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Abstract: This study investigated the combined effects of
electroporation and microwave-assisted pyrolysis (MAP)
on the characteristics of liquid smoke produced from empty
fruit bunches (EFBs). Ground EFBs were subjected to electro-
poration in an electroporation chamber at varying electric
fields of 15 and 20 kV-cm™ and subsequently pyrolysed at
varying temperatures of 300°C and 400°C in a modified
microwave oven connected to a condensation system.
Electroporation significantly altered EFB structure, with
higher electric fields (20 kV-cm™) causing greater structural
disruptions, as evidenced by reduced pore sizes. MAP of EFBs
electroporated at 15 kV-cm™ produced a higher liquid smoke
yield, while severe electroporation (20kV-cm™) resulted in
lower yields but higher antioxidant capacity and lower pH.
This was attributed to improved chemical selectivity under
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high electric fields and phenolic enrichment. A proposed lig-
nocellulose degradation mechanism outlined the roles of
MAP temperature and electric fields in influencing chemical
conversion pathways. These findings highlight the potential
for optimising electroporation and MAP to enhance the valor-
isation of EFBs, providing a sustainable green approach for
producing high-quality liquid smoke from agricultural waste.

Keywords: agricultural waste, electroporation, liquid
smoke, microwave, pyrolysis

1 Introduction

Since the beginning of the twenty-first century, global cir-
cumstances of climate change, healthy lifestyle, animal
prosperity, and environmental issues have promoted an
increase in green consumption behaviour, such as the con-
sumption of organic food that is free from unhealthy syn-
thetic chemical compounds [1,2]. Despite benefits to human
health and environment, organic food undergoes rapid
chemical and biological decomposition due to the absence
of preservatives. In other words, organic food production
requires allocating more resources than nonorganic food
production to compensate loss due to quick deterioration
during the process [3]. Hence, the application of organic
preservatives is imperative to overcome such problems.

Liquid smoke, also known as wood vinegar, is one of
the most common food preservatives. Since originating
from wood, liquid smoke is considered natural and sui-
table for human consumption as a food additive. In addi-
tion, due to its specific chemical compositions, liquid
smoke has functionality as a flavouring agent and a
healthy source of bioactive compounds [4,5]. As estimated
by Research and Markets, liquid smoke is forecasted to
have promising opportunities as a food preservative with
an estimated market size of USD0.2 billion by 2030 [6].
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The most advanced commercial technique of liquid
smoke production is pyrolysis, which thermally decom-
poses wood into solid, condensable gas, and non-conden-
sable gas in O,-free environments at temperatures ranging
from 300°C to 500°C and condensation of the condensable
gas into liquid products that contain liquid smoke conse-
cutively [7]. This technique also has several advantages:
high liquid smoke yield, high product variability, low pol-
lution, and easy process outcome control [8].

Despite predominance as a liquid smoke source, wood is
less favoured to exploit since wood consumption allows forest
logging that causes negative consequences on forest ecosys-
tems, e.g., reduced biodiversity, land erosion, and contami-
nated watershed [9]. Furthermore, deforestation is one of the
primary causes of global warming [10]. Thus, the substitution
of wood at this stage is of great importance.

Empty fruit bunches (EFBs) of oil palm are a potential
substitute for wood as a raw material for liquid smoke.
They are extremely abundant waste, annual production
of which reaches approximately 74-99 tons in Indonesia
and Malaysia combined [11,12]. Unfortunately, only a small
fraction of these copious EFBs is valorised, whereas the
remaining are left to rot due to anaerobic degradation
that potentially produces methane, promoting global
warming [13]. More importantly, as lignocellulosic mate-
rials, both EFBs and wood share similar chemical composi-
tions of cellulose, hemicellulose, and lignin [14].

Thermal degradation of EFBs via pyrolysis has been
intensively researched [15-26]. Many experiments of
thermal degradation of EFBs were previously conducted,
most of which, however, were performed to obtain biofuel
as an alternative energy, whereas only a tiny fraction was
intended for liquid smoke production. Despite having iden-
tical production techniques, liquid smoke and biofuel are
disparate and produced in, respectively, unique operating
conditions, e.g., pyrolysis reactor types.

Kilns and fluidised beds are conventional reactor types
commonly used in liquid smoke production via pyrolysis.
Kilns pyrolyse a large volume of biomass and have simple
operability. However, high liquid product yield is onerous
to achieve due to very slow heating rates [27]. Fluidised
beds feature higher heating rates that induce higher liquid
product yield compared to kilns [28]. Nevertheless, flui-
dised beds are rigorous to use and scale up due to their
process operation intricacy [29].

Reactors with microwave assistance are one of the
most advanced devices for pyrolysis due to their advan-
tages. The reactors use microwaves to perform dipolar
rotation on water and any other polar chemical com-
pounds within the biomass. Molecular friction occurring
due to dipolar rotation engenders the generation of heat
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that increases biomass temperatures and eventually ther-
mally degrades the biomass. This entire mechanism is
superbly efficient since heat generation via relatively
slower convection and conduction is absent [30]. In addi-
tion, microwave application requires no physical contact
between heated materials and magnetrons, which elimi-
nates potential contamination to the heated materials
[31]. Despite the advantages, reactors with microwave
assistance remain nascent; hence, future optimisation
development is expected for commercial-scale realisation.

