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Abstract

The pre-treatment and pelletisation of oil palm empty fruit bunches (OPEFB) can potentially improve its biofuel properties for
efficient thermal energy recovery. Therefore, this paper examines the physicochemical, thermal, kinetic, and thermodynamic
properties of OPEFB pellets as a potential feedstock for pyrolysis. Physicochemical analysis revealed high proportions of carbon,
volatiles, and fixed carbon compared to nitrogen and sulphur. Morphological analysis showed that the pellet microstructure is
comprised of a dense network of polymeric fibres, whereas its ash has consistently shaped agglomerated particles with fine-
textured surfaces. Thermogravimetric analysis (TGA) revealed the OPEFB pellets experienced significant mass loss (M; = 72.8—
80.4%) and residual mass (Ry;= 19.6-27.2%) during thermal decomposition from 30 to 800 °C. The DTG plots revealed thermal
decomposition occurred in three stages: I (30—150 °C), II (150—600 °C), and I1I (600—800 °C) due to drying, devolatilization, and
char degradation, respectively. Kinetic analysis showed the activation energy, £,, ranged from 76.87 to 195.78 kJ/mol, while
frequency factor, A, was from 4.77 x 10°! to 1.22 x 10'® min™" for the Flynn-Wall Ozawa and Kissinger-Akahira Sunose models.
The highest kinetic parameters were observed at o = 0.40, indicating the rate-determining step for OPEFB pellets decomposition
under pyrolysis condition occurs at 40% conversion. Thermodynamic analysis showed that thermal decomposition of OPEFB
pellets was characterised by the formation of an activated complex, high reactive multiphase first-order reactions, and short
reaction times. In conclusion, the results indicate that OPEFB pellets is a potentially suitable feedstock for pyrolysis owing to its
excellent fuel properties and environmentally friendly nature.
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1 Introduction

The global demand for crude palm oil (CPO) has exponential-
ly increased the cultivation of oil palm (Elaeis guineensis
Jacq.) in Malaysia. In 2017, external trade of palm oil and
palm oil-based products generated RM74.8 billion of
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Malaysia’s gross national income [1]. Consequently, the palm
oil industry is a significant contributor to socio-economic
growth and sustainable development in the country [2].
Conversely, the rapid growth of the palm oil industry has
created substantial waste disposal and management problems
in Malaysia. Typically, the large-scale cultivation and CPO
production generate roughly about 83 million tonnes of dry
solid oil palm wastes (OPW) annually at various plantations
and oil palm mills across the country [3]. The distribution of
the solid dry wastes generated in oil palm plantations consists
of oil palm fronds, palm leaves, and trunks. However, the oil
palm mill-related solid wastes generated include palm meso-
carp fibres, palm kernel shell, and oil palm empty fruit
bunches (OPEFB) [4]. The most abundant and problematic
OPW is OPEFB due to its bulky heterogeneous nature, high
moisture content (60%), and alkali metal content [5-7].
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Similarly, OPEFB is characterised by poor fuel properties
such as low calorific value, volumetric, and gravimetric ener-
gy density [8].

According to the Agency for Innovation in Malaysia, the
volume of wastes generated by the palm oil industry will
exceed 100 million dry tonnes by the year 2020 [3]. These
outlined projections are based on the rising global demand for
CPO, which is currently utilised as feedstock for the produc-
tion of consumer products as well as biochemicals, biofuels,
and biodiesel around the globe [9, 10]. Currently, the solid
OPW generated is utilised for organic manure, mulching, soil
erosion mitigation, or boiler fuel in various oil palm mills
across Malaysia [11-14]. Other studies have examined the
potential of OPEFB as polymer composite materials, rein-
forced fibres, wood or paper products, building materials,
among others [15-17]. Despite these milestones, large quan-
tities of OPW remain unutilised and are consequently dumped
in open pits or plantation fields, resulting in the ubiquitous
stockpiles found in many palm mills around the country.
Therefore, there are growing concerns that the lack of decisive
action in addressing the growing problems of disposal, man-
agement, and accumulation of OPW could result in future
socio-economic and environmental challenges [12].

Over the years, numerous policies have been proposed to
examine more sustainable strategies to address the growing
challenges posed by OPW in Malaysia. One of such policies
is the National Biomass Strategy (NBS-2020) promulgated by
the government of Malaysia in 2011. The policy aims to ad-
dress the growing menace of solid wastes disposal and man-
agement through the valorisation of the OPWs into high-value
bioenergy, biofuels, and biochemical products. Similarly, nu-
merous studies have been reported on the thermochemical
conversion of OPW, albeit with limited success. These studies
have examined the combustion [18-20], gasification [21, 22],
and torrefaction [23, 24] of OPWs. The findings have demon-
strated the valorisation of OPWs through these technologies is
characterised by low product yields, emission of pollutants,
greenhouse gases, and the formation of secondary wastes such
as fly or bottom ashes and clinker due to low efficiencies of
conversion.

The outlined challenges are ascribed mainly to the poor
fuel properties of OPW, particularly OPEFB. The inferior
qualities of OPEFB are due to its high heterogeneity, metals,
and moisture content along with low heating values, which
hamper efficient conversion, transport, and long-term storage
[25, 26]. Consequently, OPEFB requires extensive pre-
treatment and fuel characterisation to improve its solid biofuel
properties for thermochemical conversion through pyrolysis.
The process of pyrolysis is one of the most practical ap-
proaches for valorising OPWs due to its capacity to thermo-
chemically convert low-value wastes into high value solid,
liquid, and gases products. In addition, pyrolysis is an impor-
tant intermediate process for thermochemical biomass
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conversion processes such as gasification and combustion
[27]. As such, pyrolysis is a significant predictor of process
feasibility, conversion efficiency, emissions profile, products
distribution, and wastes residue analysis during biomass
valorisation.

Furthermore, pre-treatment through pelletisation is an im-
portant step in the utilisation of biomass feedstock for thermo-
chemical energy recovery [28]. Pelletisation is the process of
compacting loose biomass species into a solid uniform shape
under high pressure and low temperatures [29, 30]. The tech-
nique reportedly improves the physicochemical, thermal fuel
properties, storage, and transport properties of biomass feed-
stocks [31, 32]. Therefore, this study seeks to examine the fuel
characteristics and pyrolysis of oil palm empty fruit bunches
into pellets, hereafter termed, OPEFB pellets for energy re-
covery and efficient conversion. The fuel characterisation will
examine the physicochemical, functional group, microstruc-
ture, mineralogical, and thermal fuel properties of OPEFB
Pellets. To the best of the authors’ knowledge, this is the first
comprehensive study that examines the thermodynamic and
multicomponent devolatilization kinetic characteristics of any
form of oil palm wastes in the literature. It is envisaged that the
findings will provide a comprehensive understanding of the
fuel properties of OPEFB pellets for future applications in the
production of biofuels, biochemicals, and biomaterials
through pyrolysis.

2 Materials and methods
2.1 Materials

The OPEFB pellets were acquired from an oil palm processing
mill in Kota Tinggi in Johor (Malaysia). The OPEFB pellets
were subsequently transported to Universiti Teknologi
Malaysia (UTM) for further analysis. Figure 1 presents a

Fig. 1 Oil palm empty fruit bunch (OPEFB) pellets
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pictorial depiction of the brown, uniformly shaped, and cylin-
drical 8-mm diameter OPEFB pellets examined in this study.

Before characterisation, the OPEFB pellets were pulverised
in a high-speed crusher (Model: Panasonic Super Dry Mixer
Grinder MX-AC400, Malaysia). The pulverised sample was
subsequently sifted using a standard laboratory sieve of Mesh
size 60 (Brand: W.S. Tyler, Mexico) to obtain homogenous
sized particles below 250 um. Afterwards, the sample was
subjected to extensive characterisation to determine its phys-
icochemical, thermal, kinetic, and thermodynamic fuel
properties.

