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Abstract
The carbon dioxide (CO2) torrefaction of oil palm empty fruit bunch (OPEFB) pellets was investigated at various temperatures
from 250 to 300 °C and residence times from 15 to 60minutes. The objective was to investigate the effects of CO2 torrefaction on
the yield and characteristics of the torrefied products. The optimal conditions for maximum mass yield (MY) of CO2 torrefaction
were also examined by response surface methodology (RSM) using full factorial design. Results revealed that temperature and
time significantly influenced the mass (MY), liquid (LY) and gas (GY) yields. The MY and energy yield (EY) decreased with
increasing severity of torrefaction, whereas the LY, GY, energy density (DE) and higher heating value (HHV) increased during the
process. Characterisation revealed substantial improvements in the microstructure, pH, hydrophobicity and grindability of the
torrefied pellets compared with the raw pellets. The thermal ignition and degradation characteristics of the OPEFB pellets were
also significantly transformed after torrefaction. The liquid torrefaction products contained an acidic, turbid and pungent mixture
of water and organic compounds. RSM optimisation revealed the optimal conditions: temperature of 275 °C and residence time
of 35 minutes with the predicted MY of 50.54%, mass loss of ML = 49.46% and HHV = 24.47 MJ/kg. The findings revealed that
CO2 torrefaction is a practical approach to clean energy recovery.
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Nomenclature
AAEM Alkali and alkali earth metals
AC Ash content
AIM Agency for innovation in Malaysia
ANOVA Analysis of variance
CO2 Carbon dioxide
CPKO Crude palm kernel oil
CPO Crude palm oil
DE Energy density
EY Energy yield

FBT Fixed bed tubular
FC Fixed carbon
GNI Gross national income
GY Gas yield
HHV Higher heating value
KFT Karl Fischer titration
LY Liquid yield
MC moisture content
ML Mass loss (%)
MY Mass yield (%)
O2 Oxygen
OOC Optimal operating conditions
OPEFB Oil palm empty fruit bunch
OPEFB pellets Oil palm empty fruit bunch pellets
OPT Oil palm trunks
OPW Oil palm wastes
PKS Palm kernel shells
RM Residual mass (%)
RSM Response surface methodology
SEM Scanning electron microscope
SF Severity factor
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t Residence time (minutes)
TGA Thermogravimetric analysis
Tend Offset temperature (°C)
Th Torrefaction temperature (°C)
Tmax Peak decomposition (°C)
Tmid Midpoint temperature (°C)
Tons Onset temperature (°C)
TPC Temperature profile characteristics
Tr Reference temperature (100 °C)
VM Volatile matter

1 Introduction

The cultivation of the African oil palm tree (Elaeis guineensis
Jacq.) for crude palm oil (CPO) and crude palm kernel oil
(CPKO) production is a major socio-economic activity in
Malaysia [1, 2]. Over the years, the demand for CPO and
CPKO as critical raw materials for the production of
bioenergy, biochemicals, biofuels and biomaterials has soared
geometrically [3, 4]. Given the growing global demand, the
cultivation of oil palm in Malaysia has expanded significantly
from 0.64 million hectares in 1975 to 5.9 million hectares in
2018 [5]. This expansion in the acreage of oil palm cultivation
has correspondingly increased CPO production to over 18
million tonnes on average yearly [5]. Consequently,
Malaysia’s trade in palm oil products is valued at RM$68–
80 billion annually or 8% of gross national income (GNI) [6].

Conversely, the rapid expansion of the palm oil industry
has created numerous challenges [7]. For example, the poor
disposal and management of oil palm wastes (OPW) in palm
oil mills and plantations remain a major socio-economic and
environmental problem. According to the agency for innova-
tion in Malaysia [6], the industry generates over 100 million
dry tonnes of OPWs comprising oil palm empty fruit bunches
(OPEFB), palm kernel shells (PKS), oil palm trunks (OPT),
mesocarp fibres and fronds [8, 9]. Currently, OPWs are
utilised as boiler fuel to generate heat, steam, and electricity
in palm oil mills as well as organic manure, mulching addi-
tives, erosion barriers, and soil enhancers in oil palm planta-
tions [10, 11]. Numerous studies have also highlighted the use
of OPWs as renewable sources of polymers, biocomposites,
and biosorbents [12, 13]. The resulting effect is that large
quantities of OPWs remain strewn at plantations, open pits,
dumps or landfills, thereby exacerbating land degradation and
air and water pollution problems.

Over the years, the government of Malaysia enacted poli-
cies such as the Fifth Fuel Policy, Eight Malaysia Plan and the
National Biomass Strategy to address the challenges currently
posed by OPWs through commercial waste valorisation. The
valorisation of OPW into renewable and sustainable energy,
fuels and chemicals is hampered by numerous challenges.
Typically, OPWs are bulky and heterogeneous and contain

high moisture, ash, alkali and alkali metal contents, which
result in poor grindability, low energy density and calorific
values [9, 14]. The outlined challenges are predominant in
OPEFB, which is the high moisture, brownish grey, spikey
and bulky residue generated after the shredding and stripping
of oil palm fruits from fresh fruit bunches during CPO extrac-
tion [14, 15]. Due to its high moisture content and heteroge-
neous nature, OPEFB is considered one of the most problem-
atic OPWs generated during CPO production [16]. Likewise,
the valorisation of OPEFB through biochemical (anaerobic
digestion) and thermochemical (pyrolysis, gasification) pro-
cesses is prone to low product yields, energy content, tar for-
mation, bed agglomeration, sintering and fouling [17–19].
The poor performance of OPEFB during the high-
temperature thermal conversion processes is attributed to its
high moisture, ash and metal oxides composition. Hence,
OPEFB requires extensive pre-treatment through pelletization
and torrefaction to improve its fuel properties.

Pelletization involves the compaction of loose particles into
a solid form known as pellets [20]. Typically, biomass pellets
exhibit improved physicochemical, mechanical, energy con-
tent and calorific properties. Biomass pellets are also less sus-
ceptible to moisture or microbial damage, which enhances
energy conversion, storage or transportation [21, 22].
Various studies have investigated the densification of
OPEFB into pellets [21, 22], whereas others examined its fuel
potential for pyrolysis [23], steam explosion [24] and gasifi-
cation [25]. Torrefaction is the low temperature (200–350 °C)
pre-treatment of biomass at short residence times (15–60 mi-
nutes) and low heating rates (5–20 °C/min) [26, 27]. During
torrefaction, an inert gas such as nitrogen [28, 29] or other
mildly oxidising gases or mixtures such as combustion flue
gas [30, 31], oxygen (O2) [32, 33] and carbon dioxide (CO2)
[34, 35] are used to either maintain the required process atmo-
sphere or purge the gases evolved during the process.

Uemura et al. [28] examined the torrefaction of pulverised
OPEFB from 200 to 300 °C. The process resulted in lowMY =
43–24%, EY = 83–56% and HHV = 17.17–20.41 MJ/kg com-
pared with MY = 77–71%, EY = 93–100% and HHV of
18.55–21.68 MJ/kg for palm kernel shells reported by
Asadullah et al. [36]. Overall, the results showed that the
pulverised OPEFB possessed lower HHV values and mass
and energy yields compared with PKS. The plausible infer-
ence is that the type, nature and particle size of the biomass
significantly influence the torrefaction process. Pulverised
biomass particles (< 1 mm) are prone to over-oxidation and
rapid internal diffusion of vapours, which are ascribed to the
mildly exothermic nature of torrefaction [37]. Hence, the
torrefaction of pulverised biomass results in poor product
yields, HHV and thermodynamic losses [38, 39]. Given the
critical need to address these challenges, Chin et al. [40] in-
vestigated the optimum conditions for the torrefaction of OPT
and OPEFB through RSM. The findings revealed that
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torrefaction between 250 and 300 °C resulted in MY (80.95–
90.11%) and HHV (24.17–24.34MJ/kg) for OPEFB, whereas
OPT recorded MY (88.45–91.95%) and HHV (17.96–21 MJ/
kg). The optimal conditions (temperature and time) for max-
imum HHV (24.30 MJ/kg) of torrefied OPEFB were 230 °C
and 40 minutes, whereas OPT (HHV = 21.82 MJ/kg) were
300 °C and 45minutes. Hence, optimisation through RSM is a
practical technique for determining the best operating condi-
tions for high MY and HHV during torrefaction.