Electroporation as pretreatment is one of the most
potential pyrolysis optimisation techniques. It is high-vol-
tage-induced pulsed electrocution of biomass that aims
either to improve biomass porosity and permeability or
to extract certain precious organic compounds via cell
membrane disruption, followed by intracellular fluid
removal [32,33]. The enhanced porosity and permeability
consequently boost transport properties of the biomass,
e.g., rates of heat and mass diffusion into and out of the
biomass. Another electroporation advantage is post-elec-
trocution chemically intact structures of lignocellulose
since electroporation is applied at room temperatures;
Thus, chemical degradation producing unexpected ligno-
cellulose-derived chemical compounds that potentially
interfere with the subsequent treatment performance
and final product quality is not anticipated.

The effects of the electroporation-boosted transport
properties of biomass on subsequent treatments, such as
enzymatic hydrolysis, conversion to biogas, mechanical
extraction, and combustion, have been previously exam-
ined. The porosity of switchgrass and wood chips was sig-
nificantly increased through -electroporation using a
pulsed electric field (PEF) at electric field strengths
exceeding 8 kV-cm™. This enhancement was reported to
improve cellulose exposure, thereby facilitating more effi-
cient conversion of cellulose into fuels or chemicals [34].
Similarly, increasing the porosity of maize silage substrate
was theorised to enhance its biogas production efficiency
[35]. This hypothesis was later confirmed, revealing a clear
link between increased biogas yield and the reduction in
lignocellulose content as the duration of electroporation
increased [36]. In the case of seaweed, electroporation
also improved porosity, which in turn doubled the effi-
ciency of ash removal during subsequent processing [37].
Furthermore, PEF-induced electroporation alters the
internal structure of wood-based materials, making them
more porous. This structural change is believed to result in
faster ignition, more efficient combustion, and altered
combustion temperatures [38]. However, later findings
indicated that while PEF treatment does not increase the
total heat released during wood combustion, it does affect
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the rate and timing of heat release throughout the burning
process [39].

However, such effects on EFB MAP performance, par-
ticularly the quality of the produced liquid smoke, have
never been investigated and are still not well understood.
Hypothetically, based on the previously mentioned litera-
ture, high electric field application to EFBs would induce
significant intracellular water removal, which could poten-
tially reduce liquid smoke yield but increase antioxidant
capacity and reduce the acidity of the liquid smoke. On the
other hand, the effect of microwaves on electroporated
EFBs would synergistically enhance heating rates, which
could adversely affect the antioxidant capacity of the liquid
smoke due to the secondary cracking of phenolic com-
pounds at low temperatures. Hence, this article aims to
explore the potential of consecutive treatment of electro-
poration and MAP of EFBs as a novel approach for liquid
smoke production by examining how this work aligns with
the described hypothesis and addresses the possible
mechanisms.

2 Materials and methods

2.1 Raw material preparation

The EFBs were cultivated in oil palm plantations in East
Kotawaringin, Central Kalimantan, and provided by Agro
Indomas (a private company engaged in oil palm plantations
and crude palm oil production). Before any treatment, the
EFBs were ground to small particles sized below 60 mesh to
increase the EFBs’ surface areas and consequently improve
rates of heat and mass transfer during electroporation and
pyrolysis. Commercial activated carbon having roughly a
2-mm particle size was mixed with the ground EFBs to assist
microwave absorption during pyrolysis.

2.2 Raw material analysis

Proximate analysis (% a.r.) and ultimate analysis (% d.a.f.)
were conducted on the EFBs according to ASTM D3180-15
and ASTM D-5373-16, respectively. Physical analysis of scan-
ning electron microscopy (SEM) and Brunauer-Emmett—
Teller (BET) with N, was conducted on the EFBs prior
and after electroporation. The equipment used was
Phenom P-series by Thermo Fisher Scientific, Luxor®" by
Luxor, and NOVAtouch LX4 by Anton Paar for SEM, EFB
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coating, and BET, respectively. Before SEM analysis, the
sample of EFBs was coated with gold to prevent electron
absorption by the sample during analysis. After coating,
the sample was put into the sample chamber and kept
for around 20 min while the power gradually increased.
Once ready, the secondary electron was beamed three
times at the same position on the sample with varying
enlargement. The backscattered electron was then beamed
with a similar technique. For BET analysis, the sample was
initially stored in a desiccator at low temperature to mini-
mise water content and then degassed for an hour at a
constant temperature of 105°C to remove gas content prior
to BET analysis.

2.3 Experimental setup and procedure

A laboratory-scale electroporation system used for EFB
electroporation was customised according to Figure 1(a).
The electroporation system, featuring a frequency of
8.197kHz and a pulse of 66 us, consisted of an electropora-
tion chamber (number 1) and a control box (number 8).
The electroporation chamber was a stainless-steel cylinder
with a volume of 1.51 and diameter-to-height ratio of 0.5.
An agitator comprised of an agitator rod (number 4) and
agitator blades (number 5) was installed at the electropora-
tion chamber centreline and rotated using an agitator motor
(number 7). The electroporation chamber was also equipped
with two cathode plates (number 2) and an open-ended
cylindrical anode (number 3), which made a concentric
radial structure with the electroporation chamber. The dis-
tance between the anode and the inner curved surface of
the electroporation chamber was 3.65cm, whereas that
between the cathode and the outer curved surface of the
electroporation chamber was less than 1cm. The agitator
motor power and the voltage between the cathode and the
anode were supplied by the control box through cables
(numbers 13, 14, and 15). Several configurable parameters
were shown on the control box, namely, temperatures,
angular velocities of the agitator, time, and input voltages.

