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INTRODUCTION

Every year, more than 100 million tonnes (wet basis) 
of oil palm biomass will be generated in the form 
of empty fruit bunches (EFB), palm kernel shells, 
mesocarp fibre, oil palm trunks and oil palm fronds. 

Of these, EFB is the most abundantly available, at 
the amount of ≈ 21.61 million tonnes (wet basis), 
from the processing of 96.09 million tonnes of 
fresh fruit bunches at 457 palm oil mills in 2020 
(Parveez et al., 2021). According to Chang (2014), 
EFB is generally 3.5 kg in mass and has a thickness 
of up to 130 mm and 300 mm in width and length. 
It usually encompasses a considerable amount of 
moisture, up to 70 wt.% due to sterilisation by steam 
during oil processing which is a natural way for fruit 
maturation (Loh, 2017; Sukiran et al., 2020). Although 
EFB contains a substantially higher amount of 
holocellulosic components, 78 wt.% in total from 
cellulose and hemicellulose (Loh, 2017), which are 
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more suitable for bioconversion compared to lignin 
(~20 wt.%), its high moisture and oxygen contents 
coupled with low energy density and calorific value 
(CV) have hindered the use of EFB as biofuel in 
its natural form. As EFB is not readily usable, it is 
therefore important to subject it to thermochemical 
pretreatment through pyrolysis, gasification and 
combustion before the biomass is turned into an 
easy-to-use biofuel. 

Although pyrolysis is promising for biomass 
conversion into bio-oil, bio-char and combustible  
gas, it has several drawbacks. In the pyrolysis 
process, the bio-oil obtained exhibits some inferior 
properties: High water content and acidic value, 
poor volatility, low heating value and chemically 
unstable with the undesired aging problem. These 
characteristics hamper the direct and efficient 
utilisation of bio-oil as biofuel and fine chemicals. 
All the above-mentioned problems are caused by 
the low quality of biomass, hence pretreatment is 
necessary in order to improve the fuel properties 
(Abnisa and Alaba, 2021). Among the biomass 
pretreatment methods developed, torrefaction is 
an effective approach to reduce oxygen content 
and increase bulk density, i.e., the key quality 
determinants of biomass feedstocks for pyrolysis. 

Torrefaction is a thermochemical technique in 
biomass conversion at between 200°C and 300°C 
for 10-60 min in an inert atmosphere (Zhang et al., 
2021). The chemical properties of biomass such 
as O/C and H/C ratios will improve due to the 
removal of hydroxyl and organic volatiles and 
the decomposition of hemicellulose during the 
torrefaction process. Thus, torrefied biomass is 
deemed to have superior properties similar to coal 
for the ease of handling, milling and transporting. 
The improvement made after the torrefaction 
process renders the torrefied biomass suitable to 
be used as a feedstock for the pyrolysis process. 
The resultant bio-oil will be associated with an 
increased fixed carbon content and reduced volatile 
matter. In addition, torrefaction prior to pyrolysis 
can subsequently increase the CV and decrease the 
acidity of bio-oil (Fleig et al., 2021).

Thermogravimetric analysis (TGA) is the 
most common and simplest method of evaluating 
the kinetics of pyrolysis (Alaba et al., 2020). TGA 
summarises the pyrolysis characteristics based on a 
kinetic model and shows the variation in activation 
energy. Many literatures can be found related to the 
pyrolysis kinetics of biomass using TGA (Kumar 
Mishra and Mohanty, 2021; Sharma and Sheth, 
2018). For example, Müller-Hagedorn and Bockhorn 
(2007) studied the TGA behaviour of wheat and 
barley straw during pyrolysis. The formal kinetic 
parameters for the pyrolysis of the main components 
(hemicelluloses, lignin and cellulose) and their 
degradable amounts were modelled by assuming 
parallel, independent reactions. Damartzis et al. 

(2011) performed non-isothermal TGA behaviour of 
cardoon (Cynara cardunculus) stems and leaves. Three 
different kinetic models - the independent parallel 
reaction model, Kissinger-Akahira-Sunose (KAS) 
and Ozawa-Flynn-Wall (OFW) were evaluated for 
the kinetic parameters of the process. Meanwhile, 
Li et al. (2008) studied the thermal degradation 
kinetics of the main constituents of different parts 
of corn using two different three pseudo-component 
models. 

On the other hand, several studies on the 
pyrolysis kinetics of oil palm biomass have been 
reported. Mohamed et al. (2018) modelled the 
kinetics of thermogravimetric catalytic pyrolysis 
of EFB with alumina using KAS and OFW. The 
presence of a catalyst increased the activation energy 
values of EFB pyrolysis. Soh et al. (2019) calculated 
pyrolysis kinetics parameters of oil palm biomass 
using Coats-Redfern integral method and Šesták-
Berggren function to determine the activation energy 
and reaction mechanism. The activation energy of 
oil palm biomass pyrolysis during hemicellulose 
decomposition was found lower relative to the 
cellulose counterpart. Meanwhile, Kasim et al. (2018) 
applied the Coats-Redfern to model decomposition 
kinetics of raw and torrefied EFB to estimate the 
activation energy and pre-exponential factor. Both 
the kinetics parameters of torrefied EFB were higher 
than that for pyrolysis of EFB. 