2.2 Physicochemical analyses

The elemental composition of the OPEFB pellets was carried
out using the CHNS analyser (Model: vario MICRO cube
Elementar Analysensysteme GmbH, Germany). The analyti-
cal procedure was based on the ASTM D5291-10 (2015) stan-
dard for determining the elemental CHNS (carbon, hydrogen,
nitrogen, and sulphur, respectively) composition of fuels. The
proximate fuel properties were determined according to the
ASTM standards; D3173-87 (2003) for moisture (M),
D3175-07 (2007) for volatile matter (VM) and D3174-04
(2004) for ash (A) in a muffle furnace (Model; Ney Vulcan
D-130, USA). The oxygen (O) was then calculated by differ-
ence. Lastly, the higher heating value (HHV) was determined
based on the ASTM D-2015 standard through an isoperibol
oxygen bomb calorimeter (Model: IKA C2000, USA). All
tests were repeated three times to ensure the accuracy and
reliability of the measurements, which are presented as aver-
age values in Table 1.

2.3 Microstructure and mineralogical analyses

The microstructure and mineralogical analyses were per-
formed by scanning electron microscopy (SEM) and energy
dispersive x-ray (EDX) spectroscopy, respectively. The SEM-

EDX device (Model: JEOL JSM-IT300 LV, Japan) is an ex-
panded pressure scanning electron microscope operated
through the Aztec EDX software (Oxford Instruments™,
UK). Before each run, the samples were spray deposited on
the double-sided epoxy tape pre-placed on 1-cm diameter
grain mounts. Next, the SEM samples were mounted on a
carbon stub, placed in the sample chamber, and degassed for
15 min to purge moisture and residual gases. The microscope
was initiated, and the samples were scanned to obtain the
surface micrographs at a magnification of x 1000 using the
point ID and mapping technique. On completion, the EDX
analysis of the captured zone in the SEM micrograph was
performed to determine the quantitative elemental composi-
tion. Consequently, the EDX peaks and elemental composi-
tion were deduced based on charge balance.

2.4 Metal oxides analysis

The metal oxides composition of the OPEFB pellets ash was
determined by X-ray fluorescence (XRF) spectroscopy.
Before the XRF analysis, the sample was first pulverised
and sieved in a standard 250-um analytical sieve. The
pulverised sample was subsequently oven-dried by heating
at 105 °C for 12 h in a muffle furnace (Model: NeyTech
Vulcan D-130, USA). Next, the dried sample was converted
into ash by heating the sample at 550 °C for 12 h until the
brown powdered sample was converted to grey, indicating
completion of the ashing process. The XRF analysis was per-
formed using the loose powder method on the Shimadzu
Energy Dispersive X-ray Fluorescence (EDXRF) spectrome-
ter (EDXRF Model: EDX-7000, Japan) operated with the
PCEDX Navi software. The metal composition was subse-
quently determined under vacuum based on the settings: 15—
50kV, current 1000 pA, and 0—40 keV. The collimator of size
10 mm with 100 s counting time was used to determine the
analytes Al-U, Na-Sc, Rh-Cd, Zn-As, Pb, Cr-Fe, and S-K. On
completion, the data on the metal elements were displayed on

Table 1 Physicochemical fuel properties of OPEFB pellets

Fuel characterisation Element/property Symbol (units) Composition of OPEFB pellets

Ultimate analysis Carbon c® (Wt%) 45.23 £ 0.00
Hydrogen H® (wt%) 6.00 = 0.46
Nitrogen N (wt%) 121 + 0.04
Sulphur S (Wt%) 0.13 = 0.01
Oxygen O™ (wt%) 47.43 + 0.41

Proximate analysis Moisture M (Wt%) 7.78 £0.18
Volatile matter VM (wt%) 81.53 + 0.10
Ash A% (wt%) 6.28 + 0.08
Fixed carbon FC™ (wt%) 12.19 + 0.18

Calorific analysis High heating value HHV" (MJ/kg) 17.57 £ 0.27
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the acquisition software. The results were then retrieved, and
the metal oxide composition computed by the PCEDX Navi
software [33].

2.5 Functional group analyses

The functional group chemistry of the pulverised OPEFB pel-
lets was examined by Fourier transform infrared (FTIR) spec-
troscopy. The Shimadzu FTIR analyser (Model: Prestige-21,
Japan) used in this study was equipped with an attenuated total
reflectance (ATR) attachment. For each run, a small quantity of
the pulverised sample (250 um) was retrieved and placed on the
ZnSe prism plate. Each sample was then scanned 20 times at a
resolution of 8 cm ™! to acquire the spectra in transmittance (T,
%) mode from 4000 to 400 cm ' based on Happ-Genzel
Apodization. On completion of the 10-s scan, the results were
subjected to ATR correction to acquire the FTIR-ATR spectra
before analyses in Microsoft Excel© (version 2013).

2.6 Thermal analyses

Thermogravimetric analysis (TGA) of the OPEFB pellets was
performed to examine the thermal degradation behaviour, ki-
netic decomposition parameters, and temperature profile char-
acteristics (TPC) under non-isothermal, non-oxidative
(pyrolysis) conditions. The TGA runs were performed on
the Netzsch™ TG analyser (Model: TG 209 F3 Tarsus,
Germany). For each run, about 9 mg of pulverised OPEFB
pellets (250 pm) was placed in an alumina crucible and trans-
ferred to the sample holder of the TG analyser. Next, the
sample was heated from 30 to 800 °C at the heating rates 5,
10, 15, 20, and 30 °C/min under nitrogen (N, flow rate 50 ml/
min) gas atmosphere. The TGA experiments were performed
twice to examine the repeatability of the measurements.
However, the replications produced identical results, which
did not warrant averaging. Hence, the results presented are
based on a single run.

On completion, the raw TG data was recovered and exam-
ined using the Netzsch Proteus® software to deduce the mass
loss data and temperature profile characteristics (TPC).
Consequently, Microsoft Excel (version 2013) was used to
plot the mass loss (%) and derivative mass loss (%) data
against temperature (°C) to obtain the thermogravimetric
(TG, %) and derivative thermogravimetric (DTG, %/min)
plots, respectively. The TPC parameters determined from the
TG-DTG plots were onset (7,,,.;), peak decomposition
(Tyear), and offset (7,,4) temperatures along with mass loss
(My), and residual mass (Ry,).

2.7 Kinetic decomposition analysis

The kinetic parameters activation energy (£,) and frequency
factor (A) for the non-oxidative thermal (pyrolysis)
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decomposition of the OPEFB pellets were computed from
the Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-
Sunose (KAS) kinetic models. The thermal decomposition
of biomass is typically described by the one-step global model
in which the material degrades through a single reaction path-
way expressed as [34]:

Biomass->Volatiles + Char (1)

The volatiles consist of the liquid (bio-oil) and gas (con-
densable and non-condensable components biogases). Based
on the model, the degree of conversion («) for biomass at the
temperature (7, K) and time (¢, in seconds) is deduced by

m;-mg
o =

(2)

mi-my

The terms m;, m,, and m,denote the initial mass, instanta-
neous mass, and final mass of thermally decomposing bio-
mass, respectively. Therefore, the reaction model f{«) for the
thermal decomposition of any biomass for a selected order of
reaction, 7, is given by

fle) = (1-a)" 3)

Furthermore, the temperature dependence of the process is
described by the Arrhenius equation:

_Ea
k(T) = Aexp (ﬁ) 4)

The term k(T) represents the temperature-dependent rate
constant; A is the pre-exponential factor (min"); E, is the
activation energy (kJ/mol); R is the molar gas constant
(J/mol K); T'is temperature (K). Therefore, the rate of thermal
decomposition of OPEFB pellets is given by

da
= KT 5
= K () (5)

Next, Eqs. 3 and 4 are substituted into Eq. 5 to examine the
effect of temperature on the thermal decomposition of the
OPEFB pellets, as presented in Eq. 6:

”Cli_‘: — Aexp (;—E;’) (1-a)" (6)

After separation of variables, the term 3= dT/dt is intro-
duced to account for thermal decomposition under multiple
heating rates. Therefore, Eq. 6 can be written as [35]:

do A -E,
=— dT 7
= Len( ) Y
By integrating Eq. 7, the fundamental relation for determin-

ing the activation energy, E,, and frequency factor, A, is de-
duced for thermally decomposing biomass using the
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isoconversional models. In this study, the kinetic parameters
for the OPEFB pellets decomposition under non-oxidative
pyrolysis conditions were examined through the Flynn-Wall-
Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) models.
The computations are based on the temperatures (7) corre-
sponding to OPEFB pellets thermal conversion (o) deduced
from the mass loss (TG) data.

