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Abstract
In this study, the non-oxidative torrefaction of oil palm empty fruit bunch (OPEFB) pellets was investigated from 250 to 300 °C
for 30 min in a horizontal fixed bed tubular reactor. The effects of the selected conditions on the yields, distributions and fuel
characteristics of the torrefaction products were examined. The mass or solid yield (MY) decreased from 68.1 to 36.2%, whereas
the liquid yield (LY) and gas yield (GY) increased from 19.4–40.1% and 12.5–23.7%, respectively, due to drying, devolatilization
and depolymerisation during torrefaction. Physicochemical and calorific analyses showed that the torrefied OPEFB pellets have
high carbon but low oxygen contents, which accounts for the high heating values (HHV = 22.83–25.81 MJ/kg). The torrefied
OPEFB pellets also exhibit lower moisture (2–4%) and volatile matter (34.38–65.31 wt.%) but high ash (4–20 wt.%) and fixed
carbon (28.69–41.62 wt.%) compared to the raw pellets. The OPEFB pellet fuel properties, namely pH that ranged from 6.65 to
7.74, hydrophobicity from 100 to 23.04% and grindability from 53.66 to 108, were markedly enhanced after torrefaction at 300
°C. The LY consisted of organics (67.64–62.62%) and water (32.36–37.38%) fractions characterised by high acidity (pH = 2.89–
3.22) and dark hues formed by holocellulose and lignin thermal degradation at higher torrefaction temperatures. Based on the
findings, the torrefied OPEFB pellets is a highly grindable, hydrophobic, thermally stable and promising solid biofuel for firing,
co-firing or substituting coal in power plants provided the existing challenges that affect global biomass supply chains are
addressed in detail.
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1 Introduction

The African oil palm tree (Elaeis guineensis Jacq.) is widely
cultivated in tropical nations such as Malaysia and Indonesia
for the extraction of crude palm oil (CPO) and palm kernel oil
(PKO) [1, 2]. Globally, CPO is an essential edible vegetable
oil, food ingredient, as well as an industrial raw material for
the production of biofuels, biodiesel, biochemicals and bio-
materials [3, 4]. Over the years, the demand for CPO has

soared geometrically with Malaysia currently accounting for
over 30% of the global vegetable oil market [1, 5]. According
to the Malaysian Palm Oil Board, the production of CPO in
2018 stood at 19.52 million tonnes, whereas the trade in palm
oil-related products amounted to 24.88 million tonnes valued
at RM67.5 billion (US$16.37 billion, Exchange rate US$1 =
RM4.12) [6]. Likewise, the Agency for Innovation in
Malaysia (AIM) estimates that the palm oil industry accounts
for over RM80 billion (US$19.40 billion, Exchange rate
US$1 = RM4.12) or ~ 8% of the nation’s gross national in-
come (GNI) [7].

Despite the significant socio-economic contributions of the
industry, the rapid expansion of oil palm tree cultivation and
CPO production has created major solid waste disposal and
management problems. Typically, the palm oil industry gener-
ates over 100 million tonnes of dry solid biomass wastes annu-
ally [7] from over 426 palm oil mills in the country [8]. The
solid oil palm wastes (OPW) broadly consists of plantation
wastes (trunks, fronds and leaves) and the palm oil mill wastes
(empty fruit bunches, mesocarp fibres and kernel shells) [9, 10].
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Current strategies for ameliorating the challenges of the OPW
include application as organic manure, mulching material and
liming additives to replenish the plantation land [11, 12]. Other
studies have reported the open-air burning, landfilling and
dumpsite deposition as measures to dispose and manage the
growing stockpiles of OPWs [13–15]. However, the outlined
disposal strategies are not sustainable due to their potentially
damaging effects on human health, safety and the environment.
Besides, the continued pursuance of such strategies is likely to
exacerbate global warming, climate change and the lingering
controversies surrounding the sustainability of the palm oil in-
dustry [5, 16]. Given the nature of the following predicaments,
the government of Malaysia proposed the National Biomass
Strategy (NBS) to sustainably and systematically tackle the
nation’s soaring stockpiles of OPWs [7]. The policy also seeks
to promote the valorisation of 20–32million tonnes or ~ 30% of
all OPWs generated into biofuels, biomaterials, biochemicals
and other high-value green products. The long-term objective
of the policy is to establish a circular economy from OPW
valorisation and promote sustainable energy initiatives that mit-
igate greenhouse gas emissions [7].

Several challenges have to be overcome to achieve the
objectives of the NBS. One of the most critical is the
problematic fuel properties of oil palm empty fruit
bunches (OPEFB), which is the most abundant solid
OPW generated during the production of CPO. OPEFB
is the brown, bulky and spikey residue generated after
the stripping and processing of the oil palm fruits from
the fresh fruit bunches during the CPO production in palm
oil mills. Due to its high heterogeneous nature, hydrophi-
licity, hygroscopicity and susceptibility to microbial deg-
radation properties [10], it is challenging to efficiently
transport, dispose, store or manage OPEFB [17].
Likewise, the valorisation of OPEFB is hampered by its
high moisture and alkali metal contents along with low
heating values, energy density and grindability [18, 19].
Hence, OPEFB requires extensive pre-treatment, process-
ing and conditioning to improve its fuel properties for
effective utilisation as raw materials for clean energy
and other value-added products [20].

Pelletization has recently been proposed and examined as a
promising pre-treatment technique for the densification or
compaction of dry, loose, biomass residues into uniform solid
structures termed pellets [21]. The use of low-temperature
thermal techniques such as torrefaction also improves the fuel
properties of biomass feedstock for future applications [22,
23]. Torrefaction is a thermochemical process in which bio-
mass is heated at low temperatures from 200 to 300 °C, short
resident times (15–60 min) and heating rates (5–20 °C/min)
under inert gas or mildly oxidising environments [24]. During
torrefaction, the selected biomass undergoes mild thermal
degradation primarily due to dehydration, devolatilization, de-
carboxylation and depolymerisation reactions. The

hemicellulose and partly cellulose and lignin contents are de-
graded during torrefaction resulting in mass losses (from 5 to
75%), which transforms the atomic ratios and upgrades the
fuel properties of the biomass [25–27]. The torrefaction pro-
cess also improves the grindability, friability, hydrophobicity
along with the handling, storage and transportation of biomass
[24, 28]. Consequently, the solid torrefied product has higher
fuel quality when compared to the raw biomass, as typically
examined through the mass yield (MY), energy yield (EY),
higher heating value (HHV), energy density (DE), torrefaction
index (TI) and severity factor (SF) of the torrefaction process
[29, 30]. Based on the foregoing, torrefaction is considered a
pre-treatment as well as valorisation technique, which en-
hances the fuel properties of hitherto low-quality biomass
feedstock for densification, pelletization and power generation
through co-firing with coal [31–33]. Torrefaction can also
serve as an environmentally friendly and cost-effective ap-
proach for the pre-treatment and valorisation of OPW com-
pared to pyrolysis, gasification or combustion [34].

The torrefaction and pelletization of biomass feedstocks,
termed the TOP process, has been proposed and extensively
examined in the literature [35–38]. However, the TOP process
is hampered by numerous challenges. Firstly, torrefaction
thermally degrades hemicellulose and lignin, which are re-
sponsible for inter-particle cohesion and hydrogen bonding
in the biomass structure [39]. The pelletization of torrefied
biomass particles without a binder results in poor quality or
brittle pellets, which can generate high particulate matter and
hazardous off-gas emissions during utilisation and storage
[38]. Alternatively, the use of binders increases the moisture
and ash content of pellets, which hampers the overall quality
of the torrefied pellets. Secondly, the rapid internal diffusion
of vapours during torrefaction of biomass particles (< 1 mm)
results in poor product yields, higher heating and thermody-
namic losses [40]. The pre-treatment and valorisation of oil
palm wastes (OPW) are prerequisite processes that enhance
energy recovery by thermochemical conversion [40].
Likewise, the combined processes of pelletization and
torrefaction can enhance the fuel properties, process efficien-
cies and energy recovery potential of OPW as a clean fuel for
power plants [41].