All these studies provide remarkable insights 
into understanding the fundamental reaction 
mechanisms and reaction kinetics of biomass 
pyrolysis, ranging from simple single-step kinetic 
model to a more complex reaction model. However, 
very few literature studies have examined the 
pyrolysis kinetics of torrefied biomass using multi 
pseudo-component (cellulose, hemicellulose 
and lignin) models (Brillard et al., 2020; Singh 
et al., 2019) Hence, there is a need for more in-
depth understanding on thermal degradation of 
individual fibre component and also as a whole, for 
biofuel thermal conversion in particular. Therefore, 
this study aimed to fill this gap by investigating 
the thermal kinetics degradations of three pseudo-
components of torrefied EFB by the Coats-Redfern 
method. The use of kinetic analysis to quantify the 
main lignocellulosic fractions allows for the inclusion 
of restrictions for a more precise quantification, 
while a physical interpretation can be added to the 
deconvolution process.

In this study, torrefaction of EFB commenced 
in a fixed bed reactor under nitrogen atmosphere 
at different temperatures (225°C, 250°C, 275°C and 
300°C) for 30 min. TGA data of raw and torrefied EFB 
were used to predict the pyrolysis behaviour and 
estimate kinetic parameters using Coats-Redfern 
method with an assumption of three pseudo-
components. In addition, the pyrolysis reaction 
mechanism of raw and torrefied EFB as predicted 
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using the Criado method with a Z-master plot, 
was new and not reported elsewhere for torrefied 
biomass pyrolysis. The approach used in this 
study offered a more reliable kinetics modelling, 
contributing to the design and simulation of 
torrefied biomass pyrolysis.

MATERIALS AND METHODS

Material Preparation

The raw material, EFB was collected from a 
palm oil mill located at Labu, Negeri Sembilan, 
Malaysia. The samples were milled to reduce their 
sizes and screened to obtain particle sizes within 
0.1-1.0 mm. The resulting particles of EFB were 
dried at 103ºC for 24 hr until constant weight was 
achieved.

Torrefaction Experiment

The torrefaction of EFB was carried out in 
a vertical fixed bed reactor as the illustrated in  
Figure 1. The detailed procedure of torrefaction 
experiment has also been shown in our previous 
study (Sukiran et al., 2021). A quartz reactor 
containing about 20 g of raw EFB was placed 
in the centre of furnace. After the equipment 
was assembled, nitrogen was used to exhaust 
the air inside the quartz reactor, and the gas 
was continuously introduced to maintain an 
inert environment. EFB samples were heated 
at a heating rate of 10°C/min until the desired 
torrefaction temperature namely 225°C, 250°C, 
275°C and 300°C was reached, and maintained for 
30 min of residence time. While vapour released 

from the process was condensed by a condenser 
and collected as a liquid product, a solid product 
(torrefied EFB) remaining inside the reactor was 
also collected. Both the products were weighed to 
obtain their mass yields based on Equation (1):

Mass yield 
(wt.%)

 = 

Mass of the 
desired product 
(liquid/solid)

Mass of raw EFB  × 100% (1)

The gas yield was calculated by subtracting the 
mass yield (wt.%) of liquid and torrefied EFB from 
the total of 100%. The torrefaction experiment at 
each temperature was repeated three times to ensure 
experimental repeatability.

Characterisation of Raw and Torrefied EFB

The proximate analyses of raw and torrefied 
EFB were conducted to determine moisture 
content, volatile matter, fixed carbon and ash 
content according to ASTM D5142 (ASTM, 1998) 
using a thermogravimetric analyser (LECO TGA-
701). LECO CHN 628 and LECO S 628 were used to 
determine carbon, hydrogen, nitrogen and sulphur 
contents according to ASTM D5373 (ASTM, 2014). 
Temperature and time of the combustion for CHN 
628 ranged from 850°C to 950°C within 3 min, 
meanwhile combustion analysis for sulphur was 
set at 1350°C within 2 min. The oxygen content was 
determined from the difference between 100% and 
the total percentage of carbon, hydrogen, nitrogen 
and sulphur. The changes in the atomic composition 
of EFB were established using the Van Krevelen 
diagram. It was constructed using the molar ratio of 

Figure 1. Schematic diagram of experimental setup for torrefaction of empty fruit bunches.

Legend:
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hydrogen: Carbon (hydrogen index) as the ordinate 
to the molar ratio of oxygen: Carbon (oxygen 
index) as the abscissa. The CV of raw and torrefied 
EFB were determined using a bomb calorimeter 
(LECO AC-600) according to ASTM D5865-07 
(ASTM, 2019). The chemical compositions of the 
raw and torrefied EFB were analysed according to 
ASTM 1104-56 (ASTM, 1978a) and ASTM D1103-60 
(ASTM, 1978b) for holocellulose and α-cellulose, 
respectively. 

