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Abstract

Microwave-assisted pyrolysis (MAP) was employed to valorise oil palm solid waste, namely empty fruit bunches (EFBs), kernel
shells (KSs), and mesocarp fibres (MFs), into liquid smoke at 300 and 400 °C. Unlike conventional pyrolysis systems, which rely
on slow, external heating and often yield broad, less selective chemical profiles; MAP offers rapid, volumetric heating and non-
thermal effects that enhance product specificity and energy efficiency. This study investigates how MAP temperature and binary
blending ratios (EFB-to-KS and EFB-to-MF) influence liquid smoke yield, chemical composition, and antioxidant capacity. Liquid
smoke yields were significantly affected by temperature in EFB-KS mixtures, with higher yields at 400 °C, while EFB-MF
mixtures showed yield stability across conditions. Gas chromatography—mass spectrometry (GC-MS) analysis revealed phenol as
the dominant compound across all samples, with compound diversity and antioxidant activity varying by feedstock. KS-rich
mixtures favoured catechol and cresol formation, MF-rich mixtures produced cyclopentenones and carboxylic acids, and EFB-rich
mixtures yielded more carbonyl-containing compounds. Antioxidant capacities, measured via DPPH assay, were highest in KS-
derived liquid smoke due to its catechol content, while EFB-rich samples exhibited lower activity. Principal component analysis
(PCA) was applied to GC-MS data to elucidate the chemical transformation pathways, revealing distinct degradation routes for
cellulose, hemicellulose, and lignin under MAP conditions. These routes were further supported by compound clustering in PCA
loading plots, highlighting the influence of temperature and biomass composition on product speciation. This study demonstrates
the innovative integration of MAP with oil palm waste valorisation, offering a sustainable alternative to wood-based pyrolysis. By
tailoring feedstock ratios and operating temperatures, MAP enables the targeted production of high-quality liquid smoke with
enhanced antioxidant functionality, contributing to environmentally friendly food preservation and agricultural applications.
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1. INTRODUCTION food markets is liquid smoke, traditionally

produced from wood through pyrolysis followed by

A growing interest in healthy diets has led to
increase consumer preference for organic food.
Global organic food retail sales rebounded to about
EUR 136.4 billion in 2023, marking renewed
growth after a 2022 slowdown [1]. Although
demand for organic animal-based foods remains
lower than that for plant-based alternatives, they are
expected to become staple items in future diets [2].
However, due to their limited shelf life, most
organic foods require natural preservatives to
maintain their organic status [3]. One of the most
widely recognised natural preservatives in global
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condensation. When applied to food, liquid smoke
not only preserves it but also enhances flavour and
colour [4]. Beyond food applications, it has also
been used in agriculture for crop fertilisation and
pest control [5]. According to Grand View
Research, the widespread use of liquid smoke
across various industries has expanded its global
market to over USD 50 million in the past decade
[6].

Wood pyrolysis has become the predominant
method for producing liquid smoke, replacing
earlier techniques such as smouldering—slow wood
combustion under limited oxygen—followed by
smoke condensation [7]. This transition was driven
by improved efficiency and reduced emissions of
greenhouse gases and pollutants such as CO and
NOx. Pyrolysis involves the thermal, anaerobic
decomposition of wood into gaseous, liquid, and
solid products at temperatures ranging from 300 to
500 °C [8]. Compared to smouldering, pyrolysis
offers superior yield, better control over product
quality, and reduced environmental impact [9].
Despite its effectiveness, continued reliance on

998 @ PANDAWA

INSTITUTE


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.47352/jmans.2774-3047.297
https://crossmark.crossref.org/dialog/?doi=10.47352/jmans.2774-3047.297&domain=pdf&date_stamp=2025-08-21
https://creativecommons.org/licenses/by/4.0/

J. Multidiscip. Appl. Nat. Sci.

Table 1. General lignocellulosic material pyrolysis settings for high selectivity liquid smoke.

Parameter
Pyrolysis temperature

Cellulose Content of the Lignocellulosic Material

Hemicellulose Content of the Lignocellulosic Material

Lignin Content of the Lignocellulosic Material
Guacyl Unit Content of the Lignocellulosic Material
Syringil Unit Content of the Lignocellulosic Material

p-Hydroxyphenyl Unit Content of the Lignocellulosic Material

Level
High*
High
High
Low
Low
High
High

* not more than 600 °C promoting formation of CO and CO2 due to rapid and extreme heating.

wood as a feedstock poses environmental risks,
including deforestation and its contribution to
global warming [10]. Diminished tree populations
also compromise forest ecosystems by reducing
erosion control, biodiversity, and watershed quality
[11]. Therefore, identifying sustainable alternatives
to wood is essential.

Oil palm (Elaeis guineensis) solid waste presents
a promising substitute. These lignocellulosic
materials exhibit similar thermal behaviour during
pyrolysis and are abundantly available. Global oil
palm production has increased by over 70 million
tonnes since 1961 [12], with Indonesia leading as
the largest producer. In recent years, Indonesia has
generated over 260 million tonnes of oil palm solid
waste annually, comprising 14.6% empty fruit
bunches (EFBs), 8.3% mesocarp fibres (MFs), 4%
kernel shells (KSs), 49.9% fronds and leaves
combined, and 23.1% trunks [13]. While concerns
about oil palm sustainability persist, this study
focuses solely on the valorisation of waste materials
that would otherwise be discarded. Pyrolysis has
long been used to thermally convert oil palm solid
waste, though most studies have targeted biofuel
production. Only a few have explored optimising
liquid smoke yield and composition. Although both
biofuel
pyrolysis, they differ significantly in chemical
characteristics and distinct operating
conditions, and reactor designs to enhance product

and liquid smoke are produced via
require

selectivity. Liquid smoke production has been
attempted using various reactor types. Kilns, which
operate at slow heating rates, are cost-effective and
suitable for large biomass volumes but offer limited
control over product selectivity [14]. Fluidised-bed
reactors, with faster heating rates, are preferred

when liquid products are the primary target [15],
though they are complex to operate, difficult to
scale up, and expensive to maintain [16].
Recent  advancements  have
microwave-assisted pyrolysis (MAP)
which offer several advantages over conventional

introduced
reactors,

systems. These include extremely rapid heating,
efficient energy use, and simplified operational
control [17]. MAP is particularly suitable for food
processing, as it avoids direct contact between the
heating source and the biomass [18]. However,
current MAP systems are limited to small-scale
applications, necessitating further research and
development for industrial-scale deployment. The
contrasting heating principles of MAP
conventional pyrolysis give rise to significant
including

and

differences in system behaviour,
feedstock suitability, operational parameters, and
potentially the reaction mechanisms involved.
Conventional pyrolysis generally requires pre-dried
biomass, whereas MAP can effectively process raw
biomass with higher moisture content. This is
because water, a polar molecule, strongly interacts
with microwave radiation, enabling internal heat
generation. Heat absorption in MAP can also be
enhanced using microwave-absorbing materials
such as biochar, which function as absorbers to
facilitate rapid and uniform heating [19][20].
Temperature regimes further distinguish the two
approaches. Conventional pyrolysis typically
operates at elevated temperatures between 300 and
900 °C, while MAP is often categorised as a low-
temperature pyrolysis process, generally conducted
within the 180-500 °C range [21]-[23]. In terms of
heat transfer, conventional systems rely on
conductive heat from external sources, progressing
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inward. In contrast, MAP initiates heating from
within the biomass due to microwave interaction
with polar components, with thermal propagation
moving outward [24]. MAP offers not only thermal
effects but also non-thermal effects, such as the
microwave-induced rotation and excitation of polar
functional groups, which may influence reaction
kinetics and product distributions [25]. These non-
thermal effects are reflected in the different
chemical profiles of the liquid smoke. For instance,
pyrolysis  of amorphous cellulose under
conventional heating tends to favour the formation
of phenolic compounds, while microwave pyrolysis
results in higher yields of furanic products [26].
Moreover, in the presence of moisture, MAP
promotes hydrolytic degradation reactions that
enhance the production of sugars, furans, and
levulinic acid [27]. In the case of lignin, microwave
treatment produced liquid smoke enriched with
phenol, hydrocarbons, and esters, in contrast to the
guaiacol-dominant products typically observed in
conventional pyrolysis [28].

