation was
prefaced by the removal of bound and unbound
moisture at room temperature until 150°C because the
PKS was used without drying pre-treatment. The
range temperatures of each decomposition region of
PKS during thermogravimetric analysis were slightly
different in each heating rate. The range temperature
increased with faster heating rate. Ma et al. (2015)
reported that during the thermogravimetric analysis of
the three model components of lignocelluloses
(cellulose, xylan-type hemicelluloses, and lignin) the
hemicelluloses was decomposed at 100-365°C with
the maximum weight loss occurring at 185-325°C.
Degradation of cellulose occurred at 270-400°C.
Moreover, lignin decomposed in a wide range
temperature of 100-800°C with maximum weight loss
occur at 200-500°C. Refer to that conditions, the first
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region of PKS degradation in Figure 1 was
hemicelluloses (150-330°C), the second region was
cellulose (330-400°C), and then followed by lignin
decomposition at around 200°C. PKS pyrolysis by
TGA was also studied by Choi et al. (2015), Kim et al.
(2010), and Asadullah et al. (2013) from room
temperature until 800-1000°C. They found that,
thermal decompoasition of lignin after 600°C was very
low and around such temperature, weight loss of PKS
was between 60-70% and almost constant until 1000
°C.
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Figure 1. TG (a) and DTG (b) curves of PKS with
heating rates at 5-20°C/min.

Based on the TGA and DTG curves shown in
Figure 1, the minimum pyrolysis temperature of PKS
for identification of chemicals released by Py-GC/MS
was selected as 400°C and conducted until 600°C with
a 50°C interval.

Pyrolysis-Gas Chromatography / Mass
Spectrometry
PKS was pyrolyzed and analyzed by Py-

GC/MS to investigate the chemicals released during

degradation of PKS structures from room temperature
to final pyrolysis temperatures. The various final
temperatures were 400-600°C with an interval of 50°C
selected based on TGA and DTG curves as shown in
Figure 1. The chemicals released from pyrolysis of
PKS for each final temperature are shown in Figure 2.
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Figure 2. Chemicals released during pyrolysis of PKS
using Py-GC/MS.

The chemicals released from pyrolysis of PKS
shown in Figure 2 were grouped into phenol and alkyl
phenols, methoxy phenols, alkyl-methoxy phenols,
benzene and benzenediols, carboxylic acids, alkyl
esters, aldehydes, ketones, furans, levoglucosan, and
others. Some peaks appeared in chromatogram of
GC/MS analysis are the other unknown chemicals.
The detectable chemicals and their groups are shown
in Table 1. The percentage area of chemical
compounds after GC/MS analysis could be
corresponded to the concentration of the chemicals
released from PKS and described as chemical
compositions of bio-oil.

As shown in Figure 2 and Table 1, the
chemicals released from pyrolysis of PKS consist of
aromatics, cyclic, and aliphatic compounds. The
aromatics  were derived mainly from the
decomposition of lignin because it composed of an
aromatic ring with three primary phenyl propane
monomers namely coumaryl, coniferyl, and sinapyl
alcohols. Moreover, lignin has various functional
groups of methoxyl, phenolic hydroxyl, aliphatic
hydroxyl, benzyl alcohol, noncyclic benzyl ether, and
carbonyl groups (Azadi et al., 2013). Therefore,
groups of phenol, alkyl phenols, methoxy phenols,
alkyl-methoxy phenols, benzenes, and benzenediols
were produced from decomposition of lignin in the
PKS structure. In addition, groups of carboxylic acids,
alkyl esters, aldehydes, ketones, furans, and
levoglucosan that mainly comprise cyclic and
aliphatic compounds were derived from cellulose and
hemicelluloses. The prediction was supported by
results of Liaw et al. (2014) that hydroxy-ketone,
cyclopentene and levoglucosan were derived from
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cellulose depolymerization reaction. While the acetic
acid and furan were the derivative products of
hemicelluloses decomposition.

Table 1. Chemical compounds in volatile products of

PKS pyrolysis
Group Chemicals
Phenol
1. Phenol & Phenol,2-methyl-
Alkyl phenols Phenol, 3-methyl-

Phenol, 3-undecyl-

Phenol, 2-methoxy-

Phenol, 4-methoxy-

Phenol, 2,6-dimethoxy-

Phenol, 3,4-dimethoxy-

Phenol, 2-methoxy-4-(2-propenyl)-
Phenol, 2-methoxy-4-(1-propenyl)-,
(E)-

Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)-
Phenol,2,6-dimethoxy-4-(2-
propenyl)-

Phenol, 2,6-dimethoxy-4-(2-
propenyl)-

Phenol, 2,6-dimethoxy-4-(2-
propenyl)-
Ethanone,1-(4-hydroxy-3,5-
dimethoxyphenyl)-

2. Methoxy phenols

2-Methoxy-4-methylphenol
Phenol,4-ethyl-2-methoxy-
Phenol, 4-ethenyl-2-methoxy
Phenol, (1,1-dimethylethyl)-4-
methoxy-

3. Alkyl-methoxy
phenols

1,2-Benzenediol
3-Methoxy-pyrocatechol
Benzenemethanol,4-methoxy-
Benzene,1,2,3-trimethoxy-
Benzaldehyde,4-hydroxy-3,5-
dimethoxy-

4. Benzenes &
Benzenediols

Ethanedioic acid
Acetic acid
Benzoic acid
Dodecanoic acid
Tetradecanoic acid
Hexadecanoic acid
Oleic acid