2.7.1 Flynn-Wall-Ozawa model

The kinetic parameters for the non-oxidative thermal decom-
position of OPEFB pellets were deduced from the governing
equations of the Flynn-Wall-Ozawa (FWO) model:

n(B) = In (;g—@) ~5.331-1.052 (%) (8)

Consequently, plots of In(3) against 1000/T for o =0.10 to
0.70 were examined to calculate the activation energy, £, and
frequency factor, A. The E, and A were computed from the
slope (— 1.052 E,/R) and intercept In (AE,/R), respectively.

2.7.2 Kissinger-Akahira-Sunose model

Likewise, the activation energy, E,, and frequency factor, A,
for the non-oxidative thermal decomposition of OPEFB pel-
lets were deduced from the governing equations of the
Kissinger-Akahira-Sunose (KAS) model:

(2) () (5

Consequently, term In(3/T,) was plotted against 1000/T for
a=0.10t00.70. The £, and A were computed from the slope -
E/R and intercept In(AR/E,) of the kinetic plots, respectively.

2.8 Multicomponent analysis

The TG data was subjected to multicomponent devolatilization
analyses based on the multicomponent fitting method (MFM)
proposed by Hattingh et al. [36] and modified by Oladokun
et al. [37]. The method utilises an algorithm to determine the
best fit for the pseudocomponents (multicomponent) of ther-
mally decomposing carbonaceous materials under non-
oxidative TGA. In this study, the TGA data were computed in
MATLAB using the Isqcurvefit function, the Trust-Region-
Reflective algorithm, and Levenberg-Marquardt optimisation
procedures. The flowchart of the algorithm is presented in
Fig. 2 [37].

The multicomponent devolatilization procedure involved
importing the TGA data into MATLAB for the simulations.
The TGA data for five (5) heating rates (5, 10, 15, 20, and
30 °C/min) was imported into the algorithm to compute the
fractional (iso) conversion and devolatilization (do/dT and

do/dt) rates. Next, the pseudocomponents (3—10) and initial
kinetic parameters (E£,,;, A;, and &;) were imputed in
MATLAB. The lower limit (3) represents the biomass com-
ponents: hemicellulose, cellulose, and lignin. The symbol £,,1
represents the activation energy, A, is the frequency factor, and
&; is the positive contributing factor. For all simulations, the
lower limit was zero (0), and the upper limit was infinity (o)
for the kinetic parameters, whereas £ was set at unity (1). Once
completed, the simulation proceeded to the reaction for-loop
and objective function (OBF) minimisation.

Consequently, the kinetic parameters (E_.;, A;, and &;) were
computed in 200 runs using the Isqcurvefit function and trust-
region-reflective algorithm in MATLAB. Next, the resulting
kinetic parameters and OBF values were constrained to per-
form the optimisation. The first of two constraints was exe-
cuted to determine the positive last contribution factor (&) for
each run. The second constraint examined the results of the
first constraint to minimise the OBF. Hence, the run(s) that
satisfied the constraints were considered the optimised kinetic
parameters. Based on the optimisation results, the parameters
i, dai/dT, dai/dt, and QOF (quality of fit) for each
pseudocomponent were calculated. The QOF is a measure of
the accuracy of the model that describes the devolatilization
and deconvolution of OPEFB pellets during TGA [36].
Hence, the lower the QOF value, the higher the model accu-
racy. Therefore, the multicomponent devolatilization algo-
rithm (Fig. 2) was utilised to simulate and calculate the
QOFs for 3 to 10 pseudocomponents for the non-oxidative
multi-heating rate TGA of the OPEFB pellets.

2.9 Thermodynamic analysis

The thermodynamic parameters enthalpy (AH), Gibb’s free
energy (AG), and entropy change (AS) for the non-
oxidative thermal decomposition of the OPEFB pellets were
computed from Eqgs. 10-12 [38]. The AH, AG, and AS were
calculated from the £, and A of the FWO model and the DTG
peak temperature (7.4 = 302.20 °C or 575.35 K) at 5 °C/min.

AH = E,~RT (10)
KBT eak
AG = Eo + RT peaiIn <T]\J) (11)
AH-A
AS = G (12)
Tpeak

The terms represent AH—enthalpy (kJ/mol), AG—Gibb’s
free energy (kJ/mol), AS—entropy change (J/mol), T,.u—
peak decomposition temperature (°C), Kz—Boltzmann’s con-
stant (1.38 x 1072* J/K), and ~—Planck’s constant (6.626 x
1074 Js).

@ Springer



1278

Biomass Conv. Bioref. (2021) 11:1273-1292

Fig. 2 Multicomponent
devolatilization algorithm.
Adapted with consent from

h 4

Oladokun et al. [37]
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3 Results and discussion

The fuel characterisation of the OPEFB pellets is presented in
terms of its physicochemical, microstructure, mineralogical,
and thermal properties. The physicochemical properties are
presented based on the elemental, proximate, and calorific
analyses. However, the microstructural properties present the
surface, structural, and mineralogy properties of OPEFB pel-
lets. Lastly, the thermal properties present the degradation be-
haviour, characteristic temperature profiles, reaction mecha-
nism, kinetic, and multicomponent devolatilization properties
of OPEFB pellets.

3.1 Physicochemical properties

Table 1 presents the physicochemical (elemental, proximate,
and calorific) fuel properties of OPEFB pellets in dry basis
(d.b) with the standard deviations for the measurements. The
moisture (M) content and higher heating value (HHV) are
presented in as received (a.7) basis.

@ Springer

As observed, the C, H, and O elements are contained in
high proportions. According to Yoo et al. [39], the high O
content is a characteristic of woody species of biomass. In
contrast, the N and S content are present in low proportions,
which could indicate OPEFB pellets have low potential to
emit SO,, NO,, and NH, pollutants. In comparison, the values
are in good agreement with the properties of empty fruit
bunches (EFB), palm kernel shell (PKS), and sawdust (SD)
reported in the literature [39, 40]. The reported values are in
the range: C=41.81-45.93 wt%; H=5.73-6.65 wt%; N=
0.68-2.92 wt%; S=0.00-0.16 wt% and O=37.36—
46.00 wt% [39, 40].

Proximate analysis revealed high volatile matter (VM) and
fixed carbon (FC) in addition to low moisture (}/) and ash (A)
contents for OPEFB pellets. The high VM and FC is an indi-
cation that the OPEFB pellets have a high content of condens-
able and non-condensable gases, which could be beneficial to
the product yield and distribution during pyrolysis. However,
the low M and A indicate the valorisation of OPEFB pellets
could result in efficient conversion, low energy input, and
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Fig. 3 SEM micrographs for OPEFB pellets

operating costs [41]. In comparison, the proximate properties
of the OPEFB pellets are good agreement with empty fruit
bunches (EFB), palm kernel shell (PKS), and sawdust (SD)
with these ranges: M =5.92-9.63 wt%; VM =78.11-
86.00 wt%; A=0.58-5.94 wt%; and FC=15.04-
19.48 wt%, as reported in the literature [39, 40, 42]. Lastly,
the higher heating value (HHV) of 17.57 MJ/kg is also within
the range of 16.95-18.51 MJ/kg reported for similar oil palm
biomass in the literature [40].