Furthermore, the torrefaction of pelletized biomass through
waste flue gases or CO2 could potentially address the outlined
challenges of pulverised biomass torrefaction under nitrogen
or other inert gases, which is impractical for commercial ap-
plications. Therefore, this study seeks to critically examine the
CO2 torrefaction of OPEFB pellets using a horizontal tubular
fixed bed reactor. To the best of the authors’ knowledge, there
are currently no studies on the torrefaction, characterisation,
and optimisation of OPEFB pellets using CO2 in the literature.
The comprehensive examination of the yields, distribution
and characteristics of the torrefied OPEFB pellet products
was conducted. Lastly, optimization was conducted by RSM
to determine the optimal conditions high MY from the CO2

torrefaction of OPEFB pellets.

2 Experimental

2.1 Raw material and its properties

The OPEFB pellets were purchased from a palm oil process-
ing mill (Felda Semenchu Sdn Bhd) situated at Kota Tinggi in
Johor Darul Takzim,Malaysia, and used without further mod-
ification. Figure 1 shows the pictorial depiction of the OPEFB
pellets used in this study.

The OPEFB pellets are cylindrical in shape with dimen-
sions of 8 mm in diameter, the average length of 3 ± 1.5 cm,
the mass of 2.5 g, bulk density of 800 kg/m3 and moisture
content of < 8.0 wt.%, which are similar to the values

presented in the literature [41, 42]. The pellets were produced
at the pressure of 60 MPa based on the piston press
technology.

2.2 Reactor design

The torrefaction of the OPEFB pellets was performed in the
horizontal fixed bed tubular (FBT) reactor depicted in Fig. 2.
The set up consists of a stainless steel FBT reactor (dimen-
sions: Length, L = 30 cm; Diameter, d = 2.54 cm) heated by an
external electrical tube furnace (Lindberg Blue M, Thermo
Scientific, USA). The Lindberg Blue furnace with model No
TF55035A-1 is equipped with a digital, multi-segment pro-
grammable and microprocessor-based self-tuning PID control
that provides optimal thermal heating during operation. The
furnace is equipped with embedded heating elements that pro-
vide fast heat-up and recovery for processes in the temperature
range of 100–1100 °C. During operation, the set point and
actual temperatures are displayed simultaneously on the con-
troller, which are monitored by factory fitted PlatinelTM II
thermocouples along with self-tuning PID control to prevent
overshooting of the set values and ensure the reliability and
accuracy of the device. Lastly, the furnace is fitted with the
Moldatherm® ceramic fibre to ensure thermal insulation and
prevent heat losses.

The torrefaction setup consists of the CO2 gas (Product
gas code: MM33977 from Mega Mount Gas, Malaysia)
supply unit with flow controlled by a digital flow monitor
(Tylan Model: RO-32, USA). The gas and liquid
torrefaction products were cooled using a chiller
(Protech 631D, USA) and collected in a conical flask (V
= 250 ml, Pyrex, USA). The torrefaction and setup tem-
peratures were monitored using a type-K thermocouple
and temperature data logger (Ohkura Electric Company
Ltd., Japan). In this study, the selected conditions for
the CO2 torrefaction of the OPEFB pellets were tempera-
ture (T) of 250, 275, and 300 °C; residence time (t) of 15,
30 and 60 minutes at 1 atm, 15 °C/min; and gas flow rate
of 200 mL/min. Based on these conditions, the design of
experiments (DoE) for the torrefaction of OPEFB pellets
under CO2 gas conditions was performed in the study.

2.3 Experimental procedure

The experimental procedure for the CO2 torrefaction of the
OPEFB pellets is presented in this section of the paper. For
each experiment, 15 g of OPEFB pellets was loaded into the
FBT, which was then placed in the tubular electrical furnace
before purging with CO2 for 15 minutes at 200 mL/min. The
reliability and accuracy of the purge gas flow rate were veri-
fied visually using a digital flow monitor. After flushing was
completed, the FBT reactor and OPEFB pellets were heated
under non-isothermal (dynamic) conditions by ramping fromFig. 1 Appearance of the OPEFB pellets
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room temperature to the selected torrefaction temperature (T =
250, 275 or 300 °C) at a constant heating rate of 15 °C/min. At
the selected torrefaction temperature, the isothermal modewas
activated, and heating was maintained at the residence times (t
= 15, 30 or 60 minutes). On completion, the furnace was
switched off and the FBT reactor was cooled down to ambient
temperature. Next, the torrefied OPEFB pellets were retrieved,
weighed, and stored in airtight vessels before characterisation.
Likewise, the liquid torrefaction products were collected in the
conical flask, weighed, and stored in airtight sample bottles
before refrigeration at 5 °C before characterisation.

The gas product was flared off during torrefaction. Each
test was performed in duplicate, and the final results presented
as average values. The performance of the CO2 torrefaction
process was examined based on the MY, EY, DE and SF com-
puted as follows:

MY ¼ mTB

mRB

� �
� 100 ð1Þ

EY ¼ MY � HHVTB

HHVRB

� �
ð2Þ

DE ¼ EY

MY

� �
ð3Þ

S F ¼ log t � exp
Th−Tr

14:75

� �� �
ð4Þ

The term mTB is defined as the mass of the torrefied
biomass (g), mRB the mass of the raw biomass (g), MY the
mass yield (%), EY the energy yield (%), DE the energy
density, HHV the higher heating value (MJ/kg) and SF the
severity factor. The SF terms t, Th and Tr are the
torrefaction residence time (minutes), temperature (°C)
and reference temperature (100 °C), respectively.

2.4 Optimization procedure

The optimization of the CO2 torrefaction of OPEFB pel-
lets was performed by response surface methodology
(RSM) using Statistica (StatSoft Enterprise Software, ver-
sion 8.0). In this study, the two-factor three-level (32) full
factorial design was employed to analyse the effects of the
independent variables: temperature (X1 = 250–300 °C)
and time (X2 = 15–60 mins) on the CO2 torrefaction of
the OPEFB pellets. The selected design of experiments

Table 1 DoE for CO2 Torrefaction of OPEFB pellets

Run number Replicates Temperature (X1, °C) Time (X2, minutes)

5 R1 275 30

17 R2 300 30

4 R1 275 15

6 R1 275 60

1 R1 250 15

12 R2 250 60

10 R2 250 15

7 R1 300 15

2 R1 250 30

18 R2 300 60

16 R2 300 15

8 R1 300 30

14 R2 275 30

9 R1 300 60

15 R2 275 60

11 R2 250 30

13 R2 275 15

3 R1 250 60

Fig. 2 Schematic of the FBT
reactor for OPEFB pellet
torrefaction
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(DoE) included 1 block and 1 replicate comprising a total
of 18 runs, as summarised in Table 1.

The experimental runs in Table 1 were conducted random-
ly to minimize the influence of inexplicable variances due to
disparate variables. The selected design was based on its suc-
cessful application in the optimization of biomass torrefaction
reported in the literature [40, 43]. The selected independent
variables were temperature (X1) and time (X2), whereas the
dependent variable (response) was the MY of the OPEFB pel-
lets after CO2 torrefaction.