Briefly, a composite of cellulose and 
hemicellulose was extracted from raw and torrefied 
EFB using acidified sodium chlorite method. 
Approximately 24.0 g of sample was mixed with 
960 mL distilled water and treated with 3.0 mL 
acetic acid and 9.0 g sodium chlorite at 70°C-80°C 
for 4 hr under continuous stirring. The mixture 
was then washed with hot water, filtered and dried 
at 105°C for 24 hr. Determination of holocellulose 
was carried out using dry weight method. A total 
of 12.0 g of dried holocellulose obtained was 
further dissolved in 240 mL of 17.5% (v/v) NaOH 
solution and stirred for 30 min. A total of 60 mL 
of NaOH solution was added into the mixture and 
allowed to mix to separate hemicellulose from the 
holocellulose and leaving α-cellulose. The insoluble 
α-cellulose was filtered and washed separately with 
8.3% (v/v) NaOH solution followed by 10.0% (v/v) 
acetic acid. The α-cellulose was finally washed 
with hot water to a neutral pH and dried overnight 
at 80°C. The hemicellulose content was calculated 
as the difference in the weights of α-cellulose and 
holocellulose. The lignin content was determined 
using the gravimetric method according to 
TAPPI T222 om-11 (TAPPI, 2011). A 0.5 g sample 
was weighed into a 100 mL Erlenmeyer flask 
and stirred for 2 hr in 10 mL of cold 72.0% (v/v) 
H2SO4 solution. The mixture was transferred into a  
500 mL beaker and boiled for 4 hr in 300 mL distilled 
water under continuous stirring. The mixture was 
filtered off using glass microfibre filter grade GF/B 
(Whatman) in porcelain crucible. The residue 
retained on the filter was washed with hot water 
until it was acid-free and allowed to dry at 105°C 
for 2 hr and weighed. Based on the obtained mass 
yield and CV of torrefied product, energy yield  
(Ey) was calculated as Equation (2):

Ey = Mass yield of 
torrefied EFB

 × CV of torrefied EFB
CV of raw EFB

(2)

Pyrolysis Experiment

The thermogravimetric analyser (Perkin 
Elmer-Pyris 6) was used to determine pyrolysis of 
raw and torrefied EFB at different temperatures. 
In the experiment, an inert environment was 

created using high-purity nitrogen at 0.1 L/min  
using 10 mg of samples. The samples were 
heated from 30°C to 800°C at heating rates of 
20°C/min. The gas atmosphere was high-purity 
nitrogen, and the gas flow rate was 0.2 L/min to 
ensure a pyrolysis reaction. Degradation of raw 
and torrefied EFB samples was determined from 
the thermogravimetric curves established via 
TGA based on ASTM E1131 (ASTM, 2020). Each 
experiment was replicated three times to ensure 
the reproducibility of the results. The temperature 
for calibration of TGA was accomplished using 
melting point standards to ensure accurate data 
collection. In addition, the data obtained were used 
for kinetics analysis.

Kinetics Analysis 

Generally, the decomposition rate is given by 
Equation (3).

dx
dt  = K (T) f (x)2 (3)

where x is the degree of conversion, T is 
temperature and t is time. The conversion rate dx

dt  for 
pyrolysis at constant heating rate, β = dT

dt , could be 
written as:

dx
dt  = βdx

dT = K (T) f (x) (4)

Also, the degree of advance, x is: 

x = w0 - w
w0 - wf

(5)

where w0, wf and w refer to mass of samples at 
the beginning, end and time, t, respectively. Since 
mass loss is temperature dependent, K(T) is often 
modeled by Arrhenius Equation (Alaba et al., 2016).

K(T) = A exp - EA
RT (6)

where R is the gas constant (8.314 J mol-1 K-1),  
A is the frequency factor, per min, EA is the activation 
energy, kJ/mol and T is the absolute temperature, 
K. Combination of Equation (3) and (4) gives:

βdx
dT  A exp - EA

RT  f (x) (7)

The kinetic models employed to analyse the 
thermogrametric data was Coats-Redfern model.
The integral model developed by Coats and 
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Redfern suggests the correct order leading to the 
best straight-line plot. Therefore, Equation (7) 
becomes:

ln  g(x)
T2   = ln  AR

βEA
  - EA/(RT) (8)

Plotting ln(g(x)/T2) versus 1/T results in 
a linear plot where the slope corresponds to  
–EA/R and the intercept gives ln(AR/βEA). 
This gives the value of activation energy and 
Arrhenius constant/frequency factor. The overall  
conversion rate given by Equation (8) and overall 
activation energy (ET) given by Equation (9) is the 
sum of the partial conversion rates and partial 
activation energy respectively, where Ci indicates 
the contribution factor of the volatile fraction 
produced from each component (hemicellulose, 
cellulose and lignin) in the following Equation (9)  
and (10):

dα
dt  =  Ci 

dαi
dt  = C1 

dα1
dt  + C2 

dα2
dt  + C3 

dα3
dt (9)

ET =  CiEi = C1E1 + C2E2 + C3E3 (10)

Prediction of Reaction Model 

The model for solid-state reaction during 
pyrolysis of torrefied EFB was investigated by 
Z-master plot associated with Criado method 
(Equation 11) (Criado, 1978).

