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Abstract 
 
Pyrolysis is a viable solution to curb the issue of growing lignocellulosic waste in the world through conversion to potential biofuel 
and bio-based chemicals. This study focused on the effect of biomass particle size on the feedstock characterisation, biomass ash 

content, thermal behaviour and pyrolysis products yield. The particle size ranges studied were <0.355, 0.355 to 0.710. 0.710 to 1.00 
and 1.00 to 2.00 mm. Thermal behaviour was analysed using thermogravimetric analyser, and pyrolysis experiments were conducted 
in a fixed-bed pyrolyzer. TGA results show smaller particle size maximum temperature shifted to a lower temperature. From ashing, 
the results indicated that ash content is the highest at the smallest particle size, <0.355mm (2.8 wt.%). The gaseous yield was the 
highest in dpA (<0.355 mm) at a temperature of 600°C. The highest pyrolysis oil yield (50.1 wt.%) occurred at 400°C from dpA 
(<0.355mm). The highest char yield (33.70 wt.%) occurred at 400°C obtained from the largest particle size, dpD (1-2mm). 
 
Keywords: Ash content; palm kernel shell; particle size; pyrolysis; temperature. 

 

1. Introduction 

Due to rapid population growth, more waste has been generated. 
This includes lignocellulosic waste such as agricultural residues, 
dedicated energy crops and woody materials. The resources repre-
sent sustainable and low-cost feedstocks that can be converted into 

valuable products on a large scale, reducing the world’s depend-
ency on fossil-based industrial products. A lignocellulosic material 
consists of three main components (cellulose, hemicellulose and 
lignin), a small fraction of inorganic materials and extractives. 
More interests have been shown in valorising these components 
towards producing a variety of additional high-value end-uses 
such as pellets and bio-based chemicals. In Malaysia, palm oil 
plantation alone is expected to generate about 100 million dry 

tonnes of solid biomass by 2020 [1]. It clearly shows a higher 
value-added opportunity for the nation to invest in biomass tech-
nology. 
The conversion of biomass to biofuel can be made through three 
pathways namely thermochemical, biochemical and physical pro-
cesses. Among the three, thermochemical pathways offer opportu-
nities for rapid and efficient processing of diverse feedstocks into 
fuels, chemicals and power [2]. The advantages relative to bio-
chemical and physical methods include greater feedstock flexibil-

ity, faster reaction rates and ability to produce a diverse selection 
of products. However, through selection of biomass, one of the 
main issues is the presence of inorganic metals (sodium, potassi-
um, calcium, magnesium) which can be found inside biomass ash. 
The elements are reported as detrimental to thermochemical pro-
cesses by causing slagging, fouling and corrosion to the reactors 

[3]. In pyrolysis, alkali and alkaline earth metals (Na, K, Mg, Ca) 
display catalytic activity which alters the chemical composition of 
the pyrolysis oil, increase in char yield and maximum degradation 
temperature shifted to a lower temperature [4]. Pyrolysis oil 

upgrading using commercial catalyst was also hindered by the 
deactivation of the catalyst due to its poisoning effect on the active 
sites on its surface [5].  
The biomass ash which contains the inorganic metals present in 
two types, introduced and physiological ash [6]. Introduced ash is 
originated from dust, dirt, rocks and other forms or inorganic con-
taminations occurred during the harvest and collection process. 
While physiological ash is the existing minerals within the plant's 

tissues. The ash contains macronutrients (magnesium, potassium), 
essential micronutrients (zinc, iron, chloride) and non-essential 
beneficial elements (sodium, silicon). Different lignocellulosic 
materials and anatomical parts (leaves, roots, shells) have different 
concentration of minerals, and they are not uniformly distributed 
throughout the plant. It was reported that wood biomass has the 
lowest ash content (<1%) while agricultural residues are grouped 
among the highest ash concentration (1-20%) [7]. Low ash bio-
mass is often categorised as high-value feedstocks. Different bio-

mass also has different elemental concentration. For example, rice 
straw is high in silica while driftwood is high in calcium [8], [9]. 
In the study of biomass combustion, ash content was proven to 
correlate with the feedstock’s particle size. Studies on the effect of 
particle size on potassium enrichment on woody biomass ash for 
combustion process was reported by Maeda [10]. They stated that 
the potassium content in the ash decreased as the biomass ash’s 
mass median diameter increased. Research on sugarcane trash to 