Uemura et al. [42] showed that the torrefaction of OPEFB
from 220 to 300 °C for 30 min produced mass yields of 43–
24%, energy yields of 56–83% and higher heating values
(HHV) of 17.17–20.41 MJ/kg. Likewise, the torrefaction of
palm kernel shells (PKS) produced mass yields of 77–71%,
energy yields of 93–100% and HHV of 18.55–21.68 MJ/kg.
Asadullah et al. [43] investigated the optimisation and
torrefaction of PKS from 200 to 350 °C for 10–60 min. The
findings demonstrated that the optimal yields and conditions
for PKS torrefaction are mass yield (73%) and higher heating
value (24.50 MJ/kg) at 300 °C, 20 min and 300 ml/min. The
study also reported the fuel characteristics and distribution of
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the solid (mass), liquid and gas products yield of PKS
torrefaction, which is lacking in the study on OPEFB by
Uemura [42] and other studies on OPEFB in the literature.
More recently, Sukiran et al. [22] examined the influences of
process parameters on the fuel characteristics of torrefied
OPEFB. The findings revealed that the optimal conditions
for OPEFB torrefaction were 225 °C, 20 min and 500–700
μm particle size. Similarly, the torrefaction of bamboo (parti-
cle size, d = 0.18–0.84 mm) [44], Leucaena (d = 0.5–2 mm)
[45], wood briquettes [45] and beech wood (d = 2 mm) [46]
yield highmass yields (70–96%), energy yields (60–99%) and
HHV (18.80–28.50 MJ/kg) under inert (non-oxidative) con-
ditions. The plausible inference is that biomass particle size
and chemical structure along with torrefaction temperature,
residence time and sweeping gas significantly influence the
mass yields, energy yields, process efficiency and the quality
of torrefied biomass products.

Despite the numerous publications on the non-oxidative
torrefaction of oil palm biomass, there are limited studies on
the torrefaction of OPEFB pellets in the literature.
Furthermore, existing studies are limited to the pulverised
OPW and OPEFB with particle sizes below 1 mm, which
result in low yields and distribution of torrefaction products.
The research works of Uemura et al. [42] and recently Sukiran
et al. [22] are also limited to the effects of torrefaction param-
eters on the mass and energy yields of pulverised OPW.
Hence, the detailed characterisation of the fuel properties such
as pH, microstructure, mineralogy, hydrophobicity,
grindability, thermal degradation behaviour and characteristic
temperature profiles of pelletized OPEFB remains lacking in
the literature. Comprehensive fuel and energy characterisation
is not only critical to evaluating the energy recovery, market
viability and ancillary potential applications of torrefied bio-
mass pellets but also addressing the outlined problems of
pulverised biomass torrefaction.

Therefore, this study seeks to investigate the non-oxidative
torrefaction of OPEFB pellets as an effective approach for the
pre-treatment and valorisation of OPEFB. The OPEFB pellets
are thus subjected to non-oxidative torrefaction under the con-
ditions; temperatures, T = 250 °C, 275 °C, 300 °C, atmospher-
ic pressure and residence time, t = 30 min using a horizontal
fixed bed tubular (FBT) reactor. The product yield, distribu-
tion and fuel characteristics of the torrefied OPEFB pellets and
liquid products are subsequently characterised to extensively
examine the microstructure, morphology, hydrophobicity,
grindability, thermal fuel properties along with the pH and
chemical composition, respectively. The study also presents
the market dynamics, potential applications and future eco-
nomic outlook on the torrefied OPEFB pellets based on the
fuel characteristics, as extensively detailed in Section 4. To the
best of the authors’ knowledge, this study is the first compre-
hensive study on the product yield, distribution and fuel char-
acterisation of torrefied OPEFB pellets under non-oxidative

torrefaction conditions in the literature. It is envisaged that the
results provide in-depth knowledge on the thermal pre-treat-
ment, pelletization and valorisation of OPEFB as proposed in
the NBS-2020 strategy of Malaysia. Lastly, the findings also
present solutions to the outlined problems of the TOP process
of pulverised biomass torrefaction in the literature.

2 Materials and methods

2.1 Materials

The OPEFB pellets used in this study were purchased from
Felda Semenchu palm oil mill located at Kota Tinggi in Johor
State of Malaysia. The brown, cylindrically shaped, 8-mm-
sized OPEFB pellets (depicted in Fig. 1) on average each
weigh about 2.5 g, length of 3 ± 1.5 cm and density of 800
kg/m3. The OPEFB pellets were manufactured at 60 MPa pis-
ton press pressure without the use of binders and were exam-
ined in the study without any modification.

Before torrefaction, the OPEFB pellets were characterised
to determine the elemental, proximate and HHV properties
through ultimate, proximate and higher heating value analy-
ses, respectively. For the tests, the OPEFB pellets were first
pulverised in a high-speed crusher (Panasonic Mixer Grinder
MX-AC400, Malaysia) and sieved using an analytical sieve
(mesh size No. 60, WS Tyler USA) to obtain homogenous
particles of size 250 μm.

2.2 Methods

The torrefaction of the OPEFB pellets in this study was per-
formed in a stainless steel tubular reactor horizontal FBT re-
actor (dimensions length, L = 300 m; diameter, D = 25.4 mm)
based on the reactor schematics and set up presented in Fig. 2.
The full description of the reactor, schematics and ancillary
parts comprising (N2 gas supply, tubular reactor, Lindberg

Fig. 1 Oil palm empty fruit bunch (OPEFB) pellets
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Furnace, K-type thermocouple and products collection unit)
are presented in our previous study [41]. The FBT is a practi-
cal, low cost and reliable bench-scale reactor for biomass
torrefaction [40].

For each torrefaction test, approximately 15 g of
the OPEFB pellets were placed in the stainless steel tubular
FBT reactor before transferring to the tube furnace
(Lindberg Blue M, USA). The furnace was closed and
the entire system purged with the nitrogen gas (N2,
99.99% purity, Mega Mount Industrial Gases Sdn Bhd,
Malaysia) at a flow rate of 200 ml/min for 15 min. The
purging process was conducted to create and maintain an
anoxic atmosphere for the non-oxidative torrefaction of the
OPEFB Pellets. The reliability and accuracy of the purge
gas flow rate during the tests was visually verified with a
digital flow meter (Altech® DFM 4068, USA). After
flushing was completed, the FBT reactor and OPEFB pel-
lets were heated under non-isothermal (dynamic) condi-
tions by ramping from room temperature to the selected
torrefaction temperature (T = 250, 275, 300 °C) at a con-
stant heating rate of 15 °C/min. At the selected torrefaction
temperature, the isothermal mode was activated and
heating was maintained at the selected torrefaction hold
time of 30 min. Upon completion of torrefaction, the tube
furnace was switched off and the FBT reactor was allowed
to cool down to room temperature.

Next, the torrefied OPEFB pellets (solid product) were
retrieved, weighed and stored in airtight vessels before
characterisation. The torrefaction liquid product was col-
lected in a conical flask (V = 250 ml, Pyrex USA) during
torrefaction, after condensing and cooling at 5 °C using a
refrigerated bath circulating chiller (Protech 631D,

Malaysia). The liquid product was subsequently weighed
and stored in airtight sample bottles and placed in a refrig-
erator at 5 °C before the torrefaction liquid analysis,
whereas the torrefaction gas product was flared off during
torrefaction. Each test was performed in triplicate to ensure
the accuracy and reliability of the measurements. The mass
yield (MY) of the torrefaction of the OPEFB pellets was
computed to determine the energy yield (EY) and energy
density (DE) based on Eqs. (1–4) [42, 47, 48]:

MY ¼ mTB

mRB

� �
� 100 ð1Þ

EY ¼ MY � HHVTB

HHVRB

� �
ð2Þ

DE ¼ EY

MY

� �
ð3Þ

S F ¼ log t � exp
Th−T r

14:75

� �� �
ð4Þ

The term mTB represents the mass of torrefied biomass,
mRB—the mass of raw biomass (g), MY—mass yield (%),
EY—energy yield (%), DE—energy density (%), HHVTB

(MJ/kg) and HHVRB (MJ/kg) is the HHV for the torrefied
and raw OPEFB Pellets, respectively. The term SF denotes
the severity factor, but the SF terms t, Th and Tr denote the
torrefaction time (min), torrefaction temperature (°C) and
reference temperature (100 °C), respectively. The MY, EY,
DE, HHV and SF were used to predict the performance of
the OPEFB Pellets torrefaction process.
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Fig. 2 Schematic of the FBT
reactor for OPEFB pellets
torrefaction
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2.2.1 Product yield and distribution

The distribution of the solid (MY), liquid (LY) and gas (GY)
products for OPEFB pellets torrefaction in this study were
computed from Eqs. 1, 5–7 described in the literature [49,
50]. The solid product or mass yield (MY) of OPEFB pellet
torrefaction was deduced from Eq. (1), whereas LY was de-
duced from the mass of the liquid collected in the conical flask
after torrefaction (Eq. (5)). Lastly, the GY was computed from
Eq. (6), and the overall product distribution is described by
Eq. (7):

LY ;% ¼ mmass of liquid in conical flask

mRB
� 100 ð5Þ

GY ;% ¼ 100− MY þ LYð Þ ð6Þ
MY þ LY þ GY ¼ 100% ð7Þ

It is important to state that although the mass balances for
MY, LY andGY sum up to 100%, there may be some losses, as
typically observed in such thermal experiments. These losses
are considered negligible due to the bench-scale nature, mild
operational parameters and small mass of feedstock used dur-
ing torrefaction [22, 43, 51].