Therefore, themathematical model correlating the indepen-
dent and dependent variables to the selected response was
deduced from the built-in analysis function of Statistica.
Consequently, the model for the 32 full factorial design used
in this study was deduced as

Y ¼ β0 þ β1X 1 þ β2X 2 þ βnX n ð5Þ

The term Y represents the predicted response; βo the
intercept coefficient (offset); β1, β2 and βn are the linear
or first-order terms; and lastly, X1, X2 and Xn are the
independent variables. Based on Eq. (5), the operating
conditions for CO2 torrefaction were optimized based on
the 32 full factorial design. Next, the accuracy and validity
of optimization were examined by analysis of variance
(ANOVA) to deduce the validity, residual and regression
coefficients of the process variables. The optimal operat-
ing conditions (OOC) for the OPEFB pellets CO2

torrefaction process were determined through multi-
response desirability profiling in Statistica. The multi-
response desirability profiler was aggregated to maximize
the predicted response model (Y) based on the overall
mean values of MY determined from ANOVA. The pre-
dicted results were then computed and plotted to deduce
the OOC. The RSM optimization results were validated
by performing confirmatory experiments at the OOC.
Lastly, the results were compared with the predicted
values to determine the consistency of the optimization
process.

2.5 Products, yield and distribution

The product yields of biomass torrefaction are typically solid,
liquid, and gases [27], which are denoted as MY, LY, and GY,
respectively. The product distribution of torrefaction was
computed from Equations 6, 7, and 8, respectively.

LY ;% ¼ mmass of liquid in conical flask

mRaw Biomass
� 100 ð6Þ

GY ;% ¼ 100− MY þ LYð Þ ð7Þ
MY þ LY þ GY ¼ 100% ð8Þ

2.6 Liquid torrefaction characterisation

The liquid products of the CO2 torrefaction process were
characterised to determine the pH, colour as well as the
water/organics composition to examine its potential impacts
on the environmental or future applications.

2.6.1 Colour and composition analysis

After the CO2 torrefaction process, the liquid torrefaction
products were collected and stored in 30-ml glass vial sample
bottles. The colour and composition of the LY products were
then examined by visual and photographic analysis to exam-
ine the effects of the reaction parameters on the CO2

torrefaction process.

2.6.2 pH analysis

The pH analysis of the liquid torrefaction product was
analysed using the benchtop pH metre (Martini Instruments
Mi 150, USA). For each test, the liquid torrefaction products
were transferred from the sample bottles into 100 ml beakers
(Pyrex, USA). Subsequently, the pH electrode was immersed
in the beaker containing the liquid to obtain the pH meter
readings which were recorded every 10 seconds to determine
the pH of each sample.

2.6.3 Water and organics analysis

The water and organics contents of the liquid torrefaction
products were determined by Karl Fischer Titration (KFT)
using the Karl Fischer titrator (Metrohm AG, 870 KF
Titrino plus, Switzerland). The titrator was equipped with
twin systems for dosing (Metrohm AG 800 Dosino,
Switzerland) and mixing (Metrohm AG 803 Ti Stand,
Switzerland). The selected reagent for the KFT analysis
was Hydranal purchased from Fluka Analytical (Sigma-
Aldrich, Malaysia), whereas the Tiamo™ software (ver-
sion 1.2) was used for data collection and analysis.
Before each test, the KF titrator was standardised with
distilled water to verify the consistency of the experiments.
The setup for the starting drift was 2.4 μL/min based on a
10-second delay after obtaining the conditioning OK sig-
nal. For each test, about 0.09 g of each sample was mea-
sured in a 10-μL syringe (Hamilton, Switzerland) before
addition to the mixing chamber that contained the
Hydranal reagent to begin the process of titration. At the
endpoint of the titration, the titre readings were recorded,
and the titration vessel was emptied into the waste collec-
tion bottle. Next, the water and organics contents were
computed in Eqs. 9 and 10:
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Water Content %ð Þ ¼ KFRConsumed � KFRFactor

WSample

� �
� 100 ð9Þ

Organics Content %ð Þ ¼ 100−Water Content %ð Þ ð10Þ

The terms KFRconsumed, KFRFactor and Wsample are the vol-
ume of Karl Fischer Reagent consumed (ml) during titration,
reagent factor (mg/ml) and mass of sample (g), respectively.

2.7 Solid torrefaction product material properties

The raw and torrefied OPEFB pellets were characterised to
determine their physicochemical, thermal, microstructure,
mineralogical, pH, grindability, hydrophobicity and thermal
properties.

2.7.1 Physicochemical analyses

The physicochemical fuel properties of the raw and torrefied
OPEFB pellets were characterised by ultimate, proximate and
calorific analyses. The ultimate analysis was performed
through an elemental analyser (vario MACRO Cube,
Germany) to compute the composition of carbon (C), hydro-
gen (H), nitrogen (N) and sulphur (S) based on ASTMD5291
standard. The oxygen (O) composition was determined by
difference from the sum of the percentage of the CHNS ele-
ments. Proximate analysis was performed in a muffle furnace
(Ney Vulcan D-130, USA) according to ASTM D3173 for
moisture (MC), D3174 for ash (AC) and D3175 for volatile
matter (VM). Fixed carbon (FC) was determined by difference
from the sum of MC, AC and VM. The calorific value of the
raw and torrefied OPEFB pellets was measured using an ox-
ygen bomb calorimeter (IKA C2000, USA). All tests were
repeated to confirm the reliability of the measurements.

2.7.2 Microstructural analyses

The microstructural compositions of the raw and torrefied
OPEFB pellets were investigated by scanning electron mi-
croscopy (SEM) (JEOL JSM IT-300 LV, Japan). Before each
test, the samples were pulverised in a dry miller (Panasonic
MX-AC400, Malaysia) and sifted through an analytical labo-
ratory sieve (W.S. Tyler Mesh Size No. 60, USA). Next, the
powdered samples were spray-coated on prepared grain
mounts, transported and degassed in the SEM sample com-
partment to purge off extraneous materials. The samples were
subsequently scanned to obtain surface micrographs in vacu-
um at a magnification of ×1000 using the point ID technique.

2.7.3 pH analysis

The pH analysis of the raw and torrefied OPEFB pellets was
examined based on the Rajkovich et al. [44] procedure.

Precisely 0.5 g of each pulverised sample was mixed with
10 ml of distilled water based on the ratio of 1:20. Each mix-
ture was placed in a 250 ml beaker (Pyrex, USA) before trans-
ferring to a magnetic stirrer (Jenway 1103, USA), and twirled
vigorously for 1.5 hours at 300 rpm. Next, the mixtures were
filtered using filter papers (Smith A0331, 101 Qualitative 125
mm, United Kingdom). The pH of the filtrate was then
analysed using the benchtop pH meter (Martini Instruments
Mi 150, USA). Before each test, the pHmeter was recalibrated
and the pH electrode cleaned with distilled water to ensure the
consistency of the measurements. Next, the pH electrode was
gently dipped into the filtrate to determine its pH based on
multiple measurements recorded every 10 seconds.

2.7.4 Hydrophobicity analysis

The hydrophobic properties of the raw and torrefied OPEFB
pellets were investigated according to the procedure by
Pimchuai et al. [45]. Before each run, the raw and torrefied
OPEFB pellets were first weighed and transferred into 100-ml
ceramic crucibles. Next, distilled water (20 ml) was added,
and the mixture was stowed away for 2 hours. On completion,
the samples were retrieved and weighed to determine the per-
centage of water absorbed based on the relation [45]:

Water Absorbed;% ¼ mH2O absorbed

mSample

� �
� 100 ð11Þ

where the symbols mH2O, absorbed and msample denote the mass
of water absorbed (g) and mass of the torrefied OPEFB pellets
(g).