This study explores the potential of MAP for
producing liquid smoke from oil palm solid waste.
Binary mixtures of oil palm waste materials were
selected as feedstocks, as previous research has
predominantly focused on the pyrolysis of
individual waste types, such as EFBs, KSs, and
MFs [29]-[33]. In this study, both the composition
of the and the pyrolysis
temperatures were systematically varied to assess
their effects on liquid smoke yield, chemical
composition, and antioxidant capacity. To establish
a comparative framework, Tables 1 and 2 present

waste mixtures

the typical characteristics of liquid smoke derived
from conventional pyrolysis of lignocellulosic
biomass. These serve as a baseline for evaluating
the performance and selectivity of MAP under the
conditions investigated [34].

2. MATERIALS AND METHODS

2.1. Raw Material Preparation

Raw materials were solid wastes of oil palm
trees from Kalimantan provided by Agro Indomas
(an Indonesian private plantation company). The
raw materials comprised several oil palm solid
waste types: EFBs, KSs, and MFs. The oil palm
solid waste types were milled to below a 60-mesh
particle size to improve heat and mass transfer rates
within raw materials during pyrolysis. Ground
active carbon with a particle size of 2 mm was
mixed with the oil palm solid waste types in each
pyrolysis run to provide microwave absorbance.

2.2. Raw Material Characterisation

Each oil palm solid waste type was characterised
via proximate analysis, ultimate analysis, and
thermogravimetric analysis. Proximate analysis (on
a % a.r. basis) was conducted to measure moisture,
volatile matter, fixed carbon, and ash content.
Ultimate analysis (on a % d.a.f. basis) was
conducted to measure carbon, hydrogen, nitrogen,
sulphur Moisture  content
determination was conducted following the
procedure outlined in ASTM D 3173. 1 g of milled
sample of EFBs, KSs, or MFs, was weighed into
pre-dried, pre-weighed capsules. The capsules had

and content.

Table 2. General selectivity of chemical compound group in liquid smoke produced from lignocellulosic

material component pyrolysis.

Temperature range (°C)

Component
200-300 300400 400-500 >500
No formation, Monomeric sugars, Furanic compounds Strong
Cellulose o such as and carbonyl- > .
depolymerisation occurs o vaporisation
levoglucosan containing compounds
. Furanic compounds
Hemicellulose I(;IO formation, Anhydrosugars and carbonyl- Strong
epolymerisation occurs o vaporization
containing compounds
No formation, cleavage
Lignin of carbon-carbon bond Methoxyphenols Phenql 5 allfylphenols, Strong .
and aliphatics vaporisation
and carbon-oxygen bond
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Figure 1. Experimental setup of microwave-assisted pyrolysis (MAP): (1) microwave oven, (2) three-neck
round-bottom flask, (3) Liebig condenser, (4) Liebig condenser annulus outlet, (5) Liebig condenser
annulus inlet, (6) three-neck round-bottom flask to collect liquid products, (7) plastic hose, (8) outlet flow
of non-condensable gas, (9) cylinder of nitrogen, (10) plastic hose, (11) thermocouple probe, (12) electrical
cable, (13) control box, (14) temperature display, (15) wattage display, and (16) electrical cable.

been heated under the same conditions as used for
drying the sample, cooled in a desiccator for 15 to
30 min, and weighed before use. After sample
loading, the capsules were immediately reweighed
to minimise moisture loss due to ambient exposure.
The sample were then dried in a preheated oven at
110 °C for 1 h in the presence of a flow of dry air.
Upon completion, the capsules were removed from
the oven, promptly covered, cooled in a desiccator,
and reweighed at room temperature. The moisture
content was calculated based on the weight
difference before and after drying.

Volatile matter content determination was
performed in accordance with ASTM D 3175. 1 g of
milled sample of EFBs, KSs, or MFs was weighed
into a pre-weighed platinum crucible fitted with a
closely matching lid to prevent air ingression. The
crucible was placed on platinum wire supports and
introduced directly into a muffle furnace maintained
at 950120 °C. The sample was quickly lowered to
the high-temperature zone to initiate pyrolysis. After
7 min of heating, the crucible was removed from the
furnace and allowed to cool to room temperature
without disturbing the lid. Cooling was performed
in a desiccator to prevent moisture uptake. The
crucible was then reweighed, and the percentage of
volatile matter was calculated based on the weight
loss, excluding the previously determined moisture
content.

Ash content determination was carried out

following the procedure outlined in ASTM D 3174.
lg of milled sample of EFBs, KSs, or MFs
transferred into a pre-weighed ceramic boat. The
ceramic boat was initially placed in a cold muffle
furnace, which was then heated gradually to reach a
temperature of 450-500 °C within 1 h. The
temperature was then increased to a final set point
of 750 °C and maintained for an additional 2 h,
allowing for complete combustion of the organic
matter. After the heating period, the ceramic boat
was removed, covered immediately to minimise
moisture uptake, cooled to room temperature in a
desiccator, and reweighed. The ash content was
calculated based on the residue remaining after
combustion.

Carbon, hydrogen, and nitrogen contents were
measured with Sundy SDCHN435u which met
ASTM D 5373 and GB/T 30733-2014. 100 mg of
milled sample of EFBs, KSs, or MFs was
introduced to the equipment. The measurement was
conducted according to the manual instruction of
the equipment for 8 min for each sample. Sulphur
content was determined based on the procedure
outlined in ASTM D 4239. 0.5 g of milled sample
of EFB, KS, or MF evenly spread into a combustion
boat, optionally lined with a thin layer of Al,O; to
prevent sample loss during combustion. The sample
was introduced into a horizontal tube furnace
preheated to 1350 °C, with a continuous flow of
oxygen at approximately 2 L/min. The combustion
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sequence involved a staged heating approach: the
sample boat was first held at the inlet for 3 minutes
to release volatiles, then gradually moved toward
the furnace’s hot zone over 6 min and finally held
in the centre for an additional 3 min to ensure
complete oxidation of sulphur to SO, and SO;.
Combustion gases were carried through a H,0,
absorption solution, where they were converted to
H,S0,. The resulting acid was titrated using 0.05 M
NaOH to determine the sulphur content.

Thermogravimetric  analysis (TGA) was
performed using a Mettler Toledo TGA/DSC 1. A 1
-g sample of each type of oil palm solid waste was
placed in an Al,O; crucible and heated from 30 to
1000 °C at a steady rate of 10 °C/min, under a
consistent nitrogen flow of 20 mL/min.

2.3. Experimental Setup and Procedure

The laboratory-scale MAP system, depicted in
Figure 1, comprised a modified microwave oven
(labeled as number 1) and a control box (number
13). The microwave oven, an Electrolux
EMM20K22BA model, had five available distinct
power settings: Melt (136 W), Defrost (264 W),
Simmer (440 W), Reheat (616 W), and Quick Cook
(800 W). A hole was made at the top of the
microwave oven to accommodate a three-neck
round-bottom flask (number 2). The left, center, and
right necks of the flask were connected to a Liebig
condenser inlet (number 3), a nitrogen cylinder
(number 9) via a plastic hose (number 10), and a
thermocouple probe (number 11), respectively. The
ceramic-coated thermocouple probe measured the
temperature and transmitted the data (number 12) to
the control box (number 13), which then sent a
16) back to the
microwave oven to adjust microwave output from

correction signal (number
the magnetron as needed. During condensation,

cooling water continuously flowed through the

Liebig condenser from its annulus inlet (number 5)
to its annulus outlet (number 4). The outlet of the
Liebig condenser (number 2) was attached to the
central neck of another three-neck round-bottom
flask (number 6). In this flask, the right neck was
sealed, while the left neck was used to expel gas
through a plastic hose (number 7) that led out of the
system (number 8).

