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Abstract

In this work, thermal degradation behavior of six local biomasses such as empty fruit bunch, rice husk, coconut pulp, saw
dust, coconut shell, and sugarcane bagasse in Malaysia via pyrolysis was studied. The pyrolysis process was carried out
from 25 to 700 °C under nitrogen atmosphere flowing at 150 ml/min via a thermogravimetric analyzer. The effect of
biomass type was investigated on pyrolysis behavior. The particle size of biomass was in the range of 0.3 <dp1 < 0.5
mm, whereas the heating rate was fixed at 80 °C/min. The thermogravimetric analysis (TGA) data were divided into three
phases of degradation: moisture evolution, hemicellulose-cellulose degradation, and lignin degradation. The results
showed that all biomass samples degraded between 25 and 170 °C in Phase | of moisture evolution. Among the biomass
samples, coconut pulp achieved the highest mass loss (81.9%) in Phase Il of hemicellulose-cellulose degradation. Lignin
in all biomass samples gradually degraded from 450 to 700 °C in Phase 11 of lignin degradation. This study provides an
important basis in understanding the intrinsic thermochemistry behind degradation reactions.
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1.0 INTRODUCTION

Biomass is a well-known renewable resource with great potential as an alternative energy to fossil fuels [1]. Biomass
fractions in Malaysia can be divided into four categories according to their sources such as oil palm, rice, sugarcane
bagasse, and municipal waste [2]. In addition, with a total quantity of 72,962 kton/yr and 5,863 Gwh potential annual
generation, biomass serves as a viable alternative energy source [3]. Therefore, to convert biomass into renewable fuel,
various conversion technologies such as pyrolysis, gasification, and torrefaction have been used. However, pyrolysis of
biomass has gained attention that could maximize yield of organic liquids [4]. During flash pyrolysis, biomass is thermally
decomposed without an organizing agent to produce solid charcoal, liquid oil, and gases. Biomass is made up of
lignocellulosic structure that consists of cellulose, hemicellulose, and lignin, which have different thermal behaviors that
influence the quantities and compositions of pyrolysis products [5]. Due to the carbohydrate structure, this oil is highly
oxygenated as compared to conventional fuels. In order to obtain the highest possible liquid yield, high heating rates of
biomass particle and short residence time at the temperature of 450 to 600 °C are required [6].

Although biofuel has low energy density of approximately 15-20 MJ/Kkg, it produces less carbon monoxide and soot
during combustion [7]. The yield of pyrolysis products depends on reaction temperature, type of biomass, heating rates,
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particle size of biomass, and type of reactors [8]. Thermogravimetric analysis (TGA\) is one of the major thermal analysis
techniques used to study the thermal behavior of carbonaceous materials [9]. In addition, TGA provides a semi-
quantitative understanding of thermal degradation processes occurring during pyrolysis of biomass [10]. On the other
hand, a derivative thermogravimetric (DTG) curve is needed to measure the apparent mass loss of biomass samples [11].
TGA is generally preferred due to its simplicity in expressing the thermal behavior of biomass [12]. The effect of heating
rate and final pyrolysis temperature on material decomposition using TGA was studied by a number of researchers. Yiin
et al. [13] in their work showed a distinct systematic shift of the region of maximum rate of weight loss to higher
temperatures when the heating rate was increased during biomass pyrolysis via TGA. In addition, the influence of
pyrolysis temperature showed higher weight losses when pyrolyzed at a higher temperature (> 500 °C) [14]. In TG-DTG
analysis, more than one peak commonly appears, which can be assigned to cellulose, hemicellulose, and lignin [15, 16].

Omar et al. [17] claimed that the degradation temperatures of hemicellulose and cellulose are in the range of 220-300
and 300-340 °C, respectively. In addition, thermal degradation of lignin starts at lower temperature than cellulose, but it
decomposes at a lower rate than cellulose and hemicellulose, which leaves a higher percentage of residue. Very few
attempts have been carried out to study the thermal degradation of coconut pulp and saw dust using TGA in Malaysia.
Moreover, there are a limited number of research that have dedicated their investigation to these biomasses. Mansaray
and Ghaly [7] used TGA for rice husks in pure nitrogen atmosphere at heating rates of 10-50 °C/min. Raveendran et al.
[18] studied 13 different biomass samples, in which sugarcane bagasse, coconut shell, and rice husk were included. In the
present study, TGA was used to investigate the thermal degradation behavior of six local Malaysian biomasses: empty
fruit bunch (EFB), rice husk, coconut pulp, sugarcane bagasse, saw dust, and coconut shell. In addition, this study was
also conducted to determine the degradation temperature range of biomass components, the initial degradation
temperature, and the mass loss (%) at each phase of degradation. These analyses will provide important information for
potential biofuel production from these local biomasses.