Z(α)
Z(0.5) = f(α) × g(α)

f(0.5) × g(0.5) =  Tα
T0.5

 
2
 × (dα/dT)α

(dα/dT)0.5
(11)

Equation (11) was employed to generate the 
master plots equivalent to various solid-state 
reaction mechanism. The term [f(α) × g(α)/f(0.5) 
× g(0.5)] gives a theoretical curve, which signifies 
the characteristics of each reaction mechanism. On 
the other hand, the term [(Tα/T0.5)2 × ((dα/dT)α/
(dα/dT)0.5)] is to be derived from a curve obtained 
from experimental values. The conversion value, 
α, is a value to define weight decomposition. 
The conversion rate is normally from 0 to 1.0. In 
most studies, the midpoint value (0.5) is used 
(Gogoi et al., 2018; Luo et al., 2021). The point  
α = 0.5 is considered as the reference point, where 
the standard master plots of each considered kinetic  
mechanism intersect each other corresponding to 
value of [Z(α)/Z (0.5)] = 1. The predominant reaction 
mechanism of the thermal degradation of solids can 
be deduced by comparison of the theoretical and 
experimental master plots.

RESULTS AND DISCUSSION

Product Distribution

Figure 2 shows EFB’s torrefaction products 
distribution namely solid (torrefied EFB), liquid 
and gas at different temperatures for 30 min. 
As shown, the yields of torrefied EFB decreased 
with increasing torrefaction temperature, i.e., 
between 40.50 wt.% - 90.30 wt.%. As torrefaction 
temperature increases, the yield of torrefied EFB 
decreases as the result of extensive decomposition 
of cellulose, hemicellulose and lignin present in EFB.  
According to Zhang and Zhang (2019), as  
temperature exceeds 200°C, volatile materials are 
released along with other components such as 
moisture, CO, CO2 and some condensable matters 
such as acetic acid. Hence, higher amounts of  
these compounds were released at the employed 
higher temperature range in this study, therefore 
the mass of the torrefied EFB reduced and lower 
solid yield obtained at the end of the torrefaction 
process. At this rate, the colour of the torrefied 
EFB changed from dark brown to black as the 
temperature increased. Although high yield of 
torrefaction does not indicate that the EFB in the 
reactor is fully converted, several approaches can 
be used for quality checking. Visual observation of 
the physical appearance of raw biomass and their 
torrefied products, normally from light brown 
(raw EFB) to dark brown and then black, will be 
indicative of conversion status as the temperature 
and residence time increase. In addition, comparison 
of fuel properties (carbon content and CV) can also 
be accomplished to ensure full conversion of the 
materials. In this study, both high yield of torrefied 
product and good fuel properties are desirable. 
The trend of mass reduction of torrefied EFB was 
consistent with other studies concerning torrefaction 
of pigeon pea stalk and bamboo (Singh et al., 2020a). 
Maximum reduction in mass yields of torrefied EFB 
was 40.50 wt.% at 300°C. Contrarily, the yields of 
liquid and gas products derived from torrefaction 
of EFB increased with torrefaction temperature. 
When the temperature increased from 225°C to 
300°C, the mass yields of liquid and gas products 
increased from 3.00 wt.% to 21.27 wt.% and 6.70 
wt.% to 38.20 wt.%, respectively. The maximum gas 
yield was attainable at 300°C, i.e., 38.20 wt.%. At 
this temperature, secondary decomposition mainly 
occurred forming lots of condensable vapours. 

Characterisation of Torrefied EFB

Figure 3 shows the volatile matter, moisture 
content, fixed carbon and ash content of torrefied 
EFB at different torrefaction temperatures. 
The results indicated that the fixed carbon and 
ash contents of torrefied EFB increased when 
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torrefaction temperature increased from 225ºC to 
300ºC. The fixed carbon of torrefied EFB increased 
from 18.3 wt.% to 43.8 wt.%, about 79%-328% 
increment as compared to the raw EFB. Higher 
content of fixed carbon means that the torrefied 
product can produce more heat with a longer 
combustion time (Nudri et al., 2020). Meanwhile, 
the ash contents increased from 3.1 wt.% to 11.9 
wt.% with increasing torrefaction temperature. 
The breakdown of carbon-hydrogen bonds during 
torrefaction resulted in volatile losses and further 
concentrated the ash content in the torrefied EFB.  
In contrast, the volatile matter and moisture 
contents of torrefied EFB decreased when 
torrefaction temperature increased. The volatiles 
decreased from 75.8 wt.% to 42.5 wt.% when 
torrefaction temperature increased from 225ºC to 
300ºC. Huge reduction in volatile matter was due 
to the catalytic effect of inorganic minerals present 
in the biomass (Almeida et al., 2010). Low volatile 
matter in biomass indicates stable combustion 
since volatile matter is reactive, which causes 

spontaneous, unstable, incomplete combustion and 
emission of smoke when present in high quantity 
(Nudri et al., 2020). 