The microwave was operated at constant
temperatures 300 and 400 °C. These temperatures
correspond to the primary thermal degradation
ranges of hemicellulose (210-310°C), cellulose
(300-380 °C), and lignin (300-500 °C), which are
the major components of EFBs. At approximately
300 °C, the decomposition of hemicellulose and
cellulose is favoured, leading to the release of
volatile compounds including acetic acid, furfural,
and light ketones. At 400°C, further thermal
degradation of lignin occurs, promoting the
formation of valuable aromatic phenolics such as
guaiacol, syringol, and their derivatives, which
contribute to the antioxidant, antimicrobial, and
organoleptic properties of the resulting liquid
smoke. Before pyrolysis, the set-point temperature
at the control panel and the power level were set at
100 °C and Melt (150 W), consecutively, to
gradually raise the oil palm waste type temperature
until 100 °C. Along with this setup, the timer was
set by 5 min to accommodate the entire microwave
activity. Once 100 °C was achieved, the set-point
temperatures and the power level were increased to
the operating temperatures and Simmer (440 W).
The change to this new set condition allowed the oil
palm waste type temperatures to rise to the
operating temperatures in less than 1 min. This new
condition was hold for roughly 3 min which was
sufficient to completely pyrolyse the entire oil palm
solid waste types. After the pyrolysis, the
microwave door was opened to turn off the

Table 3. Proximate and ultimate analysis results of oil palm solid waste.

Proximate Analysis (% a.r.)

Ultimate Analysis (% d.a.f.)

Solid Waste
M VM FC A C N H S (0}
EFB 16.15 61.36 17.27 5.22 52.46 0.73 6.03 0.28 40.50
KS 18.84 61.02 17.48 2.66 55.54 0.37 5.8 0.04 38.25
MF 17.12 62.01 16.23 4.64 54.40 1.01 6.25 0.14 38.20
Note: M: moisture; VM: volatile matter; FC: fixed carbon; A: ash; a.r.: as-received basis; d.a.f.: dry ash-free basis
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Figure 2. Thermogravimetric curves of oil palm solid waste.

microwave. The flask was then allowed to cool to
room temperature for roughly 10 min before taken
out from the microwave to remove the obtained
char. The pyrolysed raw materials were individual
and binary mixtures of oil palm solid waste types.
The individual oil palm solid waste types were
EFBs, KSs, and MFs. The binary mixtures of oil
palm solid waste types comprised EFBs and either
KS or MF at 50:50 and 80:20 mass ratios. Pyrolysis
with a mass ratio of 20:80 was not conducted to
reflect the real industrial scenario, where KS and
MF are utilised as solid fuels in steam power plants.

2.4. Liquid Smoke Analysis

The liquid products were collected from the two-
neck round-bottom flask and centrifuged using a
Ruicheng MC6000 at 6000 rpm to separate the light
and heavy phases. The light phase (the water-rich
liquid) is the liquid smoke. The heavy phase
contains carcinogenic materials unsuitable for
human consumption, such as polycyclic aromatic
hydrocarbons. The liquid smoke underwent analysis
for its chemical compositions and antioxidant
capacities. Chemical compounds typically present
in liquid smoke, such as phenolic compounds,
furanic compounds, carbonyl-containing
compounds, and carboxylic acids, were identified
using an Agilent 7890B Gas Chromatograph. The
antioxidant capacity was evaluated through the 1,1-
diphenyl-2-picrylhydrazyl (DPPH) assay, where a
UV-Vis spectrophotometer measured the color
change of the DPPH-treated liquid smoke due to
DPPH neutralization. The results were expressed as
EC50, indicating the antioxidant concentration

required to reduce DPPH absorbance by 50%. The
pH level was measured using a Hanna Instrument
HI981030 pH meter.

The chemical compositions of liquid smoke were
analysed using Gas  chromatography-mass
spectrometry (GC-MS) based on a previously
reported method [35], with some modifications. To
prepare the sample, 1 mL of liquid smoke was
combined with 2 mL of analytical-grade
dichloromethane, sourced from Sigma-Aldrich. The
mixture underwent sonication for about 5 min to
ensure the separation into two distinct layers: an
upper aqueous layer and a lower dichloromethane
layer. A 1 mL portion of the lower layer was then
diluted with analytical-grade
dichloromethane to create a 5-mL solution suitable

additional

for GC-MS injection. The analysis was performed
using an Agilent 7890B gas chromatograph paired
with a 5977B mass spectrometer and fitted with an
HP-5MS Ul column (30 m x 250 um x 0.25 um). A
1 pl sample was injected at a split ratio of 10:1,
with the injector temperature set to 270 °C. The
oven temperature was programmed to start at 40 °C
(held for 5 min), increase to 100 °C at a rate of 5°C/
min, then rise to 280 °C at 4 °C/min, where it was
held for 3 minutes. Helium served as the carrier gas
at a flow rate of 1.2 mL/min. Mass spectra were
obtained using electron ionization at 70 eV,
covering a range of 50-600 amu. Compound
identification was achieved by comparing mass
spectra with entries in the NIST Research Library
and prior studies [35]-[37]. The relative abundance
of each compound was determined based on the
peak areas in the total ion chromatogram (TIC).
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The antioxidant activity was assessed using a
method outlined in a previous study [38]. A UV-Vis
spectrophotometer was used to monitor the colour
change in a liquid smoke solution treated with
DPPH, indicating the neutralisation of DPPH
radicals. To prepare the DPPH solution, 4 mg of
DPPH crystals were dissolved in methanol to create
a 40-ppm solution, which was stored in a cold, dark
environment to maintain its stability. The liquid
smoke sample was dissolved in dimethyl sulfoxide
(DMSO) and sonicated for 5 min to ensure
uniformity. After preparation, 3 mL of the DPPH
solution was combined with 1.5 mL of the liquid
smoke solution. The mixture was gently agitated
and stored in a cold, dark place for 10 min. Its
absorbance was then measured at 518 nm using a
UV-Vis spectrophotometer, with each sample tested
in triplicate. A blank sample, consisting of 1.5 mL
of pure DMSO, was also analysed. The ECs, value
was calculated by determining the percentage
difference in absorbance between the mixture and
the blank sample.

3. RESULTS AND DISCUSSIONS

3.1. Raw Material Characterisation

The results of both proximate and ultimate
analyses are presented in Table 3. These findings
indicate that the composition of all oil palm solid
waste types closely resembles that of softwood and
hardwood, which are traditionally used as raw
materials for liquid smoke production [39]. The key
distinction lies in the higher ash content found in oil

palm waste, attributed to elevated levels of silicon
and potassium. These elements accumulate
throughout the oil palm’s lifespan to mitigate
physical stress and fulfil nutritional requirements

[40][41]. Furthermore, the wultimate analysis
revealed that all types of oil palm solid waste share
a similar elemental composition, primarily

consisting of carbon (C) and oxygen (O). This is
due to the predominance of lignin and oxygen-rich
polysaccharides, namely cellulose and
hemicellulose, in the biomass [42].

TGA results, illustrated in Figure 2, show that
the mass loss profiles of EFBs, KSs, and MFs are
broadly similar, likely reflecting their comparable
compositions as outlined in Table 3. According to
the thermogravimetric curves (Figure 2), up to
approximately 250°C, the materials exhibited
around 10% mass loss, primarily due to moisture
evaporation. Rapid devolatilisation occurred
between 250 and 350 °C, resulting in a mass loss of
60%. During the  rapid
devolatilisation of EFBs, a single mass loss peak
was observed in the DTG curves, likely indicating
the simultaneous decomposition of hemicellulose

approximately

and cellulose [43]. In contrast, the differential
thermogravimetry (DTG) curves for KSs and MFs
displayed smaller peaks preceding the main peak,
suggesting sequential decomposition—first of
hemicellulose, followed by cellulose [44]. Beyond
350°C, the rate of devolatilisation slowed
markedly, likely due to the gradual decomposition

of lignin across a broader temperature range [43].

120

|-Tar [ Gas [ Char I Liguid Smoke

100

801

60 |

Percentage

40

201

EFB-300 KS-300 MF-300 EFB-400 KS-400 MF-400
Oil Palm Solid Waste Types-Temperature (°C)

Figure 3. Pyrolytic yield percentage of individual solid waste type.
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Figure 4. Pyrolytic yield percentage of binary solid waste type mixtures of EFBs and KSs (p < 0.05 for
temperatures and p > 0.05 for binary compositions).
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Figure 5. Pyrolytic yield percentage of binary solid waste type mixtures of EFBs and MFs (p > 0.05 for
temperatures and p > 0.05 for binary compositions).