2.0 METHODOLOGY
2.1 Biomass Feedstock Preparation

All six types of local biomasses used in this study (EFB, rice husk, coconut pulp, sugarcane bagasse, saw dust, and
coconut shell) were easily available in Malaysia. EFB samples were obtained from the nearest palm oil plantation, rice
husk samples were supplied by Padiberas Nasional Berhad (BERNAS), whereas sugarcane bagasse, coconut pulp, and
coconut shell were collected from local producers. All samples were crushed into smaller size and then dried in an oven
at 105 £ 2 °C to remove any moisture content. Then, the biomass samples were sieved to obtain particle size of 0.30 <
dpl < 0.50 mm. Lastly, the samples were kept in a separate closed container to minimize moisture absorption from the
surrounding humidity.

2.2. Biomass Characterization

Biomass characterization was performed in order to obtain the physicochemical properties such as ultimate, proximate,
and high heating value (HHV) of each biomass feedstock. Ultimate analysis was carried out by using an elemental
analyzer to determine the compositions of carbon, hydrogen, nitrogen, sulfur, and oxygen in biomass feedstock.
Proximate analysis was conducted by using a thermogravimetric analyzer to analyze the amount of volatile matter (VM),
fixed carbon (FC), moisture content, and ash content in the samples. Meanwhile, the fixed carbon was obtained by
subtracting from 100 the sum of volatile, ash, and moisture content. Lastly, the ultimate analysis of biomass samples was
performed via an elemental analyzer (Euro EA 3000 using Callidus Software interface Version 4.1) to measure carbon,
hydrogen, nitrogen, and sulfur contents. Then, oxygen content was calculated by difference. The HHV of biomass samples
was measured using a bomb calorimeter.

2.3. TGA Pyrolysis

TGA pyrolysis of biomass samples was carried out under nitrogen (N2) atmosphere flowing at 150 ml/min. Biomass
samples between 0.5 and 1.0 mg were pyrolyzed to a maximum temperature of 700 °C. The samples were first heated to
110 °C and maintained for 30 min to remove any moisture. After that, the samples were individually heated at the rate of
80 °C/min until it reached the maximum temperature at the particle size of 0.30 < dp1 < 0.50 mm. The experiment was
repeated for each type of biomass. Graphs of mass loss over temperature and rate of mass loss over temperature were
plotted to observe the degradation behavior for each type of biomass.
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3.0 RESULTS AND DISCUSSION
3.1 Physicochemical Properties of Biomass Feedstock

Proximate and ultimate analyses were conducted to study the properties of each biomass feedstock as shown in Table 1.
The moisture content of saw dust was considerably higher at 9.55 wt% compared to other biomass samples. This might
be due to the lower surface area to volume ratio, resulting in lower evaporation rate; thus, saw dust has higher ability to
store water [17]. In addition, this could also be due to the lignocellulosic material that made up saw dust, giving it strong
cell walls with high ability to hold water in the cells. Notably, saw dust comprised of 31.50 wt% cellulose and 21.40 wt%
hemicellulose as shown in Table 2. Furthermore, saw dust had a lower HHV of 17.03 MJ/kg than other biomass samples.
This is due to the high moisture content in saw dust that would negatively influence the thermal treatment by decreasing
its calorific value, which directly reflects the devolatilization rate of pyrolysis, resulting in longer reaction time [19, 20].
In addition, this could cause ignition and combustion problems [21]; therefore, it could incur additional costs for drying.
However, moisture might be beneficial for microwave heating as water is highly absorbent of microwave and might favor
gasification reaction, producing high syngas products [22]. From a previous study, it was found that at lower pyrolysis
temperature, higher initial moisture contents resulted in maximum liquid yield and high HHV of liquid product with low
viscosity compared to dry feed [23]. Conversely, coconut pulp has high HHV than other biomasses.