2.7.5 Grindability analysis

The hardgrove grindability index (HGI) described by Ibrahim
et al. [46] was employed to examine the grindability of the raw
and torrefied OPEFB pellets. Before the test, each pellet was
pulverised in the dry miller (Panasonic MX-AC400,
Malaysia) for 1 minute. Next, a fixed mass (1 ± 0.1 g) of each
pulverised sample was sieved by agitation using in the 74-
micron sieve (W.S. Tyler Mesh Size No. 200, USA) for 2
minutes at room temperature. On completion, the percentage
mass of each sample that permeated the sieve was weighed
and recorded as mH to compute the HGI as follows:

HGI ¼ mH þ 11:205

0:4955
ð12Þ

The term mH is the percentage mass of each sample that
exited the 74-micron sieve. Typically, the lower the HGI val-
ue, the harder it is to grind the sample [47]. Lastly, the
grindability scales of Ohliger et al. [48] were employed to
evaluate the HGI of the raw and torrefied OPEFB pellets.
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2.7.6 Thermal analysis

The thermal degradation and temperature profile characteris-
tics of the raw and torrefied OPEFB pellets were examined
through thermogravimetric analysis (TGA). For each test,
10 mg of each pulverised sample was placed in an alumina
crucible and heated in the TGA (Shimadzu TG-50, Japan).
The heating rate of 20 °C/min and a non-isothermal program
was used to heat the samples from 30–800 °C using air as
purge gas and to simulate oxidative (combustion) thermal
degradation. On completion, the TGA data was recovered
from the Shimadzu thermal analysis workstation (version:
TA-60WS) software to determine the mass loss (ML) and tem-
perature profile characteristics (TPC) of each sample. Next,
the mass loss (%) and derivative of mass loss (%) data were
plotted against temperature (°C) in Microsoft Excel© (version
2013) to obtain the thermogravimetric (TG, %) and derivative
thermogravimetric (DTG, %/min) plots, respectively. Based
on the plots, the TPCs, onset (Tons), midpoint (Tmid), peak
decomposition (Tmax), offset (Tend) temperatures and residual
mass (RM) were deduced to examine the thermal degradation
behaviour of each sample.

3 Results and discussion

3.1 Product yield and distribution

Figures 3, 4 and 5 depict the effects of the independent vari-
ables (X1 and X2) on the MY, LY and GY for the CO2

torrefaction of OPEFB pellets. For the CO2 torrefaction pro-
cess at the residence time of 15minutes, the LY increased from
10.20 to 34.31% and GY increased from 5.38 to 23.14%,
whereas the MY decreased (84.42 to 42.54%) with increasing
temperatures. For the 30-minute CO2 torrefaction process, the
LY increased from 19.26 to 37.81% and GY increased from

14.91 to 21.81%, whereas the MY decreased from 65.84 to
40.38%. Similarly, an incremental trend was observed for LY
and GY, whereas the MY decreased with increasing severity
during the 60-minute torrefaction process. It can be reason-
ably inferred that for all cases, the values of LY and GY in-
creased, whereasMY decreased with increasing severity of the
torrefaction temperatures and residence times. Furthermore,
the temperature variations influenced MY more significantly
than LY and GY as observed in the 15- and 30-minute process.

The plausible inference is that at higher temperatures,
the rate of thermal degradation of the lignocellulosic com-
ponents and devolatilization of organic matter was greatly
enhanced during the CO2 torrefaction process. Hence, the
OPEFB pellets were thermally degraded into solid char
along with condensable and non-condensable gaseous
products. Over time, the condensable gas fractions were
subjected to secondary cracking, and the products subse-
quently condensed into the liquid products resulting in the
higher LY values, as observed during the 30- and 60-
minute torrefaction runs.

The CO2 torrefaction process was further examined
through energy yield (EY), energy density (DE), higher
heating value (HHV) and severity factor (SF) as presented in
Table 2.

The results indicate that the DE, HHV and SF were im-
proved with increasing temperatures and residence times dur-
ing the CO2 torrefaction process. However, EY exhibited a
decreasing trend, which can be attributed to the declining
MY during the process. As observed, the EY decreased from
102.37 to 54.05, whereas DE increased from 1.21 to 1.47 due
to the increase in HHV from 21.31MJ/kg to 25.74MJ/kg over
the entire range of conditions examined in this study.
Therefore, a significant improvement in the HHV was ob-
served compared with the HHV of 17.57 MJ/kg for the raw
OPEFB pellets. Lastly, the SF was improved from 5.59 to 7.67
after torrefaction.

Fig. 3 Product yield of CO2

torrefaction for 15 minutes
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In general, the increase in temperatures (250–300 °C) and
residence times (15–30 mins) showed marked improvements
in torrefaction parameters (EY, DE, HHV and SF) for the
OPEFB pellets. However, further analysis showed that the
increase in residence time from 30 to 60 mins resulted in only
negligible improvements of DE (0.70%), HHV (0.53%) and
SF (4.56%) on average for all temperatures. In contrast, the EY
decreased from 0.54% (250 °C) to 7.48% (300 °C) with in-
creasing residence time from 30 to 60 mins. Therefore, the 30-
min process for the CO2 torrefaction of OPEFB pellets is
sufficient for enhanced performance and product yield.
Similar findings have been reported in the literature [26, 45].

3.2 Liquid torrefaction properties

The properties of the liquid products produced from the CO2

torrefaction process were examined in terms of colour com-
position, pH, and water content.

3.2.1 Colour and composition

The CO2 torrefaction of the OPEFB pellets from 250 to 300
°C for 30 mins yielded 19.26–37.81% of liquid products, re-
spectively. The liquid products were collected in 30-ml glass
vial sample bottles prior to analysis, as depicted in Fig. 6.

As observed, the colours of liquid products were trans-
formed from light brown (at 250 °C) to dark brown (at 275
°C) and black (at 300 °C). Hence, the increase in severity of
torrefaction affected not only the colour of the products but
also the release of more pungent odours. The strong odours
could be attributed to the aromatic, aldehyde, ester, organic
acid and volatile compounds [49] generated by the thermally
catalysed aromatization and degradation of holocellulose and
lignin during torrefaction [50, 51]. Further analysis revealed
that the liquid products generated at 275 °C and 300 °C each
contains two-phase layers (Fig. 6(b) and (c)). Consequently,
the pH and composition of the 2-phase layer were examined
by pH analysis and Karl Fischer Titration (KFT), respectively.

Fig. 4 Product yields of CO2

torrefaction for 30 minutes

Fig. 5 Product yields of CO2

torrefaction for 60 minutes
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3.2.2 pH of torrefaction liquid

The analysis showed that the pH increased from 2.87 (for
torrefaction at 250 °C) to 2.94 (at 275 °C) and finally to
3.13 (at 300 °C). The decrease in acidity could be ascribed
to the organic matter and chemical compounds such as organ-
ic, carboxylic or aromatic acids released into the liquid [52,
53], which increased with increasing severity of torrefaction
[52, 53]. Chen et al. [49] reported pH ranging from 2.27 to
2.60 for bamboo torrefaction liquid products.