3.2. Liquid Smoke Yields of Individual Oil Palm
Solid Waste Pyrolysis

The pyrolysis of each oil palm waste type was
initially conducted to determine the individual
yields of liquid smoke, as shown in Figure 3. For
both EFBs and KSs, liquid smoke yields increased
significantly by more than 10% when the
temperature was raised from 300 to 400 °C. This
improvement is attributed to the higher energy input
at elevated temperatures, which facilitates faster
chemical bond cleavage and the reformation of
condensable gas compounds [45][46]. In contrast,
MF pyrolysis yielded less liquid smoke at 400 °C
than at 300 °C. This finding diverges from previous
studies on conventional pyrolysis of MFs, which
reported increasing yields with temperature up to a
peak, followed by a decline beyond 550 °C due to

extensive cracking and the formation of non-
condensable gases [47][48]. The observed yield
peak in this study likely occurred at a lower
temperature, possibly due to the rapid heating
characteristic of microwave-assisted pyrolysis.

3.3. Liquid Smoke Yields of EFB and KS Co-
pyrolysis

The results of co-pyrolysis of EFBs and KSs at
300 and 400 °C are presented in Figure 4. At 300 °
C, liquid smoke yields gradually increased from
approximately 15% to 25% as the proportion of
EFBs rose from 0% to 80%. This increase is likely
due to the higher holocellulose content in EFBs
which decomposes between 200 and 300 °C into
condensable gases [49]. KSs contains a higher ratio
of guaiacyl to syringyl units compared to EFBs, and
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its degradation is more challenging due to the
greater prevalence of C-C bonds in guaiacyl
structures [50]. However, when KSs were entirely
absent from the feedstock, yields dropped sharply to
around 15%. The low guaiacyl content in pure
EFBs may have reduced carbocation formation,
which is essential for promoting C-O bond
cleavage in syringyl units. This, in turn, likely
decreased the production of liquid products and
increased the formation of solid carbon residues
[51]. At 400 °C, liquid smoke yields showed minor
fluctuations, with the highest yield at approximately
30% observed in pure KS pyrolysis, and the lowest
at around 25% in pure EFB pyrolysis. These
considered negligible, as
fully decomposed at this
temperature, and lignin degradation dominated the
reaction, occurring more slowly in KSs due to its
structural characteristics [52]. Overall, yields were
higher at 400 °C than at 300 °C, indicating that
more intensive degradation of both holocellulose
and lignin occurs at elevated temperatures.

variations
holocellulose was

WeEre

3.4. Liquid Smoke Yields of EFB and MF Co-
pyrolysis

Figure 5 presents the distribution of pyrolysis
products from MAP of oil palm solid waste
mixtures consisting of EFBs and MFs at 300 and
400 °C. A prominent trend observed at 300 °C is the
progressive decline in liquid smoke yield as MF
mass fraction decreases from 100% to 20%,
reaching a minimum at the 80:20 EFB-to-MF ratio
at around 4.8%. Interestingly, the liquid smoke

yield increased again when EFBs were used alone,
reaching approximately 15%. At 400 °C, a similar
non-proportional trend is observed, though the
minimum liquid smoke yield shifts to the 50:50
blend, again followed by an increase with higher
EFB content. This atypical decrease in liquid smoke
yield with the introduction of EFBs at 300 °C
contradicts general expectations of co-pyrolysis
synergy, which often enhances liquid product
due to complementary thermal
decomposition behaviours or synergistic reactions
between feedstock components [53]. One possible
explanation relates to the inherent properties of MF
lignin, which consists predominantly of guaiacyl
units (60-75%) with lesser amounts of syringyl and
p-hydroxyphenyl structures [54]. Guaiacyl units are
more prone to forming stable carbocations during
pyrolysis, which can facilitate repolymerisation or
char formation rather than depolymerisation into
volatile phenolics [55]. This may explain the high
liquid smoke yield in pure MF pyrolysis at 300 °C
(~25%), where these reactions were optimised, but

formation

also the suppression of liquid smoke yield in EFB-
rich blends where MF lignin was present but
potentially destabilised by the co-feed.

Furthermore, from a heat and mass transfer
perspective, EFBs and MFs differ markedly in fibre
structure and thermal behaviour. As shown in the
TGA result (Figure 2), MFs decomposed more
readily at lower temperatures compared to EFBs,
which contained more hemicellulose and cellulose.
The introduction of EFBs might have lowered the
average reactivity of the mixture at 300 °C,

110 T
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Figure 6. Normalised GC-MS-based compound peak area percentage of liquid smoke from individual solid
waste type pyrolysis.
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Figure 7. Normalised GC-MS-based compound peak area percentage of liquid smoke from pyrolysis of
binary solid waste type mixtures of EFBs and KSs (p > 0.05 for temperature effect and p < 0.05 for binary
composition effect on normalised phenolic compound peak area percentage).

insufficient to fully volatilise MF-derived
compounds before secondary reactions dominated.
This is further complicated by potential differences
in microwave absorption characteristics; although
EFBs has a higher dielectric constant and loss factor
than MFs, resulting in stronger microwave coupling
[56], this may have also promoted localised
overheating that accelerated tar or char formation,
particularly when MF was present in minor
proportion. A particularly noteworthy observation is
that MAP of pure EFBs yielded more liquid smoke
than the mixture of EFBs and MFs with 80:20 ratio
at 300 °C. While MFs alone were more reactive and
their
behaviour in the blend appears non-proportional.
Hypothetically, the small fraction of MF lignin in

yielded higher yields of liquid smoke,

the mixture with 80:20 ratio might have engaged in
interactions with the EFB matrix,
cross-linking or  incomplete

inhibitory
possibly  via
devolatilisation, leading to enhanced char formation
rather than volatile release. Meanwhile, pure EFBs
underwent more uniform microwave heating due to
its stronger dielectric properties, resulting in
consistent devolatilisation of cellulose and
hemicellulose fractions and comparatively milder
secondary reactions. As a result, EFBs produced
liquid smoke with yield at around 15%, whereas the
mixture of EFBs and MFs produced significantly
less due to both chemical inhibition and thermal
heterogeneity within the mixture. The increase in
liquid smoke yield with increasing EFB content at
400 °C suggests that higher energy input overcame

this inhibitory effect, consistent with previous
findings showing that EFBs released more volatiles
at elevated temperatures due to enhanced cellulose
and hemicellulose breakdown [57]. This also aligns
with the general trend in biomass pyrolysis, where
increasing temperature typically shifts product
distribution toward more condensable vapours and
gas, up to a certain threshold [58].

3.5. Distribution of Chemical Compound Groups in
Liquid Smoke from Individual Oil Palm Solid Waste
Type Pyrolysis

Figure 6 presents the GC-MS-measured
normalised cumulative peak areas of major
chemical groups found in liquid smoke produced
from the pyrolysis of individual oil palm solid
waste types. These groups include phenolic
compounds,  carbonyl-containing  compounds,
furanic and furfuralic compounds, carboxylic acids,
miscellaneous compounds, and impurities.

In EFB pyrolysis at 300 °C, approximately 70%
of the organic compounds in the liquid smoke were
phenolic, with impurities accounting for around
20%, and all other compounds present only in trace
amounts (less than 5%). This high proportion of
phenolic compounds was unexpected, given that
EFBs contain over 80% holocellulose [59]. As the
temperature approached 300 °C, cellulose was
converted into oligosaccharides due to the cleavage
of most B-(1—4)-glycosidic bonds [60]. These
oligosaccharides then underwent three degradation

pathways:  dehydration, reconstruction, and
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fragmentation. Dehydration broke the glycosidic
bonds, forming monomeric sugars such as
levoglucosan, levoglucosanone, 1,4:3,6-dianhydro-
B-D-glucopyranose, and 1,6-anhydro-B-D-
glucofuranose [61][62]. Reconstruction
reassembled these monomers into furanic and
furfuralic compounds, including furfural,
hydroxymethylfurfural, furan, and 2-methylfuran
[63]-[65]. Fragmentation cleaved the monomers
into light carbonyl-containing compounds such as
acetone, acetol, and hydroxyacetaldehyde [66][67].
Despite the high cellulose content in EFBs,
cellulose-derived compounds were only present in
negligible amounts in the liquid smoke. It is likely
that these compounds, in gaseous form, were
further degraded into stable non-condensable
gases—such as CO, CO., H:, and H.O—before
exiting the pyrolysis system, due to the rapid
heating rates induced by microwave treatment.
Additional degradation may have occurred just
above the solid phase, albeit at slower rates, as
microwave radiation has minimal effect on gases
due to their low dielectric permittivity [68].
Hemicellulose, which constitutes less than 10% of
EFBs, was likely degraded into various compounds
at lower temperatures (200-300 °C), owing to its
amorphous structure. However, hemicellulose-
derived compounds were largely absent from the
liquid smoke, except for minor traces of carbonyl-
containing compounds and carboxylic acids. These
may indicate the dominance of O-acetylxylan units
in EFB hemicellulose and trace contributions from

oil palm lipids [69]. The scarcity of hemicellulose-
derived compounds is also likely due to their
conversion into non-condensable gases before
leaving the solid phase.