2.2.2 Physicochemical and calorific analyses

The physicochemical analysis of the OPEFB pellets and
torrefied OPEFB pellets was determined by ultimate and prox-
imate analyses, together with bomb calorimetry. The ultimate
analysis was conducted to determine the elemental Carbon,
Hydrogen, Nitrogen and Sulphur (CHNS) composition using
the CHNS analyser (vario MACRO cube, Germany). The
proximate analysis was conducted to determine the moisture
(M), ash (A) and volatile matter (VM) contents based on
ASTM standards D3173, D3174 and D3175, respectively,
using a muffle furnace (Ney Vulcan D-130, USA). The fixed
carbon (FC) was determined by difference from the sum of the
M, A and VM. Lastly, the HHV was determined using an
oxygen isoperibol bomb calorimeter (IKA C2000, USA).

2.2.3 Morphologic, microstructural and mineralogical
analyses

The morphology of the OPEFB pellets and torrefied OPEFB
pellets was examined visually to determine the colour changes
before and after the torrefaction process. The microstructure
and mineralogy were examined through scanning electron mi-
croscopy (SEM) and energy dispersive x-ray (EDX) spectros-
copy (SEM-EDX JEOL JSM IT 300 LV, Germany), respec-
tively. For each test, the powdered samples were spray depos-
ited on the carbon grain mounts, before being transferred to
the sample compartment and degassing in the SEM sample
chamber to purge unwanted gases. Next, the samples were

scanned in vacuum to acquire the surface micrographs at a
magnification of × 1000 through the use of the point ID meth-
od. The EDX analysis of the mapped region in the SEM mi-
crograph was simultaneously conducted to quantify the ele-
mental composition of Al, C, Ca, Cl, Cu, Fe, K, Mg, Na, O, P,
S and Si in weight percent (wt. %) in the samples based on the
EDX peaks and charge balance.

2.2.4 pH Analysis

The OPEFB pellets and torrefied OPEFB pellets were both
subjected to pH analysis based on the modified procedure of
Rajkovich et al. [52]. Before the tests, the OPEFB pellets and
torrefied OPEFB pellets were pulverised and sieved into
250-μm-sized particles. Next, precisely 10 ml of deionised
water was added to a 250 ml beaker containing 0.5 g of each
pulverised sample based on the ratio of 20:1. The mixture was
vigorously stirred at 300 rpm using a magnetic stirrer (Jenway
1103, USA) at room temperature for 90 min. The mixture was
filtered using filter paper (Smith A0331, Qualitative 125 mm,
UK). The pH of the filtrates was examined on the benchtop
pH meter (Martini Instruments Mi-150, USA). Before each
test, the pH meter was calibrated with deionised water (pH =
7) at 25 °C, while the pH electrode was cleaned with deionised
water after calibration. The pH electrode was then immersed
in each filtrate to record the pH.

2.2.5 Hydrophobicity analysis

The hydrophobicity of the OPEFB pellets and torrefied
OPEFB pellets were examined based on the modified proce-
dure of Pimchuai et al. [53]. For each test, the OPEFB and
torrefied pellets were first weighed and placed in 100 ml ce-
ramic crucibles. Next, 20 ml of distilled water was measured
and added to the ceramic crucibles containing the samples
before allowing the mixture to stand for 2 h. The samples were
then retrieved and weighed to determine the amount of water
absorbed. The percentage of water absorbed was calculated
from Eq. (8):

Water Absorbed;% ¼ mH2O absrobed

mSample

� �
� 100 ð8Þ

The terms mH2O, absorbed and msample represent the mass of
water absorbed (g) and initial mass of the OPEFB and
torrefied pellets (g), respectively.

2.2.6 Grindability analysis

The grindability of the OPEFB pellets and torrefied OPEFB
pellets were examined based on the Hardgrove grindability
index (HGIeqv) procedure described by Ibrahim et al. [54].
First, the pellets were pulverised and a fixed mass (1.0 ± 0.1
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g) of each sample was sieved using the analysis sieve mesh
size 200 (Brand: W. S. Tyler USA) to obtain homogenous
sized particles below 74 μm. The sample mass (%) that exited
the sieve was then weighed and recorded asmH. The HGI was
then computed from Eq. (9):

HGIequiv ¼ mH þ 11:205

0:4955
ð9Þ

The terms HGIeqv and mH represent the Hardgrove
grindability index (HGI) and the mass percentage of products
that exited the sieve, respectively. Typically, the lower the
HGI value, the harder it is to grind the material [55], and vice
versa. Lastly, the HGI values were compared to the
grindability scales proposed by Ohliger et al. [46] to examine
the effect of the torrefaction process on the grindability of the
OPEFB Pellets examined in this study.

2.2.7 Thermal analysis

The thermal reactivity, degradation behaviour and tempera-
ture characteristic profiles (TPC) of the OPEFB pellets and
torrefied pellets were examined by thermogravimetric analysis
(TGA). For each run, about 10 mg of the pulverised (250 μm)
torrefied OPEFB pellets were heated in an alumina crucible
using the TG analyser (Shimadzu TG-50, Japan) under non-
isothermal conditions from 30 to 800 °C at 20 °C/min under
air (flow rate 20 ml/min). The objective was to examine the
thermal properties under oxidative (combustion) conditions
during TGA. On completion, the TG data were retrieved and
analysed using the Shimadzu thermal analysis software
(Version: TA-60WS workstation) to deduce the mass loss,
derivative mass loss and temperature characteristic profiles
(TPC). Next, the mass loss (%) and derivative mass loss
(%/min) data were plotted against temperature (°C) to obtain
thermogravimetric (TG, %) and derivative thermogravimetric
(DTG, %/min) plots, respectively, using Microsoft Excel©
(version 2013). Based on the TG-DTG plots, the TPCs, onset
(Tonset), midpoint (Tmid), peak decomposition (Tpeak) and off-
set (Tend) temperatures were deduced from the Shimadzu ther-
mal analysis software. The detailed procedure for determining
the TPCs from TG/DTG plots is described extensively in our
previous study [56]. The mass loss (ML, %) and residual mass
(RM, %) were estimated to determine the reactivity and ther-
mal degradation behaviour of the OPEFB and torrefied pellet
samples under oxidative (combustion) conditions during
TGA.

2.2.8 Torrefaction liquid analysis

The torrefaction liquid products (TLQ) were subjected to col-
our, pH and water content tests. The objective was to examine
its potential footprint, environmental impact or application.

For the pH tests, the TLQ samples were transferred to 100 ml
beakers for analysis. Before each test, the pH meter was cal-
ibrated with deionised water (pH = 7) at 25 °C, and the pH
electrode further cleaned with deionised water after the cali-
bration. The pH electrode was then immersed in each TLQ to
determine its pH, based on readings recorded using the bench-
top pH meter (Martini Instruments Mi-150, USA). Each test
was repeated three times to ensure the reproducibility of the
measurements. The water content of the torrefaction liquids
(TLQ) was examined by Karl Fischer titration (KFT) using the
KF titrator (Metrohm AG, 870 KF Titrino plus, Switzerland).
The titrator was fitted with a dosing system (Metrohm AG,
800 Dosino, Switzerland) and mixing system (Metrohm AG,
803 Ti Stand, Switzerland). The selected reagent for the vol-
umetric KFT was Hydranal® acquired from Fluka Analytical
(Sigma-Aldrich, Malaysia). The data acquisition and handling
were performed on the Tiamo™ software (version 1.2).
Before each test, the KF titrator was calibrated with deionised
water to confirm the reproducibility of the subsequent mea-
surements. For the tests, approximately 0.09 g of sample was
measured using a 10 μl syringe (Brand: Hamilton,
Switzerland) before injecting into the mixing chamber con-
taining the KF reagent Hydranal for titration. At the titration
endpoint, the titre readings were recorded before emptying the
vessel through the bottom stopcock connected to the waste
bottle. The water content was subsequently calculated from
the equation;

Water content %ð Þ ¼ KFRC � KFRf

Ws

� �
� 100 ð10Þ

The terms KFRc, KFRf and Ws represent the Karl Fischer
reagent consumed (ml) during titration, reagent factor (mg/ml)
and sample weight (g), respectively.