improve the feedstock quality also reported that there were varia-
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tions in the results of ash content with different particle size where 
a higher concentration of mineral impurities was found in smaller 
particles (<0.25mm)[11]. Conversion efficiency was also reported 
to improve by reducing ash content [6]. In their study, the ash was 
successfully separated using particle size and anatomical fraction-
ation methods where the selections can minimise the need for 
more expensive ash reduction treatments.  
In combustion studies, the particle size is an important parameter 

to determine the selection of biomass feedstock to avoid fouling of 
combustion reactor [12], [13]. Pyrolysis, on the other hand, has 
fewer issues with fouling and slagging as it has low alkali metals, 
silicon and chlorine emissions compared to gasification and com-
bustion [9]. However, knowledge of the ash chemistry for pyroly-
sis process is essential to understand how it affects the thermal 
behaviour, pyrolysis product yield and the product compositions. 
Sodium, potassium, calcium and magnesium are the primary inor-

ganic metals naturally present in biomass which have been caus-
ing unwanted catalytic reactions during the pyrolysis process. 
These metals are known as alkali and alkaline earth metals 
(AAEM). In pyrolysis, researchers who reported on the effect of 
AAEM often ignored how it is related to one of the process 
parameters in pyrolysis, the particle size [14], [15]. However, this 
parameter has been covered intensively in combustion and gasifi-
cation studies based on the published data available in the litera-

ture [16], [17]. In pyrolysis study, the experimental evidence on 
this topic shall provide a better understanding in biomass selection 
based on particle size which in turn could reduce the cost of post 
pretreatment of biomass feedstock to reduce the inorganic metals 
through acid leaching or water washing. Therefore, in assessing 
pyrolysis product yield, the study would have been more relevant 
if the effects of AAEM is considered thoroughly when selecting 
particle size as a variable as it has been reported to affect the heat-
ing rate of pyrolysis process [18], [19].  

In studying the particle size as a pyrolysis parameter, previously 
reported data showed a lot of contradictions, especially on the 
pyrolysis oil yield. For instance, Aysu [10] conducted a pyrolysis 
experiment at 500°C to four different particle size range from 
0.15mm to 0.85mm. Results showed a small increase (2.19%) in 
oil yield as the particle size decreases. Pyrolysis of durian shell by 
Tan [20] however, reported a contradiction where the results 
showed a reduction in oil yield as the particle size decreases. The 

experiment was done in a drop type fixed-bed pyrolyser at 550°C 
with particle size ranges from <0.5 to 5mm. However, both au-
thors concluded the particle size effect is insignificant to pyrolysis 
process based on the yield differences they obtained from the ex-
periments.  
Previous experiments were done on various types of biomass also 
showed inconsistent trends. For instance, pyrolysis of safflower 
seed, waste paper, rapeseed, hazelnut and Chinese tallow tree 

showed a graph of increasing trend and followed by a decrease in 
terms of pyrolysis oil yield as the particle size increases [21]–[25]. 
It shows that the maximum oil yield occurred at intermediates 
particle size. However, we must take note that the pyrolysis was 
done at different temperature and particle size range for each anal-
ysis mentioned. As such, it is difficult to compare on the effect of 
particle size due to the difference in temperature, pyrolyser and 
type of biomass. Plus, previous researchers failed to conduct ex-

periments at a various temperature to see the trend and instead to 
analyse the results based on a single pyrolysis temperature only. 
Therefore, it is difficult to see the overall pattern of the result. 
In the thermogravimetric analysis, Chouchene [26] reported that 
particle size has a significant effect on thermal degradation of 
olive solid’s waste using the thermogravimetric analyser. Smaller 
particle size showed the highest mass loss rate during 
volatilisation step and released a high quantity of volatile matters. 

However, Bridgeman [27] reported that all these effects were due 
to the catalytic effect of metal contents as different particle sizes 
have different metal concentrations. 
Previous reported data showed a knowledge gap in finding the 
relations between AAEM and particle size in the field of biomass 
pyrolysis at different pyrolysis process conditions. Therefore, this 

work aims to conduct a thorough study on the effect of biomass 
particle size on pyrolysis product yields by experimenting at a 
broader range of pyrolysis temperature. The effect of particle size 
was also focused on the ash content and thermal behaviour 
through thermogravimetric study using palm kernel shell as the 
biomass feedstock. The analysis was conducted by varying the 
particle size and pyrolysis temperature. To our knowledge, this 
parameter has not been considered thoroughly to this date, and 

previously reported data were mostly focused on analysing at only 
one constant temperature to see the effect of particle size in a 
fixed-bed pyrolyzer. As such, there is still lack of comprehensive 
data to investigate the effect of particle size and pyrolysis product 
distribution with regards to biomass pyrolysis. 