3.2 Microstructure and mineral properties

Figure 3(a) and (b) present the SEM micrographs for OPEFB
pellets, whereas Fig. 4(a) and (b) are the SEM micrographs for
OPEFB pellet ash. The SEM analyses were performed to ex-
amine the morphological and mineralogical properties of the
OPEFB pellets and its ash.

The SEM microstructure of OPEFB pellets in Fig. 3(a) and
(b) is characterised by irregular (amorphous) shaped fibrous
materials, which are devoid of micro- or mesopores. This

100pm

()

Fig. 4 SEM micrographs for OPEFB pellets ash

indicates the abundance of a dense network of polymeric lig-
nocellulosic materials such as hemicellulose, lignin, and cel-
lulose components found in most biomass materials. In con-
trast, the microstructure of ash in Fig. 4(a) and (b) consists of
regularly shaped agglomerates with fine-textured and smooth
surfaces. According to Romero et al. [43], this indicates the
presence of alkali and alkali earth metals (AAEM), which can
potentially react with silicon dioxide (SiO,) to form eutectic
mixtures in biomass reactors such as gasifiers and boilers at
high temperatures typically above 740 °C. Therefore, the reg-
ularly shaped agglomerates may be an indication of or the
onset of agglomeration (which causes sintering and fouling)
due to the low melting temperature of ash [44].

To examine the presence of AAEMs and other elements,
EDX analysis was performed. Table 2 presents the compara-
tive analysis of the EDX elemental composition of OPEFB
pellets and ash on a dry basis (d.b) along with the standard
deviations for the measurements.

The major elements in OPEFB pellets (based EDX peak
sizes) are C, O, Al, K, and Si in decreasing order of

@ Springer
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Table 2  Elemental analysis of OPEFB pellets and ash by EDX
Element Symbol OPEFB pellets (Wt%) Ash (wt%)
Aluminium Al 0.83+1.07 0.81 +£0.01
Carbon C 59.29+2.19 17.14 + 0.67
Calcium Ca 0.19+0.01 4.49 +0.01
Chlorine Cl 0.10+0.01 2.23 +0.00
Copper Cu Trace 0.23 + 0.07
Iron Fe Trace 1.08 £0.43
Potassium K 0.80+0.40 25.11 £2.47
Magnesium Mg 0.09+0.02 1.50 £0.25
Sodium Na Trace 0.15 = 0.04
Oxygen (0] 38.354+2.52 39.78 + 3.44
Phosphorus P 0.08+£0.03 1.20 £ 0.10
Sulphur S 0.05+0.07 0.43 +0.04
Silicon Si 0.23+£0.22 5.90 £ 0.09

magnitude. This reveals that the OPEFB pellets are predomi-
nantly composed of carbonaceous materials due to the high C,
O content in addition to oxides of Al, K, and Si. In contrast,
the major elements in the ash, as observed in Fig. 4(b) are O,
K, C, Si, and Ca in decreasing order of magnitude. The find-
ings indicate the presence of higher concentrations of the ox-
ides of K, Si, and Ca compared to the OPEFB pellets. Lastly,
the presence of C in ash indicates the presence of unburned or
residual carbon due to incomplete combustion. On the other
hand, the elemental composition of the ash consists of Al, C,

Table 3  Metal oxide composition of OPEFB pellets ash
Metal oxides Formulae of detected OPEFB pellets ash
detected oxides (Wt%)
Aluminium oxide  ALO; 350+ 1.24
Calcium oxide CaO 573 +£0.14
Chlorine Cl 0.07 + 0.00
Chromium oxide Cr,05 0.07 = 0.00
Copper oxide CuO 0.02 £ 0.00
Iron oxide Fe,O3 2.05 + 0.06
Potassium oxide K,O 80.13 + 1.03
Magnesium oxide ~MgO 1.03 = 0.00
Manganese oxide ~ MnO 0.05 £ 0.00
Niobium oxide NiO 0.01 £0.00
Phosphorus oxide ~ P,0s 1.56 + 0.04
Rubidium oxide Rb,O 0.01 = 0.00
Silicon oxide SiO, 5.51+0.02
Sulphur oxide SO; 0.10 £ 0.00
Strontium oxide SrO 0.01 = 0.00
Titanium oxide TiO, 0.10 = 0.00
Zinc oxide ZnO 0.03 £ 0.00
Zirconium oxide 710, 0.01 +0.01

@ Springer

Ca, Cl, Cu, Fe, K, Mg, Na, O, P, S, and Si. However, the
OPEFB pellets also contain the typical ash-forming elements
except for Cu, Fe, and Na, which were detected trace amounts.

Furthermore, the percentage elemental concentration of all
elements except C and Al increased markedly after ashing.
This observation may be due to mineralogical enrichment or
leaching during the conversion of biomass organic matter to
ash. Various studies [45, 46] have confirmed that the high
concentration of mineral elements in biomass and its derived
ashes is due to soil enrichment along with the decomposition
of organic matter, extraneous materials, and cellulose.
However, the presence of alkali salts of Na, K, Cl, and
AAEMs oxides reportedly causes sintering, fouling, and bed
materials agglomeration during biomass conversion [44, 47].
Hence, it is crucial to identify the AAEM oxides and their
effects on OPEFB pellets conversion.

3.3 Metal oxide properties

The composition of alkali and alkali earth metal (AAEM)
oxides in the OPEFB pellets ash was determined by X-ray
fluorescence (XRF) spectroscopy and presented in Table 3
along with the standard deviations for the measurements.
The results revealed the presence of Al,O3, CaO, Cl, Cr,03,
CuO, Fe203, Kzo, MgO, MHO, NIO, P205, szO, SiOz, SO3,
SrO, TiO,, ZnO, and ZrO, at different concentrations. The
major oxides detected during XRF analysis were MgO,
P,0s, Fe,03, Al,O3, SiO,, Ca0, and K,O in increasing order
from 1.03 wt% (MgO) to 80.13 wt% (K,0). In contrast, the
lowest oxide concentrations detected were CuO, Rb,0, ZrO,,
SrO, and NiO in decreasing order from 0.02 wt% (CuO) to
0.01 wt% (NiO).

In general, the results revealed numerous metal (AAEMs)
and non-metal (S, Cl, and Br) oxides were detected in major
and trace amounts, respectively. The findings indicate a good
agreement between the XRF and EDX analyses. The presence
of AAEMs can influence the suitability of biomass feedstock
for energy recovery. Furthermore, numerous studies have
demonstrated that oil palm wastes with high AAEM content
can cause fouling, sintering, and agglomeration during
utilisation [21, 48].

3.4 Functional group properties

The chemical and structural compositions of OPEFB pellets
were analysed by Fourier transform infrared - attenuated total
reflectance (FTIR-ATR) spectroscopy. Figure 5 presents the
FTIR-ATR spectrum of OPEFB pellets scanned from 4000 to
400 cm'. As observed, the FTIR spectrum displays several
bands and peaks of various intensities, which represent the
functional groups in the OPEFB pellets based on the high-
energy and fingerprint regions.
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Fig. 5 FTIR spectrum of OPEFB pellets

The high-energy region is typically characterised by bands
or peaks ranging from 4000 to 1500 cm ' of the spectrum. A
broad band from 3650 to 3000 cm ' is attributed to the free or
intermolecular bonded —OH groups of alcohols, phenols, lig-
nin, and other carbohydrates [49]. However, the band can also
be ascribed to the symmetric and asymmetric stretching vibra-
tions associated with surface-bound water [50]. The sharp
peaks observed at 2920 cm !, 2858 cm !, and 1423 cm™!
are due to the symmetric and asymmetric C-H stretching vi-
brations of aliphatic -CH;— and —CH,— groups [51], which
indicate the presence of lignin and extractives. Furthermore,
the medium intensity bands observed at 2353 cm_l,
2326 cm™ !, and 2137 ¢cm ! are due to the -C=N—, or —-C=C—
stretching vibrations of nitriles or alkynes, which occur in
heterocyclic compounds. The typical C=0 stretching vibra-
tion of carboxylic acids, ketones, esters, and aldehydes were
observed at 1728 cm ' and 1377 cm ' [52]. Lastly, the
medium-broad peak observed at 1631 cm ™' is due to the —
C=C- stretching vibrations of alkenes or similar unsaturated
compounds.