3 Results and discussion

3.1 Product yield and distribution

The yields and distribution of the solid, liquid and gas prod-
ucts from the torrefaction of OPEFB pellets are presented in
Fig. 3.

The results are based on the average solid mass (MY), liq-
uid (LY) and gas (GY) yields for the OPEFB pellets
torrefaction as computed from Eqs. (5)–(7). The results reveal
that the solid (mass) yield (MY) decreased with increasing
torrefaction temperatures from 250 to 300 °C, whereas the
liquid (LY) and gas (GY) yields increased during torrefaction.
The decrease in solid (mass) yield (MY) from 68.1 to 36.2%
can be ascribed to the increased thermal degradation of the
lignocellulosic biomass components (e.g. holocellulose, lig-
nin, volatile matter and moisture) of the OPEFB pellets, which
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is enhanced at higher temperatures. The drying,
devolatilization and depolymerisation of lignocellulosic bio-
mass components during torrefaction account for the decrease
inMY, which explains the observed increase in the liquid (LY
= 19.4% to 40.1%) and gas (GY = 12.5% to 23.7%). In com-
parison, theMY of the OPEFB pellets reported in this study is
significantly higher than theMY values (36.98% at 250 °C and
24.18% at 300 °C) reported for pulverised OPEFB [42] and
(65% at 275 °C and 55% at 300 °C) for oil palm fibre (OPF)
pellets in the literature [57].

The higher yields observed in this study are also ascribed
the larger solid uniform size and anisotropic properties of the
OPEFB pellets. The size of the OPEFB pellets prevents over
oxidation and offers greater resistance to thermal degradation
during torrefaction. Hence, the thermal degradation of the
OPEFB pellets occurred slowly (i.e. slow pyrolysis) compared
to pulverised OPEFB described in Uemura et al. [42] and
Chen et al. [57]. Asadullah et al. [43] showed that yield and
distribution of products for the torrefaction of palm kernel
shell was 60.9% for solid, 24.1% for liquid and 15.1% for
gas at 300 °C for 30 min. The findings of this study are in
good agreement with Asadullah et al. [43] and other groups in
the literature [17, 22, 58, 59] whose findings showed that
temperature and particle size markedly affect the yield and
distribution of torrefaction products. The higher torrefaction
temperatures enhanced the thermal degradation of the ligno-
cellulose (hemicellulose, cellulose and lignin) components of
the OPEFB Pellets, thereby resulting in higher mass loss along
with lower MY but higher LY and GY (see Fig. 3). Likewise,
the small surface area caused by the large particle size, com-
pact and solid uniform nature of the OPEFB pellets slowed the
thermal degradation during the torrefaction process. As a

result, the residence time for cracking the condensable gases
was enhanced thereby resulting in higher GY and LY.

Next, the torrefaction performance of the process was ex-
amined based on the energy yield (EY), energy density (DE),
HHV and severity factor (SF) of the torrefied OPEFB pellets.
The parameters were calculated from the mass yields (MY) at
different torrefaction temperatures, as highlighted in Eqs.
(2)–(4). The results for the EY, DE, HHV and SF for the
torrefied pellets are presented in Table 1. The results showed
that for all cases, the DE, HHV and SF increased, whereas the
EY decreased with increasing torrefaction temperatures. This
observation is attributed to the major decrease in MY during
OPEFB pellet torrefaction earlier surmised in Fig. 3.

As observed in Table 1, the DE further increased from 1.29
to 1.47 due to the improvement in the HHV of the torrefied
OPEFB pellets from 22.83 to 25.81 MJ/kg compared to 17.57
MJ/kg for the raw OPEFB pellets. The HHV of the torrefied
OPEFB pellets (22.83 MJ/kg at 250 °C and 25.81 MJ/kg at
300 °C in this study) is significantly higher than pulverised
torrefied OPEFB (17.67 MJ/kg at 250 °C and 20.41 MJ/kg at
300 °C) and torrefied PKS (19.07 MJ/kg at 250 °C and 21.68
MJ/kg at 300 °C) by Uemura et al. [42], while Asadullah et al.
[43] reported 21.40 MJ/kg (at 250 °C) and 24.50 MJ/kg at
(300 °C) for torrefied PKS. The findings in this study reveal
that the HHV of raw OPEFB pellets was significantly en-
hanced by 20.25–47.18%, which are much higher than report-
ed for other torrefied OPWs in the literature.

The findings confirm that the solid uniform nature of the
OPEFB pellets played a significant role in torrefaction.
Furthermore, the findings indicate that torrefaction can be
employed to effectively upgrade the solid fuel properties of
OPEFB for energy and power applications such as co-firing
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with coal [31–33]. Lastly, the findings of this study indicate
that the SF improved from 5.89 to 7.37 during torrefaction of
the pellets from 250 to 300 °C for 30 min. The severity factor
(SF) is an index used to examine the effect of temperature and
residence time on the torrefaction process. In this study, the
torrefaction time is fixed at 30 min, hence the increase in the
SF is due to the profound effect of higher temperatures on the
process, as computed from Eq. 4. The results are comparable
with Lee et al. [60] who reported SF values from 6.12 to 7.0
and from 5.23 to 7.00 reported by Na et al. [48].

3.2 Physicochemical properties

The physicochemical characteristics of the torrefied OPEFB
pellets are presented in terms of the ultimate (elemental), prox-
imate and atomic ratio analyses. Table 2 presents the ultimate
analysis and the magnitude of change in the elemental com-
position of the raw OPEFB pellets and torrefied OPEFB pel-
lets after torrefaction on a comparative basis.

The symbols are defined as C—carbon, H—hydrogen,
N—nitrogen, S—sulphur and O—oxygen. The negative signs
represent decreases in percentage elemental composition,
whereas the positive signs denote increases in the percentage
elemental composition after torrefaction. The results demon-
strate that the elemental composition of the raw OPEFB pel-
lets was significantly transformed after torrefaction based on
the conditions examined in this study. The highest change
in the percentage elemental composition was observed for C
compared to H, N and O with increasing temperatures during
torrefaction. The observed changes can be ascribed to drying,
degradation (holocellulose and lignin), decarboxylation and
devolatilization of the OPEFB Pellets, which resulted in
higher carbon formation, loss of hydrogen and depositionwith
increasing torrefaction temperatures. The change in the per-
centage elemental composition of C and O is due to

decarboxylation as well as H and O due to drying is respon-
sible for the enhancement of the HHV of the torrefied bio-
mass, as earlier presented in Table 1. However, the minor
increase in S observed at 250 °C and subsequent decrease at
275 °C and 300 °C may be due to either sulphurisation or
desulphurisation reactions during torrefaction. The minor in-
crease may be due to the formation of hydrogen sulphide
(H2S) from elemental H and S, which occurs at temperatures
below 400 °C as reported by Dowling et al. [61]. The decom-
position of H2S at higher torrefaction temperatures [62] may
account for the subsequent decrease in S content, as reported
in Table 2. Furthermore, the change in percentage elemental
composition of the elements C H, N, S and O altered the
atomic ratios of the torrefied biomass. Based on the above,
the changes in the atomic H/C, O/C, C/N and CH/NS ratios of
the OPEFB pellets were examined after torrefaction, as pre-
sented in Table 3.