Table 1. Physicochemical properties of biomass feedstock

Biomass
Physicochemical Properties
EEB Rice Coconut Saw Coconut Sugarcane
Husk Pulp Dust Shell Bagasse

Proximate Analysis (d.b. wt%)

Moisture Content 2.40 6.73 6.10 9.55 0.50 4.99
Ash Content 4.02 17.06 0.57 0.45 2.90 2.34
Volatile Matter 78.49 55.88 75.74 58.28 71.10 73.50
Fixed Carbon? 15.09 20.33 18.59 31.72 25.50 19.17
Ultimate Analysis (d.b. wt%)

Carbon 44,71 38.22 55.84 39.44 47.49 41.98
Hydrogen 6.76 5.88 10.17 6.14 722 6.04
Nitrogen 0.21 0.68 1.18 0.50 0.50 0.53
Sulfur 0.41 0.07 0.12 0.04 0.04 0.24
Oxygen? 43.89 38.09 32.12 53.43 41.85 48.87
High Heating Value (HHV) (MJ/Kg)  21.77 17.91 30.22 17.03 19.79 18.60

Calculated by difference

Table 2. Biomass lignocellulose compositions

Biomass Compositions (wt%o)
Hemicellulose Cellulose Lignin
Sugarcane Bagasse!*”! 23.30 40.90 19.00
EFBI7 21.60 23.70 29.20
Coconut Shell®4 21.03 41.84 39.17
Coconut Pulp - - -
Rice Husk?% 27.30 34.10 17.90
Saw Dust??”! 21.40 31.50 28.90

As shown in Table 1, it was observed that EFB had the highest volatile matter at 78.49 wt%, followed by coconut pulp at
75.74 wt%. Hence, the high volatile matter in EFB suggests that it is highly preferred as liquid fuel [24]. Other biomasses
that produced lower volatile content than EFB are as follows: sugarcane bagasse (73.50 wt%), coconut shell (71.10 wt%),
saw dust (58.28 wt%), and rice husk (55.88 wt%). Moreover, it was observed that rice husk contained the highest ash
content at 17.06 wt% compared to other agricultural residues, which is consistent with literature [25, 26], and this will
result in low bio-oil quality. Consequently, the high content of ash would negatively affect HHV [21]. The energy content
of biomass sample is largely dependent on its chemical composition (carbon, hydrogen, and oxygen) and it is negatively
affected by the inclusion of inorganic elements and moisture [27]. The elemental compositions of carbon (C), hydrogen
(H), and oxygen (O) are the main components found in the ultimate analyses. In addition, C and H are oxidized during
combustion by exothermic reaction and formed CO; and H,O, respectively [28]. The content of C and H contributes
positively to calorific value, whereas the content of O reduces calorific value. The ultimate analysis showed that the
carbon content in coconut pulp was the highest (55.84 wt%), whereas rice husk had the lowest amount (38.22 wt%),
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which explained the higher calorific value in coconut pulp. The presence of other elements such as hydrogen, nitrogen,
and sulfur was almost similar for all biomasses except for coconut pulp that had higher hydrogen content (10.17 wt%).

3.2 TGA Pyrolysis
3.2.1 Effect of Biomass Type

The results of TGA analyses are shown in Figure 1(a) and (b), which show the weight loss curves (TG) and derivative
thermogravimetric (DTG) evolution profiles respectively, as a function of temperature, for all biomasses heated at a fixed
heating rate (80 °C/min) and at a particle size of 0.3 <dp1 < 0.5 mm. In general, the pyrolysis of biomass can be divided
into three phases: drying and evaporation of light components (Phase 1), devolatilization of hemicellulose and cellulose
(Phase 11), and decomposition of lignin (Phase I11) [29, 30]. Phase | occurred at the temperature below 150 °C, Phase Il
started to devolatize from 150 to 450 °C, and finally Phase 111 was attained at the temperature above 450 °C, which can
be observed in Figure 1(a) and (b). The TGA-DTG curves of the samples showed the first stage of weight loss from 25
to 150 °C. The derivative plot had a separate peak for this zone of weight loss. This might be due to the evolution of water
and light volatile compounds during the degradation of biomass via pyrolysis in TGA.
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Figure 1. Plots of (a) thermogravimetric analysis and (b) derivative thermogravimetric for 0.3 <dp; <0.5 mm at 80
°C/min