3.2.3 Water and organics content

The composition of liquid products of CO2 torrefaction of
OPEFB pellets from 250 °C to 300 °C for 30 minutes was
examined through KFT. The results indicate that the liquid

products of the torrefaction broadly consist of water and or-
ganic fractions. The water content decreased from 65.17% (at
250 °C), 63.76% (at 275 °C) to 62.53% (at 300 °C), whereas
the organic content increased from 34.83% (at 250 °C),
36.24% (at 275 °C) to 37.47% (at 300 °C). The decrease in
water content can be explained by the higher drying rates at
the elevated torrefaction temperatures. The conditions also
resulted in higher rates for the degradation of lignocellulosic
components, which explains the increase in the organic frac-
tion after torrefaction. Overall, the increase in organic content
may also account for the increase in pH from 2.87 to 3.13 (or
decreasing acidity) of the liquid products.

3.3 Solid torrefaction product material properties

3.3.1 Physicochemical properties

Table 3 presents the physicochemical properties of the raw
and CO2 torrefied OPEFB pellets in terms of the ultimate
and proximate analyses. The symbols are defined as C, car-
bon; H, hydrogen; N, nitrogen; S, sulphur and O, oxygen. The
most significant changes in the elemental composition of the
torrefied pellets were observed for C, H, and O when com-
pared with the rawOPEFB pellets. As observed in Table 3, the
elemental composition of C increased, whereas H and O de-
creased accordingly after torrefaction. The highest C but low-
est H and O were observed for the torrefied OPEFB pellets at
300 °C and 30 mins, whereas torrefaction at 250 °C and 15
mins resulted in the lowest C but the highest H and O.

The changes in the elemental composition of C can be
ascribed to the decomposition of the lignocellulosic (hemicel-
lulose and cellulose) components and volatile matter into char
[27]. However, the variations in H and O are due to drying,
decarboxylation, and devolatilization [37] resulting in the loss
of H2O, CO2, and VM [34] during the CO2 torrefaction pro-
cess. Similarly, the percentage elemental composition of N
and S in the torrefied pellets also changed with increasing
severity of torrefaction. In this case, the decline could be as-
cribed to thermally enhanced denitrification and desulfuriza-
tion reactions during torrefaction. The probable explanation
could be the conversion of N into NOx and S into SOx, which
were subsequently released along with other non-condensable
gaseous products during torrefaction. This view is corroborat-
ed by Kim et al. [54] who reported that the lower values of N
and S observed in their study were due to thermal conversion
and release along with other gaseous or liquid products of
torrefaction. The findings of Kim et al. [54] and those reported
in this study indicate the N and S were oxidised byO into NOx

and SOx during torrefaction. The atomic ratios of elements for
the torrefied pellets after CO2 torrefaction were examined.

Table 4 presents the changes in the elemental or atomic
ratios: H/C, O/C, C/N and CH/NS for the torrefied OPEFB
pellets. For all cases, the atomic H/C and O/C ratios decreased

Table 2 Performance of the CO2 torrefied OPEFB pellets

Sample/
torrefaction
temperature
(°C)

Hold
time
(minutes)

Energy
yield
(EY)

Energy
density
(DE)

Heating
value
(MJ/kg)

Severity
factor
(SF)

Raw OPEFB
pellets

** ** ** 17.57 **

250 15 102.37 1.21 21.31 5.59

275 82.88 1.33 23.37 6.33

300 61.06 1.44 25.22 7.06

250 30 86.33 1.31 23.04 5.89

275 72.36 1.38 24.30 6.63

300 58.42 1.45 25.42 7.37

250 60 85.86 1.31 23.09 6.19

275 72.10 1.39 24.33 6.93

300 54.05 1.47 25.74 7.67

**No data available as the parameters cannot be determined for the raw
OPEFB pellets

Fig. 6 Colours of liquid products from CO2 torrefaction
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with increasing severity of torrefaction. The H/C ratio de-
creased from 0.13 in the raw OPEFB pellets to the range
0.07–0.12, with the minimum value observed at 300 °C and
30 minutes. Similarly, the O/C ratio decreased from 1.24 in
the raw OPEFB pellets to the range of 0.50–1.04, with the
minimum value similarly observed at 300 °C and 30 minutes.
It can be inferred that torrefaction exerted more significant
effects on the H/C and O/C ratios during the 30-minute pro-
cess. The C/N and CH/NS ratios increased with increasing
severity of torrefaction.

The decreasing trends observed for the H/C and O/C
ratios and increasing trends observed for the C/N and CH/
NS ratios are due to drying, devolatilization, and decar-
boxylation reactions that occur during torrefaction [26,
37]. Likewise, these reactions affected the proximate
properties (MC, VM, AC and FC) of the CO2 torrefied
OPEFB pellets, as similarly observed in the literature [21,
39]. The proximate analysis of the CO2 torrefied OPEFB
pellets was limited to the 30-minute process since as re-
ported earlier, the effects of the torrefaction parameters
were more evident at these conditions. Table 5 presents

the proximate analyses of the OPEFB pellets torrefied
from 250 °C to 300 °C for 30 minutes under CO2.

The results show that the percentage composition of MC
and VM decreased after torrefaction, whereas the AC and FC
increased with increasing severity of the process conditions.
The MC decreased from 7.78 wt.% in the raw OPEFB pellets
to 4.32 wt.% after torrefaction at 250 °C and 1.00 wt.% at 300
°C during the 30-minute process. Similarly, the VMdecreased
from 75.19 wt.% for the raw OPEFB pellets to between 38.38
and 63.21 wt.% due to loss of moisture (drying) and volatiles
(devolatilization) [26, 31]. Conversely, the FC increased from
11.24 wt.% in the raw OPEFB pellets to the range 23.90–
34.40 wt.% after torrefaction. The marked increase in FC is
also attributed to the significant loss of volatile matter during
torrefaction. Typically, the FC increases with decreasing VM
and serves as an important determinant of the feedstock suit-
ability, process performance, and product yield during gasifi-
cation [27].

Likewise, the percentage composition of AC increased
from 5.80 wt.% in the raw OPEFB pellets to 7.62–26.21
wt.% after torrefaction between 250 and 300 °C, respectively.

Table 3 Ultimate analyses of raw and CO2 torrefied OPEFB pellets

Torrefaction temperature (°C) Time (mins) C (wt.%) H (wt.%) N (wt.%) S (wt.%) O (wt.%)

OPEFB pellets ** 41.71 ± 0.08 5.53 ± 0.41 1.12 ± 0.05 0.12 ± 0.01 51.53 ± 0.27

250 15 45.65 ± 0.16 5.59 ± 0.00 1.02 ± 0.02 0.20 ± 0.13 47.55 ± 0.31

275 53.54 ± 0.06 5.18 ± 0.04 0.91 ± 0.01 0.06 ± 0.00 40.29 ± 0.11

300 61.91 ± 0.04 4.62 ± 0.02 1.05 ± 0.01 0.06 ± 0.00 32.36 ± 0.03

250 30 51.41 ± 0.01 5.38 ± 0.07 0.85 ± 0.02 0.08 ± 0.01 42.28 ± 0.05

275 56.31 ± 0.15 5.04 ± 0.06 0.97 ± 0.02 0.07 ± 0.00 37.60 ± 0.07

300 62.96 ± 0.21 4.43 ± 0.04 1.05 ± 0.01 0.07 ± 0.00 31.49 ± 0.17

250 60 52.01 ± 0.03 5.33 ± 0.05 0.82 ± 0.01 0.07 ± 0.00 41.77 ± 0.06

275 58.16 ± 0.05 4.87 ± 0.04 1.05 ± 0.00 0.08 ± 0.00 35.85 ± 0.08

300 61.88 ± 0.03 4.50 ± 0.06 1.10 ± 0.03 0.07 ± 0.02 32.46 ± 0.02

Table 4 Atomic ratios of raw and
CO2 torrefied OPEFB pellets Sample/torrefaction temperature (°C) Time (mins) H/C O/C C/N (CH/