As observed, the H/C and O/C ratios decreased with in-
creasing temperature during torrefaction of the OPEFB pel-
lets. The atomic ratio is a classification tool employed to ex-
amine the energy content, potential products and applications
of biomass after conversion [24]. The findings of this study
indicate that lower H/C and O/C ratios were observed for the
torrefied OPEFB pellets compared to the raw OPEFB pellets.
This observation is responsible for the higher HHV of the
torrefied OPEFB pellets (see Table 1) compared to the feed-
stock pellets. Similarly, the C/N ratios of the torrefied OPEFB
pellets were markedly higher than the raw pellets. The C/N
ratio is a measure of carbon to nitrogen in high carbonaceous
biomass, which is critical to its utilisation as biochar for soil
amendment and other sustainable agriculture applications [63,
64]. As observed in Table 3, the C/N ratio values increased
sharply from 37.41 in raw OPEFB pellets to 60.23 after
torrefaction at 250 °C but decreased at 275 °C before slightly
increasing at 300 °C. Lastly, the CH/NS ratios of the raw and

Table 1 Torrefaction performance and energy efficiency parameters for torrefied OPEFB pellets

Temperature (°C) Energy yield (EY, %) Energy density (DE) Higher heating value (HHV, MJ/kg) Severity factor (SF)

OPEFB Pellets ** ** 17.57 **

250 88.49 1.29 22.83 5.89

275 68.80 1.40 24.60 6.63

300 53.17 1.47 25.81 7.37

Table 2 Ultimate analyses of raw OPEFB and torrefied OPEFB pellets

Sample code/temperature C (wt.%) ΔC (wt.%) H (wt.%) ΔH (wt.%) N (wt.%) ΔN (wt.%) S (wt.%) ΔS (wt.%) O (wt.%) ΔO (wt.%)

OPEFB pellets 41.71 ** 5.53 ** 1.12 ** 0.12 ** 51.53 **

250 50.31 8.60 5.38 − 0.15 0.84 − 0.28 0.14 +0.02 43.33 − 8.20

275 58.88 17.17 4.91 − 0.62 1.08 − 0.04 0.10 − 0.02 35.02 − 16.51

300 63.49 21.78 4.41 − 1.12 1.12 0.00 0.10 − 0.02 30.88 − 20.65
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torrefied OPEFB pellets were examined. The CH/NS presents
the ratio of combustible (CH) to pollutant elements (NS) in
biomass. The findings of this study demonstrated that the pro-
portion of combustible to pollutant elements in the torrefied
pellets is higher than the raw pellets. In general, the increase in
temperature improved the CH/NS ratios, which indicates that
torrefaction improves the overall fuel properties of the bio-
mass despite the net increase in pollutant content of the
elements.

The proximate analysis of the raw OPEFB pellets and
torrefied OPEFB pellets are presented in Table 4, based on
the moisture (M), volatile matter (VM), ash (A) and fixed
carbon (FC) contents. The negative signs represent a decrease
in the percentage composition of the torrefied product, where-
as the positive signs denote an increase in the percentage com-
position after torrefaction.

As observed, torrefaction of the raw OPEFB pellets result-
ed in the loss of M and VM due to drying and devolatilization,
respectively. Further analysis revealed that the VM decreased
with increasing torrefaction temperature, whereas the M ex-
hibited an opposite trend. The increasing trend in M may be
due to the high liquid and condensable products (consisting of
water and volatile organics) earlier reported during
torrefaction. The plausible reason could be that at higher tem-
peratures, the rate of devolatilization was enhanced, resulting
in high liquid products responsible for the trend in M. The FC
and ash also increased significantly after the torrefaction pro-
cess at higher temperatures. The FC is strongly dependent on
VM, as such the high content of FC is due to the marked loss
of VM during torrefaction [24]. However, the high ash could
be attributed to oxidative and exothermic reactions that oc-
curred during torrefaction due to the lignocellulosic and inher-
ent oxygen content of biomass [30, 65, 66]. The observed
trend in ash after torrefaction may also be due to the high

alkali and alkali earth metals (AAEM). AAEMs are known
to catalyse redox or chemical looping reactions during
torrefaction, which oxidises the biomass during torrefaction
resulting in high ash as also observed in this study. While
the nature of such reactions is as yet unclear, most studies also
reported high ash after torrefaction [65, 66].

3.3 Microstructural, mineralogical and morphological
properties

The microstructural and mineralogical properties of the raw
OPEFB pellets and torrefied OPEFB pellets are presented in
the SEM/EDX micrographs (at a magnification of × 1000) in
Fig. 4. The micrograph of the raw OPEFB pellets in Fig. 4a
consists of an irregularly shaped particle morphology that is
characterised by a dense network of fibrous materials typically
ascribed to the lignocellulosic components (holocellulose and
lignin) found in biomasses [56]. The SEM micrograph of the
torrefied OPEFB Pellets at 250 °C in Fig. 4b reveals a knaggy
fibrous structure characterised by a small network of micro-
pores, as observed on the top left corner of the image. This
indicates that the irregular shaped and elongated fibres of the
raw OPEFB pellets were partially defibrated, thereby creating
the compact structure in the torrefied pellets in Fig. 4b.

The partial defibration and resulting micro-pore formation
are due to polymeric hemicellulose degradation during
torrefaction [67]. The structure of the torrefied OPEFB pellets
at 275 °C in Fig. 4c reveals a network of mesopores and
parallel strands of fibres (microfibrils). This observation re-
veals that the increased severity of torrefaction further degrad-
ed holocellulose structures, thereby transforming the micro-
pores into mesopores, which exposed the microfibrils or cel-
lulose fibres observed in Fig. 4c. This confirms that cellulose
degradation occurred at 275 °C resulting in the structural mod-
ification of the pellets. Likewise, this validates the earlier
statement that cellulose degradation accounts for the high liq-
uid products and microstructural changes that enhance the
grindability of torrefied biomass [68]. The micrograph of the
torrefied OPEFB pellets at 300 °C in Fig. 4d is characterised
by a dense network of macropores similar in structure to a
beehive or honeycomb. This observation establishes that the
degradation of hemicellulose and cellulose was significant,
which eliminated the mesoporous and microporous fibres

Table 3 Atomic ratios of the raw OPEFB and Torrefied OPEFB pellets

Sample code/torrefaction temperature H/C O/C C/N (CH/
NS)

OPEFB pellets 0.130 1.24 37.41 38.38

250 0.107 0.86 60.23 56.89

275 0.083 0.59 54.71 54.16

300 0.069 0.49 56.58 55.56

Table 4 Proximate analyses of raw OPEFB and Torrefied OPEFB pellets

Sample code/torrefaction temperature M ΔM VM ΔVM A ΔA FC ΔFC

OPEFB Pellets 7.78 ** 75.19 ** 5.80 ** 11.24 **

250 2.00 − 5.78 65.31 − 9.88 4.00 − 1.80 28.69 17.45

275 3.00 − 4.78 50.52 − 24.67 11.88 6.08 34.60 23.36

300 4.00 − 3.78 34.38 − 40.81 20.00 14.20 41.62 30.38

Biomass Conv. Bioref. (2023) 13:755–775 763



(microfibrils) after torrefaction at 300 °C. Hence, the fuel
properties of the OPEFB pellets torrefied at 300 °C will be
significantly different from the torrefied OPEFB pellets at 250
°C and 275 °C.

The mineralogical composition of the raw OPEFB pellets
and torrefied OPEFB pellets examined by energy dispersive
X-ray (EDX) analysis are presented in Table 5. The elements
Cu and Na were identified in trace quantities, whereas Al was
not detected (ND) after torrefaction at 300 °C. The results
reveal that the mineralogical composition of the OPEFB pel-
lets was significantly altered particularly after torrefaction at
300 °C. Therefore, the discussion will be limited to the com-
parative analysis of the effects of torrefaction on the elemental
composition of the raw OPEFB pellets and the torrefied
OPEFB pellets at 300 °C. The most significant increase in
elemental composition was observed for C, S, K and Cl,
whereas Si, O and Ca has the least.

The percentage composition of C increased by 34.83%,
whereas S was reduced by 60% after torrefaction at 300 °C.
Likewise, the percentage composition of K increased by
267.50%, whereas Cl was by a whopping 310%. The percent-
age composition of O decreased by 58.04% after torrefaction
at 300 °C. The decrease was due to the drying and decarbox-
ylation reactions, which releases H2O and CO2 during
torrefaction [24]. Hence, the percentage composition of O in
the torrefied pellets was lower than the raw OPEFB Pellets.
Similarly, the percentage composition of Si decreased from

0.38 to 0.03 wt.% and Ca was from 0.18 to 0.13 wt.% after
torrefaction at 300 °C. In summary, the severity of torrefaction
conditions considerably changed the mineralogical composi-
tion of torrefied biomass compared to the raw OPEFB pellets.

The morphology of raw and torrefied OPEFB pellets was
also examined to analyse the physical appearance and colour
changes that occurred during torrefaction, as presented in Fig.
5. The colour of the raw OPEFB pellets was transformed from
greyish brown to black after torrefaction from 250 to 300 °C.
The colour appearance of the raw OPEFB pellets changed
progressively with increase in temperature during torrefaction.
The observed colour changes are related to the increase in
carbon (C) and fixed carbon (FC) composition after
torrefaction (see Tables 2 and 4) [42, 43]. At higher
torrefaction temperatures, the thermal energy input required
for lignocellulosic degradation was enhanced during
torrefaction.