The fingerprint region, on the other hand, is characterised
by IR absorptions in the region 1500400 cm . The sharp
peak at 1512 cm ™ is attributed to the in-ring —C-C— stretching
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Fig. 6 TG plots for OPEFB pellets pyrolysis
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Fig. 7 DTG plots for OPEFB pellets pyrolysis

vibrations of unsaturated aromatic groups [53]. The character-
istic -C=N- stretching vibrations of aliphatic amine groups
was observed at 1249 cm . The broad band at 1037 cm ™ can
be assigned to the C-O-H, C-O-R, or O-CHj; vibrations ob-
served in the guaiacyl monomers and pyranose rings of cellu-
lose and hemicellulose [54]. Furthermore, the sharp peak ob-
served at 898 cm ! can be attributed to the —C-H— groups in
aromatic compounds. The weak absorption bands observed
from 900 to 600 cm ' are due to monocyclic, polycyclic, or
substituted aromatic groups. Overall, the FTIR analysis re-
vealed that the chemical structure of OPEFB pellets is due to
the functional group contributions from alcohols, aldehydes,
aliphatic, aromatics, esters, and ketone compounds in its
structure.

3.5 Thermal properties

The thermal properties of OPEFB pellets were examined at 5,
10, 15, 20, and 30 °C/min from 30 to 800 °C under nitrogen
(N,) conditions through TGA, as presented in the TG and
DTG plots in Figs. 6 and 7, respectively.

As observed, TG analysis resulted in a progressive loss of
mass as depicted by the downward sloping “Z” shaped curves
at various heating rates. This observation indicates that the
increase in temperature resulted in step-wise thermal degrada-
tion of the lignocellulosic components of the samples.
Furthermore, there was a shift in the TG plots to the right with
increasing heating rate from 5 to 30 °C/min, which is typically
ascribed to the thermal-time lag that occurs during the thermal
decomposition of biomass at different heating rates [55]. As a
result, the time required by the sample to attain equilibrium
temperature during TGA is shortened, resulting in higher tem-
perature profile characteristics (TPC). To examine this effect,
the TPCs onset temperature (7,,,,,.,), offset temperature (7,,.),
mass loss (M), and residual mass (R;,) for the pyrolytic de-
composition of OPEFB pellets were inferred from the TG
plots, as presented in Table 4.
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Table 4  Pyrolysis temperature characteristics of OPEFB pellets

Heating rate Onset Offset Mass loss Residual
(°C/min) Tonser °C) Tgna (°C) (M, %) mass (Ryy, %)
5 252.70 332.60 80.36 19.64

10 260.80 346.30 76.91 23.09

15 267.30 353.00 76.19 23.81

20 272.30 360.30 72.82 27.18

30 276.40 368.00 74.18 25.82

As observed, the T, increased from 252.70 to 276.40 °C,
whereas the T,,,; occurred between 332.60 and 368.00 °C with
increase in the heating rates. However, the mass loss (M)
exhibited a decreasing trend from 80.36 to 72.82% as the
decomposition time decreased from 154 to 26 min. The de-
crease in M; rate accounts for the high residual mass (R,,),
which increased from 19.64 to 27.18% at higher heating rates
during TGA. Overall, the results demonstrate that the increase
in heating rates considerably influenced the thermal degrada-
tion, decomposition behaviour, and TPCs of the OPEFB pel-
lets as similarly reported in the literature [56]. The detailed
description of the reaction pathway for the pyrolytic decom-
position of the OPEFB pellets was deduced through the DTG
plots, as presented in Fig. 7.

As observed, the DTG plots consist of two sets of peaks: a
set of small symmetric peaks from 30 to 150 °C and another
set of large asymmetric peaks in the region from 150 to
600 °C. These findings indicate that the thermal decomposi-
tion processes occurred in three (3) stages, namely stage I—
(30-150 °C), stage II—(150-600 °C), and stage I1I—(600—
800 °C). The first stage was characterised by mass loss from
30 to 150 °C, due to drying or removal of water molecules
(bound by surface tension) and light volatiles [55, 56]. The
average mass loss during this stage was 7.78%, which reveals
an excellent agreement with the moisture content (M = 7.78%)
of the OPEFB pellets determined by proximate analysis (see
Table 1).

The second stage was characterised by significant mass
loss between 150 and 600 °C as typified by the larger sized
DTG peaks. However, the study by Yiin et al. [56] observed

the second stage for OPEFB degradation to be between 150
and 450 °C, which could be ascribed to the chemical pre-
treatment and lower TGA temperature range adopted in their
study. In this present study, the average mass loss during this
stage was 65.38%, which is somewhat below the volatile mat-
ter (VM =81.53%) reported in Table 1. Typically, the mass
loss in this region is ascribed to thermal decomposition of
hemicellulose (160-360 °C), cellulose (240-390 °C), and oth-
er volatile compounds in the biomass structure [57]. Hence,
this stage can be termed the active region of pyrolysis or
devolatilization. The results also demonstrate that higher tem-
peratures or slower heating rates are required for complete
thermal decomposition of the volatile compounds in the
OPEFB pellets.

Lastly, the mass loss from 600 to 800 °C was characterised
by prolonged “tailing” but no peaks, as seen after the
devolatilization region. This stage of the process pyrolysis
can be partly ascribed to char degradation reactions, which
occur over a wide temperature range from 80 to 900 °C and
attributed to lignin decomposition. Yiin et al. [56] reported
OPEFB degradation occurred from 450 to 600 °C in this
stage, which was not characterised by distinct primary struc-
ture for the degradation of lignin. The effects of temperature
and higher heating rates on the mass loss rates (MLR) and
peak decomposition temperatures for drying (7,eqr-ary) and
devolatilization (Tpcak-qev) Were also examined, as presented
in Table 5.

The peak decomposition temperatures (7peqk.q4r,) and the
mass loss rate (MLR) in the drying region ranged from
49.00 to 78.30 °C and 0.68%/min to 2.73%/min, respectively.

Table 5 Pyrolysis DTG peak temperatures for OPEFB pellets

Stage Drying (30-150 °C) Devolatilization (150-600 °C)

Heating rate (°C/min) Teakary (°C) MLR at Tegi gy (%/min) T peatodev (°C) MLR at T gev (%/min)
5 49.00 0.68 302.20 4.11

10 59.00 1.12 311.60 7.65

15 63.10 221 318.00 10.96

20 70.50 2.65 323.40 13.94

30 78.30 2.73 327.80 20.23
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Fig. 8 FWO kinetic plots for OPEFB pellets pyrolysis

However, the peak decomposition temperatures (7eqk ger) and
mass loss rate (MLR) in the devolatilization region ranged
from 302.20 to 327.80 °C and 4.11 to 20.23%/min, respec-
tively. This demonstrates that devolatilization resulted in a
higher mass loss and extensive-time compared to drying.
Therefore, this stage (devolatilization) can be termed the
rate-determining step of the process. To validate this, a de-
tailed assessment of the kinetic decomposition of OPEFB pel-
lets was carried out using the isoconversional kinetic analyses.