NS)

OPEFB pellets ** 0.133 1.24 37.41 38.38

250 15 0.123 1.04 44.84 42.22

275 0.097 0.75 58.62 60.14

300 0.075 0.52 59.11 60.11

250 30 0.105 0.82 60.58 61.30

275 0.090 0.67 57.91 58.75

300 0.070 0.50 59.82 59.88

250 60 0.102 0.80 63.36 64.70

275 0.084 0.62 55.64 56.10

300 0.073 0.52 56.21 56.79
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This marks a significant increase in ash, as similarly reported
in the literature [34, 55]. The high ash content is due to several
reasons. Firstly, the thermal degradation of hemicellulose, cel-
lulose, and lignin during torrefaction is considered a mildly
exothermic process [34, 37]. This observation suggests that
partial oxidation (combustion) reactions, which typically re-
sult in ash formation, may explain the significant ash observed
during CO2 torrefaction in this study. Secondly, the high ash
content could be related to the high alkali and alkali earth
metals (AAEMs) content, typically reported in OPEFB [18,
56]. The AAEMs reportedly catalyse oxidative reactions dur-
ing biomass gasification and pyrolysis [57, 58], which may
account for the high ash observed in this study.

3.3.2 Microstructural properties

Figure 7(a–d) presents the SEM micrographs (magnifica-
tion ×1000) for the raw and torrefied OPEFB pellets
torrefied at 250, 275 and 300 °C for 30 minutes. The
SEM micrograph of the raw OPEFB pellets (Fig. 7(a))
shows an unevenly shaped particle with a surface morphol-
ogy characterised by a network of thick fibrous materials,
which can be ascribed to the holocellulose and lignin com-
ponents of biomass [59, 60]. The SEM micrograph of the
CO2 torrefied OPEFB at 250 °C revealed a network of
dispersed fibres surrounded by groups of micropores on
the sample surface. This marks the onset of defibration
and compaction of the irregular shaped and elongated fi-
bres of the raw OPEFB pellets. Typically, hemicellulose
starts to thermally degrade from 220 °C to 315 °C [34],
which explains why it is the most reactive and the first
lignocellulose to degrade during torrefaction [37]. The ob-
servations in Fig. 7(b) are due to hemicellulose degradation
during torrefaction, which has major effects on the
grindability of torrefied biomass [48, 59].

In contrast, the SEM micrograph for the CO2 torrefied
OPEFB pellet at 275 °C and 30 minutes was characterised
by a layer of parallel fibres or microfibrils. The structural
features of the microfibrils are similar to the linear (ordered)
polymeric, regularly shaped structures of cellulose [59, 61].
This observation indicates the irregular (amorphous) fibres of
hemicellulose were considerably degraded (and partially cel-
lulose) after torrefaction at 275 °C. Hence, the micropores of

the raw pellets were transformed into macro-pores as evident
in the crevices or channels observed in the lower-left corner of
Fig. 7(c). The SEM micrograph suggests that the process rup-
tured the microstructure and cell wall, which could signifi-
cantly improve porosity and grindability properties after
torrefaction. This view is corroborated by Thanapal et al.
[34] who showed that CO2 torrefaction results in a significant
pore formation and high surface area due to the partial reaction
of CO2 with biomass components. As a result, the rates of
devolatilization and mass loss are enhanced due to the CO2

torrefaction process.
Lastly, Fig. 7(d) shows the SEM micrograph of the

torrefied OPEFB pellets at 300 °C and 30 mins. As observed,
the OPEFB pellets experienced significant transformation, as
evidenced by the heterogeneous mixture of layered and
knaggy fibres that surround the numerous dispersed meso-
and macroporosity of crevices. The formation of crevices ob-
served in the micrograph akin to tracheids and vessels is main-
ly due to the holocellulose and lignin degradation during
torrefaction. Consequently, the structural pore openings ob-
served in the micrograph indicate significant microstructural,
morphological and physicochemical transformations occurred
in torrefaction.

3.3.3 pH of raw and CO2 torrefied pellets

The pH of the torrefied OPEFB pellets is critical for non-
energy applications particularly biochar used for soil amend-
ment. The pH of the OPEFB pellets torrefied at 250, 275 and
300 °C for 30 minutes are 6.88, 7.44 and 8.20, respectively,
compared with the pH of 6.65 for the raw OPEFB pellets. The
findings demonstrate that CO2 torrefaction transformed the
pH of the raw OPEFB pellets from weakly acidic (pH =
6.88 at 250 °C) to moderately alkaline (pH = 8.20 at 300
°C). The authors also observed that the pH of OPEFB-
derived biochar was similarly transformed from acidic to al-
kaline with increasing severity of torrefaction. The alkaline
pH of the torrefied OPEFB pellets could be due to the high
C, FC and AAEMs contained in ash residues, as reported
earlier. In general, the findings indicate the CO2 torrefied pel-
lets could be potentially utilised as biochar for agricultural
applications.

Table 5 Proximate analyses of
CO2 torrefied OPEFB pellets Sample/torrefaction temperature (°C) MC

(wt.%)

VM

(wt.%)

AC

(wt.%)

FC

(wt.%)

OPEFB Pellets 7.78 ± 0.13 75.19 ± 0.04 5.80 ± 0.04 11.24 ± 0.13

250 4.32 ± 0.14 63.21 ± 0.39 7.62 ± 0.07 24.85 ± 0.23

275 2.34 ± 0.16 48.91 ± 0.23 24.84 ± 0.17 23.90 ± 0.10

300 1.00 ± 0.23 38.38 ± 0.69 26.21 ± 1.47 34.40 ± 0.01
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3.3.4 Hydrophobicity properties

The hydrophobic properties of the CO2 torrefied OPEFB pel-
lets from 250 to 300 °C for 30 minutes were examined. The
results indicate that the torrefied pellets absorbed 63.02,
47.93, and 21.75% water, after torrefaction at 250 °C, 275
°C, and 300 °C, respectively, for 30 minutes. It was also ob-
served that the structure of the torrefied pellets remained intact
after the 2-h hydrophobicity tests, whereas the raw pellets
totally crumbled due to high water absorption and its poor
hydrophobic properties. The improved hydrophobic proper-
ties of the torrefied pellets could be attributed to the loss of
hydrogen bond linkages between the H and –OH groups that
typically facilitate water absorption. This inference is corrob-
orated by the decrease in atomic O/C and H/C ratios of the
torrefied OPEFB pellets. The results also indicate that, al-
though the hydrophobicity was improved after torrefaction,
the torrefied pellets still absorbed water despite the lower
atomic ratios and torrefaction at severe conditions. This ob-
servation suggests that other factors such as the microstructure
and porosity of torrefied biomass may also play a role in
hydrophobicity. The results confirmed that torrefaction

significantly reduced the hygroscopicity of the raw OPEFB
pellets. Thus, the life span, storage and transportation of the
torrefied pellets could be enhanced along with its potential for
co-firing or direct combustion as solid biofuels.

3.3.5 Grindability properties

Figure 8 presents the grindability results for the raw and pel-
lets torrefied from 250 to 300 °C for 30 minutes based on the
HGI [46]. The initial HGI of 53.66 for the raw OPEFB pellets
increased to 76.95, 89.67 and 117.66 after torrefaction at 250,
275 and 300 °C, respectively. This represents changes of
23.29, 36.01 and 64.00 (or by factors of 1.43, 1.67 and 2.19)
based on the grindability of the raw pellets.