Elemental analysis of the raw and torrefied 
EFB at 225°C, 250°C, 275°C and 300°C is shown in 
Table 1. As the torrefaction temperature increased 
from 225ºC to 300ºC, the carbon content of torrefied 
EFB increased whereas the hydrogen and oxygen 
contents decreased. Similar trend for other torrefied 
biomasses has been reported previously (Chiou 
et al., 2015). The carbon in the raw EFB amounted 
to 42.8 wt.%, which increased to 60.4 wt.% when it 
was torrefied at 300ºC. This was consistent with the 
increase in the fixed carbon as shown in Figure 3.  
Meanwhile, the oxygen and hydrogen contents 
decreased from 47.0 wt.% to 33.7 wt.% and 6.0 wt.% 
to 4.9 wt.%, respectively. Reduction of oxygen and 
hydrogen in the torrefied EFB was dominated by 
dehydration reaction in the form of water vapor 
and volatile compounds such as CO and CO2. The 
sulphur content of torrefied EFB was in the range 
from 0.05 wt.%-0.06 wt.%. 

Figure 2. Torrefaction product distribution of empty fruit bunches at different temperatures.

Figure 3. Proximate analysis of raw and torrefied empty fruit bunches at different temperatures.
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Figure 4 shows the van Krevelen diagram for the 
raw and torrefied EFB at different temperatures. As 
can be seen, an increase in torrefaction temperature 
remarkably affected H/C and O/C atomic ratios. 
The H/C and O/C atomic ratios decreased from 
1.70 and 0.89 (raw EFB) to 0.97 and 0.42 (torrefied 
EFB at 300°C), respectively. The decreases in the 
H/C and O/C ratios were mainly a result of the 
release of water and light volatile substances via 
dehydration, deoxygenation and dehydrogenation 
during torrefaction (Chen et al., 2020). In addition, 
the atomic ratios of fossil-based coals such as lignite 
and bituminous were also illustrated in the same 
figure. As shown, the H/C and O/C atomic ratios 
of all the torrefied EFB were higher than those of 
lignite and bituminous; being that torrefied at 300°C 
the closest. 

The CV of torrefied EFB was positively 
correlated with torrefaction temperatures, and 
vice versa for energy yield as listed in Table 1. The 
CV was in the range from 18.8 to 25.0 MJ/kg. This 
implies that the CV in the torrefied EFB increased by 
7%-42% when compared to the raw EFB, due to the 
gradual increase of carbon content with torrefaction 
temperature. Similar trend of an increased CV 
for other torrefied biomasses has been reported 
previously (Wang et al., 2018). Meanwhile, the trend 

of energy yield decreased significantly from 96.8% 
to 57.6% with increasing torrefaction temperature 
from 225°C to 300°C. Torrefied EFB with the least 
energy yield (57.6%) was generated at the most 
severe torrefaction conditions (300ºC), though with 
higher CV. 

The chemical composition of the raw and  
torrefied EFB samples was determined to 
understand their conversion behaviour during 
torrefaction. Figure 5 presents the chemical 
composition of the raw and torrefied EFB, namely, 
cellulose, hemicellulose and lignin. As shown in 
Figure 5, the cellulose content of raw EFB was higher 
than the hemicellulose and lignin contents. The 
high cellulose content in EFB is good for producing 
additional solid mass during the torrefaction 
process (Sukiran et al., 2020). Not all celluloses are 
degraded to volatile products since the torrefaction 
process takes place at temperatures below 300°C, 
hence additional solid products are formed. Lignin 
is another component that is responsible for the 
major portion of the solid product in a thermal 
process. In Figure 5, the torrefaction process affected 
the lignocellulose components. As the temperature 
increases, the char yield decreases which could 
be associated with a higher degradation rate of 
hemicellulose, as indicated by the percentage of 

TABLE 1. ULTIMATE ANALYSES, CALORIFIC VALUE AND ENERGY YIELD OF RAW AND TORREFIED EMPTY FRUIT 
BUNCHES AT DIFFERENT TEMPERATURES

Temperature (°C)
Ultimate analysis (wt.%) CV

(MJ/kg)
Energy yield 

(%)Carbon Hydrogen Nitrogen Sulphur Oxygena

Raw EFB 42.82 6.07 0.54 0.08 50.49 17.57 100

225 46.35 6.01 0.62 0.06 46.78 18.82 96.77

250 47.84 5.97 0.67 0.06 45.46 19.50 90.40

275 52.15 5.63 0.92 0.05 41.25 21.91 69.68

300 60.44 4.88 1.03 0.05 33.60 24.96 57.55

Note: a by difference.