2. Materials and Method 

2.1. Feedstock Characterization 

The palm kernel shell (PKS) used in this study was collected from 
Kempas Palm Oil Mill in Melaka, Malaysia. The feedstocks were 

dried under the sun to reduce moisture content and crushed using a 
high-speed crushing machine mounted with a 2mm screen sieve 
(Brand: Branco; Model: RT-20). Feedstocks were then separated 
into four different size fractions by sieving through Endecotts 
woven wire stainless steel sieve which measurement and inspec-
tion are based on ASTM E11. The Endecotts mesh size of sieves 
used was 355μm, 710μm and 1.00mm. The prepared particle sizes 
were as follows: dpA (<355 μm), dpB (355 - 710μm), dpC 
(710μm - 1.00mm) and dpD (1.00-2.00mm). All sample size was 

characterised by proximate analysis for the volatile matter, mois-
ture and fixed carbon value via thermogravimetric analyser (TGA) 
(Mettler Toledo TGA/SDTA851, USA) according to American 
Society for Testing and Materials (ASTM D-3172). Prior to analy-
sis, the biomass feedstocks were sun-dry for one day followed by 
one-hour oven-dry at 105°C. The heating rate was set constant at 
20°C/min for the drying step from room temperature to 700°C. 
Nitrogen gas was supplied continuously at a flow rate of 

100ml/min as the furnace medium. Results were interpreted using 
the method described in [28]. The ultimate analysis was done to 
obtain the value of C, H, N, O and S using an elemental analyser 
(Elementar, Thermo Scientific). Ash content was determined by 
complete combustion using AOAC 942.05 17th Edition while 
elemental analysis was done using Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) from Thermo Scientific 
Model ICP6000 using Method AOAC 968.08 17th Edition. The 

hemicellulose, cellulose and lignin content of palm kernel shell 
was based on the literature [29]. The high heating value (HHV) of 
biomass fuel was estimated using empirical correlations [30]. 

2.1. Pyrolysis Experiment 

Pyrolysis of PKS was performed in a lab scale fixed-bed reactor 
under atmospheric pressure as shown in schematic diagram in Fig. 
1. Around 10.00 ± 0.50g of biomass was loaded into the reactor, 

and the residual air was purged out using nitrogen gas which was 
supplied continuously during the analysis (flow rate: 50ml/min). 
The reactor furnace was heated until it reached the target tempera-
ture (450°C, 500°C, 550°C, 600°C). The PKS was loaded in the 
furnace when it reached the target temperature which was 
displayed on the temperature panel. The temperature drop was 
between 20-35°C and reached the exact temperature of analysis 
within 3-4 minutes. The heating was maintained for 30 minutes 
for all samples to ensure all condensable vapour were collected. 

Biomass bed temperature was taken as the pyrolysis temperature, 
and the thermocouple indicated the skin temperature of the reactor. 
The vapor was condensed, and the pyrolysis oil was collected. 
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Fig. 1: Schematic diagram of the lab scale fixed-bed pyrolyzer: TF = tubu-

lar furnace, T = thermocouple, R = fixed-bed reactor, O = outlet, C = con-

denser, G = gas collector, N2 = nitrogen gas, FC = flow controller, MV = 
manual valve, B = biomass, SP = sieve plate. 

3. Results and Discussion 

3.1. Feedstock Characterization 

The characteristics of PKS for various sizes are presented in Table 
1. The moisture content was 6.1-8.1 wt.%. It shows that PKS is a 

suitable feedstock option for thermal conversion as for efficient 
performance, feedstocks for gasification or pyrolysis must not 
exceed 10-14% of moisture content [31]. This is to avoid 
utilisation of more energy consumption during drying operation to 
reduce moisture content, and it also represents low energy density 
feedstocks. However, the estimated moisture content is also 
influenced by location and climate differences. 
The volatile matter (VM) of PKS was around 63.1-81.5 wt.%. 

