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Abstract

In recent years, palm kernel shell (PKS) has become a viable feedstock for making biofuels and
value-added commodities using a variety of thermal conversion routes. Therefore, significant
conservation is required for PKS as a resource for fuel production in biofuel facilities. Thus,
this research was intended to elucidate the effects on PKS as a solid fuel through torrefaction
and the production of bio-char and bio-oil by single and co-pyrolysis of PKS and polyethylene
(PE). The PKS was treated through torrefaction at different temperatures and holding times.
The optimum parameters for torrefaction were a temperature of 250 °C and a holding time of
60 min. Then the PKS and PE were pyrolyzed in a fixed-bed reactor at different temperatures
and ratios. The product yield was analysed for single and co-pyrolysis of PKS and PE for
pyrolysis. The properties of the product composition for single and co-pyrolysis of the PKS and
PE were determined by proximate analysis, Fourier transform infrared (FTIR) analysis, and
gas chromatography-mass spectrometry (GC-MS). The optimum parameter obtained for bio-
char and bio-oil production from co-pyrolysis of PKS and PE was at temperature of 500 °C at
a ratio of 1:2 (PKS: PE). The ester and phenol compounds were increased around 19.02 to
23.18% and 32.51 to 34.80 %, respectively, while amide and amine decreased around 4.94 to
18.87% and 0.63 to 32.39 %, respectively, compared to the single pyrolysis of PKS. Therefore,
the PKS and PE co-pyrolysis significantly increased the amount of phenol and ester compounds
while slightly reducing the amount of amide and amine compounds in the bio-oil product. As a
conclusion, biomass conservation enables the manufacturing of value-added chemicals.
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Introduction

Nowadays, plastic materials are used for domestic purposes. Hence, plastics' lightness,
dexterity, versatility, and low manufacturing cost have made them a highly desirable material for
utility in various sectors. Polyethylene (PE) is one of the plastics that contributes approximately
33% of global plastic waste exports, and 30% is from demand from European plastic conversion
in 2017. Nine developing countries with fast-growing market economies are major importers and
exporters of the global PE waste trade [1]. Five of the nine major importers and exporters of PE
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waste are Brazil, Malaysia, China, Turkey, and Taiwan [2]. PE has good physicochemical
properties and is easy to melt and mould for recycling. The various types of PE include High-
Density Polyethylene (HDPE), Low-Density Polyethylene (LDPE), and Linear Low-Density
Polyethylene (LLDPE) [3].

Biomass is considered a significant future alternative energy source. Biomass feedstocks
include wood, industrial and agricultural residues, and by-products such as sawdust, wood chip,
bagasse, rice husk, and dedicated energy crops that are typically used as biomass fuels [4]. Natural
sources for biomass come in a vast range, and annual worldwide biomass production was
predicted to be around 100 billion tonnes [5]. On thermochemical treatment, the high carbon
content of biomass turns it into high-energy bio-char. Among the few well-established
thermochemical processes for treating biomass and biogenic waste to provide high-energy char
in addition to oil and gaseous yields [6].

The most widely used method of producing bio-char from biomasses is pyrolysis, which
involves a thermochemical decomposition process under an oxygen-depleted atmosphere at high
temperatures [7]. Pyrolysis is a potential technology for converting biomass into bio-char, bio-
oil, and gas at temperatures ranging from 400 to 650°C under nitrogen conditions. Pyrolysis is a
thermal conversion mechanism that occurs in four stages: moisture evolution (220°C),
hemicellulose breakdown (220-350°C), cellulose decomposition (315-400°C), and lignin
decomposition (> 400°C) [8].

Therefore, in this research, single and co-conversion were studied on biomass and plastic
waste. Thermochemical conversion, such as pyrolysis, was utilised to overcome the problem. The
outcomes between single and co-conversion of the biomass and plastic waste were investigated
on the characteristics of PKS and PE and evaluated on the pyrolysis product quality of bio-char
(solid) and bio-oil (liquid).

Experimental part

Materials

PKS and PE were the biomass and plastic, respectively, employed in the single and co-
pyrolysis processes. The PKS was collected from United Oil Palm Mill Sdn Bhd, Nibong Tebal,
Pulau Pinang, and the PE was obtained from the UiTM Arau, Perlis Laboratory. PKS is the shell
material left after the nut has been removed after crushing in the palm oil mill. It was dried in the
oven at a temperature of 110°C for 1.5 hours to remove the moisture content. Using a crusher,
the PKS was reduced to a small size. The PKS was sieved using a sieve shaker to separate the
particle sizes with diameters between 300-600um.