Typically, the lower the HGI value, the harder it is to grind
the material [47]. Therefore, the results demonstrate that the
resistance to mechanical degradation (grinding) diminished
after torrefaction, which could be due to several factors.
Firstly, the improved grindability is typically credited to the
degradation or depolymerisation of lignocellulosic compo-
nents [34, 62]. Secondly, the thermal degradation of
holocellulose during torrefaction ruptures the cell wall thereby

(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

Fig. 7 SEM micrographs of raw and CO2 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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creating pores on the surface of the biomass particles. As a
result, the surface area, porosity and brittleness of the biomass
particles increase, thereby enhancing its grindability [34, 37].
The drying, devolatilization and decarboxylation reactions
that occurred during the CO2 torrefaction process may also
account for the improved grindability as postulated in the lit-
erature [48, 63, 64]. To verify this, the moisture and volatile
matter of the raw and torrefied OPEFB pellets were examined
alongside the HGI, as presented in Fig. 9.

The correlation between the grindability and the physico-
chemical properties of the raw OPEFB and torrefied pellets is
linear under the conditions examined in this study. Therefore,
the grindability of the pellets was improved as the MC and
VM decreased after torrefaction. The plausible inference is
that torrefaction resulted in drying (removal of water) and
devolatilization (loss of volatile matter). As a result, the pellets
experienced shrinkage due to lower mass yield [41], increased
surface porosity and brittleness [27], which reduced resistance
to mechanical fractionation during grinding. Secondly, the

depolymerisation of cellulose and lignin may also account
for the improved grindability after torrefaction [27, 37]. The
process of torrefaction thermally degrades the highly
branched, rigid and complex polymeric structures of cellulose
and lignin of biomasses. Due to depolymerisation, the struc-
tural rigidity of the cell wall is significantly deteriorated
resulting in the loss of particle cohesiveness and hydrogen
bonding [65, 66]. Consequently, the resistance of the torrefied
pellets to mechanical disintegration is reduced, thereby en-
hancing post torrefaction grindability.

3.3.6 Thermal properties

The thermal degradation behaviour and temperature profile
characteristics of the raw and OPEFB pellets torrefied from
250 to 300 °C for 30 minutes were examined by TGA. The
TG (%) and derivative TG (%/min) plots for the samples are
presented in Figs. 10 and 11, respectively.

Fig. 8 Grindability of raw and
CO2 torrefied OPEFB pellets

Fig. 9 HGI and properties of raw
and CO2 torrefied OPEFB pellets
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The results demonstrate that the raw and torrefied
OPEFB pellets experienced significant mass loss, as evi-
dent in downward sloping “double z” or “two-step” curves
observed after TGA. The TG plots of the torrefied OPEFB
pellets shifted further away from the raw pellets from the
left to the right-hand side (RHS) with increasing severity of
the torrefaction temperatures. The observed shifts could be
ascribed to the thermal lag [67] due to the torrefaction-
induced transformations of the proximate fuel properties
of the raw pallets after torrefaction. As earlier surmised
in Table 5, torrefaction resulted in higher C and FC but
lower VM in the torrefied pellets compared with the raw
OPEFB pellets. The extent of the TG plot shifts and ther-
mal reactivity of the torrefied OPEFB pellets can be exam-
ined from the TPCs presented in Table 6.

The findings indicate that the Tonset and Toffset temperatures
for the raw OPEFB pellets shifted to higher temperatures after
torrefaction. The findings also indicate the thermal reactivity
of the pellets declined after torrefaction, which could be as-
cribed to the changes in physicochemical properties (higher C
but lower VM content). In particular, the higher Tonset values
can be explained by the high carbon and fixed carbon but low
volatile matter in the torrefied pellets compared with the raw
OPEFB pellets (Table 5). Furthermore, the ignitability and
reactivity of biomass are influenced by VM and hemicellulose
[27], respectively, both of which are devolatilized or thermally
degraded during torrefaction. Similar results reported for high-
ranked coals and Petcoke were also ascribed to high C and low
VM contents [68, 69]. The diminished reactivity of the
torrefied pellets is confirmed by the decrease in ML from
94.90 (raw OPEFB pellets) to 93.04 and 91.56%, while the
RM increased to 6.96 and 8.44% after torrefaction at tempera-
tures of 275 and 300 °C, respectively. This shows the residual
masses increased with increasing severity of torrefaction.

The decomposition mechanism and reaction pathway for
the raw and torrefied OPEFB pellets were examined from the

DTG plots in Fig. 11. The DTG plots are characterised by
three major sets of peaks, based on the size, shape and sym-
metry, which indicate the thermal analysis occurred in four (4)
stages.

Stage I, which occurred between 30 and 200 °C, may be
ascribed to drying based on the low mass loss (< 10%) for all
samples. Stage II occurred between 200 and 325 °C as
characterised by a single symmetric peak for each sample,
which may be ascribed to devolatilization due to the signifi-
cant mass loss that occurred at the maxima denoted as Tpeak I.
Typically, the mass loss between 220 and 450 °C is primarily
ascribed to cellulose degradation [27, 37]. The mass loss dur-
ing the TG analysis is likely due to the degradation of residual
cellulose and lignin in the torrefied OPEFB pellets. Stage IV
could be attributed to the degradation of lignin which occurs
over a wide temperature range. In addition, the raw OPEFB
pellets showed an additional peak observed from 440 to 500
°C, whereas the torrefied pellets showedminor shoulder peaks
from 350 to 450 °C, which are due to the oxidation of char
formed from the degradation of hemicellulose, cellulose and
lignin during the oxidative TGA process.

The effect of the processes on the TPCs of the raw and
torrefied OPEFB pellets are presented in Table 7. The maxi-
mum drying peak temperatures decreased from 84.79 °C to
the range 66.79–78.91 °C after torrefaction. The decline could
be ascribed to the lower moisture content of the torrefied
OPEFB pellets compared with the raw pellets. In stage II,
the Tpeak I values initially increased from 282 to 286.72 °C
as observed for torrefied OPEFB pellets at 250 °C, but the
Tpeak I decreased to 275.09 and 268.85 °C after torrefaction
at 275 and 300 °C for 30 minutes, respectively.

The decline was also characterised by a decline in mass
loss rates (MLR) from 31.83%/min for the raw pellets to
27.45, 17.07 and 4.80%/min for 250, 275 and 300 °C, respec-
tively. These findings indicate the thermal reactivity of the
torrefied OPEFB pellets declined significantly in stage II with

Fig. 10 TG Plots for Raw and
CO2 Torrefied OPEFB pellets
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increasing severity of torrefaction conditions. In stage III, the
Tpeak II values increased from 396.70 °C in the raw OPEFB
pellets to 409 °C at 250 °C, 410 °C at 275 °C and 411 °C at
300 °C as observed for the torrefied pellets. Overall, the ther-
mal analysis revealed that the CO2 torrefaction process severe-
ly impacted on the thermal reactivity, degradation behaviour
and temperature profiles of the OPEFB pellets.

3.4 Optimization of OPEFB pellets torrefaction

The process of torrefaction is typically aimed at producing
high-quality biomass fuels for enhanced energy recovery.
Therefore, it is crucial to determine the OOC required to max-
imize the MY during the CO2 torrefaction of OPEFB pellets
through RSM.

3.4.1 Effect of torrefaction parameters on MY

Based on the DoE, the CO2 torrefaction of the OPEFB pellets
was performed at temperatures, X1 = 250, 275 and 300 °C,
and time, X2 = 15, 30 and 60 minutes. The resulting MY

reported based on the observed and the predicted values are
presented in Table 8. The predicted values show excellent
agreement with the experimental results (observed dependent
variable). This is further confirmed by the low mean square

errors and residuals deduced from comparing the data in the
Statistica software.