3.6 Kinetic decomposition properties

The thermal decomposition kinetics of OPEFB pellets was
examined using TGA data. Therefore, the activation energy
(E,) and frequency factor (A) for the pyrolysis of OPEFB
pellets were deduced from the plots of the Flynn-Wall-
Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) models
for conversions a=0.10to 0.70, as presented in Figs. 8 and 9,
respectively.

The kinetic plots for FWO and KAS revealed sets of iden-
tical parallel lines, which according to Abrishami et al. [58]
indicates the pellet decomposition is characterised by rapidly
occurring first-order reactions. Furthermore, the findings indi-
cate that the process is occurring in three stages: = 0.0-0.10,
0.20-0.60, and above 0.70, which represent drying,
devolatilization, and char decomposition, respectively, as
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Fig. 9 KAS kinetic plots for OPEFB pellets pyrolysis

earlier reported during TG-DTG analyses. This is based on
the ordered arrangement of the identical set of parallel lines
observed at o from 0.20 to 0.60 and the isolated values a =
0.10 and = 0.70. The findings of this study are thus in good
agreement with the global model for kinetic reactions, which
states that biomass undergoes pyrolysis into solid, liquid, and
gas products based on rapidly occurring first-order reactions.
Based on this theory, the E, and A for OPEFB pellets were
computed from the slope and intercept of the plots in Figs. 8
and 9, as presented in Table 6.

For the FWO model, the E, ranged from 84.97 to
195.33 kJ/mol or 146.63 kJ/mol on average, whereas A was
from 2.12 x 10°° to 1.22 x 10"® min~' or2.42 x 10" min"" on
average. For the KAS model, the E, was from 76.87 to
195.78 kJ/mol or an average of 144.30 kJ/mol whereas A
was ranged between 4.77 x 10°" and 2.68 x 10" min ™" or an
average value 5.22 x 10'* min'. In comparison, the kinetic
values of OPEFB pellets in this study were compared with our
previous study [59]. In the present study, the thermal and
kinetic analyses of OPEFB pellets was performed from 30 to
800 °C based on five heating rates (5, 10, 15, 20, 30 °C/min)
whereas it was from 30 to 1000 °C based on only three heating
rates (5, 10, 20 °C/min). The findings revealed that the present
study has a lower average activation energy (£, = 146.63 kJ/
mol) and frequency factor (2.42 x 10'” min™") values com-
pared to 160.21 kJ/mol and 1.38 x 10** min". Further com-
parisons showed that the E, of the OPEPB pellets at
146.63 kJ/mol (present study) and 160.21 kJ/mol [59] are
lower the reported values for cornstalk (206.40 kJ/mol), oak
tree (236.20 kJ/mol), and sawdust (232.60 kJ/mol) in the lit-
erature [60]. However, the results of this study are somewhat
higher than the values of 80-94.80 kJ/mol reported for the
chemical pre-treatment of OPEFB using sucrose, choline
chloride, and monosodium glutamate based low-transition-
temperature mixtures (LTTMs) in the literature [56]. The re-
sults confirm that biomass pre-treatments either in chemical or
physical such as pelletisation can significantly influence its
thermochemical fuel properties.

Furthermore, the thermal analysis at higher temperatures
and lower heating rates in the previous study [59] yielded a
lower mass of residuals from 11.03 to 22.02% compared to
19.64-27.18% in the present study at the comparative heating
rates of 5, 10, and 20 °C/min. Since the mass of residuals is an
indicator of the potential biochar product from biomass pyrol-
ysis, it can be reasonably surmised that lower temperature
(800 °C) and higher heating rates favour the thermal degrada-
tion of the OPEFB pellets under the non-oxidative conditions
examined in this study. Furthermore, the results of this study
indicate that the kinetic parameters fluctuated significantly as
the temperature and heating rates were varied during the non-
oxidative decomposition of the OPEFB pellets. For both
models, there was a rapid rise in the kinetic parameters at
different conversion rates from «=0.10 to 0.60 before
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Table 6  Kinetic parameters for OPEFB pellets pyrolysis

Conversion « FWO model KAS model
R? E,, (kJ/mol) A (min’ ) R? E,, (kJ/mol) A (min Y

0.10 0.5936 116.76 443 x 10" 0.5587 114.36 4.46x10%
0.20 0.9295 167.28 4.08x 10" 0.9220 166.85 739 x 10"
0.30 0.9944 185.42 433x10" 0.9939 185.60 9.02x10"
0.40 0.9944 195.33 1.22x10" 0.9939 195.78 2.68x10™
0.50 0.9913 145.42 1.64x 10" 0.9900 143.03 1.87x10%
0.60 0.9597 131.20 254 x 10" 0.9531 127.59 2.11 x 10%
0.70 0.9157 84.97 2.12x10% 0.8884 76.87 477 % 10
Average 0.9112 146.63 242 x 10" 0.9000 144.30 522x10"

dropping at ae=0.70. This may be attributed to the complex
composition of the pellets and the multi-step kinetic reactions
that occur during TGA [38].

The lowest E, values of 84.97 kJ/mol and 76.87 kJ/mol
were observed for FWO and KAS, respectively, which indi-
cates a high rate of pyrolytic decomposition of OPEFB pellets
at a=0.70 (70% conversion). However, the highest E,, values,
195.33 kJ/mol and 195.78 kJ/mol observed for FWO and
KAS, respectively, occurred at «v=0.40. This demonstrates
that the pyrolytic decomposition is slow at 40% conversion.
Therefore, the conversion of the OPEFB Pellets at av=0.40
can be defined as the rate-limiting step of the process. As
stated earlier, the conversion of biomass during this stage is
dominated by the devolatilization of hemicellulose, cellulose,
and lignin. As such, the process requires high energy input
(E,) due to the slow process of bond breaking and evolution of
volatile compounds, which accounts for the high-frequency
factors (A) observed at o = 0.40 reported in Table 6.

Next, the correlation between the parameters £, and A for
FWO and KAS was examined to detect the effect of kinetic
compensation during kinetic analyses. The results for FWO

and KAS models are presented in Figs. 10 and 11,
respectively.

As observed, the activation energy, E,, increased with in-
creasing frequency factor, A, for both the FWO and KAS
models with the highest values observed at a=0.40 (40%
conversion). According to the kinetic compensation effect
(KCE) theory, an increase or decrease in the E, of thermally
decomposing biomass is compensated by a simultaneous in-
crease or decrease in A [61]. This demonstrates that the effect
of KCE was evident during the thermal decomposition of the
OPEFB pellets in this study. In principle, reactions with high
E, values are typically slow. Hence, the system adjusts to
counteract this effect by increasing the effective collisions,
which result in a higher frequency factor (A) [62]. The numer-
ical representation of the KCE is [62]:

LogA=aE,+b (13)

The terms A, E,, a, and b represent the frequency factor
(min '), activation energy (kJ/mol), whereas a and b are the

Fig. 10 KCE plots for the FWO 250 1.E+18
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Fig. 11 KCE plots for the KAS 250 3.0E+14
kinetic model - -©- - Ea (kJ/mol)
—&A— A(min-1) [ 25E+14
200 4
I 2.0E+14
7@150 1 - 1LSE+H4~
= R=
= 1.0E+14 B
100 - : =
F 5.0E+13
50 A
F 0.0E+00
0 T T T T T T T -5.0E+13
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

compensation constants. Based on Eq. 13, the plots of Log A
against £, are presented in Fig. 12.

As observed in Fig. 12, there is a linear relationship be-
tween the natural logarithm of frequency factor (A) and the
activation energy (E,) for the pyrolytic decomposition of
OPEFB pellets. Based on the plots, the compensation con-
stants for FWO were @ =0.1027 and b =— 1.3547 with an R*
01 0.9349, whereas for KAS ¢ =0.1042 and b =— 5.2942 with
an R of 0.9439.