Single and Co-Pyrolysis Process

A fixed bed reactor was used for the biomass pyrolysis experiments. The reactor tube was
filled with 10 + 0.5g PKS. A heating rate of 80°C/min and a constant flow rate of N at 0.5L/min
were used in the pyrolysis experiment to achieve an inert atmosphere. The pyrolysis yield from
the various parameters of the pyrolysis process was investigated by identifying the effects of
temperature (400°C and 500°C) and the ratio of PKS and PE (1:0, 0:1, 1:1, 1:2, and 2:1). The
char and bio-oil products were weighed to calculate the percentage of the yield. The gas produced
was calculated by dividing the differences. The bio-oil was analysed using Fourier-transform
infrared spectroscopy (FTIR) and Gas chromatography—mass spectrometry (GC-MS).

Results and discussion
Proximate Analysis of Treated PKS
Table 1 displays the result of the proximate analysis for treated PKS. Generally, it can be

seen that the moisture content and volatile matter of treated PKS decreased when the temperature
of torrefaction increased. This was due to the increased heat demand for moisture evaporation
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and occurring decomposition reaction [9]. Meanwhile, ash content and fixed carbon increase for
treated PKS due to the release of some of the mineral matter (alkali metal, Cl, and sulphur) during
the torrefaction process [9, 10]. The increased amount of fixed carbon was due mainly to the
increases in the devolatilization rate as the torrefaction temperature increased, where
hemicellulose and lignin breakdown became more relevant as the temperature increased [12].

The amount of moisture content and fixed carbon indicated that treated PKS is a suitable
fuel feedstock to conduct thermal conversion. After torrefaction, the moisture content of treated
PKS significantly decreased while fixed carbon increased with increasing temperature
torrefaction. The treated PKS was 7.92 to 1.90% and 4.56 to 14.52% when the temperature
increased to 250°C at a holding time of 60min.

Table 1. Proximate analysis of treated PKS

Proximate Analysis (wt %)

Sample Moisture

C Volatile Matter Ash Content Fixed Carbon
ontent

Raw PKS 7.92 78.42 9.10 4.56
PKS 200 °C (30-minutes) 2.68 77.75 7.77 11.80
PKS 200 °C (60-minutes) 2.66 74.73 8.99 13.62
PKS 200 °C (90-minutes) 181 81.45 8.60 8.14
PKS 250 °C (30-minutes) 2.49 76.39 10.50 10.62
PKS 250 °C (60-minutes) 1.90 73.18 10.41 14.52
PKS 250 °C (90-minutes) 2.43 76.78 9.44 12.34
PKS 300 °C (30-minutes) 1.00 73.01 10.76 15.23
PKS 300 °C (60-minutes) 0.86 64.96 11.76 22.42
PKS 300 °C (90-minutes) 0.33 67.71 13.81 18.15

Effect of Temperature and Ratio of PKS and PE on Pyrolysis Product Yield

The bio-char yield from pyrolysis of PKS and PE at temperatures ranging from 400°C to
500°C with a holding time of 60min and various ratios of PKS to PE is demonstrated in figure
la. The optimum parameter obtained for bio-char from co-pyrolysis of PKS and PE was 400°C
at a ratio of 1:1. This was due to the fact that the production of bio-char increased by 7.3%
compared to the single pyrolysis of PKS. The result shows that the trend is clearly decreasing
when the temperature rises. At 400°C, the char yield was high, more than 64% for all ratios of
PKS to PE, while at 500°C, 14 to 53% were produced compared to single pyrolysis PKS. This
was due to the bridge bond between fundamental structural units of carbon being broken and
gaseous hydrocarbons escaping from the system after aliphatic side chains are broken, releasing
free radicals and active hydrogen at the same time [13]. Bond fission becomes easier as the
temperature increases. J.a. Oyebanji et al. [14] reported that the kinetics of samples to volatiles
have been improved by temperature changes, and several researchers agreed that as temperature
increased, the bio-char yield decreased.