As shown in Figure 1 (b), it was observed that Phase | (moisture evolution) in all biomass samples occurred between 25
and 170 °C. Thus, it can be concluded that all biomass samples have a similar pattern of moisture evolution in Phase I.
In detail, Phase | was identified between 25 and 121 °C for coconut shell as indicated in Table 3 and has high mass loss
(5.3%) among other biomass samples in Phase I. In addition, it directly reflects low moisture content at 0.50 wt% as
indicated in Table 1. The first peak in the DTG curve corresponds to the moisture released from the biomass feedstock
(refer to Figure 1(b)). The temperature at which the overall degradation starts is termed as the initial degradation
temperature (Tin). It is the initial point where the curve starts to drop in the TG curve as shown in Figure 1(a). The Tin of
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hemicellulose-cellulose was developed between 177 and 249 °C for all biomass samples. Meanwhile, sugarcane bagasse
had a lower Tin at 177 °C compared to other biomass samples (refer to Table 3). This might be due to the low moisture
content evolved in Phase | (moisture evolution), which was 3.6%. It leads to fast evaporation and proceeds to Phase I at
low Tini. In contrary, saw dust started to degrade at high temperature (249 °C) in a single peak. Ghaly and Mansaray
(1999) reported that different biomass has different degradation temperature due to the variance in chemical compositions
present in biomass [31].

As shown in Figure 1(a), it was noticed that coconut pulp achieved the highest mass loss of 81.0%, which might be due
to high volatile matter. On the other hand, the order of mass loss percentage in Phase Il can be ranked as follows:
sugarcane bagasse (71.7%), EFB (60.2%), coconut shell (57.8%), saw dust (56.2%), and rice husk (51.6%). In general,
lignocellulose is made up of three major constituents: cellulose, hemicellulose, and lignin. Cellulose is composed of -
1,4 glucan chains associated with one another through extensive hydrogen bonding, whereas hemicellulose is
characterized by linear polymers and they are usually substituted with other sugar side chains to prevent the formation of
crystalline structures [31]. In regards to lignin, it is a phenolic polymer that essentially encases the polysaccharides of cell
walls, producing a strong and durable composite material resistant to enzymatic attack [32]. In addition, from previous
studies done by researchers, it has been recognized that the lignocellulosic structure of biomass can be qualitatively
identified by means of DTG curve [33, 34]. Biomass is composed of different components including moisture, extractives,
cellulose, hemicellulose, lignin, and ash. These components degrade at different temperatures and thermal behavior [30].
Hemicellulose degrades at a temperature lower than 350 °C, cellulose degrades between 250 and 500 °C, and lignin
degrades at a temperature above 400 °C [35]. Table 2 shows the results of chemical compositions of the biomass samples
determined by wet chemical method from the study done previously. It can be seen that sugarcane bagasse and coconut
shell have much higher cellulose content at 40.90 and 41.80 wt%, respectively.

Table 3. Thermal degradation of biomass samples

Biomass Phase  Temperature Mass Initial Residual
Range (°C) Loss (%)  Degradation Weight (%)
Temperature, at 700 °C
Tini (°C)
Sugarcane | 25-113 3.6 177 18.9
Bagasse I 177-432 717
11 432696 5.6
EFB | 25-113 45 193 28.9
1 193-433 60.2
11 433-696 6.4
Coconut Shell | 25-113 5.3 201 28.2
] 201-416 57.8
11 416-696 8.9
Coconut Pulp | 25-169 3.9 233 12.6
1 233-448 81.9
11 448-696 14
Rice Husk | 25-121 52 241 375
1 241-448 51.6
11 448-696 6.9
Saw Dust | 25-105 5.0 249 34.2
] 249-448 56.2
11 448-696 4.5

Table 4. Thermal degradation rate of biomass samples

Biomass First Peak Degradation Second Peak  Degradation
Temperature, Rate at Temperature, Rate at

Tlpeak (QC) Tlpeaky dX/dt T2peak (OC) TZpeak, dX/dt
(mg/s) (mg/s)
Sugarcane Bagasse 328 0.0369 384 0.0523
EFB 328 0.0339 384 0.0380
Coconut Shell 305 0.0375 360 0.0442
Coconut Pulp 320 0.0318 416 0.0522
Rice Husk 320 0.0234 376 0.0495