3.4 pH of raw and N2 torrefied pellets

The pH of the raw and torrefied OPEFB pellets was compar-
atively examined based on the procedure of Rajkovich et al.
[52]. The objective of the pH analysis is to evaluate the extent
of the torrefaction process on the raw OPEFB pellets and
the potential of the torrefied OPEFB pellets for application
as biochar. The pH of the raw OPEFB pellet was 6.65, where-
as the torrefied OPEFB pellets were 7.62, 7.43 and 7.74 after

Fig. 4 SEM micrographs of raw OPEFB pellets and torrefied OPEFB pellets. a Raw OPEFB pellets. b Torrefied OPEFB pellets at 250 °C. c Torrefied
OPEFB pellets at 275 °C. d Torrefied OPEFB pellets at 300 °C
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torrefaction at 250 °C, 275 °C and 300 °C, respectively. The
results showed that the pH increased from weakly acidic
(6.70) in the raw OPEFB pellets to weakly alkaline (7.60 on
average) after torrefaction. The rise in pH of the torrefied
OPEFB pellets could be due to the significant change in ele-
mental (C and H) composition after torrefaction [69, 70].
Sadaka, Negi [27] observed that the pH of torrefied wheat

straw increased from 5 to 8 due to the decrease in hydrogen
with increasing torrefaction severity, as also observed by other
groups in the literature [71, 72]. The increase in pH may also
be due to the significantly high content of ash (AC) and fixed
carbon (FC) observed in the torrefied pellets (Table 4).
Biomass ash typically contains a high content of metals ele-
ments and mineral matter [73, 74]. It can be surmised that the

Table 5 Mineralogical composition of the raw OPEFB and torrefied OPEFB pellets

Element Symbol Composition (wt.%)

OPEFB pellets Torrefied pellets at 250 °C Torrefied pellets at 275 °C Torrefied pellets at 300 °C

Aluminium Al 0.07 0.12 0.12 ND

Carbon C 57.74 68.24 75.68 79.94

Calcium Ca 0.18 0.14 0.11 0.13

Chlorine Cl 0.11 0.10 0.03 0.41

Iron Fe Trace 0.02 0.01 0.16

Potassium K 1.08 0.66 0.68 2.94

Magnesium Mg 0.10 0.07 0.09 0.08

Oxygen O 40.13 30.41 22.78 16.09

Phosphorus P 0.10 0.06 0.03 0.06

Sulphur S 0.10 0.05 0.05 0.08

Silicon Si 0.38 0.08 0.42 0.03

Fig. 5 Colour changes during OPEFB pellets torrefaction. a Raw OPEFB pellets. b Torrefied OPEFB pellets at 250 °C. c Torrefied OPEFB pellets at
275 °C. d Torrefied OPEFB pellets at 300 °C
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mineral elements in the torrefied pellets formed aqueous alka-
line solutions with the torrefaction liquids observed, which
explains the increase in pH observed in this study. Based on
the alkaline pH, the torrefied OPEFB pellets could be poten-
tially utilised for biochar applications.

3.5 Hydrophobic properties

The hydrophobicity of the raw and torrefied OPEFB pellets
was investigated to determine the water absorption before and
after torrefaction. Figure 6 presents the structure of the raw
OPEFB pellets before and after the hydrophobicity tests.

The solid uniform structure of raw OPEFB pellet was al-
most completely disintegrated after the 2-h test as observed in
Fig 6b. This observation is ascribed to the high uptake or
absorption of water, which after percolating the pores of the
OPEFB pellets ruptured its solid structure during the tests.
Hence, it can be surmised that the raw OPEFB pellets exhibit
poor hydrophobic properties. Figure 7 presents the results of
the hydrophobicity test for the torrefied OPEFB pellets. In
contrast to the raw OPEFB pellets, the structure of torrefied
OPEFB pellets remained intact during/after the hydrophobic-
ity tests. The results demonstrate the increased hydrophobicity
of the torrefied pellets at elevated temperature. As observed,
the torrefied pellet at 250 °C absorbed the highest percentage
of water at 56.93%, compared to the samples at 275 °C
(35.24%) and 300 °C (23.04%) after the hydrophobicity tests.
The findings can be ascribed to the inability of the torrefied
pellets to form adequate hydrogen bonds due to loss of OH,
which facilitates water uptake or absorption as observed in the
raw OPEFB pellets [24]. The results also demonstrated that
torrefaction improved the hygroscopic properties of the
OPEFB pellets, thus enhancing its overall energy potentials.

3.6 Grindability properties

The grindability of the raw and torrefied OPEFB pellets was
examined through the Hardgrove Grindability Index (HGI)
[46, 54], as presented in Fig. 8. The grindability of the raw
OPEFB pellets increased from 53.66 before torrefaction to

55.94, 69.14 and 108 after torrefaction at 250 °C, 275 °C
and 300 °C, respectively. According to Shang et al. [55], the
lower the HGI value, the harder it is to grind the material and
vice versa. The findings indicate that the grindability of the
OPEFB pellets was enhanced with increasing severity of the
torrefaction temperatures. This indicates the cost and energy
requirements for grinding the pellets will also be significantly
reduced after torrefaction. Various studies in the literature
have reported similar improvements in the grindability of
wheat straw [55], willow, eucalyptus [54] and the grass clip-
pings fraction of MSW [75]. According to the authors, the
increase in grindability is ascribed to the depolymerisation
of holocellulose and lignin, along with drying and
devolatilization reactions, which make the torrefied materials
friable or brittle [24]. To verify this, the HGI was compared
with the moisture and volatile matter contents of the raw
OPEFB pellets and torrefied OPEFB pellets, as presented in
Fig. 9.

The plots revealed a linear correlation between the HGI and
the physicochemical properties of the raw and torrefied
OPEFB pellets. As observed, the grindability of the pellets
improved with a decrease in the VM. However, the effect of
the increased MC on the grindability of the torrefied OPEFB
pellets was insignificant. The plausible inference could be that
MC did not affect grindability because the values were lower
than the raw OPEFB pellets. Lastly, the relationship between
HGI and the properties of fixed carbon and ash showed a
linear correlation. Hence, it can reasonably be inferred that
the change in fuel properties of the torrefied OPEFB pellets
improved the grindability of the torrefied pellets.

3.7 Thermal properties

The thermal degradation behaviour and temperature profile
characteristics (TPC) of the raw OPEFB pellets and torrefied
OPEFB pellets were examined by thermogravimetric analysis
(TGA) as presented in the TG (%) and DTG (%/min) plots in
Figs. 10 and 11.

As observed, the raw and torrefied OPEFB pellets experi-
enced significant and progressive mass loss (%) typified by
the “double z” or “two-step” downward sloping curves. The
TG plots for the torrefied OPEFB pellets also shifted to the
right-hand side with increasing severity of the torrefaction
temperature. This indicates that the thermal degradation oc-
curred at higher temperatures compared to the raw OPEFB
pellets during TGA. This could be attributed to the higher
carbon and lower volatile matter (Tables 2 and 4) of the
torrefied OPEFB pellets. These two factors also account for
the lower thermal reactivity of various solid carbonaceous
fuels as observed in coal and petroleum coke during TGA
[76–78]. To further examine the reactivity, the characteristic
temperature profiles (TPC) for the combustion of the raw andFig. 6 Hydrophobicity tests for raw OPEFB pellets

766 Biomass Conv. Bioref. (2023) 13:755–775



torrefied OPEFB pellets were examined and presented in
Table 6.

The results indicate that the onset (Tonset), offset (Tend),
mass loss (ML) and residual mass (RM) TPCs of the raw
OPEFB pellets were significantly altered after torrefaction.
The Tonset (262.01 °C) of the raw OPEFB pellets increased
by 2.67 °C after torrefaction at 250 °C; and 8.53 °C after
torrefaction at 275 °C; lastly by 23.49 °C after torrefaction at
300 °C. Similarly, the Tend of the OPEFB pellets torrefied at
250 °C, 275 °C and 300 °C were observed at higher temper-
atures 2.83 °C, 46.20 °C and 148.76 °C, respectively, com-
pared to the raw OPEFB pellets. Based on the Tonset and Tend
of TG plots, the oxidative degradation of the raw OPEFB
pellets occurred over a temperature range of 65.96 °C com-
pared to 66.12 °C, 103.63 °C and 191.23 °C for the pellets
torrefied at 250 °C, 275 °C and 300 °C, respectively. It can be
reasonably surmised that the torrefied OPEFB pellets are more

thermally stable or less reactive, which is due to their lower
VM contents. Hence, the torrefied OPEFB pellets require
higher temperatures, energy input and reaction time to under-
go thermal degradation compared to the raw OPEFB pellets.
This is confirmed by the mass loss (ML = 94.90 %) of the raw
OPEFB pellets, which is higher than the torrefied pellets
(91.50% to 94.24%). Lastly, the residual mass (RM, %) of
the raw OPEFB pellets was lower than the torrefied OPEFB
pellets at 5.76% at 250 °C, 7.07% at 275 °C and 8.50% at 300
°C. Next, the reaction pathway and decompositionmechanism
of the raw and torrefied OPEFB pellets were examined by the
size, shape and symmetry of the DTG plots in Fig. 11.