The bio-oil yield from pyrolysis of PKS and PE at temperatures ranging from 400 to 500°C
with a holding time of 60min and various ratios of PKS to PE was demonstrated in figure 1b. The
optimum parameter for the bio-oil was at 500°C for a ratio of 2:1. As can be seen, the ratio of
PKS:PE of 2:1 shows the highest bio-oil yield of 25%. Enrichment of the bio-oil was due to the
presence of the major hydrogen compounds in the PE [15]. The polyolefin polymers such as PE
have a great hydrogen source during co-pyrolysis, which can contribute to the significant increase
in bio-oil during co-pyrolysis of biomass and plastic waste [15]. The increase in bio-oil when the
temperature increased was due to the kinetics of the sample to volatiles being enhanced when the
temperature increased [14].

The gas yield from pyrolysis of PKS and PE at temperatures of 400 to 500°C in a holding
time of 60min with the various ratios of PKS to PE is shown in Figure 1c.
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Fig. 1 Effect of temperature and ratios of PKS and PE on:
(a) bio-char yield, (b) bio-oil yield and (c) gas yield

The optimum parameter for the gas yield was 500°C at a ratio of 1:2. This was due to the
chemical bond between fundamental structural elements being broken and bond fission becoming
easier as the temperature increased [14]. Besides, the presence of the PE increased the production
of gas yield, which contains high amounts of hydrogen and carbon, and it contributed to the
increase in the value of gas yield [16]. The highest gas yield is at 500°C for 60min for all ratios
compared to 400°C for 60min. The generation of gases is mostly related to biomass structures
rather than elemental content [17]. When the pyrolysis temperature became too high, secondary
cracking of the pyrolysis vapour occurred, causing the gas yield to increase as the bio-oil
eventually decreased [18].

Characterization of the Pyrolysis Product (Bio-char)

Table 2 shows the proximate analysis of pyrolysis PKS and PE under different
temperatures and ratios. Generally, the amount of ash content for co-pyrolysis of PKS and PE
slightly increased from 0.5% to 1.5% when the temperature increased from 400°C to 500°C
compared with the pyrolysis of individual PKS, which significantly increased by about 57%.
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Table 2. Proximate analysis of pyrolysis of PKS and PE under different temperature and ratio

Proximate analysis (wt%6)

Sample Ratio Volatile matter Ash content Fixed carbon
PKS (400 °C) 1.0 71.42 16.74 10.18
PKS (500 °C) 1:0 14.16 73.12 11.10
PE (400 °C) 0:1 97.50 0.70 0.43
PE (500 °C) 0:1 97.96 0.64 0.07
PKS and PE (400 °C) 1:1 87.27 6.36 5.28
PKS and PE (500 °C) 11 81.93 7.92 8.85
PKS and PE (400 °C) 1:2 87.88 4,72 6.26
PKS and PE (500 °C) 1:2 82.28 6.38 9.50
PKS and PE (400 °C) 2:1 83.44 8.33 6.38
PKS and PE (500 °C) 2:1 81.86 8.85 7.37

This is due to the fact that biomass such as PKS contains a high amount of alkali metal
[10]. The ash content decreased when the PE ratio increased. The presence of the PE had reduced
the amount of ash content, which dropped to 66% compared to the single pyrolysis of PKS, which
had the highest amount of ash content. The amount of volatile matter for co-pyrolysis reduced by
around 1% to 5% at 400°C to 500°C compared to single pyrolysis of PKS, which reduced by
about 57%. This was due to the decomposition reaction occurring at a higher temperature.
Therefore, it caused the reduction of volatile matter and increased the fixed carbon [9]. Moreover,
the volatile matter increased when the ratio of PE increased due to the high volatile matter of PE
[19]. B.B. Uzoejinwa et al. [16] reported that the PE was a good hydrocarbon source with high
hydrogen and carbon content, which contributed to the increased volatile matter content. Hence,
mixing the PE with PKS increased the amount of volatile matter compared to the single pyrolysis
of PKS. The amount of fixed carbon for single pyrolysis samples PKS and PE decreased when
the temperature started increasing from 400°C to 500°C at 60min. Meanwhile, for co-pyrolysis
for PKS and PE with ratios of 1:1, 1:2, and 2:1, the amount of fixed carbon increased when the
temperature increased from 400 to 500°C at a holding time of 60min. In the single pyrolysis of
PKS, the amount of fixed carbon increases by around 1%. This was due to the decrease in the
amount of volatile matter as the temperature increased. T.Y. Ahmad et al. [9] stated that the
decomposition reaction occurred at a high temperature, which caused the reduction of volatile
matter and increased the fixed carbon. Meanwhile, the single pyrolysis for PE decreased by
around 1% when the temperature increased. This was the reason that the PE was a good
hydrocarbon source that contained high levels of hydrogen and carbon and contributed to the
increased value of volatile matter [16].