This parameter is important as it signifies pyrolysis oil yield 
which is condensed from the volatiles. PKS’s VM is lower com-
pared to coconut copra (75.7 wt.%) but higher than rice husk (55.9 
wt.%) [32]. The ash content for every particle size (dp) were 2.8 
wt.% (dpA), 2.3 wt% (dpB), 1.2 wt% (dpC) and 0.9 wt% (dpD). 
The values obtained are within the range of PKS originated from 
Malaysia as reported by several researchers [29], [33]–[35]. For 
the past eight years, ash content reported by [36] and [37] had 

high ash (11.75% and 16.3 wt%) while most of the rest are within 
a lower ash content range of 1.6-2.6%.  
It was observed that the ash content in Table 1 reduced as the 
particle size increased. The AAEM content in Fig. 2(a) – (d) also 
showed a similar trend. A plausible reason for this is because of 
soil contamination which is known to be a significant contributor 
of the total ash content during storage and harvest. Some of this 
contamination can be concentrated in the finest size fractions of 
the biomass [27]. This explains on the high ash content in the 

smallest particle size (dpA) which was about four times higher 
than the largest range (dpD) in this study. This data is supported 
by the previous finding where flax ash content of finer particle 
(<0.18mm) was higher by ten times than in the larger particle size 
(>0.84mm) [38]. The deviations could be due to soil contamina-
tion which some of the elements can contribute to the increase in 
ash content such as silica and calcium [6]. High ash content also 
could be due to physiological ash as high silica (SiO2) was found 

soil elements [39]. 
The biggest jump of ash concentration was between dpC to dpB 
size where the ash concentration was doubled. This could be 
contributed from potassium element which was the highest con-
centration among other alkali and alkaline earth metals. Potassium 
was reported to be highly concentrated in lighter fractions thus 
contributes to large proportions of ash-forming elements [39]. 
This finding is supported by a recent research in biomass combus-

tion ash which reported that the potassium content in the ash is 
higher as the mass median diameter of biomass decreases [10]. 
Referring to [40], among the ash content of 13 types of biomass, 
only one (corn stalks) has higher sodium compared to potassium. 
The majority of trend shows potassium exist in a higher composi-
tion compared to sodium. 
 

Table 1: Physicochemical properties of PKS 

Analysis dpA dpB dpC dpD 

Proximate analysis (d.b. wt. %)     

Moisture content 6.1 7.9 8.1 7.7 

Ash content 2.8 2.3 1.2 0.9 

Volatile matter 81.5 65.1 63.1 64.1 

Fixed carbon
a
 12.4 27.0 28.8 28.2 

Ultimate analysis (d.b. wt. %)     

Carbon 48.85 48.23 48.60 50.25 

Hydrogen 6.32 6.28 6.24 6.40 

Nitrogen 0.49 0.34 0.29 0.29 

Sulfur 0.16 0.06 0.05 0.02 

Oxygen
a
 44.17 45.10 44.82 43.04 

High heating value (HHV) (MJ/kg) 14.04 14.72 17.15 18.73 

Chemical composition (d.b. wt. %)     

Hemicellulose
b
 21.6-22.7 

Cellulose
b
 20.8-27.7 

Lignin
b
 44.0-50.7 

d.b wt. %: dry basis by weight per cent 
a
 Calculated by difference 

b
 Obtained from literature [41]  

 
Fixed carbon is the final component of a proximate analysis which 
estimate the non-volatile carbon. It is expected that higher fixed-
carbon content in biomass shows higher char yield upon pyrolysis 
or gasification. Volatile matter and fixed-carbon are also related to 

the yields of pyrolysis oil and gaseous products upon thermal deg-
radation process. The ultimate analysis gives the chemical compo-
sition (carbon, hydrogen, oxygen, nitrogen and sulphur) of the 
biomass where the oxygen can be obtained by calculation. Typi-
cally, biomasses have deficient nitrogen and sulfur contents rela-
tive to fossil fuels [28]. A higher index of aromaticity and car-
bonation generally can be obtained from biomass having high 
carbon and hydrogen compared to oxygen. Higher energy density 

and HHV also signified from biomass having low O/C ratio due to 
more chemical energy in C-C bonds than in C-O bonds [42]. In 
this study, PKS has 48.9 wt.% carbon content, 6.3 wt.% hydrogen 
content but also quite high oxygen content (44.4 wt.%). With that, 
the HHV of PKS (18.01 wt.%) is lower than biomass having low 
oxygen content such as coconut copra which HHV is higher, 30.2 
MJkg [32]. In other studies, elemental ratios also provide an indi-
cator of biochar stability [43]. 