Stearic acid

5. Carboxylic acids

Benzoic acid, 4-hydroxy-, methyl
ester

Benzenepropanoic acid, 2-methoxy-,
methyl ester

Benzenepropanoic acid,2-methoxy-,
methyl ester

2,4-Hexadienedioic acid, 3,4-diethyl,
dimethyl ester, (E,Z)-

Dodecanoic acid, ethenyl ester

6. Alkyl esters

Acetaldehyde

7. Aldehydes Pentanal

2-Butanone

2-Propanone, 1-hydroxy-

Acetone

Cyclopentanone, 2-methyl-
Cyclohexanone
2-Cyclopenten-1-one, 2-hydroxy-3-
methyl-

8. Ketones

2-Furancarboxaldehyde

9. Furans 2-Furanmethanol, tetrahydro-

10. Levoglucosan

The increase in pyrolysis temperature of PKS
from 400-600°C, vary the concentration of chemical in
the volatile product. The concentration of the
aromatics reduced as the pyrolysis temperature
increased up to 550°C. However, the concentration of
the aromatics was higher at 600°C than at 550°C
where benzene and benzenediol compound groups
were undetectable. High concentrations of benzenes,
benzenediols and methoxy phenols were produced at
low temperatures. These types of compounds are
derived from guaiacyl-type compounds of lignin that
had ether bond such as B-O-4. It was reported that the
B -O-4 had lower thermal stability and decomposed
easily at low temperatures (Xu and Ferdosian, 2017;
Chang et al., 2016a). However, at high temperatures,
the production of phenol, alkyl phenols, alkyl-
methoxy phenols, carboxylic acids and levoglucosan
were high. These indicated that decomposition of
lignin structure mainly occur at high temperature to
produce phenolic compounds. On the other hand,
aldehydes, ketones, and furans were formed at low
temperatures. Formation of aldehydes, ketones,
organic acids were derived from decomposition of
sugar ring in celluloses and hemicelluloses which
occur in a range temperature 150-400°C as shown in
Figure 1 (Chang et al., 2016a; Rasmussen et al.,
2014). Then, the production of alkyl ester as one of
the volatile products of PKS pyrolysis was higher at
550°C than at other temperatures that are supposed to
be derived from cellulose and hemicelluloses.

Aromatic compounds are expected to be
applied as bio-oil for liquid fuel production. Bio-oil
with higher aromatic compound content are derived
from PKS as shown in Figure 2, being produced at
53% after pyrolysis at 400°C. Moreover, the bio-oil
consisted of lower carboxylic acids than those
produced at other pyrolysis temperatures. Bio-oil is
highly valuable as fuel because with low acidity of oil
would slow down the corrosion of combustion engine.
In addition, the carboxylic acids can be further
converted into diesel or jet fuels by hydrotreating
process (Rabaev et al., 2015). Based on the type of
compounds released from pyrolyisis of PKS, the
potential bio-oil for liquid fuel application was that
produced at 400°C. The bio-oil can be further being
hydrotreated with a suitable catalyst. The composition
of aromatics and carboxylic acids after pyrolysis at
400°C are shown in Table 2.

As mentioned above, the production of new
compounds such as phenol and alkyl phenols, alkyl-
methoxy phenols, carboxylic acids, and levoglucosan
increased at higher pyrolysis temperature. Phenols and
alkyl phenols are used in production of phenolic resin.
Moreover, in the carboxylic acids group, decanoic,
tetradecanoic, hexadecanoic and oleic acids were the
dominant chemicals, which can be used as emulsifier
or surfactant. It is also clear that the production of
levoglucosan also increased at higher. Levoglucosan
chemically is stable in the atmosphere (Hennigan et
al., 2010) and can be hydrolyzed into glucose by an
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acid catalyst that can be converted biochemically into
bioethanol (Li et al., 2013).

Table 2. Compositions of aromatics and carboxylic
acids after pyrolysis at 400°C

Concentration

Group Chemicals (% area)
Phenol & Alkyl Phenol 8.28
Phenols
Phenol, 4-methoxy- 5.47
Phenol, 2,6-dimethoxy- 6.10
Phenol, 3,4-dimethoxy- 0.95
Phenol, 2-methoxy-4-(2- 061
propenyl)-
Phenol, 2-methoxy-4-(1-
Methoxy phenols
yP propenyl)-, (E)- 710
Ethanone, 1-(4-hydroxy-3-
1.93
methoxyphenyl)-
Phenol, 2,6-dimethoxy-4-(2- 444
propenyl)-
2-Methoxy-4-methylphenol 3.75
Alkyl, Methoxy Phenol, 4-ethenyl-2-methoxy ~ 3.31
Phenols Phenol, (1,1-dimethylethyl)-
2.65
4-methoxy-
Benzenes .
&Benzenediols 1,2-Benzenediol 7.33
Acetic acid 6.04
Benzoic acid 0.64
L Dodecanoic acid 2.16
Carboxylic acids Tetradecanoic acid 1.09
Hexadecanoic acid 3.16
Oleic acid 3.37

CONCLUSION

Thermal degradation of PKS was performed
through TGA and Py-GC/MS to identify the
compounds released. During TG analysis, thermal
degradation of PKS occurred in three stages of
hemicelluloses, cellulose, and lignin that started by
moisture removal. The degradation of PKS mainly
occurred at temperatures range of 200-450°C and
produced 53% of aromatic compounds at 400°C. Bio-
oil of PKS that produced at 400°C had the potential to
be used as liquid fuels. Bio-oil obtained from
pyrolysis of PKS at 600°C has the potential as a
source of chemical derivates due to its higher phenol
and alkyl phenols, alkyl-methoxy phenols, carboxylic
acids, and levoglucosan content. However, methoxy
phenols, benzenes, and benzenediols were produced in
higher concentration under low temperature of PKS

pyrolysis.
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