The electroporation was conducted with the following
orderly procedure: electrocution, filtration, and drying.
Before running the electroporation system, initially, EFBs
were mixed with demineralised water with a concentra-
tion of 100 mg of EFBs in 700 ml of demineralised water.
This slurry mixture was put into the electroporation
chamber (number 1) and stirred using the agitator (num-
bers 4 and 5) at a fixed angular velocity of 48.21rpm for
roughly 5min. After 5-min agitation, the slurry mixture
was electrocuted for roughly 10 min by generating the
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electric fields of 15 and 20 kV-cm™. These electric fields
were achieved by adjusting the input voltage according
to the empirical relationship shown in Figure 1(b). After
electrocution, the slurry was put into a vacuum-pump-
assisted filtration apparatus to separate the EFB from the
water. The EFBs were later stored in an oven set at 90°C for
12-h drying before MAP.

The laboratory-scale MAP system shown in Figure 1(c)
consisted of a customised microwave oven (number 1) and
a control box (number 13). The microwave oven was an
Electrolux EMM20K22BA, which had five power levels:
Melt (136 W), Defrost (264 W), Simmer (440 W), Reheat
(616 W), and Quick Cook (800 W). The top of the microwave
oven was holed to allow placement of a three-neck round-
bottom flask (number 2) whose left, middle, and right
necks were connected to the inlet of a Liebig condenser
(number 3), cylinder of N, (number 9) via plastic hose
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(number 10), and thermocouple probe (number 11), respec-
tively. Temperature measured by the ceramic-coated ther-
mocouple probe was sent as signals (number 12) to the
control box (number 13) and consequently corrected by
sending a correction signal (number 16) back to the micro-
wave oven to regulate microwave generation from the
magnetron. During condensation, water as a cooling
medium steadily flows from Liebig condenser annulus
inlet (number 5) to Liebig condenser annulus outlet
(number 4). The outlet of the Liebig condenser (number 2)
was connected to the middle neck of another three-neck
round-bottom flask (number 6). The right neck of this
three-neck round-bottom flask was completely plugged,
whereas the left neck was used to remove gas via a plastic
hose (number 7) out of the system (number 8).

The MAP procedure was preheating followed by pyr-
olysis at 300°C and 400°C. Once the well-mixed mixture of
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Figure 1: (a) Experimental setup of electroporation: 1, electroporation chamber; 2, cathode; 3, anode; 4, agitator rod; 5, agitator blades; 6,

temperature sensor; 7, agitator motor; 8, control box; 9, temperature display; 10, display of angular velocity of agitator; 11, timer display; 12, input
voltage display; 13, electrical cable; 14, electrical cable; 15, electrical cable, (b) electric field calibration curve in electroporation system, (c) 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;

16, electrical cable.
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EFBs and activated carbon at ratio of 9 to 1 was put into the
former three-neck round-bottom flask (number 2), the N,
was released for roughly 5min from the cylinder at
0.011'min " to purge air and establish an oxygen-free envir-
onment in the flask (number 2). The flask (number 2) was
then heated to 100°C by setting the temperature setpoint on
the control box and the power level at Melt for approximately
5min. After 100°C had been achieved, both the temperature
setpoint and power level were raised to pyrolysis tempera-
tures and simmered in less than a minute, respectively. Once
the pyrolysis temperatures were maintained, the EFB pyro-
lysis was allowed to occur for roughly 3 to 4 min. During
pyrolysis, the liquid product formed due to condensable gas
condensation in the Liebig condenser was collected in the
latter three-neck round-bottom flask, while the gas product
of non-condensable gas was released from the system
(number 8). The collected liquid product was then treated
in a centrifuge (Ruicheng MC6000) at 6,000 rpm to separate
the liquid smoke (light phase) from the carcinogenic-com-
pound-rich heavy phase. The MAP procedure for each tem-
perature and electric field strength was replicated three
times. Three measured yields of pyrolytic products, e.g., liquid
smoke, tar, char, and gas, for each temperature and electric
field strength were measured and used to calculate the mean
and standard deviation.

2.4 Liquid smoke analysis

Chemical compound, total phenolic content (TPC), antiox-
idant capacity, and pH analysis were conducted on the
liquid smoke. Agilent 7890B Gas Chromatography was used
for the identification of chemical compounds commonly
found in liquid smoke, e.g., phenolic compounds, furanic
compounds, carbonyl-containing compounds, and carboxylic
acids. The TPC was analysed via the gallic acid equivalence
method that utilises Folin—-Ciocalteu reagent. Antioxidant
capacity was measured via 1,1-diphenyl-2-picrylhydrazyl
(DPPH) assay. In the antioxidant capacity analysis, UV-Vis
spectrophotometer was used to measure chromogen colour
change of DPPH-added liquid smoke due to DPPH neutralisa-
tion expressed with EC50 or antioxidant concentrations
required for DPPH neutralisation, causing a decrease of
DPPH absorbance level by 50%. The pH was measured using
a Hanna Instrument HI981030 pH meter.

2.4.1 Chemical compound analysis

Chemical compound analysis of liquid smoke was performed
using Gas Chromatography-Mass Spectrometry (GC-MS),
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following a procedure described elsewhere [40] with several
modifications. Prior to analysis, 1ml of the liquid smoke
sample was mixed with 2ml of analytical-grade dichloro-
methane, purchased from Sigma-Aldrich. The mixture was
sonicated for approximately 5 min to ensure the formation
of two clearly separated phases: an aqueous phase (upper
layer) and a dichloromethane phase (lower layer). One ml
of the lower phase was diluted with analytical-grade dichlor-
omethane to prepare a 5 ml solution for injection into the GC-
MS system. Prior to injection, anhydrous sodium sulphate
was added to the sample solution, which was then syringe-
filtered to minimise water content.