At 95% confidence limit, the mean (weighted) values indi-
cated that temperature (X1) significantly influenced MY com-
pared with time (X2). The effect of time (X2) on MY was
limited to the 15- and 30-minute processes, indicating that
torrefaction at 60 minutes did not significantly influence the
yield of torrefaction products. Next, the effects of X1 and X2

on the mass yield (MY) were analysed through the 3D re-
sponse surface plots presented in Fig. 12.

Based on the response surface plots, a mathematical model
representing the effects of X1 and X2 on the mass yield (MY)
was deduced as presented in Eq. 13.

Y ¼ 272:55−0:5029x1−0:0007x21−4:02x2 þ 0:0144x22

þ 0:0133x1x2−0:000012x21x2 ð13Þ

Next, regression analysis was performed to fit the re-
sponse function and experimental data as required to an-
alyse the model through ANOVA. The analysis was per-
formed to determine the adequacy of the model through
the F test and p test. Lastly, the quality of fit was deduced
from the coefficients of correlation (R2 values). The re-
sults for the adjusted quadratic model for MY of the CO2

torrefaction of OPEFB pellets are presented in Table 9.

Table 6 Combustion TPCs of
raw and CO2 torrefied pellets Sample/torrefaction

temperature (°C)
Onset (Tonset,
°C)

Offset (Tend,
°C)

Mass loss (ML,
%)

Residual mass (RM,
%)

Raw OPEFB pellets 262.01 327.97 94.90 5.10

250 263.09 338.02 94.98 5.02

275 252.88 353.23 93.04 6.96

300 291.89 484.68 91.56 8.44

Fig. 11 DTG plots for raw and
CO2 torrefied OPEFB pellets
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The findings indicate the independent variables X1 and X2

significantly influenced MY as evident in the high corre-
lation values (Predicted R2 = 0.99, Adjusted R2 = 0.98
and MS Residual of 3.75) observed after the torrefaction
process. The difference between the predicted and adjust-
ed R2 values is less than 0.2, which indicates a good fit or
correlation. The ANOVA also revealed that with a p-val-
ue (< 0.05), all the model terms are significant with the
exception of X1

2 and the interaction terms Temperature
(X1

2) × Time (X2).
Based on the results, temperature (X1) is the most sig-

ni f icant model term that inf luenced MY during
torrefaction, based on its p value of (0.00). The most sig-
nificant interaction model term is Temp (X1) × Time (X2)
due to its comparatively low p value (0.000153) compared
with the other terms.

3.4.2 Optimization analysis

The OOC for CO2 torrefaction was determined by applying
the multi-response desirability function in Statistica.
Therefore, the predicted response model (Y) was aggregated
and maximized to determine the optimal conditions for max-
imizing MY from CO2 torrefaction and deduced from the 3D
response surface plots in Fig. 13. Based on the results, the
optimal operating conditions (OOC) for maximised MY for
the CO2 OPEFB pellet torrefaction are X1 = 275 °C and X2

= 35 minutes. Therefore, the predicted mass yield (MY), mass
loss (ML) and higher heating value (HHV) for torrefied pellets
at the deduced OOC are 50.54%, 49.46% and 24.47 MJ/kg,
respectively. In comparison, Chin et al. [40] reported the op-
timal conditions of 230 °C and 40 minutes for maximized
mass yield and HHV of 24.30 MJ/kg from the torrefaction
of pulverised OPEFB. The results for OPEFB pellets reported
in this study are considered in fairly good agreement with their
work.

The RSM optimization results were subsequently validated
by performing confirmatory CO2 torrefaction experiments at
the OOCs: temperature X1 = 275 °C and residence time X2 =
35 minutes. The confirmatory tests indicated that the CO2

torrefaction of the OPEFB pellets at the OOCs yielded the
mass yield (MY) of 52.55%, which corresponds to mass loss
(ML) of 47.46% and HHV of 24.28 MJ/kg. The results
showed the MY, ML, and HHV from the confirmatory tests
are in excellent agreement with the model prediction in RSM.

4 Conclusions

The torrefaction of oil palm empty fruit bunch pellets was
examined under carbon dioxide (CO2) gas followed by com-
prehensive analysis of the yield, distribution and characteris-
tics of the MY, LY and GY products. Lastly, optimisation
through RSM was performed to determine the OOC for max-
imum MY. The findings indicated that temperature and time
significantly influenced the yield and distribution of the CO2

torrefaction products. It was observed that whereas the MY

Table 8 Experimental and predicted MY for CO2 torrefaction

SN Runs Temperature
(°C)

Time
(Mins)

Mass yield
(MY, %)

Predicted values
(MY, %)

1 R1 250 15 85.32 81.90

2 R2 250 15 83.52 81.90

3 R1 250 30 64.67 69.53

4 R2 250 30 67.00 69.53

5 R1 250 60 65.89 64.17

6 R2 250 60 64.79 64.17

7 R1 275 15 62.66 62.37

8 R2 275 15 61.97 62.37

9 R1 275 30 52.93 52.42

10 R2 275 30 51.70 52.42

11 R1 275 60 49.50 51.92

12 R2 275 60 54.65 51.92

13 R1 300 15 36.93 41.37

14 R2 300 15 40.87 41.37

15 R1 300 30 38.27 33.85

16 R2 300 30 37.03 33.85

17 R1 300 60 35.15 38.21

18 R2 300 60 38.62 38.21

Table 7 DTG characteristics of
raw and CO2 torrefied OPEFB
pellets

Sample/torrefaction temperature (°C) Stage I Stage II Stage III

Drying

(°C)

Tpeak I

(°C)

MLR

( % /
min)

Tpeak II

(°C)

MLR

( % /
min)

Raw OPEFB pellets 84.79 282.00 31.83 396.70 8.74

250 74.50 286.72 27.45 408.58 9.01

275 66.79 275.09 17.07 410.27 7.56

300 78.91 268.85 4.80 411.19 6.30
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Fig. 12 3D surface plots of mass
yield (MY, %) for CO2

torrefaction

Table 9 ANOVA results for the MY model

Torrefaction variables Sum of squares (SS) Degrees of freedom (df) Mean square (MS) F value p value

Temperature (X1) 3228.10 1.00 3228.10 860.92 0.000000

Temperature (X1
2) 2.19 1.00 2.19 0.58 0.464096

Time (X2) 327.29 1.00 327.29 87.29 0.000006

Time (X2
2) 161.13 1.00 161.13 42.97 0.000105

Temp (X1) × Time (X2) 145.61 1.00 145.61 38.83 0.000153

Temp (X1) × Time (X2
2) 87.20 1.00 87.20 23.26 0.000944

Temp (X1
2) × Time (X2) 0.06 1.00 0.06 0.02 0.899687

Error 33.75 9.00 3.75

Total SS 4128.64 17.00

Fig. 13 Desirability of 3D plots
for optimal CO2 torrefaction
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and EY decreased, the LY and GY increased with increasing
severity of the selected torrefaction conditions. Similarly, the
DE, HHV and SF were enhanced after torrefaction. The
torrefied pellets exhibited significant improvements in their
physicochemical, microstructure, grindability and hydropho-
bic properties compared with the raw OPEFB pellets. The
thermal degradation and temperature profile characteristics
under oxidative conditions were significantly transformed
compared with the raw pellets. The liquid torrefaction prod-
ucts revealed acidic and light brown to dark products with
pungent odours comprised largely of water and organic frac-
tions. The RSM optimisation deduced the temperature X1 =
275 °C and residence time X2 = 35minutes as the OOC for the
CO2 torrefaction of OPEFB pellets. In general, the findings of
the study revealed that CO2 torrefaction is a practical tech-
nique for sustainable energy recovery from OPEFB pellets.
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