3.7 Multicomponent properties

The multicomponent devolatilization analysis was performed
on the TG-DTG plots for OPEFB pellets based on the algo-
rithm in Fig. 2. The simulation was performed to determine
the number of pseudocomponents, n=3-10 under five
heating rates (6= 5 °C/min to 30 °C/min). Based on this, the
quality of fit (QOF, %) was determined as presented in
Table 7.

As stated earlier, the QOF is a measure of the accuracy of
the model calculated from the optimisation algorithm in Fig. 2
[37]. Based on the results, the QOF for 5 °C/min was from
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Fig. 12 KCE plots of log A against £,

Degree of Conversion (o)

2.27 t0 5.98. For 10 °C/min, the QOF value was from 1.31 to
3.24 and from 1.40 to 2.55 for 15 °C/min. Also, the QOF
values were from 1.03 to 2.06 for 20 °C/min and from 1.02
to 2.47 for 30 °C/min. Lastly, the average values for the QOFs
for 5, 10, 15, 20, and 30 °C/min were 3.51, 2.01, 1.90, 1.31,
and 1.41, respectively. In principle, the lower the QOF values
deduced, the higher the accuracy of the simulation. Therefore,
the heating rate with the lowest QOF is considered the most
reliable for further analysis. To determine the lowest values for
QOF, a profile of the QOF for each pseudocomponent was
plotted for the heating rates (5-30 °C/min), as presented in
Fig. 13.

As observed, the QOF decreased as the number of
pseudocomponents and heating rates increased from 5 to
30 °C/min. The highest overall QOF was 3.26 for 3 compo-
nents, whereas the lowest QOF was 1.45 for 10 components
with increasing heating rates. This indicates that the best fit was
observed at 10 components. Based on heating rates, the lowest
QOF values 2.27%, 1.31%, and 1.02% were observed at
5 °C/min, 10 °C/min, and 30 °C/min for 10 pseudocomponents,
respectively. However, the lowest values for 15 °C/min and
20 °C/min were observed for 7 pseudocomponents, corre-
sponding to 1.40% and 1.03%.

Table 7  Quality of fit (QOF) for the pseudocomponents

Heating
rates
(°C/min) 3 4 5 6 7 8 9 10

Quality of fit (QOF, %) for the pseudocomponents

5 598 411 343 4.08 250 269 299 227
10 324 246 184 249 136 165 1.72 131
15 255 223 1.69 231 140 176 171 154
20 206 145 112 147 103 117 111 1.09
30 247 159 113 162 1.06 121 121 1.02

Total QOF 3.26 237 184 239 147 170 175 145
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Fig. 13 QOF profiles for the selected pseudocomponents

Figures 14, 15, 16, 17, and 18 present the pseudocomponent
plots for OPEFB pellets for different heating rates at best QOF.
As observed, the plots show a good correlation between the
model and experimental data. Likewise, the results revealed that
the deconvolution and devolatilization of the DTG peaks result-
ed in numerous pseudocomponents. The pseudocomponents
represent the lignocellulosic components of biomass which typ-
ically decompose into solid, liquid, and gaseous products dur-
ing pyrolysis.

As earlier described, the pyrolytic thermal decomposi-
tion of the OPEFB pellets occurs in three (3) stages [—
drying (30-150 °C), II—devolatilization (150-600 °C),
and III—char decomposition (600-800 °C). Using Fig. 18,
the profile with the best QOF, it can be surmised that com-
ponents n10 occurred in stage I, the pseudocomponents nl,
n3-n9 in stage II, and lastly, n2 occurred in stage III.
Therefore, the pseudocomponent peak n10 can be ascribed
to water molecules. However, the peaks n5 and n6 can be
ascribed to hemicellulose, which usually decomposes from
160 to 360 °C. Furthermore, this is corroborated by the
presence of the hemicellulose shoulder peak typically ob-
served for biomass fuels between 300 and 310 °C [63, 64] or

0.0010

305 °C for OPEFB pellets as observed in this study. Besides,
the peaks n3 and n7 observed in the temperature range from
240 to 390 °C can be attributed to the cellulose. Lastly, the
other pseudocomponents nl and n3-n9 in stage II can be
ascribed to the presence of extractives or other spurious
components [36] resulting from the OPEFB pellets decom-
position in the study.

Based on the results of the multicomponent devolatilization
and deconvolution, the kinetic parameters; activation energy
(E,), frequency factor (A), and positive contribution factor (£)
of the pseudocomponents were deduced. The kinetic parame-
ters were deduced for the model with the lowest fit (QOF =
1.02%), which corresponds to 10 components at 30 °C/min.
The summary of the results is presented in Table 8.

The activation energy (E,) ranged from 1.50 to 16.68 kJ/
mol !, whereas the frequency factor was from 6.96 x 10~ to
1.18 x 10%* min~" and contribution factor (&) was from 0.03 to
0.43. The overall sum of the kinetic parameters was E, =
115.71 kJ/mol™', A=1.57x 10* min"', and £=1. As ob-
served, the kinetic values for the pseudocomponents are lower
than the averaged isoconversional values 145.46 kJ/mol " for
E,and 1.21 x 10'” min™" for A for OPEFB pellets decompo-
sition. The observed 29.75 kJ/mol difference for £, and
1.21 10" min™" for A can be attributed to the non-
inclusion of the conversions in the range 0.70 < a < 0.10,
which accounts for the higher values.

3.8 Thermodynamic properties

The thermodynamic parameters enthalpy (AH), Gibb’s free
energy (AG), and entropy change (AS) for the OPEFB pellets
decomposition were examined. The values were calculated
from the kinetic parameters £, and A of the Flynn-Wall-
Ozawa (FWO) model and peak decomposition temperature
Tearr=303.20 °C (575.35 K) at the heating rate of 5 °C/min.
The calculated values for AH, AG, and AS for the OPEFB
pellets pyrolysis are presented in Table 9.

Fig. 14 Deconvolution for 10
pseudocomponents at 5 °C/min

0.0008 -

0.0006 -

0.0004 -

Mass Loss Rate (do/dt)

0.0002 4

0.0000

Experiment
Model
nl

n2

n3

n4

ns

né

n7

n8

n9
nl0

@ Springer

100 200 300 400 500 600 700 800
Temperature (°C)



Biomass Conv. Bioref. (2021) 11:1273-1292 1287
Fig. 15 Deconvolution for 10 0.0020
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As observed, the enthalpy (AH) ranged from 79.05
to 190.57 kJ/mol; Gibb’s free energy (AG) was from
298.71 to 538.59 kJ/mol, and lastly, the entropy change
(AS) was between —348.02 and —219.65 J/mol. Hence,
the average thermodynamic values are enthalpy (AH=
141.79 kJ/mol), Gibb’s free energy (AG=441.62 kJ/
mol), and entropy change (AS=-299.83 J/mol). Based
on the results, the condition Gibb’s free energy (AG)>
enthalpy (AH)>entropy change (AS) was satisfied as
defined by the laws of thermodynamics. In comparison,
the average AS value (—299.83 J/mol) observed was
lower than (—249.52 J/mol) determined for red pepper
waste [38]. The negative AS values demonstrate that the
degree of disorderliness of the initial reactants is higher
than the products formed by bond dissociation.

In general, the findings indicate that the decomposition of
the fuel occurred through an intermediate step or activated
complex near its thermodynamic equilibrium [38].
Consequently, the process is highly reactive, thereby ensuring
short reaction times. However, Gibb’s free energy (AG) and
enthalpy (AH) change showed that the total energy increase of

0.0025
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200 300 400 500

Temperature (°C)

600 700 800

the system at the approach of the reagents and the formation of
the activated complex. Lastly, the results indicate the pyrolytic
decomposition of OPEFB pellets is characterised by a high
degree of complex, random, and multiphase first-order reac-
tions [38], as earlier surmised based on the findings of Miura,
Maki [65].