As the temperature increased towards 300 °C,
lignin began to lose structural integrity and
underwent depolymerisation via cleavage of C-O
and C=0O bonds. This process typically yields
methoxyphenols as the dominant products.
However, in this case, phenol normally formed
through demethylation and demethoxylation of
methoxyphenols at temperatures above 350 °C was
the major compounds in the liquid smoke,
accounting for over 50% of the normalised peak
area (see Table 4) [70]. The significant presence of
phenol at 300°C suggests that
irradiation may have facilitated demethylation and
demethoxylation at lower temperatures [71]. Unlike
holocellulose-derived compounds, phenol
retained in high quantities, likely due to the thermal
stability of the benzene ring structure during
pyrolysis [72]. Approximately 20% of the organic
compounds in the liquid smoke were classified as
unidentified

microwave

was

impurities, comprising numerous
compounds with very small individual peaks.
Although the exact origin of these impurities
remains they are likely aliphatic

compounds derived from the phenylpropane side

unclear,

chains released during lignin degradation.

In EFB pyrolysis at 400 °C, the proportion of
phenol decreased by approximately 20%, while the
percentage

of carbonyl-containing compounds

110
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100 - I Fhenolic-containing Compounds [ Furanic and Furfuralic Compounds [ Miscellaneous | _|
B Carbonyl-containing Compounds [l Carboxylic Acids [ impurities
90
80—
70
[+
(=]
& 60
c
[}
2 50
Jos]
i
40
30
20
10 -

0/100-300  0/100-400  50/50-300

50/50-400  80/20-300

80/20-400  100/0-300  100/0-400

EFB/MF-Temperature (°C)

Figure 8. Normalised GC-MS-based compound peak area percentage of liquid smoke from pyrolysis of
binary solid waste type mixtures of EFBs and MFs (p < 0.05 for temperature effect and p > 0.05 for binary

composition effect on normalised phenolic compound peak area percentage).
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Figure 9. ACs of liquid smoke produced from individual solid waste type MAP.

increased slightly compared to that at 300 °C. The
higher concentration of carbonyl-containing
compounds in the liquid smoke at 400 °C suggests
secondary decomposition of monomeric sugars into
carbonyls, furanic compounds, and furfural
derivatives. The absence of furanic and furfuralic
compounds in the final product may be due to their
further
compounds at this temperature [73]. Moreover,
furan and furfural compounds are more prone to

breakdown into carbonyl-containing

decomposition into non-condensable gases than
carbonyl-containing compounds, owing to the weak
oxygen bonds in their five-membered aromatic
[74].
hemicellulose

rings Similarly, a small fraction of

may have decomposed into
additional carbonyl-containing compounds at 400 °
C, contributing to the observed increase. According
to Table 5, most of the carbonyl-containing
compounds in the liquid smoke from EFB pyrolysis
were cyclopentene derivatives. These may have
formed either through the cracking of furanic and
furfuralic compounds or via alkali-metal-rich ash-
catalysed Michael-Aldol which
facilitates the cyclisation of aliphatic carbonyl
compounds [75]-[77]. Compared to lignin-derived

condensation,

compounds at 300 °C, those at 400 °C appeared in
lower proportions, likely due to reduced thermal
stability at higher temperatures. However, as shown
in Tables 4 and 5, selectivity towards cresol- and
catechol-type compounds was higher at 400 °C.
cresol

reactions

Theoretical formation of compounds
methyl  radical with

methoxyphenols, while catechol compounds are

involves

formed when hydrogen radicals generated from

carbonyl compound cracking react with phenoxy
radicals produced from methoxyphenol interactions
with oxygen radicals [78]. Additionally, the
proportion of impurities was higher at 400 °C than
at 300 °C, possibly indicating an increased release
rate of phenylpropane side chains from lignin under
more intense thermal conditions.

At both 300 and 400 °C, the liquid smoke
produced from KS pyrolysis exhibited remarkably
consistent compound selectivity. Regardless of
temperature, the proportion of phenolic compounds
remained stable at approximately 85%, while
miscellaneous compounds and impurities accounted
for less than 10%. This consistency is likely due to
the high content of KS lignin serving as the primary
source of phenolic compounds [79]. As shown in
Tables 4 and 5, the relative proportions of phenol
and methoxyphenols, cresol, and catechol were also
similar across both temperatures. The rapid heating
rates achieved in KSs, facilitated by its high
porosity and enhanced by microwave treatment,
may have contributed to the stable phenolic yield

and distribution, enabling efficient lignin
conversion into phenolic compounds [80].
Approximately 10% of the miscellaneous

compounds consisted of methyl pyrazole, which
likely originated from protein content in KSs [81].
At elevated temperatures, these proteins may have
undergone depolymerisation and, upon passing
through the condenser, cyclised into pyrazole [82].
An alternative mechanism for pyrazole formation
involves the Maillard reaction between amino acids
produced from protein degradation and carbonyl-
containing compounds derived from holocellulose
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breakdown, followed by Amadori rearrangement
[83].

In MF pyrolysis, phenolic compounds were also
dominant at both temperatures, while holocellulose-
derived products appeared only in trace amounts. At
300 °C, phenolic compounds accounted for
approximately 63% of the organic compounds in
the liquid smoke, but this proportion dropped to
around 44% at 400 °C. Similar to EFB pyrolysis,
the phenolic compounds in MFs may have been
degraded at higher temperatures as they exited the
biomass during pyrolysis. The higher percentage of
miscellaneous compounds, particularly methyl
pyrazole, in MF pyrolysis compared to KS
pyrolysis at both temperatures may be attributed to
the breakdown of a relatively large quantity of
nitrogen-rich enzymes in MFs. These enzymes play
a crucial role in catalysing metabolic reactions
during palm oil formation and contribute to
capacity of MFs to store up to 80% of its dry mass
as oil [84]. The proportion of impurities in MF
pyrolysis was below 20% at 300 °C but rose
significantly to approximately 35% at 400 °C,
coinciding with a nearly 20% reduction in phenolic
content. This trend, similar to that observed in EFB
pyrolysis, suggests that elevated temperatures may
partially promote the conversion of phenolic
compounds into impurities.

3.6. Distribution of Chemical Compound Groups in

Liquid Smoke from EFB and KS Co-pyrolysis
Figure 7 presents the normalised GC-MS-based

compound peak area percentages of liquid smoke

obtained from the pyrolysis of binary mixtures of
EFB and KS, with EFB-to-KS ratios of 0:100,
50:50, 80:20, and 100:0, at both 300 and 400 °C. As
the EFB-to-KS ratio increased, the percentage of
phenolic compounds decreased, reflecting the
reduced mass of KS, which is rich in lignin, the
primary source of phenolic compounds. At 300 °C,
methoxyphenols such as 2-methoxyphenol and 2,6-
dimethoxyphenol were present in relatively
significant amounts, and their percentages declined
as the EFB-to-KS ratio decreased (Table 4).
However, at 400 °C, methoxyphenol levels showed
no clear trend with changing EFB-to-KS ratios. In
contrast, phenol percentages were consistently
higher at 300 °C than at 400 °C and increased
steadily with rising EFB content. As previously
discussed, the high heating rates generated by
microwave treatment may have enhanced the
conversion of guaiacyl units as the dominant
component in KS lignin into catechol- and cresol-
type compounds and phenol [85]. Given the similar
proportions of catechol, cresol, and
methoxyphenols at both temperatures, the lower
phenol content at 400 °C compared to 300 °C may
suggest that more lignin was degraded into
impurities and non-condensable gases at the higher
temperature. The percentage of carbonyl-containing
EFBs the
dominant component in the mixture, indicating that
holocellulose as the abundant component in EFBs

compounds increased as became

was the primary source of these compounds.
Pyrolysis of mixtures with higher EFB-to-KS ratios
produced liquid smoke with lower phenolic content

100 -

80 -

60 -

220 45,65

Percentage

40 - 38.34

30.88

20 -

34.98 7
27.41

4.03

0/100-300 0/100-400 50/50-300 50/50-400 80/20-300 80/20-400 100/0-300 100/0-400
EFB/KS-Temperature (°C)

Figure 10. ACs of liquid smoke produced from MAP of binary solid waste type mixtures of EFBs and KSs
(p > 0.05 for temperatures and p < 0.05 for binary compositions).
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Figure 11. ACs of liquid smoke produced from MAP of binary solid waste type mixtures of EFBs and MFs
(p < 0.05 for temperatures and p > 0.05 for binary compositions).

and higher impurity levels compared to mixtures
with lower EFB-to-KS ratios. This finding suggests
that some impurities may originate from non-lignin,
holocellulose-derived compounds, as higher EFB-to
-KS ratios correspond to greater holocellulose
content in the feedstock.