Figure 4. Van Krevelen plot of raw and torrefied empty fruit bunches (EFB) at various temperatures.
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hemicellulose at different temperatures. Wang et 
al. (2017) obtained similar results during Norway 
spruce stem wood, stump and bark torrefaction. 
The hemicellulose content decreased significantly 
from 25.5% to 6.7% with increasing torrefaction 
temperature from 225°C to 300°C. After torrefaction 
at 275°C, more than half of the hemicellulose 
content in the EFB samples was degraded, while 
only a minor fraction occurring further at 300°C 
(6.7%). Decomposition of hemicellulose generated 
more CO2, CO, water and oxygen-containing 
organic compounds during torrefaction (Chen et 
al., 2018). The cellulose content of torrefied EFB 
decreased from 52.1% to 33.6% when the torrefaction 
temperature increased from 225°C to 300°C. 
Compared to hemicellulose content, the content of 
cellulose did not decrease evidently even at more 
severe torrefaction condition (300°C). At 225°C, 
the cellulose content was higher than that in the 
raw EFB. As severe degradation of hemicelluloses 
leads to a reduced mass, which further contributes 
to an increase of cellulose mass in totality of the 
EFB. The decomposed hemicellulose and cellulose 
further increased the lignin content of the torrefied 
EFB considerably with increasing torrefaction 
temperatures. The lignin content of torrefied EFB 
increased from 28.5% to 59.7%. 

Thermogravimetric Analysis 

The pyrolysis degradation behaviours of the 
raw and torrefied EFB at different temperatures 
and heating rate of 10°C/min are shown in  
Figure 6a and 6b. The first stage was accompanied 
by elimination of water constituent and some light 
volatile compounds (Singh et al., 2020b). As shown 
in Figure 6a, the peak value at the drying region 
(30°C and 150°C) became smaller and smaller 
when torrefaction temperature increased from 
225°C to 300°C. This was expected as weight loss 
owing to moisture reduction for torrefied EFB was 
lesser than that of the raw biomass. Most water 

in the torrefied EFB samples had been removed 
as shown in Figure 3. For example, the weight 
loss of torrefied EFB at 250°C and 300°C were 8.1 
wt.% and 10.0 wt.%, respectively as compared to 
the raw EFB, i.e., 13.1 wt.%. The second stage was 
associated with devolatilisation process where 
major weight losses from EFB had occurred due to 
degradation of the hemicelluloses and celluloses. 
Such degradation took place between 200°C and 
350°C, which was similar to our earlier finding 
(Sukiran et al., 2017). As shown (Figure 6a), the 
shoulder on the lower temperature side during EFB 
torrefaction corresponded to thermal degradation 
of the extractives and also hemicellulose, which 
tend to decompose at much lower temperatures. 
Meanwhile, DTG curves (Figure 6b) show peaks 
of maximum degradation temperature for the EFB 
torrefied at 225°C, 250°C and 275°C. The peaks 
increased from 331°C to 337°C and to 344°C. The 
gradual increase in decomposition temperature of 
torrefied EFB might be due to total breakdown of 
hemicelluloses while retaining most of the celluloses 
and lignin. This phenomenon can be explained 
in Figure 5, where most hemicelluloses have been 
degraded along with a limited degradation of 
celluloses in the course of torrefaction. Thereafter, a 
continuous slight devolatilization occurred where 
lignin decomposition and char formation took place 
at temperature between 480°C and 700°C. As lignin 
is characterised by complex aromatic structure, 
its decomposition can only be accomplished with 
higher temperatures. Hence, the mass losses 
decreased slowly at this stage as shown in Figure 6. 
Besides, the inconsistency in thermal degradation 
of individual component of EFB contributed to 
deviation in residual char yield. The residual char 
yields after pyrolysis of the raw and torrefied EFB 
at 225°C, 250°C, 275°C and 300°C were 19.9%, 
28.9%, 36.8%, 45.1% and 57.0%, respectively. The 
results correlated with the chemical compositions 
in Figure 5. The higher residual char yield in the 
torrefied EFB at higher pyrolysis temperature 

Figure 5. Chemical composition analysis of raw and torrefied empty fruit bunches at different temperatures.
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was probably due to a larger mass of celluloses 
and lignin retained plus the cross-linkage 
reaction involved. At the end of the pyrolysis 
process, the mass rate curves exhibited small  
oscillations (Figure 6b) which corresponded to 
slow degradation of the lignin resided in torrefied 
EFB (Brillard et al., 2020). Based on TGA and DTG 
(Figure 6), and chemical composition (Figure 5) 
analyses, the suitable torrefaction temperature to 
pre-treat EFB is 225°C-250°C, as for a more severe 
torrefaction condition a further loss of cellulose 
would significantly reduce bio-oil yield during 
pyrolysis.