3.9 Potential applications

The effective utilisation of any potential biomass feed-
stock is dependent in its physicochemical, mineralogical,
thermal, kinetic, and thermodynamic fuel properties.
Therefore, the solid fuel properties of OPEFB pellets
were examined in this study to ascertain its chemical
fuel characteristics, thermal degradation behaviour, and
energy recovery potential during conversion. The solid
fuel characteristics of OPEFB pellets presented in this
study have numerous potential applications.

Firstly, the physicochemical properties of the OPEFB pel-
lets are critical to examining its suitability and selection as
feedstock for thermochemical conversion processes.

Fig. 16 Deconvolution for 7
pseudocomponents at 15 °C/min
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Fig. 17 Deconvolution for 7
pseudocomponents at 20 °C/min
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Typically, a good feedstock contains high carbon (> 40 wt%),
HHYV (> 14 MJ/kg, volatile matter (> 75 wt%) but low oxygen
(<50 wt%), nitrogen (< 12 wt%), sulphur (<2.3 wt%), and
AAEMs [42]. In comparison, the OPEFB pellets examined in
this study meet the outlined requirements and hence pose
minimal risks to human health, safety, and environment in
terms of pollutant emissions from thermal conversion.
Despite this, studies have revealed that the storage of pellets
results in the off-gassing phenomenon, which releases carbon
monoxide (CO) and volatile organic compounds (VOCs) such
as hexanal, methanol, and acetone [66]. The long term expo-
sure to CO and VOCs could severely endanger people who
work in surroundings where pellets are stored particularly if
poorly ventilated.

Furthermore, the comparisons with the DIN 51731 pel-
let specifications showed that the OPEFB pellets meet the
requirements for moisture (<12 wt%), heating value
(17.5-19.5 MJ/kg) along with the length (<50 mm) and
diameter (8 mm) [67, 68]. However, the ash, nitrogen, and
sulphur contents fall short of the DIN 51731 pellet spec-
ifications for nitrogen (< 0.3 wt%), sulphur (< 0.08 wt%),
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ash (< 1.5 wt%), and low AAEMs [67, 68]. The low ash
and AAEMs requirement are crucial to the secondary
wastes, reactor materials selection, and engineering eco-
nomics of selected thermochemical processes. This is as-
cribed to the potential effects of these parameters on op-
erating conditions and technical challenges such as corro-
sion, agglomeration, and sintering. Overall, the physico-
chemical fuel characteristics of the OPEFB pellets in this
study are within acceptable limits required for biomass
feedstock for thermochemical conversion processes such
as pyrolysis.

Secondly, the thermal degradation, kinetic decomposi-
tion, and thermodynamic fuel characteristics of OPEFB
pellets can be applied in the design, optimisation, and
scale-up of future thermochemical energy recovery sys-
tems. In this study, the thermal, kinetic, pseudocomponent
devolatilization, and thermodynamic analyses of the
OPEFB pellets was performed to critically examine its
solid biofuel properties and provide an empirical basis
for comparison with our previous study in the literature
[59]. In the present study, the thermal and kinetic analyses

Fig. 18 Deconvolution for 10 0.005
pseudocomponents at 30 °C/min
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Table 8  Kinetic values for 10 pseudocomponents at 30 °C/min

Pseudocomponent  E, (kJ/ A (min")  Contribution Stage of
(n) mol) factor (&) pyrolysis
1 1555  1.72x10°"  0.06 I
2 150 6.96x10°% 0.04 11
3 1576 1.18 x10%*  0.43 il
4 16.68  9.01x10°° 0.04 I
5 1327  2.64x10”  0.05 i}
6 1293 227x10“ 0.14 I
7 1518 5.98x 10 0.08 I
8 16.00  3.34x10 0.06 il
9 510  1.34x107% 0.03 I
10 374 632x10°% 0.07 I
Sum total 11571 1.57x10™ 1.00 s

of OPEFB pellets were performed at a lower final temper-
ature of 800 °C based on five heating rates (5, 10, 15, 20,
30 °C/min) compared to 1000 °C and three heating rates
(5, 10, 20 °C/min) in our previous study [59]. The acti-
vation energy (£, =146.63 kJ/mol) and frequency factor
(2.42x10"" min ") values in this study are clearly lower
on average compared to 160.21 kJ/mol and 1.38 x
10** min . Therefore, it can be realistically inferred that
the OPEFB pellets thermal degradation under the non-
oxidative conditions is favoured by lower temperatures
and higher heating rates. However, the thermodynamic
parameters indicate the OPEFB pellets undergo rapid ther-
mal degradation which requires short reaction times.
Ultimately, these findings indicate the OPEFB pellets are
highly reactive which eliminates the need for specialised
equipment, operating conditions or additives such as cat-
alysts which typically increase the operational costs of
utilising biomass as feedstock for thermal conversion
processes.

Table 9  Thermodynamic properties of OPEFB pellets decomposition

Conversion AH AG AS
(@) (kJ/ (kJ/ (J/mol)
mol) mol)

0.10 112.58 400.10 —287.52
0.20 162.81 494.29 —331.48
0.30 180.79 523.73 —342.94
0.40 190.57 538.59 —348.02
0.50 140.58 435.05 —294.46
0.60 126.15 400.86 —274.71
0.70 79.05 298.71 —219.65
Average 141.79 441.62 —299.83

Overall, the findings demonstrate that the pyrolysis of
OPEFB pellets is a potentially practical route for poten-
tial energy recovery. It is envisaged that the efficient
pre-treatment, pelletisation, and valorisation of OPEFB
will address the current challenges of disposal and man-
agement encountered by the palm oil industry in
Malaysia. Therefore, the valorisation of OPEFB pellets
into clean biofuels and bioenergy could well be a future
indicator to the success of the National Biomass
Strategy (NBS-2020) and the Fifth Fuel Policy (5FP)
of Malaysia.

4 Conclusions

The paper examined the physicochemical, thermal, ki-
netic, and thermodynamic fuel properties of oil palm
empty fruit bunch (OPEFB) pellets. The fuel character-
istics revealed the OPEFB pellets: carbon (C), hydrogen
(H), oxygen (O), volatile matter (VM), and fixed carbon
(FC) are contained in high proportions compared to
moisture (M) and ash (A) content along with the pol-
lutant precursor elements nitrogen (N) and sulphur (S).
The low proportions of N and S indicate OPEFB pellets
are environmentally friendly solid biofuels for conver-
sion and energy recovery, whereas the high C, H, VM,
and FC contribute to the heating value of the OPEFB
pellets. The morphological analysis revealed the OPEFB
pellets are a porous material containing a dense network
of various polymeric fibres, whereas the ash contains
regularly shaped agglomerates with fine-textured and
smooth surfaces. The mineralogical analysis revealed
the OPEFB pellets and ash contain high metal and met-
al oxides detected in various concentrations. However,
the functional group analysis revealed the chemical
structure of OPEFB pellets consists of alcohols, alde-
hydes, aliphatic, aromatics, esters, and ketone com-
pounds. The thermal properties revealed the OPEFB
pellets are highly reactive, resulting in high loss of mass
and low mass residuals during TGA. The thermal de-
composition occurred in three (3) stages, namely drying,
devolatilization, and char degradation. The findings con-
firmed that high heating rates significantly influenced
thermal degradation behaviour and TPCs. Kinetic anal-
ysis indicated that activation energy (E,) and frequency
factor (A) fluctuated significantly showing for both
FWO and KAS models. The multicomponent analysis re-
vealed holocellulose, lignin, and other lignocellulosic compo-
nents. Thermodynamic analysis indicated that thermal decom-
position occurred through an intermediate step (activated com-
plex) and characterised by highly complex, random, and mul-
tiphase first-order reactions. Lastly, the study demonstrated the
valorisation of OPEFB pellets through pyrolysis is a potentially
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practical route for sustainable biofuels, biomaterials, and
bioenergy as envisioned by the NBS-2020 national policy of
Malaysia.
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