3.2. Thermogravimetric Analysis of PKS 

The influence of particle size on thermal decomposition of PKS 
can be observed from the mass loss curve of thermogravimetric 
(TG) and derivative thermogravimetric (DTG) as plotted in Fig.3-
4 respectively. Both TG and DTG curves can be divided into three 
phases. Based on Fig. 3, Phase I represents the free water and light 
components evaporation which occurred at temperature below 

210°C. Free water referred to water or moisture that is available 
on the surface of the samples. Phase II exhibits the devolatilization 
of mostly hemicellulose and cellulose at a temperature range of 
210-400°C. It was followed by Phase III which signifies lignin 
decomposition primarily occurred at a higher temperature range, 
400-750°C. 
Based on the pattern of the mass loss curve in Fig. 3, dpA decom-
posed at the most rapid pyrolysis rate at a low and narrow range of 
temperature. The similar curve from the smallest particle size 

biomass pyrolysis was also reported previously [44]. Particle size 
dpB, dpC and dpD curves had consistent and similar curve trend 
with the dpB degradations started first, followed by dpC and dpD. 
The first mass loss cycle completed at around 160°C for dpA, 
185°C for dpB, 200°C for dpC and 210°C for dpD. he hemicellu-
lose and cellulose pyrolysis reaction in Phase II finished almost 
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(a) (b) 

  
(c) (d) 

Fig 2: Graph of concentration (a) potassium (b) magnesium (c) calcium (d) sodium in ppm vs particle size. 
 
entirely between 210-400°C with pyrolysis reaction favour at a 
lower temperature for smaller particle size. With no aromatic 
compounds, the celluloses are readily volatilized compared to 
lignins. The almost similar mass loss percent in Phase II between 

all curves also showed similar cellulose, hemicellulose and lignin 
composition (%) in each biomass samples. However, at a 
temperature higher than 400°C, curve deviation started to occur. 
In this phase III, the curve for all samples began to degrade at a 
much lower rate.   
The lower rate was due to the presence of thermally stable compo-
sition of lignin. The mass loss curve of dpA in this phase degraded 
at a much higher mass loss rate compared to the other three parti-

cle sizes. At a temperature higher than 626.85°C (900K), second-
ary decomposition of tars (pyrolysis oil) also affected the pyroly-
sis reactions in Phase III [45]. At this phase also, char and inor-
ganic compounds can be estimated from the curve. Previous stud-
ies reported the increase in char as the particle size increased dur-
ing pyrolysis at higher temperature was once again proven in this 
study. As particle size increased, it favoured the exothermic reac-
tion after the endothermic reaction resulting in the formation of 

char. It also exhibited significant temperature gradient from faster 
external heat transfer compared to slower internal heat transfer 
which does not occur in smaller particle size. While dpA having 
the highest ash content, the curve showed the effects of AAEM is 
not as significant as the effect of char formation in contributing to 
the total fixed carbon of PKS upon pyrolysis. However, AAEM 
seemed to contribute to the catalytic reaction of converting more 
volatiles at a higher temperature based on the high mass loss (%) 
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Fig 3: TG curves of PKS samples at a different particle size 

occurred at a higher temperature as shown in curve dpA in Fig. 3.  
Based on the DTG curve in Fig. 4, the first peak appeared at a 
temperature range below 200°C. The curve for smaller particle 
size slightly shifted to the left compared to larger particle size. It 

showed smaller particle size promotes thermal degradation to-
wards lower temperature. At this phase, the maximum degradation 
rate followed the sequence of dpA > dpB > dpC > dpD. In phase II, 
two prominent peaks can be observed from every sample size. The 
first peak occurred at 210-320°C while the second peak occurred 
at a temperature of 320-400°C. Similar maximum degradation 
temperature from all four samples showed similar cellulose 
crystallinity index which is expected from the same type of bio-

mass [46]. Particle size dpB, dpC and dpD showed the first peak is 
lower than the second peak while dpA showed the opposite. The 
maximum degradation rate for hemicellulose peak was from the 
dpD (12 wt.%/min) while cellulose peak showed the maximum 
degradation rate from dpB (12.8 wt.%). 
DTG curve at temperature above 500°C denotes lignin decompo-
sition occurred over a broad range of temperature. Lignin degrada-
tion was reported to occur as low as 160°C up to 800-900°C in a 

slow process [47]. A higher mass loss was depicted from dpA in 
compared to the other three larger particle sizes while dpB-dpD 
curves had levelled off from 650-800°C. Both lower temperature 
shift and higher degradation rate at higher temperature can be 
associated with the presence of alkali metals which act as a 
catalyst in the thermal degradation process. 
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3.3. Pyrolysis Experiment  