The DTG plots revealed three sets of decomposition peaks
for the raw and torrefied OPEFB pellets. Based on the size,
symmetry and position of the DTG peaks, the thermal decom-
position occurred in four (4) stages, namely stage I (30–200
°C), stage II (200–325 °C), stage III (325–525 °C) and finally
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stage IV (525–800 °C). The different stages, I, II, III and IV,
can be attributed to drying, devolatilization, char combustion
and ash formation, respectively. The most critical stages dur-
ing the combustion of the raw and torrefied pellets were I, II
and III due to the significant mass loss experienced during
these stages. The TPCs of the DTG peaks detected in these
stages were subsequently analysed to deduce the decomposi-
tion mechanisms of the raw and torrefied pellets.

Table 7 presents the TPCs of the raw and torrefied OPEFB
pellets deduced from the DTG plots in Fig. 11. The peak
temperatures for stages I, II and III during TGA are denoted
as Tpeak I (°C), Tpeak II (°C) and Tpeak III (°C), respectively.
The maximum drying peak of the torrefied pellets occurred

between 62.35 and 81.47 °C, which is lower than the raw
OPEFB pellets (84.79 °C). This confirms the MC of the
torrefied OPEFB pellets are lower than the raw OPEFB pel-
lets, and hence require less thermal input for drying.

In stage II, the Tpeak II for the raw OPEFB pellets increased
by 2.84 °C for the torrefied OPEFB pellets at 250 °C but
decreased by 6.82 °C and 19.16 °C for the pellets torrefied
at 275 °C and 300 °C, respectively. The Tpeak II for the raw
OPEFB Pellet was higher for the torrefied OPEFB pellets at
250 °C but lower for the pellets torrefied at 275 °C and 300
°C. This could be ascribed to the lower volatile matter content
and loss of hemicellulose in the torrefied pellets.
Hemicellulose is the most reactive biomass component, and
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its degradation is considered the rate-determining step of the
torrefaction process [47, 79]. The reactivity of the raw OPEFB
and torrefied OPEFB pellets was also examined based on the
mass-loss rates (MLR). As observed in Table 7, the MLR of
the torrefied pellets were lower than the raw pellets and de-
creased with increasing severity of torrefaction. This confirms
the torrefied OPEFB pellets are less thermally reactive com-
pared to the raw OPEFB pellet. The decrease in reactivity
could be ascribed to the lower volatile matter and increased
ash and fixed carbon contents of the torrefied OPEFB pellets,
as earlier presented in Table 4. The volatile matter content
influences the ignitability, thermal degradation and product
distribution during thermochemical conversion of biomass
[24]. Lastly, stage III was characterised by a maximum de-
composition peak denoted as Tpeak III during TGA. Similarly,
its values increased with increasing severity of the
torrefaction, which indicates slow reactivity of the chars (ev-
idenced by lower MLR) after devolatilization in stage I.

3.8 Torrefaction liquid properties

The torrefaction of the OPEFB pellets from 250 to 300 °C
produced 19.37% to 40.09% liquid yield (products). As ob-
served in Fig. 12, the liquid products produced different hues,

which darkened progressively with increasing severity of the
torrefaction temperature.

As observed, the colour for the torrefaction liquids was
light brown (after torrefaction at 250 °C), dark brown (at
275 °C) and black (at 300 °C), which follows a similar trend
as observed for the solid torrefied products in Fig. 5. Further
analysis indicated that the colour of the liquid products dark-
ened exuding more pungent smells with increasing severity of
the torrefaction process. The liquid product after torrefaction
at 300 °C (Fig. 12c) also contained significantly higher tarry
compounds compared to the products at 275 °C and 250 °C in
decreasing order. As observed in Fig. 12c, the torrefaction
liquid consists of dark immiscible tar layer at the top of the
bottle, whereas the water fraction was at the bottom. The dark
hues in the tarry and turbid water fractions are due to the
thermally degraded lignocellulosic (hemicellulose, cellulose
and lignin) biomass components, which increases at higher
temperatures during torrefaction. The presence of the com-
pounds affects the water content and pH of the torrefaction
liquid products [51, 80].

Therefore, the pH and water content were analysed to
examine the effects of the tar compounds on the torrefaction
liquid products (TLQ). The results showed that the pH of the
torrefied liquid products decreased from 3.22 after
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Fig. 11 DTG Plots for raw and
torrefied OPEFB pellets

Table 6 TG characteristics of the raw OPEFB and torrefied OPEFB pellets

Sample code/torrefaction temperature Onset Temp. (Tonset, °C) Offset temp. (Tend, °C) Mass loss (ML, %) Residual mass (RM, %)

OPEFB pellets 262.01 327.97 94.90 5.10

250 264.68 330.80 94.24 5.76

275 270.54 374.17 92.93 7.07

300 285.50 476.73 91.50 8.50
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torrefaction at 250 °C to 2.93 after torrefaction at 275 °C, and
lastly 2.89 after torrefaction at 300 °C. Hence, the acidity of
TLQ increased with increasing severity of the torrefaction.
The increase in acidity is typically ascribed to the presence
of volatile, phenolic, fatty, resin, hydroxyl and other organic
acid compounds collectively termed the “organics content”
in the TLQ [81]. The increase in torrefaction temperatures
enhanced the lignocellulose degradation into the water and
organic fractions as observed in the study. Similar results
have been reported for the pH of the liquid products (2.27–
2.60) for bamboo torrefaction from 250 to 300 °C [51]. The
results are also similar to bio-oil (2.95–3.34) from corn stalk
pyrolysis [80]. Next, the water and organics of the
torrefaction liquids were analysed by Karl Fischer titration
(KFT) as presented in Fig. 13.

As observed, the water content decreased from 67.64 to
62.62%, whereas the organics fraction increased from 32.36
to 37.38% with increasing severity of torrefaction. Hence, the
findings indicate an inverse relationship between the water
and organics content for the torrefaction of the OPEFB
Pellets from 250 to 300 °C. The decrease in water content is
due to the higher rate of drying at higher torrefaction temper-
atures. Likewise, higher temperatures enhanced the degrada-
tion of lignocellulosic and volatile components of the OPEFB

pellets through various thermochemical reactions. The most
notable are devolatilization, decarboxylation and the glycosid-
ic C-O and C-C bond breaking reactions as described in the
literature [82]. These reactions account for the high organic
compounds such as acids, alcohols, aldehydes and tar [51, 83]
and the acidic pH of the liquid torrefaction products as earlier
reported. In general, the findings indicate that torrefaction,
particularly at 300 °C, is a potential route to source green
chemicals due to phenolic, resin, alcohols, aldehydes, organic
acid and other tar compounds present in the liquid products
(TLQ).

4 Potential applications and future outlook

Global scientific interest in torrefaction has soared over the
years. The growing attraction is mostly attributed to its poten-
tial utilisation as both pre-treatment and valorisation technol-
ogies for upgrading problematic biomass and its fuel proper-
ties. Numerous studies have highlighted the challenges of
valorisation and energy recovery of fresh, raw or untreated
biomass such as oil palm wastes (OPW). In particular, the
valorisation of OPEFB is currently hampered by its highmois-
ture, alkali and mineral matter content, ash along with low

Table 7 DTG characteristics of the raw OPEFB and torrefied OPEFB pellets

Sample code/torrefaction temperature Stage I Stage II Stage III

Tpeak I (°C) Tpeak II (°C) MLR (%/min) Tpeak III (°C) MLR (%/min)

OPEFB pellets 84.79 282.00 31.83 396.70 8.74

250 62.35 284.84 32.19 390.39 9.16

275 69.44 275.18 12.84 400.40 7.35

300 81.47 262.84 4.70 401.62 5.70

Fig. 12 Colours of liquid
products after OPEFB pellets
torrefaction. a 250 °C. b 275 °C. c
300 °C
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heating values, energy density and grindability. However, it
has been demonstrated that the torrefaction and pelletization
of OPEFB enhance its solid fuel properties and energy recov-
ery potential. In this study, the torrefaction of OPEFB Pellets
along with the characterisation of the fuel properties, yield and
distribution of products was examined in detail. The findings
showed that the combined effect of pelletization and
torrefaction (PET process) addresses not only the earlier
outlined problems of pelletizing torrefied biomass particles
(i.e. TOP process) but also produces higher quality torrefied
pellets.