An Agilent 7890B gas chromatograph coupled with a
5977B mass spectrometer detector and equipped with an
HP-5MS UI column (30 m x 250 um x 0.25 um) was used for
the analysis. A 1 ul injection volume was introduced with a
split ratio of 10:1, and the injection temperature was set to
270°C. The oven temperature program began at 40°C (held
for 5 min), increased to 100°C at a rate of 5°C'min, and then
to 280°C at a rate of 4°C-min”?, where it was held for 3 min.
Helium gas was used as the carrier at a flow rate of
1.2ml'min"%. Mass spectra were obtained in electron ionisa-
tion mode at 70 eV, with an acquisition range of 50—-600 amu.
Chemical compound identification was performed by com-
paring the mass spectra with those in the NIST Research
Library database (Agilent Technologies) and previous studies
[40-42]. Mass spectra with a quality (MSQ) score of >85%
were considered reliably identified, while those with scores
below 80% were classified as impurities. A comparative
assessment of the approximate purity of the liquid smoke
products was performed using total sum normalisation
(TSN). TSN is a widely used and straightforward method for
normalising GC-MS data [43], expressing the results as rela-
tive [43/44] or semi-quantitative concentrations [45]. This
approach is particularly suitable for screening purposes in
the absence of standard calibration [43,44] and when quanti-
fication is impractical due to the large number of identified
compounds (Table 1) [45]. In this study, TSN was applied to
illustrate overall compositional trends rather than to quantify
absolute concentrations [43-45]. The method involves
dividing the area of each individual peak by the total peak
area within the same chromatographic profile [43]. Peaks
marked as “n.d.” (not detected) in Table 1 refer to compounds
that were undetected in a particular sample but were present
in at least one other sample analysed using the same method.

2.4.2 TPC analysis

The phenolic content was measured using TPC analysis
with the Folin—CiocAlteu reagent and expressed as
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equivalent concentrations of gallic acid. A calibration
curve was prepared prior to the analysis. A standard solu-
tion was prepared by dissolving 3mg of gallic acid in
methanol to create a 10 ml primary solution. To construct
the calibration curve, a series of gallic acid solutions with
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varying concentrations (e.g., six different concentrations)
were prepared by diluting the primary solution. For each
concentration, 200 pl of the gallic acid solution was mixed
with 1.5ml of 10% (w/w) Folin—Ciocalteu reagent. These
mixtures were stored in a dark compartment to prevent

Table 1: GC-MS-measured normalised mass percentage of chemical compounds in liquid smoke

Chemical compounds (ID)

Normalised mass percentage

300°C 400°C

0kv-cm™ 15 kV-cm™ 20 kV-cm™' 0 kv-cm™ 15 kV-cm™ 20 kV-cm™'

Phenolic compounds

Phenol (P1) 40.69 44.41
2-Methoxyphenol or guaiacol (P2) 7.65 7.39
4-Ethyl-2-methoxyphenol (P3) n.d. 1.12
2-Methoxy-4-vinylphenol (P4) n.d. n.d.
2-Methoxy-5-methylphenol (P5) 0.56 n.d.
2,6-Dimethoxyphenol or syringol (P6) 7.44 6.93
3,5-Dimethoxy-4-hydroxytoluene (P7) 0.46 0.64
4-Ethenyl-2,6-dimethoxyphenol (P8) n.d. n.d.
4-Propenyl-2,6-dimethoxyphenol (P9) n.d. n.d.
Creosol (P10) n.d. n.d.
Catechol (P11) n.d. n.d.
3-Methoxy-1,2-benzenediol (P12) n.d. n.d.
3-Methyl-1,2-benzenediol (P13) n.d. n.d.
Syringylacetone (P14) n.d. n.d.
4-Butylguaiacol (P15) n.d. n.d.
1-methylnaphthalene (P16) n.d. 1.06
Diester phthalic acid (P17) 12.14 n.d.
Subtotal 68.94 61.56
Carbonyl-containing compounds

2-Methyl-2-cyclopentenone (CC1) n.d. n.d.
2-Hydroxy-3-methyl-2- cyclopentenone (CC2) n.d. n.d.
3-Hydroxy-2-methyl-2-cyclopentenone (CC3) 2.07 n.d.
3-Ethyl-2-hydroxy-2-cyclopentenone (CC4) 0,77 n.d.
Methyl ester hexadecenoic acid (CC5) 1.31 n.d.
2,4-Dimethyl-1,3-cyclopentanedione (CC6) n.d. n.d.
3,5-Dimethoxy-4-hydroxyacetophenone (CC7) n.d. n.d.
4-Hydroxy-3-methoxyphenylacetone (CC8) n.d. n.d.
Subtotal 4.15 n.d.
Furanic compounds

3-Furaldehyde (F1) n.d. n.d.
2-Acetylfuran (F2) n.d. n.d.
3-Methylfuran (F3) n.d. n.d.
Subtotal n.d. n.d.
Nitrogeneous compounds