3.7. Distribution of Chemical Compound Groups in
Liquid Smoke from EFB and MF Co-pyrolysis
Figure 8 displays the normalised GC-MS-based
compound peak area percentages of liquid smoke
obtained from the pyrolysis of binary mixtures of
EFBs and MFs, with EFB-to-MF ratios of 0:100,
50:50, 80:20, and 100:0, at both 300 and 400 °C. At
300 °C, a decrease in the EFB-to-MF ratio led to a
reduction in the percentage of phenolic compounds,
possibly due to the high concentration of guaiacyl
units in MF, which may have promoted char
formation. At 400 °C, however, no clear trend in
phenolic compound percentages was observed.
Overall, the proportion of phenolic compounds
declined as the pyrolysis temperature increased
from 300 to 400 °C, likely due to greater thermal
degradation of these compounds at elevated
temperatures. Nevertheless, as shown in Table 4,
the wvariability of phenolic compounds such as
cresol-type compounds, catechol-type compounds,
and methoxyphenols was greater at 400 °C across
all blend ratios. Their percentages may have
increased with rising EFB-to-MF ratios, suggesting
improved selectivity for these compounds at higher
temperatures. Compared to the pyrolysis of EFB—
KS mixtures, the pyrolysis of EFB-MF mixtures

resulted in higher percentages of impurities. This is
likely due to the predominance of holocellulose in
the EFB-MF feedstock, which may contribute to
the formation of non-phenolic, holocellulose-
derived impurities.

3.8. Antioxidant Capacities of Liquid Smoke

The antioxidant capacities (ACs) of liquid smoke
derived from MAP of oil palm solid waste (Figure
9) exhibit trends consistent with previous studies on
pyrolysis-derived bio-oils. For instance, the ACs of
liquid smoke from mesocarp fibres MAP at 300 °C
(50.79%) align with values reported for yew tree
bark pyrolysis liquids (58.76% DPPH scavenging),
likely due to its high phenolic content, particularly
catechol and syringol derivatives, which are known
for their radical scavenging efficacy [86][87].
Notably, increasing the pyrolysis temperature from
300 °C to 400 °C enhanced the ACs of most liquid
smoke (e.g., 4.03% to 27.41% for EFB liquid
smoke and 30.88% to 49.29% for KS liquid
smoke), a phenomenon also observed in
lignocellulosic bio-oils produced at 150-500 °C
[88]. This attributed to the
formation of advanced antioxidants such as
alkylated phenols (e.g., creosol) and methoxy-
(e.g., 3,5-dimethoxy-4-
hydroxytoluene), which exhibit superior stability
and electron-donating  capabilities  [89][90].
However, MFs showed a marginal decline in ACs
(50.79% at 300 °C to 48.24% at 400 °C), likely due
to the thermal degradation of potent ortho-
dihydroxy phenols like catechol (4.54% at 300 °C

improvement is

substituted derivatives

[§) PANDAWA

1015



J. Multidiscip. Appl. Nat. Sci.

to ND at 400 °C), despite the increased presence of
moderate antioxidants such as 2,6-dimethoxyphenol
(4.85% at 300 °C to 5.42% at 400 °C) [91].

The high ACs of KS-derived liquid smoke at 400
°C (49.29%) correlates with its high catechol
(3.53%) and phenol (65.91%) content (Tables 4 and
5). Catechol is a strong antioxidant due to its 1,2-
diol structure, which facilitates hydrogen atom
transfer and radical stabilization [92]. This aligns
with studies on spruce wood bio-oil, where catechol
-rich fractions demonstrated significantly higher
AC than mono-phenolic-dominated samples [93].
Conversely, the lower ACs of EFB-derived liquid
smoke (4.03% at 300 °C) reflects its simpler
phenolic profile, dominated by phenol (54.05%)
with minimal contributions from polyfunctional
antioxidants.

Blending EFBs with KSs or MFs introduced
nonproportional trends in ACs. For EFB-KS
mixtures (Figure 10), the ACs decreased with
higher EFB ratios (e.g., 38.34% for 50:50 to 19.4%
for 80:20 at 300 °C), mirroring observations in
blended biomass pyrolysis, where diluted phenolic
concentrations reduced antioxidant efficacy
[94]. The exceptional ACs of EFB-KS mixture with
ratio of 50:50 (38.34% at 300 °C) may arise from
synergistic interactions between 3-methoxy-1,2-
(1.08%) (2.93%),
compounds known to enhance radical scavenging
through redox mediation. Catechol, an ortho-

benzenediol and catechol

scavenging activity due to its ability to donate
hydrogen atoms from both hydroxyl groups,
forming a stable quinone intermediate. Meanwhile,
3-methoxy-1,2-benzenediol, a methoxy-substituted
derivative, enhances this effect by stabilizing
radical intermediates through resonance
delocalization facilitated by its electron-donating
methoxy group. This synergy is mechanistically
akin to the cooperative effects observed in natural
antioxidant systems, where polyphenols with mixed
substitution patterns (e.g., hydroxyl/methoxy)
exhibit enhanced activity compared to isolated
compounds [95]. For EFB-MF mixtures, the non-
proportional ACs trend (Figure 11) suggests an
optimal intermediate ratio at 80:20. The sharp ACs
decline for EFB-MF with ratio of 50:50 at 400 °C
(55.92% to 27.15%) underscores the critical role of
catechol degradation, as its complete disappearance
offset gains from other antioxidants like creosol
(0.91% to 1.02%) [96].

From a chemical perspective, the observed AC
trends were driven by three key mechanisms: (i)
ortho-dihydroxy  phenolic  compounds (e.g.,
catechol) exhibits high electron delocalisation and

hydrogen-donation  capacity; (ii))  methoxy-
substituted phenolic compounds (e.g., 2,6-
dimethoxyphenol)  stabilise radicals through

resonance effects; and (iii) alkylated phenolic
compounds (e.g., creosol) terminates radical chain
reactions stable intermediate

via phenoxyl

dihydroxy phenol, exhibits superior radical formation. These mechanisms collectively explain
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Figure 12. Score plot of PC1 and P2 for GC-MS analysis results.
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Figure 13. Loading plot of PC1 and PC2 for the results of GC-MS analysis with chemical compound IDs
listed in Tables 4 and 5 and the antioxidant capacity.

why liquid smoke with diverse phenolic profiles
such as KS-derived (catechol-rich) against EFB-

derived  (phenol-dominated), @ show  marked
differences in AC despite similar pyrolysis
conditions.