According to the annual Biofuels report of the United
States Department of Agriculture (USDA), the global de-
mand for wood-based Pellets is projected to exceed 30 mil-
lion tonnes in 2020. The consumption of wood pellets, par-
ticularly in the largest consumer countries such as the UK,
Italy, Denmark and Germany, is primarily for residential
heating (~ 40%) through combined heat and power (CHP)
technologies. As the world’s largest wood pellets market, the
European Union (EU) currently has an installed capacity of
25 million tonnes based on the capacity utilisation of 74%.
Despite accounting for 30% of the global market, the pro-
duction of wood pellets among the largest EU producing
nations (Germany, Sweden, Latvia and others) is limited to
18.5 million, which leaves a deficit of 12.5 million [84, 85].
Likewise, there is a growing demand for biomass fuels from
Japan, South Korea, India and China, which creates an ex-
panded demand for pelletized fuels or derivatives.
Furthermore, there are growing calls for stricter regulations
and sustainability criteria regarding the sourcing, production,
transportation and utilisation of wood-based pellets as rati-
fied by the EU Renewable Energy Directive (RED) and
European Commission (EC) by the year 2026 [86].

One potential route to address the supply shortfall and sus-
tainability concerns is the adoption of non-woody torrefied
biomass such as OPEFB pellets. Currently, the primary
utilisation of wood-based pellets has severely limited the glob-
al feedstock base for pellets, thereby resulting in specification,
quality, transport and usability issues [87]. Hence, the use of
torrefied and pelletized biomass from non-wood sources such
as OPEFB could potentially address the outlined challenges of
wood pellets such as 12.5 million annual deficit. However,
there are pertinent questions about the practicality and suit-
ability of torrefied OPEFB pellets that need to be addressed.
For example;

& What are the potential applications of the torrefied OPEFB
pellets?

& What is the market value of the torrefied OPEFB pellets?

The findings of this study showed that torrefied OPEFB
pellets has low moisture (< 5%), sulphur (< 0.14%), nitrogen
(< 1.12%) and high heating values (22.83–25.81 MJ/kg) sim-
ilar to sub-bituminous coal. When compared to the DIN Plus
and EN Plus European standards [88], the torrefied OPEFB
pellets meet the heating value (> 16.5 MJ/kg), moisture con-
tent (< 10%), length and diameter requirements. The nitrogen,
sulphur and ash contents will, however, require additional
conditioning before future applications. In general, the
torrefied OPEFB pellets could be potentially utilised as can-
didate feedstock for co-firing with coal in existing power
plants. For example, the 1000 MW coal-fired Tanjung Bin
Energy and 624 MW coal-fired Balingian power plants locat-
ed in Johor and Sarawak States in Malaysia, respectively.
Incidentally, the two states have the largest oil palm planta-
tions, palm oil wastes and processing mills, and are
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hence aptly positioned to test run torrefied OPWs and coal co-
firing schemes. Likewise, the IEA Bioenergy report [87] also
projects that torrefied biomass could be utilised as future feed-
stock for pulverised coal-fired power plants along with appli-
cations in cement making ovens, mid-sized burners and bio-
mass gasifiers [89, 90]. Other studies have predicted that
torrefied biomass could even serve as a sustainable alternative
to coal and other fossil fuels in utility-scale power or district
heating plants or industry [91]. Alternatively, the torrefied
OPEFB pellets could be exported to the EU, thereby earning
extra revenue for oil palms mills and foreign exchange for the
government.

The condensate (liquid and gas) torrefaction products, as
reported for OPEFB pellets torrefaction in this study, could be
used as biopesticides, wood varnish, plywood resins or pellet
binders [90]. Typically, the condensates contain phenolic, res-
in, hydroxyl organic acids along with alcohols, aldehydes and
other chemical species. Furthermore, the high carbon and
fixed carbon contents of the torrefied OPEFB pellets indicate
prospective utilisation in the synthesis of activated carbon,
mesoporous adsorbents, carbon dots and carbon microspheres
for water treatment, super-capacitors, batteries and energy
storage. Lastly, the milder operating conditions of the
torrefaction process could provide significant savings in terms
of financial costs, energy and materials to manufacturers of
carbonised biomass.

The outlined prospects indicate there is a huge market for
torrefied biomass such as the torrefied OPEFB pellets. On
the other hand, the market for torrefied biomass according to
Hawkins Wright [91] has “struggled to gain a foothold in the
market” over the years primarily due to issues such as the gap
in the desired user demand and sustained supplies. Other
issues such as the first-mover advantage enjoyed by the pro-
ducers of conventional wood pellets, fuel wood and fossil
fuels could also be responsible for the challenges faced by
the global torrefied biomass market. Despite this, many an-
alysts believe that with significant investments in technolo-
gy, marketing and utilisation, the torrefied biomass and pel-
lets could break even in the coming years. For example, the
Hawkins Wright [91] report states that about eight planned
projects (seeking permits) along with seven commercial-
scale plants amounting to about 2 million tonnes are current-
ly being constructed with commissioning dates around 2021.
It has been reported that lowering the investment, and pro-
duction costs as well as addressing issues related to opera-
tional capacity, and market pricing could also enhance the
competitiveness of torrefaction [89]. Likewise, the torrefied
OPEFB pellets as reported in this paper will require signifi-
cant investments in commercialisation technologies, product
marketing and large-scale utilisation projects despite its high
quality, storage, transport and utilisation potentials. Hence, it
is recommended that future work on the techno-economic
analyses is carried out to comprehensively examine the long

term prospects of torrefied OPEFB pellets since this is cur-
rently not within the scope of the current paper.

5 Conclusions

The torrefaction of oil palm empty fruit bunch (OPEFB) pel-
lets was examined from 250 to 300 °C for 30 minutes under
nitrogen (N2) gas atmosphere. The torrefaction products were
distributed among the solid mass (MY), liquid (LY) and gas
(GY) yields. The findings revealed that the mass yield (MY)
decreased with increasing torrefaction temperatures, whereas
increasing trends were observed for the liquid (LY) and gas
(GY) yields after torrefaction. The observed trends can be
ascribed to drying, devolatilization and depolymerisation of
lignocellulosic biomass components during torrefaction. Fuel
characterisation of the solid mass (MY) products indicated that
ultimate (elemental), proximate, HHV properties along with
the energy yield (EY), energy density (DE) and severity factor
(SF) were significantly transformed after torrefaction.
Likewise, the torrefaction process significantly altered the mi-
crostructural, mineralogical and morphological properties of
the OPEFB pellets. The dense network of fibres in the OPEFB
pellets was depolymerised and defibrillated, which resulted in
a highly porous and carbonaceous material with a beehive or
honeycomb microstructure. The pH of the torrefied OPEFB
pellets was alkaline compared to the slightly acid raw pellets.
The hydrophobicity tests showed that although the structure of
the raw OPEFB pellets disintegrated entirely after the 2-hour
test, the torrefied OPEFB pellets showed higher resistance to
water absorption. Likewise, the grindability (brittleness and
friability) of the OPEFB pellets increased after torrefaction
due to the degradation of the holocellulose and lignin.
Thermal analysis revealed that torrefaction does not enhance
the rate of thermal degradation as evident in the decreased
MLR (%/min) after torrefaction. This finding indicates that
higher energy input and reaction times are required to effec-
tively or completely decompose the torrefied pellets com-
pared to the raw pellets. Lastly, the analysis of the
torrefaction liquid revealed an acidic product with organic
(67.64–62.62%) and water (32.36–37.38%) fractions after
torrefaction. The potential applications and future outlook
on OPEFB Pellets indicate it has promising potentials as fuel
for co-firing with coal in power plants, substitute to fossil
fuels or feedstock material for producing other value-added
products. However, these prospects are expedient on ad-
dressing the current problems faced by the global biomass
pellets market. Overall, the findings indicate that torrefaction
yielded a high HHV, grindable, hydrophobic and thermally
stable torrefied OPEFB pellets with potential application as a
solid fuel for future energy recovery, storage or other value-
added products.
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