3-Pyridinepropionic acid n.d. n.d.
Subtotal n.d. n.d.
Miscellaneous compounds

1,2,3-Trimethoxy-5-methylbenzene n.d. n.d.
Subtotal n.d. n.d.
Impurities

Impurities (I) 26.91 38.44
Subtotal 26.91 38.44

31.07 31.15 33.57 20.56
6.03 7.85 6.35 4,00
0.53 0.66 0.74 n.d.
0.87 0.63 n.d. n.d.
0.48 n.d. 0.68 n.d.
3.66 11.24 5.85 4.90
n.d. 0.89 0.66 n.d.
n.d. 0.63 n.d. n.d.
n.d. 0.47 n.d. n.d.
n.d. 0.71 n.d. n.d.
n.d. 117 n.d. n.d.
n.d. 2.26 0.91 0.98
n.d. 0.4 n.d. n.d.
n.d. 1.55 0.76 1.20
n.d. 0.97 0.38 n.d.
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d.
42.64 60.59 49.89 32.49
0.53 1.38 0.79 n.d.
n.d. 4.05 n.d. n.d.
1.07 n.d. 1.91 1.61
n.d. 1.37 0.62 n.d.
n.d. n.d. n.d. n.d.
n.d. 0.34 n.d. n.d.
n.d. 0.54 n.d. n.d.
n.d. n.d. n.d. 0.61
1.6 7.68 3.32 2.22
4.7 n.d. n.d. n.d.
n.d. 0.60 n.d. n.d.
n.d. n.d. 1.16 n.d.
4.7 0.6 1.16 n.d.
n.d. 0.81 n.d. n.d.
n.d. 0.81 n.d. n.d.
n.d. 0.99 0.81 0.66
n.d. 0.99 0.81 0.66
51.06 29.32 44.82 64.62
51.06 29.32 44.82 64.62

Bold values are used to emphasise the total mass percentage of each chemical compound group.

n.d., not detected.
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light exposure for 5 min. Next, 1.5 ml of 5% (w/w) Na,COs
solution was added, and the mixtures were returned to the
dark compartment for 2 h. Finally, the absorbance of each
mixture was measured with a spectrophotometer at a
wavelength of 750 nm, with each measurement repeated
three times.

For TPC analysis of the liquid smoke samples, a liquid
smoke solution was prepared by dissolving 1 mg of liquid
smoke in 1 ml of methanol. A 200-pl aliquot of this solution
was combined with 1.5ml of 10% (w/w) Folin—Ciocalteu
reagent and left in a dark compartment for 5min.
Subsequently, 1.5ml of 5% (w/w) Na,CO; solution was
added, and the mixture was stored in the dark for 2h.
The absorbance of this mixture was then measured at
750 nm using a spectrophotometer. This analysis was per-
formed for all liquid smoke samples, with three repetitions
for each sample.

2.4.3 Antioxidant capacity analysis

The antioxidant capacity was measured following a proce-
dure detailed elsewhere [46]. An ultraviolet-visible
(UV-Vis) spectrophotometer was used to monitor chro-
mogen colour changes in DPPH-treated liquid smoke,
which occur due to DPPH neutralisation. A 40-ppm DPPH
solution was prepared by dissolving 4 mg of DPPH crystals
in methanol. This solution was stored in a cold, dark envir-
onment to maintain stability. The liquid smoke was dis-
solved in dimethyl sulphoxide (DMSO) and sonicated for
5min to ensure the solution was homogeneous. Subse-
quently, 3ml of the DPPH solution was mixed with 1.5 ml
of the liquid smoke solution. The mixture was gently
shaken and then kept in a cold, dark environment for
10 min. The absorbance of the mixture was measured using
a UV-Vis spectrophotometer at a wavelength of 518 nm,
with three repetitions conducted for each liquid smoke
sample. Additionally, 1.5ml of pure DMSO was used as a
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blank sample. The EC50 value was determined by com-
paring the percentage difference between the absorbance
of the mixture and that of the blank sample.

3 Results and discussions

3.1 Thermal properties of EFBs

Both proximate and ultimate analyses on the EFBs result in
the following: 16.15% for moisture content, 61.36% for vola-
tile matter content, 17.27% for fixed carbon content, 5.22%
for ash content, 52.46% for elemental carbon content,
0.73% for elemental nitrogen content, 6.03% for elemental
hydrogen content, and 0.28% for elemental sulphur con-
tent. These compositions had almost similar magnitudes to
those of both softwood and hardwood, as the traditional
raw material of liquid smoke [47]. The main compositional
difference was the higher content of ash in EFBs due to the
significant presence of silicon and potassium that were
accumulated to suppress physical stress and to fulfil
nutrient requirements during the oil palm lifetime, respec-
tively [48,49].

3.2 Influence of electroporation on physical
properties of EFBs

SEM analysis was performed on EFBs before and after
electroporation to examine the impact of the treatment
on their microscopic physical structure. The resulting
SEM micrographs are presented in Figure 2, offering a
visual comparison between untreated and electroporated
EFB strands. The left micrograph shows an intact EFB
strand, as no electroporation was applied. In contrast,
the middle micrograph, corresponding to treatment at

Figure 2: 1,500-Time visual magnification of microstructures of EFB: Left, raw EFBs; middle, EFBs after electroporation at 15 kV-cm™"; right, EFBs after
electroporation at 20 kv-cm™.
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15kV-cm ™, reveals moderate physical damage such as cav-
ities, surface tears, and scratches. The right micrograph
depicts more severe structural damage, including deep
cavities, breakage, holes, and punctures, following electro-
poration at 20 kV-cm™. The progression of damage with
increasing electric field strength supports the hypothesis
that electroporation enhances the permeability of lignocel-
lulosic material [50]. At 20 kV-cm™?, the electric field was
sufficiently intense to rupture the lignocellulosic matrix,
leading to the release of cytoplasmic fluid into the sur-
rounding medium and forming numerous pores, consis-
tent with cellular breakdown [51].