3.3.1 Effect of Particle Size on Pyrolysis Product Yield 

Fast pyrolysis of PKS was conducted on four different particle 
sizes to analyse the product yield distribution. Fig. 5-8 shows the 
effect of particle size on pyrolysis product yield (pyrolysis oil, 
char and gas) at a temperature range of 450-600°C. Pyrolysis tem-
perature range for particle size dpA and dpB was extended to a 

broader temperature to determine the optimum degradation tem-
perature for maximum pyrolysis oil yield. The results showed in 
Fig. 5 denotes a similar trend for all particle size where the oil 
yield increased until a certain temperature, followed by a decrease 
as the pyrolysis temperature increased. The pyrolysis oil yield 
increased due to the increase of supplied heat which enhance the 
primary decompositions of lignocellulosic materials [48]. Thermal 
reactions involved in this phase were fragmentation, cracking or 

recombination of volatiles which resulted in the formation of low 
and higher molecular weight compounds [49]. After the optimum 
temperature is reached, the pyrolysis oil yield decreased due to 
secondary cracking reactions [50]. 
The temperature at which the maximum pyrolysis oil yield oc-
curred also increased as the particle size increased. The tempera-
ture for maximum oil yield for dpA and dpB occurred at 400°C, 
followed by dpC at 500°C and dpD at 550°C. Small particle size 

tends to shift the pyrolysis process to lower temperature which is 
also justified from the thermogravimetric analysis results, where 
the cracking or secondary reactions occurred at a much lower 
temperature for dpD compared to dpA which causes loss of pyrol-
ysis oil yields to gases.  
Fig. 6 shows the curve trend at different pyrolysis temperature. 
The results show various trends of pyrolysis oil yield which 
change as the temperature changes. At 450°C, the curve shows 

decreasing oil yield as the particle size increased. At 500°C, the 
curve decreased, increased and decreased again. At 550°C and 
600°C, the yield decreased and increased afterwards as the particle 
size increased. A similar curve trend to 450°C pyrolysis curve was 
reported previously [51]. The reason behind the decreasing yield 
as the particle size increase was due to lower reaction rate when 
the diameter of biomass particle increases. It is caused by the heat-
ing rate and mass transfer limitation where larger particles will 
heat up more slowly than small ones which resulted in the de-

crease in the formation of volatile yields. This can also be due to 
the difference in the types of biomass where bulk density and 
oxygen content could have contributed to the relationship with the 
heat transfer mechanism and the rate of pyrolysis reaction [52].  
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Fig 5: Pyrolysis temperature for maximum oil yield 

 
Fig. 6 also shows a significant difference of pyrolysis oil yield 

when pyrolyzed at different temperature between the smallest 
(dpA) and the largest (dpD) particle size. The smallest particle 
size, dpA, produced a broader difference in yield difference (5.59 
wt%) compared to dpD (0.4 wt%) when pyrolyzed at different 
pyrolysis temperature between 450-600°C. A plausible reason 
could be due to the high alkali and alkaline metals, particularly 
potassium in dpA which presence could cause a catalytic reaction 
in hot reacting particle surface (>530°C) [53]. 