Kinetics Analysis

Table 2 summarises the activation energy for 
individual hemicellulose, cellulose and lignin of 
the raw and EFB torrefied at different temperature 
(225°C, 250°C, 275°C and 300°C). In this study, the 
respective activation energy was calculated using 
Coats and Redfern method based on Equation (8).  
As the torrefaction temperature increased 
from 225ºC to 300ºC, the activation energy of 
hemicellulose, cellulose and lignin decreased as 
shown in Table 2. Similar trend has been reported 
previously for other torrefied biomasses (Singh 
et al., 2019). The overall activation energy, ET also 

showed a similar downward trend with increasing  
torrefaction temperature. However, these values 
are much lower than those of other studies (Tian 
et al., 2020), thus indicating that torrefied EFB is 
a promising feedstock for pyrolysis process as the 
energy required to initiate the reaction is lower. The 
ET of the raw EFB is 9.39 kJ/mol compared to those 
of torrefied EFB, in the range of 6.55-7.86 kJ/mol  
(300°C-225°C). These values are low, probably 
due to the different reaction models used and 
their corresponding kinetics parameters which 
are sensitive to individual fibre composition. This 
finding is supported by a similar study using EFB 
as feedstock employing the Coats-Redfern model 
(Surahmanto et al., 2020), where the activation 
energy obtained is equally low (7.58-12.63 kJ/
mol), especially at higher temperature range 
(347°C-535°C). As shown in Table 2, the activation 
energy of hemicellulose resided in the torrefied EFB 
ranged from 4.07 (300°C) to 5.65 kJ/mol (225°C), 
compared to that of 5.79 kJ/mol (raw hemicellulose 
in EFB). The fact that hemicellulose becomes unstable 
at around 230°C has caused reduction in activation 
energy. Meanwhile, the value of activation energy 
for cellulose decreased from 7.05 (raw cellulose in 
EFB) to 5.63 kJ/mol (300°C) during torrefaction. 
At this high torrefaction temperature, the thermal 
stability of cellulose decreased (Singh et al., 2019). 

Figure 6. Experimental curves of (a) TGA and (b) DTG of raw and torrefied empty fruit bunches at different temperatures.
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The activation energy of lignin decreased from  
12.89 kJ/mol (225°C) to 10.02 kJ/mol (300°C) 
indicating a more severe decomposition rate of 
lignin at higher torrefaction temperature. 

Linear correlation equations obtained by Coats 
and Redfern plot method are given in Table 2.  
From the equations, it is clear that the slope of 
hemicellulose decreased significantly for torrefied 
EFB at 275°C, while for cellulose and lignin at 
300°C. Contribution factor of hemicellulose for 
torrefied EFB decreased from 0.32 to 0.12 when 
torrefaction temperature increased from 225°C 
to 300ºC, confirming the thermal degradation of 
hemicellulose during torrefaction. Meanwhile, the 
contribution factor of cellulose for torrefied EFB at 
300°C decreased significantly from 0.42 (raw) to 0.25, 
indicating that only this torrefaction temperature 
can efficiently remove cellulose. Higher cellulose 
content of EFB torrefied at lower temperatures 
will potentially generate higher volatile matters, 
leading to an increase in pyrolysis oil yield. In 
contrast, the contribution factor for lignin increased 
exponentially towards the end of EFB torrefaction 
at 300ºC, suggesting that most hemicellulose and 
cellulose had remarkably decomposed and thus the 
torrefied EFB was rich in lignin (Singh et al., 2019). 
This observation is also reflected in Figure 5, which 
shows mostly hemicellulose degradation along 
with limited content of degraded cellulose during 
torrefaction. 

Prediction of Reaction Mechanism

Criado analysis was used to determine the 
reaction mechanism during pyrolysis of the raw 
and torrefied EFB at a different conversion level 
and heating rate of 10°C/min. Figure 7 presents 
the plots for the raw and torrefied EFB at α of  
0.1 to 0.9.

Reaction mechanism at lower conversion (α<0.5). 
Table 3 represents the decomposition mechanisms 
of the raw and torrefied EFB at temperature 
225°C-300°C (denoted by EFB_T-225, EFB_T-250, 
EFB_T-275 and EFB_T-300). For raw EFB at 
conversion less than 0.5, the closest match with the 
theoretical curve is associated with D4 mechanism 
which corresponds to three-dimensional diffusion 
(Ginstling-Broushtein equation). Torrefied 
EFB_T-225 and EFB_T-250 follow power law (P4) 
mechanism; EFB_T-275 follows power law (P4) 
mechanism and nucleation and growth mechanism 
(4th order Avrami-Erofeev model); EFB_T-300 
follows power law (P3 and P4) mechanism and 
nucleation and growth mechanisms (3rd and 4th 
order Avrami-Erofeev model). Diffusion is the rate-
determining step for the raw EFB probably due to 
the higher volatile content as shown in Figure 3.  
The thickness of product layer around EFB 
increases with increasing level of conversion. The 
forming of product layer could hinder the transfer 