Saw Dust 376 0.0522 — —

In addition, coconut shell had higher lignin content of 39.1 wt% than other biomass samples (refer to Table 2). Meanwhile,
rice husk had the highest hemicellulose content (27.30 wt%). As shown in Figure 1(b), it was observed that there were
two peaks in Phase Il for coconut pulp, coconut shell, sugarcane bagasse, rice husk, and EFB, in which the first and
second peaks represent the thermal decomposition of hemicellulose and cellulose, respectively. In addition, sugarcane
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bagasse and EFB exhibited peaks of hemicellulose and cellulose at the temperature of 328 and 384 °C, respectively.
Contrarily, the thermal degradation rate for sugarcane bagasse was high at both hemicellulose and cellulose peaks than
EFB. This might be due to high cellulose content in sugarcane bagasse at 40.9 wt% than EFB (23.7 wt%) (Table 2). Thus,
it reflects the degradation rate of sugarcane bagasse at cellulose peak is high (0.0523 mg/s), which indicates higher
reactivity than EFB with the degradation rate of 0.0380 mg/s. Coconut pulp and rice husk exhibited similar hemicellulose
peak temperature at 320 °C. However, coconut pulp had higher degradation rate (0.0318 mg/s), whereas rice husk had
degradation rate of 0.0234 mg/s. In contrast, the cellulose peak temperature for coconut pulp and rice husk was achieved
at 416 °C (0.0522 mg/s) and 376 °C (0.0495 mg/s), respectively.

For coconut shell, the peaks of hemicellulose and cellulose occurred at 305 and 360 °C, respectively. The hemicellulose
content in coconut shell was 21.0 wt%, which was reflected by low degradation rate of 0.0375 mg/s. Meanwhile, coconut
shell degraded at high degradation rate of 0.0442 mg/s due to high cellulose composition (41.8 wt%) than other biomass
samples. When saw dust was tested, only a single peak (hemicellulose-cellulose) was exhibited. The peak was developed
at high temperature (376 °C) and high degradation rate (0.0522 mg/s). This could be due to the hemicellulose (21.4 wt%)
and cellulose (31.5 wt%) contents that degrade simultaneously in a single peak. A similar observation was reported
elsewhere on the DTG curve of saw dust [29]. The study of lignocellulosic compounds is relevant to pyrolysis because
the decomposition of these components occurs at different temperatures. It was noticed that the degradation rates of
biomass were no longer significant as most volatiles had already been pyrolysed and the rest were converted into char
and gases at above 650 °C.

Industrial and commercial processes for gasification, pyrolysis, and liquefaction are usually designed for higher
temperatures above 600 °C at a large scale [14]. In this study, the residual weight of sample was compared at the
temperature closer to 700 °C. It was observed that the residual weight of rice husk (37.5%) was higher than that of saw
dust (34.2%), EFB (30.0%), coconut shell (28.2%), sugarcane bagasse (18.9%), and coconut pulp (12.6%). The residual
weight may be attributed to the presence of inorganic mineral content in biomass [30]. TGA measurements were also
used to generate data equivalent to proximate analysis, namely moisture, volatile matter, fixed carbon, and ash contents
as shown in Figure 1(a) and (b). The results are presented in Table 1. All biomass samples were ashed in air at 700 °C.
The residual weight percentage of coconut shell was high (37.5%) compared to other samples. This is due to high ash
content in coconut shell (17.06 wt%). However, rice husk contained high ash content among other samples, which resulted
in high residual weight as shown in Table 4.

4.0 CONCLUSION

Thermogravimetric analysis on six different biomass samples (EFB, rice husk, coconut pulp, saw dust, coconut shell, and
sugarcane bagasse) was conducted at a heating rate of 80 °C/min in an inert nitrogen atmosphere. The thermal degradation
temperature range of biomass components, the initial degradation temperature, and the mass loss of biomass samples at
each phase of degradation were determined. From proximate analysis, coconut pulp contained high volatile matter that
gave high volatility and reactivity advantages, which are suitable for liquid fuel production. Ultimate analysis showed
that coconut pulp has high carbon content, which explains the higher calorific value in coconut pulp. During thermal
degradation, sugarcane bagasse showed high thermal degradation rate of 0.0523 mg/s, which corresponded to high
cellulose content. The higher the cellulosic content of sugarcane bagasse, the higher its thermal degradation rate. A similar
single peak was observed for coconut shell at 368 °C. Thus, the three distinct reaction zones in the TG-DTG curve can
provide an important basis in determining suitable properties of Malaysian biomasses and pyrolysis parameters for biofuel
production via pyrolysis.
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