3.9. Significance of MAP Temperature and Oil
Palm Solid Waste Blending Ratio Effects

Statistical significance via linear regression
analysis revealed distinct parameter sensitivities
across different output metrics in MAP of EFB and
KS mixture. MAP temperature emerged as the
dominant factor for liquid smoke yield (p = 0.017),
consistent with established pyrolysis mechanisms
where elevated temperatures promote more
complete biomass decomposition through enhanced
cleavage of glycosidic and B-O-4 lignin linkages.
However, the non-significant EFB-KS blend ratio
effect (p = 0.88) indicates the relative proportions
of these feedstocks (50:50 to 80:20) minimally
impact total volatile production, likely due to their
similar lignocellulosic composition, particularly in
lignin content (20-25%). For antioxidant capacity,
both temperature (p = 0.039) and blend ratio (p =
0.028) showed significant but competing
influences. While higher temperatures increased
total volatiles, they simultaneously degraded
thermolabile antioxidants like catechol, whereas KS
-rich blends consistently enhanced activity through
their ~ greater

compounds from syringyl-rich lignin. This blend-

production of ortho-diphenolic

dependent antioxidant production was itself
temperature-sensitive, peaking at intermediate
conditions. Normalised percentages of phenolic
compounds profiles were primarily governed by
blend ratio (p = 0.03), reflecting greater KS
contribution of methoxyphenols, while temperature
showed only marginal significance (p = 0.10) as
phenolic degradation at higher temperatures was
apparently balanced by new phenolic compounds
formed through secondary
reactions. These analysis results demonstrate that
while temperature controls bulk yield, mixture

composition of EFBs and KSs serves as the primary

repolymerization

lever for tailoring product functionality, with
optimal conditions requiring careful balancing of
these competing effects.

The analysis revealed fundamentally different
behaviour for EFB-MF blends compared to EFB-
KS systems. Neither MAP temperature (p = 0.31)
nor blend ratio (p = 0.45) significantly influenced
liquid smoke yield, suggesting high hemicellulose
content (30-35%) in MFs promotes rapid and
consistent devolatilization across the tested
conditions. This yield stability occurred despite
dramatic  temperature  effects on  phenolic
composition (p = 0.0014), indicating bulk
decomposition kinetics of MFs are decoupled from
The non-significant
temperature effect on antioxidant capacity (p =
0.92) further highlights this decoupling, contrasting
sharply with EFB-KS blends. While EFB-MF ratio

its product speciation.
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showed marginal significance for antioxidant
capacity (p = 0.10), this likely reflects competing
processes, e.g., the produced furanic compounds
might have contributed to antioxidant activity at
certain blend ratios, but their effects were less
pronounced than the phenolic-driven activity in KS-
containing blends. The temperature
sensitivity of phenolic profiles (p = 0.0014) without
corresponding yield changes suggests MF-derived
phenolics were particularly susceptible to thermal
degradation, potentially forming non-phenolic
secondary products at higher temperatures. These
findings collectively demonstrate that EFB-MF
blends strategies
focused primarily on preserving target compounds
rather than maximizing yield, with 300 °C being
clearly preferable for phenolic retention despite its
yield parity with 400 °C.

extreme

require distinct optimization

3.10. Possible Chemical Mechanisms of Oil Palm
Solid Waste Decomposition into Liquid Smoke
Principal component analysis (PCA) was applied
to the GC-MS dataset to clarify the relationships
among the EFB-to-KS ratios, EFB-to-MF ratios,
and MAP temperatures (treated as samples),
alongside the normalised mass percentages of
chemical compounds in the liquid smoke (treated as
variables), through dimensionality reduction. The
analysis reduced the dataset to thirteen principal

components. The first principal component (PC1)
accounted for the largest proportion of variance,
explaining 54.55% of the total variability. The
second component (PC2), orthogonal to PCl1,
explained a further 35.06% of the variance. Figures
12, 13, and 14 present the PCA results, including
the score plot, loading plot, and an enlarged view of
the loading plot for PC1 and PC2. The score plot
illustrates the distribution of the samples, where
greater separation indicates more pronounced
differences in the normalised concentrations of the
identified compounds. The loading plots, both
standard and magnified, highlight the extent to
which each chemical compound contributes to the
observed variance. Compounds located further from
the origin exert a stronger influence on PC1 and
PC2, with their correlation (positive or negative)
interpreted based on their position relative to the
sample distribution in the score plot.

As shown in Figure 12, the samples are generally
widely dispersed along the PC1 and PC2 axes,
indicating that each combination of treatment
parameters (EFB-to-KS ratios, EFB-to-MF ratios,
and MAP temperatures) yielded liquid smoke with
distinct chemical compositions. Several directional
arrows were incorporated to trace changes in score
positions resulting from decreasing EFB content in
the pyrolysed solid waste mixtures. As the EFB
proportion decreased in the EFB-KS mixtures
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Figure 14. Enlarged loading plot of PC1 and PC2 for the results of GC-MS analysis with chemical com-
pound IDs listed in Table 4 and 5 and the antioxidant capacity.

1018

PANDAWA

INSTITUTE

=



J. Multidiscip. Appl. Nat. Sci.

P, Y [ pm
{ s iy [P D e
AR I

oH
Hemicellulose Cellulose

o v
g 8
oA

c HO™ TCHy

Acetic Acid
D
o E w
v
) HyC™ CHy
E @ Acetone
M o
v Ho' OH - |r1‘,lc"r
o oH HO 0—CH, HO ~ O—CH,
= Levoglucosan Guaiacol Syringol
- - |
+
Furfural L
o] Q
T N
Ndeheed @/\OH HDJ_kCHF o

g © AL Furfuryl Alcohol Acetic Acid
S St
”

spesas e a —
L L /ﬂ\/o J.I\ 0 HaCxD
Char HC™ o HC™ TCHy CH, o
S-methylfurfural Acetone Quinone Methide
| o

3-methoxy-1,2-benzenediol

l v
OoH HJCVCI 13

HO o HC
\é; v Q D S Aliphatic

Q

o HO OH - compounds
Catechol R ;O
o] - CHs HyC
HyC - Cresol
o L HO 0—CH;
oH Syringilacetone
Cyclopentene Phenol = [

cH
HiC T o e

s Creosol e

IS

Bee Loy

A: polymerization; B: depolymerization and ring opening; C: depolymerization; D: decomposition; E: decomposition; F: ring-opening; G:
polymerization; H: aldol condensation, cyclization, and dehydration; |: aromatization; J,K: demethylation; L: dehydrogenation; M: demethoxylation;
N: demethylation; O: demethylation; P: proton addition; Q: polymerization; R: methoxylation; S: polymerization; T: ring-opening; U: aromatization; V:
debranching; W: side-chain removal; RED: in which the product is favored due to high EFBE content; BLUE: in which the product is favored due to high
KS content; GREEN: in which the product is favoured due to high MF content

Figure 15. The possible mechanism of thermal degradation of mixtures of EFBs and either KSs or MFs
during MAP.

subjected to MAP at 300 °C, the corresponding
scores progressively shifted and
eastward, following route A
quadrants. This trend suggests that the presence of

variability explained by PCl—possibly due to
northward increased conversion of solid waste, resulting in the
formation of more chemical compounds associated

with PC1. For the EFB-MF mixtures at 300 °C, the

in the eastern

EFBs was a major contributor to the score
variability explained by PC2. At 400 °C, the scores
associated with the same mixtures shifted in a
northeasterly direction along route B, indicating
that the enhanced the

elevated temperature

score shifts followed route C, moving in a north-
westerly direction as EFB content decreased, before
turning eastward for the pure MF sample. This
behaviour reflects score variability primarily
influenced by PC1. When pyrolysed at 400 °C, the
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EFB-MF mixtures exhibited relatively minor score
shifts within the western quadrants, denoted by
route D. The irregular pattern of this movement
may suggest limited variability explained by both
PC1 and PC2.

As illustrated in Figure 13, the mass percentages
of most chemical compounds are concentrated near
the origin, reflecting limited variability within the
dataset and a relatively minor influence on PC1 and
PC2. However, certain variables—including the
mass percentage of phenol (P20), the proportion of
impurities, and the AC—are located at greater
distances from the origin, indicating a more
pronounced impact on the variance explained by
PC1 and PC2. Notably, P20 exhibits a strong
positive correlation with PC1, as evidenced by its
prominent position in the eastern quadrant.
According to Table 4 and 5, decreases in P20
content led to a spatial shift in sample distribution,
from those with KS appearing in the eastern
quadrants to those with MF in the western
quadrants in Figure 12. In contrast, the positioning
of impurities far into the western quadrant of Figure
13 reflects a notable negative correlation with PC1.
The association between P20 and impurity content
may point to the aromatisation of aliphatic
compounds—Ilikely  the impurities—occurring
through hydrogen transfer from the phenylpropane
side chain during the breakdown of cellulose
monomers [97]. The proximity of the EFB,400 and
EFB50MF50,400 scores to the loading of impurity
mass percentage suggests that both EFB and MF
could contribute to impurity generation, potentially
their
Furthermore, the placement of the AC score in the
northern quadrants highlights the probable
importance of KS and MF in enhancing the

due to rich cellulose composition.

antioxidant capacity of the liquid smoke.