TABLE 2. KINETIC PARAMETERS FOR THE PSEUDO-COMPONENTS OF RAW AND TORREFIED EMPTY FRUIT BUNCH 
USING COATS AND REDFERN

Kinetic parameters Raw_EFB EFB_T-225 EFB_T-250 EFB_T-275 EFB_T-300

EH (kJ/mol) 5.79 5.65 5.31 4.97 4.07

AH 8.80E-06 8.58E-06 8.48E-06 8.32E-06 8.11E-06

R2 0.94 0.90 0.93 0.93 1.00

CH 0.36 0.32 0.28 0.26 0.12

Linear correlation equation for 
hemicellulose (ln(g(x)/T2 vs 1/T)

y = 896.72x - 
14.275

y = 850.48x - 
14.504

y = 712.07x - 
14.347

y = 638.74x - 
14.213

y =597.65x - 
14.101

EC (kJ/mol) 7.05 7.33 6.98 6.05 5.63

AC 9.72E-06 9.88E-06 9.70E-06 9.74E-06 9.15E-06

R2 0.94 0.91 0.91 0.93 1.00

CC 0.42 0.55 0.52 0.44 0.25

Linear correlation equation for 
cellulose (ln(g(x)/T2 vs 1/T)

y = 848.24x - 
14.372

y = 839.92x - 
14.365

y = 838.94x - 
14.345

y = 727.65x - 
14.217

y = 677.46x - 
14.208

EL (kJ/mol) 13.53 12.89 12.68 11.65 10.02

AL 7.46E-06 6.82E-06 6.89E-06 7.20E-06 7.66E-06

R2 0.98 1.00 1.00 1.00 0.99

CL 0.33 0.17 0.20 0.31 0.62

Linear correlation equation for 
lignin (ln(g(x)/T2 vs 1/T)

y = 1386.9x - 
15.129

y = 1583.6x - 
15.297

y = 1524.9x - 
15.314

y = 1401.4x - 
15.175

y = 1205.6x - 
14.962

Overall activation energy (ET), 
kJ/mol

8.39 7.86 7.74 7.49 6.55

Note: y = ln(g(x)/T2 and x = 1/T; EFB_T-XXX = EFB torrefied at XXX°C; H - hemicellulose; C - cellulose; L - lignin.
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of heat from the surrounding. Therefore, all the 
torrefied EFB (EFB_T-225, EFB_T-250, EFB_T-275 
and EFB_T-300) were not controlled by diffusion, 
rather the very little volatile loss after torrefaction 
had changed the mechanism to power law. 

Reaction mechanism at lower conversion (α>0.5). 
From 0.5 to 0.9, conversion of the raw and torrefied 
EFB occurs at higher degree with more complex 
reaction mechanism (Table 3). At conversion 
above 0.5, the raw biomass follows power law (P3 
and P4) mechanism (Postawa et al., 2022). This 
transition, from diffusion to power law mechanism 
was accomplished due to massive loss of volatile 
matter at conversion less than 0.5. In addition, 

to the power law (P3 and P4) torrefied EFB_T-225 
could also experience 3rd order random nucleation 
(contracting volume, R3) with three nuclei on each 
particle, while EFB_T-250 could advance further 
into nucleation and growth pathway, A4 by Avrami-
Erofeev model. Torrefied EFB_T-300 could also be 
described by Avrami-Erofeev models (A1, A3, and 
A4) for nucleation and growth mechanisms. At 
higher temperature, relatively higher conversion 
of biomass could occur due to an accelerated 
decomposition. Moreover, cleavage of some larger 
ordered cellulose into lower molecular mass chain 
could occur, which then facilitates the nucleation, 
growth and decomposition processes (Singh et al., 
2020b) .

Figure 7. Theoretical and experimental plots for prediction of solid-state reaction mechanism using Criado method (Z-master plot). 
a) Raw_EFB, b) EFB_T-225, c) EFB-T250, d) EFB_T-275 and e) EFB_T-300.
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CONCLUSION

In this study, torrefaction was performed on EFB 
before subjecting it to pyrolysis. Torrefaction was 
able to improve the physiochemical properties of 
raw EFB, and alter the chemical composition in 
such to be deemed desirable for pyrolysis with 
lower activation energy required. The fuel quality 
(volatile matter, H/C, O/C and CV) of the torrefied 
EFB had been greatly enhanced, while thermal 
stability decreased with temperature. The activation 
energy of hemicellulose, cellulose and lignin of the 
torrefied EFB decreased with increasing pyrolysis 
degradation temperature. The thermal degradation 
of torrefied individual component and the whole 
EFB was in the order of hemicellulose > cellulose 
> lignin, and EFB_T-300 > EFB_T-275 > EFB_T-250 
> EFB_T-225 > raw EFB. These findings suggested 
that torrefied EFB could be a better solid fuel 
as torrefaction is able to convert the power law 
mechanism to nucleation and gradual growth 
mechanism, which eases decomposition during 
combustion. Overall, it can be concluded that 
torrefied EFB is a potential feedstock for bio-energy 
production.
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