To complement the SEM observations, quantitative
analyses of the microscopic physical characteristics of
EFBs were conducted. These included measurements of
pore volume (in cm® per gram of ground EFB), pore size
distributions as functions of both pore volume and surface
area, and interpretations of the microscopic mechanisms
induced by electroporation, as shown in Figure 3(a)-(d).

Figure 3(a) displays pore volume data in the form of
nitrogen adsorption—desorption isotherm curves across
different electric field strengths. For untreated EFBs (Ads,
0kV-em™ and Des, 0kV-cm™), the curves are nearly flat
and approach 0cm®*g™, suggesting minimal nitrogen
uptake due to the rigid lignocellulosic structure and low
intrinsic porosity. The overlap of adsorption and deso-
rption curves indicates the presence of large, well-con-
nected pores. In contrast, at 15kV-cm™, the adsorption
(Ads, 15kV-cm™) and desorption (Des, 15kV-cm™) curves
exhibit a clear increase in nitrogen uptake with rising
relative pressure, signifying a growth in pore volume.
This increase likely reflects the formation and deepening
of cavities resulting from electroporation-induced cracking
of the EFB matrix. The appearance of hysteresis, where the
adsorption curve exceeds the desorption curve at higher
pressures, further supports the presence of newly formed
small-sized pores [52]. At 20kV-cm™, the adsorption and
desorption curves (Ads and Des, 20 kv.em™) follow a
similar pattern but with an even higher volume of
adsorbed nitrogen, indicating more extensive pore forma-
tion under stronger electric fields.

Figure 3(b) shows the pore size distribution as a func-
tion of pore volume. For untreated EFBs (Ads and Des,
0kV-cm™), the distribution is dominated by pores larger
than 11nm, with a peak pore volume of approximately
1.6 cm>g~". The small difference between the adsorption
and desorption curves suggests a well-integrated pore net-
work, consistent with earlier structural observations. After
electroporation at 15 kV-cm™, the pore size distribution
shifts toward smaller pores, peaking at around 15.5nm,
and the adsorption curve reaches nearly 3cm®*g . This
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shift indicates the breakdown of larger pores into smaller
ones due to structural damage. At 20 kV-cm™, the pore size
distribution remains similar in shape but with a higher
maximum pore volume of about 3.5cm*g™, suggesting
greater structural alteration [53]. In both treated cases,
the adsorption curves exceed the desorption curves,
further confirming the presence of fine pores and the
resultant hysteresis.

Figure 3(c) presents pore size distribution data relative
to surface area. The trend across all conditions (Ads,
0kv-em™, Des, 0kV-cm™, Ads, 15kV-cm™, Des, 15kV-cm™,
Ads, 20kV-cm™, and Des, 20 kV-cm™) closely mirrors the
patterns observed in Figure 3(b). This consistency rein-
forces the interpretation that electroporation promotes
the formation of small-sized pores, as indicated by the
simultaneous increase in both pore volume and surface
area at comparable pore size ranges.

3.3 Influence of electroporation on yields
and chemical properties of EFBs

Building upon the structural and textural changes, the effects
of electroporation on the pyrolytic behaviour of EFBs were
further evaluated by examining the liquid smoke yield pro-
files under MAP. These profiles, presented in Figure 4, illus-
trate the influence of both pyrolysis temperature (300°C and
400°C) and electric field strength (0, 15, and 20 kV-em™) of
electroporation on liquid smoke production.

The data show that, irrespective of electroporation,
MAP conducted at 400°C generally produced higher liquid
smoke yields compared to 300°C. This was attributed to the
higher thermal input at 400°C, which facilitated more effi-
cient cleavage of chemical bonds within the EFB matrix
and enhanced the condensation of pyrolysis vapours into
liquid smoke. At the lower temperature of 300°C, the
untreated EFBs yielded the highest amount of liquid
smoke, approximately 18%. However, when electropora-
tion at 15kV-cm™ was applied as a pretreatment, the yield
decreased by around 3%, and further dropped to roughly
7% with 20 kV-cm™ electroporation. This downward trend
suggests that increasing the electric field strength during
pretreatment progressively reduces the yield of liquid
smoke.

The observed decline in yield was likely a direct con-
sequence of the escalating severity of microscopic struc-
tural damage. Electroporation-induced porosity increased
the effective surface area and pore volume of EFBs,
thereby enhancing internal heat and mass transfer during
pyrolysis. For EFBs treated at 15kV-cm, this structural
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Figure 4: Pyrolytic product yield of EFBs at varying MAP temperatures
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modification appeared to facilitate more rapid heating,
diminishing product selectivity towards liquid-phase pro-
ducts and shifting the reaction balance toward gas forma-
tion. The effect was even more pronounced at 20 kV-cm™,
where the presence of extensive surface cavities and rup-
tures further accelerated heating and volatile release,
resulting in markedly lower liquid smoke yields.
Interestingly, at the elevated pyrolysis temperature of
400°C, the trend differed. Here, electroporation at
15kV-cm ™ produced a higher liquid smoke yield than the
untreated EFBs. This reversal may be explained by the
electroporation-induced  microstructural  disruption,
enhancing the accessibility of internal cellulose domains
to thermal energy. At 400°C, EFBs undergo significant
thermal degradation, which further extends to decomposi-
tion of lignin and cellulose than the thermal degradation at
300°C, producing more and heavier phenolic compounds
that were more effectively retained and condensed into
liquid smoke. In addition, electroporated EFBs at
15kV-em™ via structural damage might have enhanced
the volatilisation and the condensation. However, the
observed decline in liquid smoke yield at 20 kV-cm™ sug-
gests that excessively high electric field strengths may
induce adverse effects, possibly due to the occurrence of
extreme permeabilisation or irreversible electroporation,
potentially resulting in significant structural damage or
localised cell disintegration. This might have led to prema-
ture loss or thermal degradation of key volatile precursors
before they were converted into condensable products,
ultimately diminishing liquid smoke yield. Additionally,
more aggressive electroporation might have increased
the susceptibility of intermediate volatiles to further
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cracking during pyrolysis, shifting the product distribution
away from liquid fractions and towards non-condensable
gases and char. Accordingly, while moderate electropora-
tion (e.g. 15kV-cm™) appeared beneficial for enhancing
yield through improved permeability and volatile release,
exceeding this threshold, as with 20 kV-em™ resulted in
diminishing returns or even detrimental effects on liquid
smoke production.