Figure 14 offers a magnified representation of
Figure 13, providing a clearer view of the mass
percentage distribution of chemical compounds
near the centre of the loading plot. These patterns
are examined alongside findings from prior studies
[82][98]-[101] to suggest a plausible degradation
pathway triggered by MAP of mixtures containing
EFBs with either KSs or MFs. According to Figure

across all quadrants, in contrast to cyclopentene,
which are distinctly grouped in the southeast
quadrant. This contrast may indicate that phenolic
compounds and cyclopentene follow opposing
formation routes. Additionally, carboxylic acids
like n-hexadecanoic acid and octadecanoic acid are
in the northwest quadrant, whereas methyl esters
cluster in the northeast. This spatial separation
suggests that esterification of these acids is more
prevalent in biomass with a high MF content.

Figure 15 provides a schematic representation of
the degradation pathways of the key components in
EFBs, KSs, and MFs, specifically cellulose,
hemicellulose, and lignin. These pathways are
derived from the compound distributions illustrated
in Figures 13 and 14 and are consistent with the
trends outlined in Figure 12. MAP temperatures are
inversely related to PCl, whereas EFB content
negatively correlates with PC2. As the MAP
temperature approaches 300 °C, cellulose and
hemicellulose degrade into smaller C5 and C6 sugar
units such as xylose and levoglucosan, primarily
through dehydration and cleavage of glycosidic
bonds. These sugars then undergo ring-opening
reactions, forming furfural compounds that are
subsequently converted into ketones and aldehydes.
Around 400 °C, these intermediates, e.g., furfural
compounds, ketones, and aldehydes, are likely
transformed into cyclopentene, particularly in
samples rich in EFB. Moreover, ketones and
aldehydes may also yield phenols and other related
aromatic compounds.
content in the resulting liquid smoke suggests that

The pronounced phenol

these pathways favour phenol production. The
decomposition of lignin is significantly affected by
temperature and by the relative proportions of its
structural subunits: guaiacyl (G), syringyl (S), and p
-hydroxyphenyl (H). Between 200 and 300 °C,
lignin undergoes ether bond cleavage, generating 2-
methoxyphenol (guaiacol) and 2,6-
dimethoxyphenol (syringol). This is in line with the
lignin profile of EFB, which is primarily composed
of guaiacyl and syringyl units with a G-to-S ratio of
0411 £ 0.003 [102]. Although syringol are
theoretically expected to be present in nearly double
the mass fraction of guaiacol in the liquid smoke,

14, most phenolic compounds, particularly the actual dominance of guaiacol suggests that
prominent lignin  derivatives such as 2- syringol may be undergoing conversion into
methylphenol and 2,6-dimethylphenol, appear guaiacol [100]. At approximately 300 °C, guaiacol
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can be further transformed into phenol, catechol,
and cresol which are more typically associated with
pyrolysis temperatures above 400 °C. The elevated
phenol content and relatively low levels of catechol
and cresol in liquid smoke derived from samples
with low EFB-to-KS ratios indicate a preference for
phenol formation, likely due to demethoxylation
and molecular rearrangement of guaiacol.
Conversely, in similarly composed samples with
high antioxidant activity, higher concentrations of
catechol and cresol suggest improved selectivity for
these compounds during guaiacol transformation.
Catechol is probably formed through demethylation
of guaiacol, whereas cresol is likely produced via a
radical pathway involving guaiacol conversion to
quinone methide followed by hydrogenation. The
cresol may then be methoxylated into creosol, a
reaction favoured when the EFB-to-MF ratio is low.
Within the temperature range of 300 to 400 °C, 2,6-
dimethoxyphenol may also undergo conversion into
3-methoxy-1,2-benzenediol and syringylacetone
through demethoxylation and the addition of
carbonyl side chains.

3.11. Preliminary Economic Insight

The economic viability of MAP for liquid smoke
production from oil palm solid waste (EFBs, KSs,
both opportunities
challenges that warrant careful consideration. From
a feedstock perspective, these

and MFs) presents and
agricultural
byproducts are abundantly available in palm oil-
producing regions at minimal or even negative cost,
as mills typically incur expenses for their disposal
[103]. Utilising these wastes could reduce raw
material costs compared to purpose-grown biomass
feedstocks. However, collection, transportation, and
preprocessing costs must be factored into the
overall economic equation, particularly for
decentralized production The high
moisture content of fresh oil palm solid waste,
particularly EFBs,
drying steps, potentially impacting energy budgets
[104]. The energy efficiency of MAP offers
significant advantages over conventional pyrolysis

scenarios.

may necessitate additional

methods. Microwave-specific energy consumption
for biomass pyrolysis typically ranges between 1.5-
3.0 kWh/kg, with around 90% energy savings
compared to electrical heating methods due to
selective and volumetric heating characteristics

[105]. However, the capital costs for industrial-
scale microwave systems remain higher than
conventional reactors, with payback periods highly
dependent on operational scale and product value
[106]. Process optimization studies suggest that
careful tuning of microwave power and residence
time can significantly improve both energy
efficiency and product yields [107]. The potential
integration with existing palm oil mill operations
could further enhance economic viability by
utilizing waste heat and shared infrastructure.
Market prospects for palm-derived liquid smoke
appear promising but require careful product
positioning. According to Global Info Research, the
global liquid smoke market, valued at
approximately $80 million in 2023, is projected to
grow at 6-8% annually, driven by increasing
demand for natural food preservatives. Palm-based
products could capture niche markets in tropical
regions where wood-derived liquid smoke imports
are expensive. However, product differentiation
will be crucial, with our study demonstrating that
EFB-KS blends can produce liquid smoke with
antioxidant capacities (up to 55.92%) competitive
[108].
food
uses as

with premium wood-derived products
Potential  applications

preservation to include

extend beyond

agricultural
biopesticides and animal feed additives, potentially
expanding market opportunities. Future techno-
economic analyses should incorporate detailed life-
cycle assessments and market studies to fully
evaluate commercial potential, particularly in
comparison to established wood-derived liquid

smoke production systems.
4. CONCLUSIONS

This study demonstrated that MAP of oil palm
solid waste, specifically mixtures of EFBs with
KSs, or MFs, can effectively produce liquid smoke
with distinct chemical and functional properties.
The results showed that MAP temperature plays a
critical role in determining liquid smoke yield and
compound selectivity. Higher temperatures (400 °
C) generally increased liquid smoke yields due to
more complete thermal degradation of biomass,
though excessive heating could also promote the
formation of non-condensable gases and impurities.
The blending ratio of raw materials significantly
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influenced the chemical composition of the liquid
smoke. KS-rich mixtures consistently produced
higher concentrations of phenolic compounds,
particularly phenol, catechol, and cresol, due to
their lignin-rich structure. The MF-rich mixtures
yielded more diverse compounds, including
cyclopentenones and carboxylic acids, while EFB-
rich mixtures tended to produce more carbonyl-
containing compounds and impurities, reflecting
their higher holocellulose content. Antioxidant
capacity of the liquid smoke was closely tied to
both temperature and feedstock composition. KS
and MF contributed to higher antioxidant activity,
especially at moderate temperatures, due to the
presence of ortho-dihydroxy and methoxy-
substituted phenolics. In contrast, EFB-rich
mixtures showed lower antioxidant performance,
particularly at elevated temperatures, where
thermolabile compounds were more prone to
degradation. Overall, MAP enables selective
conversion of oil palm solid waste into functional
liquid smoke, with temperature and feedstock
blending ratio serving as key levers to tune product
yield and quality. Based on the compounds
identified in the liquid smoke, the study proposed a
thermal degradation mechanism for MAP of oil
palm solid waste. This mechanism includes detailed
insights into how MAP temperature and blending

ratios (EFB-to-KS and EFB-to-MF) influence
specific chemical conversion pathways. These
findings offer valuable insights for future

optimisation of MAP processes and feedstock
formulations to enhance the utility of liquid smoke
in food, agricultural, and industrial applications.
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