Therefore, the optimum parameter obtained for bio-char production from co-pyrolysis
of PKS and PE is 500°C at a ratio of 1:2. This was because the ash content for co-pyrolysis of
PKS and PE significantly decreased by around 66.74% compared to single pyrolysis of PKS.
Meanwhile, the volatile matter of co-pyrolysis PKS and PE significantly increased by around
68.12% compared to single pyrolysis PKS. This was due to the increased temperature and the
presence of PE, which contains a good source of hydrocarbons. Next, the amount of fixed carbon
for co-pyrolysis of PKS and PE at 500°C for a ratio of 1:2 slightly decreased by around 1.6%
compared to single pyrolysis of PKS. This was due to the increased temperature where the
decomposition occurs. Therefore, the co-pyrolysis of the PKS and PE slightly reduced the fixed
carbon while enhancing the volatile matter and reducing the ash content.

Characterization of the Pyrolysis Product (Bio-oil)

Table 3 demonstrates the functional group compositions of bio-oil obtained from single
and co-pyrolysis of PKS and PE. The presence of phenol and alcohol was found at the O=H
stretching peak at 3365 to 3386cm™ for ratios 1:0 (at both temperatures), 1:2 (at both
temperatures), and 2:1 (at 400°C). Meanwhile, there were also showed C — H stretching vibrations
at 2916 and 2848cm™ in the single pyrolysis of PE, which is 0:1 (500°C) and in the co-pyrolysis
of PKS and PE, which is 1:1 (400°C), 1:1 (500°C), and 2:1 (500°C). This showed the presence of
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alkanes and alkenes. Furthermore, the presence of ketones, carboxylic acid, and aldehydes was
found at the C=0 stretching peak at 1642 and 1708cm-* for all ratios and temperatures of bio-oil
production from single and co-pyrolysis PKS and PE. Besides that, there were illustrated C — O
stretching vibrations at 1230 and 1320cm™ for all ratios and temperatures of bio-oil which showed
the presence of alkanes, alcohols, phenols, ethers, and lipids.

Table 3. Functional group of bio-oil

Wa\zinmqi;ber Bond Functional group References
3700 — 3000 O — H stretching vibration Phenolic, alcoholic and carboxylic [20]
3000-2700 C — H stretching vibration CH, [21]

1900 - 1650 Cc=0 Aldehydes, ketones, acids [22]

1475 — 1000 C -0, C - C and carbon chain Alkanes, alcohols, ethers, and lipids [23], [24]
skeleton stretching vibration

1300 — 1200 C — O stretching vibration Phenols [25]

1275 - 1060 C — O stretching vibration Ethers [25]

1200 — 1000 C — O stretching vibration Alcohols [25]

Figure 2 shows the chemical compound in the bio-oil product of single and co-pyrolysis
of PKS and PE. It was found that several groups of chemical compounds, including ester, amide,
amine, and phenol. The optimum parameter obtained for bio-oil production from co-pyrolysis of
PKS and PE is at temperature 500°C for a ratio of 1:2. At the optimum parameter, the amount of
the phenol compound increasing around 32.51 - 34.80% compared with single pyrolysis of PKS.
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Fig. 2. The chemical compound in bio-oil product of single and co-pyrolysis PKS
and PE under different temperature and ratio

Conclusions

Pretreatment of PKS was recommended before undergoing thermal conversion to increase
the quality of the raw PKS, which was optimised at a torrefaction temperature of 250°C and a
holding time of 60 min. The maximum yield of bio-char and bio-oil increased by around 7.3%
and 10%, respectively, at pyrolysis temperatures of 400°C for a ratio of 1:1 and 500°C °C for a
ratio of 2:1. The properties of the bio-char and bio-oil for single and co-pyrolysis of the PKS and
PE were important to produce high quality of solid fuel and bio-oil. The result showed the
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optimum parameter obtained for bio-char and bio-oil was at a temperature of 500°C for a ratio of
1:2, where it enhanced the amount of volatile matter, reduced a large amount of ash content, and
significantly increased the amount of phenol. Therefore, the results of this work can enhance the
entire biofuel production system by conserving biomass, enabling it to be utilised more profitably
throughout the year in biofuel facilities.
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