Fig. 7 shows the char yield as a function of particle size and reac-
tor temperature. Results showed that the char yield increased as 
the particle size increased. For instance, pyrolysis at 450°C gener-
ated 29.3 wt.% from dpA (<0.355mm) and 33.7 wt.% char from 
dpD (1-2mm). Larger particle size employs a higher retention time 
of volatiles in the particles [54]. This leads to lower gas flow rates 
and leads to more charring in larger particle size. Through model-
ling study, [55] also has justified the statement where the conver-

sion rate increases as the particle size decreases. Therefore, 
smaller particle size converts to volatiles and solid products at a 
faster rate during pyrolysis in any reactor.  
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Fig 6: Pyrolysis oil yield curve trends at different particle size and temper-

ature 

 
For every particle size, pyrolysis at different temperature shows a 
similar trend where the char yield decreases as the temperature 
increases from 450-600°C. Char yield was higher at low tempera-

ture region because the internal particle temperature of biomass 
takes a longer time to reach the pyrolysis temperature. The situa-
tion increased char yield due to the dehydration and charring reac-
tion of cellulose and lignin [56]. Hemicellulose was also reported 
to contribute to char yield due to its higher mineral content com-
pared to cellulose. The reaction involved was amorphous phase 
rearrangement reaction which promotes char yield compared to 
crystalline phase [49].  

It was reported that the inorganic material in the biomass ash also 
contributes to the char yield during pyrolysis. Presence of inorgan-
ics also leads to more charring. However, in this study, the de-
crease of ash content from dpA (2.8 wt. %) to dpD (0.9 wt.%) was 
not significant enough to affect the increase in char yield. This 
could be due to the insufficient concentration of AAEM or the 
effect of higher pyrolysis rate in dpA due to smaller particle size is 
more pronounced compared to the concentration of AAEM. 

In this study, pyrolysis from 450°C to 600°C showed a higher char 
yield reduction from larger particle size (dpD) of around 4.3 wt.% 
compared to 3.37 wt.% from smaller particle size (dpA). While on 
the effect of temperature, lower temperature (450°C) produced a 
higher increase in char yield (4.4 wt.%) compared to a higher 
temperature (3.47 wt.%). Therefore, both large particle size and 
low temperature enhance the yield of char from pyrolysis of palm 
kernel shell. This is supported by [57] where larger feedstock 

particle size affect the biochar yield produced. While the almost 
similar yield difference of 4.3 wt.% and 4.4 wt.% showed upon 
changing particle size and temperature showed both parameters 
affect the pyrolysis process to the same extent given the conditions 
are similar to the above statement.  
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Fig 7: Char yield as a function of particle size and temperature 
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Fig. 8 shows the graph of gas yield as a function of particle size 
and reactor temperature. The graph shows gas yield increased as 
the temperature increased. As the pyrolysis temperature increased, 
the volatilisation rate of organic compounds such as extractives 
and proteins will also increase. Therefore, primary decomposition 
reaction affects the char and at the same time, contributes to high-
er yields of liquids and gas. Another plausible reason was due to 
faster heating rate which occurs across the particle, which favours 

fragmentation of biomass into smaller volatiles [58]. Based on the 
difference of particle size, more gaseous yield was produced as the 
particle size is reduced. This is due to the increased in biomass 
conversion rate for smaller particle size which leads to decomposi-
tion of more char and tar (pyrolysis oil) into gaseous components. 
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Fig 8: Gas yield as a function of particle size and temperature 

4. Conclusion 

Pyrolysis of palm kernel shell was studied to determine the ther-
mal and the effect of particle size on pyrolysis product yield. In 
this work, it has been demonstrated that the smallest particle size 
has the highest ash (2.8%) and AAEM content. The 
thermogravimetric analysis showed smallest particle size curve 
shifted to lower temperature and has narrow temperature range 
upon analysis. The highest pyrolysis oil yield was 50.1 wt.%, oc-
curred at 400°C from the smallest particle size dpA (<0.355mm). 

The highest char yield was 33.70 wt.% obtained at temperature 
450°C from the largest particle size, dpD (1-2mm). The highest 
gaseous yield was 30.36 wt.% occurred at temperature 600°C 
from the smallest particle size in this experiment, dpA 
(<0.355mm).  
The curve trend for pyrolysis oil must be determined by experi-
mental as the curve depends on biomass density, composition and 
type of reactor as they affect the heat transfer rate of the process. 

Char yield increased as the particle size increased. The char yield 
difference at a different pyrolysis temperature (450-600°C) was 
more pronounced at a lower temperature and large particle size 
diameter. While for gaseous yield, high temperature and small 
particle size diameter favoured the production of gas. For pyroly-
sis oil yield based on the effects of particle size, results showed 
different curve trends at different pyrolysis temperature. There 
were no exact curve trends for pyrolysis oil yield as it corresponds 

to the residence time which influence the heat-transfer during the 
pyrolysis process.  
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