To further understand the chemical transformation of
EFBs during pyrolysis, the chemical composition of the
resulting liquid smoke was analysed using gas chromato-
graphy-mass spectrometry (GC-MS). The results, expressed
as normalised mass percentages (relative concentrations)
of organic-based compounds, are summarised in Table 1.

At 300°C, the organic fraction of liquid smoke from
raw EFB was dominated by phenolic compounds
(68.94%), followed by a small fraction of carbonyl-con-
taining compounds (4.15%), and a substantial proportion
of unidentified impurities (26.91%) that were neither phe-
nolic, furanic, carbonyl, nor carboxylic in nature. The high
proportion of phenolic compounds was unexpected, given
that raw EFBs contain over 80% holocellulose [54]. At this
temperature, cellulose undergoes depolymerisation into
oligosaccharides due to the cleavage of B-(1 — 4)-glycosidic
bonds [55]. These oligosaccharides subsequently follow three
major degradation pathways: (i) dehydration into monomeric
sugars such as levoglucosan and levoglucosenone [56,57]; (i)
molecular reconstruction into furanic compounds like fur-
fural and hydroxymethylfurfural [58-60]; and (iii) fragmenta-
tion into lighter carbonyl compounds such as acetone and
acetol [61,62]. However, only minimal quantities of cellu-
lose-derived compounds were retained in the liquid smoke,
possibly due to further degradation into non-condensable
gases (e.g., CO and H;0) during their migration through the
heated EFB matrix under microwave irradiation. Some of this
degradation may have occurred above the solid bed at slower
rates due to weaker microwave penetration in the gas
phase [63].

Hemicellulose, which makes up less than 10% of EFBs,
begins to degrade at temperatures as low as 200°C due to
its amorphous structure. Nonetheless, only trace quantities
of hemicellulose-derived compounds were found, such as
minor carbonyls, likely originating from the degradation of
O-acetyl xylan units [64]. As with cellulose-derived inter-
mediates, many hemicellulose products may have been lost
as non-condensable gases before exiting the biomass.

As the temperature approached 300°C, lignin under-
went depolymerisation through cleavage of C-O and
C=0 bonds. While this process typically yields methoxy-
phenols, the GC-MS results showed phenol as the dominant
lignin-derived product, accounting for over 50% of the
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organic fraction. This suggests that demethylation and
demethoxylation, typically occurring at >350°C, were accel-
erated by microwave heating even at 300°C [65,66]. The
thermal stability of aromatic rings further contributed to
the high phenol retention in the liquid smoke [67].

Unexpectedly, diester phthalic acid, a compound of
regulatory concern, was present at 12.14%. Its formation
may have occurred via a multi-step process: (1) formation
of 1-methylnaphthalene from lignin degradation, (2) oxida-
tion into phthalic anhydride, and (3) subsequent esterifica-
tion with phenol or trace alcohols. Although 1-methyl-
naphthalene is poorly soluble in water and expected to
partition into the heavy phase, co-solubility with phenolic
compounds could have facilitated its migration into the
water-rich liquid smoke. The rapid heating conditions in
MAP may have driven the necessary reactions even at
300°C [68-70].

More than 20% of the organic content consisted of
unidentified impurities, as indicated by weak or unre-
solved GC-MS peaks. These impurities may represent ali-
phatic compounds formed through ring-opening reactions
of Cs and Cg sugars or breakdown of furanics [71].

The presence of diester phthalic acid raises critical
safety concerns, particularly for food applications.
Diester phthalates, such as diethyl and dibutyl phthalates,
are recognised endocrine-disrupting and potentially carci-
nogenic compounds that are strictly regulated by authori-
ties, including the U.S. Food and Drug Administration
(FDA) and the European Food Safety Authority (EFSA). To
ensure food safety and regulatory compliance, additional
purification steps are required before commercialisation.
Effective strategies include activated carbon or biochar
adsorption to remove hydrophobic contaminants such as
phthalates [72]; solid-phase extraction (SPE) for selective
isolation; and membrane-based separation methods like
nanofiltration or ultrafiltration to remove low-molecular-
weight compounds [73,74]. These purification techniques
should be paired with post-treatment chemical analysis
(e.g., GC-MYS) to verify the absence or safe levels of phtha-
lates. Preventive measures, such as using phthalate-free
equipment and clean biomass feedstock, are also essential
to mitigate upstream contamination. A combined approach
ensures alignment with food safety standards.

At 400°C, MAP of raw EFBs produced liquid smoke
with slightly lower phenolic content (-8.35%) and
increased carbonyls (7.68%) compared to that at 300°C.
Although the total phenolic proportion declined, several
methoxyphenol, including 2-methoxyphenol, 4-ethyl-2-
methoxyphenol, and 2,6-dimethoxyphenol, appeared in
higher concentrations, as temperatures below ~500°C pro-
mote methoxyphenol formation before demethoxylation
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becomes dominant at higher temperatures [75-77]. The
increased carbonyl content at 400°C likely reflects sec-
ondary degradation of monomeric sugars into furanics
and carbonyls [78]. However, the limited furanic content
suggests further degradation of furanics into carbonyls or
non-condensable gases due to the instability of oxygenated
five-membered rings at this temperature [79]. Additionally,
hemicellulose may have contributed more carbonyls via
intensified decomposition.

Most carbonyl compounds identified at 400°C were
cyclopentene derivatives, possibly formed through ring
cracking of furanics or via alkali-catalysed Michael-Aldol
condensation and cyclisation [80-82]. The lower yield of
lignin-derived compounds at this temperature may be
attributed to their reduced thermal stability. Moderate
selectivity toward cresol and catechol was observed, poten-
tially arising from methyl radical reactions with methox-
yphenol and hydrogen radical interaction with phenoxy
radicals, respectively [83]. A rise in unidentified impurities
was also recorded at 400°C, indicating increased selectivity
for aliphatic compounds at higher pyrolysis temperatures.

Electroporation treatment prior to MAP significantly
influenced the chemical composition of the liquid smoke.
At 300°C, EFB electroporated at 15kV-cm™* produced 7.38%
fewer phenolic compounds than untreated EFBs, likely due
to partial lignin loss into the electroporation medium.
Despite this, phenol, the dominant phenolic compound,
increased from 40.69% to 44.41%, suggesting that surface
damage enhanced methoxyphenol demethoxylation [84]. In
contrast, EFB pre-treated at 20 kV-cm™! showed a more than
20% reduction in phenolic content compared to untreated
EFBs, and lower phenol levels than the 15 kV-cm™ case, likely
due to excessive lignin loss. Both electroporated samples
showed low carbonyl selectivity, though 3-furaldehyde
appeared at a moderate level (4.7%) in the 20 kV-cm™ case,
likely originating from accelerated cellulose and hemicellu-
lose conversion [85,86]. A similar trend of decreasing phenolic
and carbonyl content was observed at 400°C across
increasing electric field strengths, likely driven by analogous
degradation mechanisms.

To further elucidate the bioactive characteristics of the
liquid smoke, total phenolic content (TPC), antioxidant capa-
city, and acidity were evaluated, as shown in Figure 5(a)-(c).
These properties are essential indicators of the functional
potential of liquid smoke for food applications, particularly
in terms of preservative and antioxidant performance.

Figure 5(a) presents the TPC of the liquid smoke,
expressed in milligrams of gallic acid equivalents (GAE)
per litre. At 300°C, the TPC decreased progressively from
approximately 43 mg GAE/L in raw EFB to 15 mg GAE/L and
13 mg GAE/L following electroporation pretreatment at 15
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Figure 5: (a) Total phenolic content in liquid smoke (p > 0.05), (b) anti-
oxidant capacity of liquid smoke (p > 0.05), and (c) pH of liquid smoke
(p > 0.05).

and 20 kV-cm™, respectively. This trend corresponds to the
decline in phenolic compound mass percentages reported
in Table 1. The reduction is likely attributed to the electro-
poration-induced surface damage, which facilitated the
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premature release of volatile phenolic compounds before
efficient condensation could occur. At 400°C, however, a
different trend was observed. While the TPC initially
declined to 4 mg GAE/] after pretreatment at 15kV-cm ™, it
subsequently increased to approximately 52 mg GAE/l at
20 kV-cm ™. This increase may be explained by enhanced
lignin depolymerisation and deeper structural breakdown
under the synergistic effects of high pyrolysis temperature
and stronger electric field, which promoted the formation
and retention of additional phenolic compounds in the
liquid smoke.

As shown in Figure 5(b), the antioxidant capacity of the
liquid smoke exhibited a consistent trend of enhancement
at 400°C relative to 300°C, regardless of electroporation
intensity. This is likely due to the formation of highly active
phenolic compounds such as catechol, 3-methoxy-1,2-ben-
zenediol, and syringylacetone, which were identified in the
GC-MS results of the 400°C samples (Table 1) but were
either absent or present in negligible amounts at 300°C
[87-89]. Notably, at 400°C, antioxidant capacity increased
with the electric field strength, reaching 38.8% at
20 kV-cm™. This increase was accompanied by a drop in
pH to 2.41 (Figure 5(c)), reflecting a greater abundance of
acidic phenolic compounds. Conversely, at 300°C, higher
electric field strengths were associated with reduced anti-
oxidant capacity and elevated pH, suggesting a lower con-
centration of retained phenolics and acidic compounds.
Nevertheless, the pH values of all liquid smoke samples
remained within the acceptable range defined by the Japan
Liquid Smoke Association, underscoring their potential
safety and applicability for food-related use.

Although GC-MS analysis showed a lower proportion
of total phenolics under certain conditions, the
Folin—Ciocalteu method revealed higher TPC values in
these same samples, particularly those subjected to 400°C
MAP and 20 kV-cm™ electroporation. This discrepancy may
be attributed to the generation of phenolic compounds that
are more effectively retained or condensed at high tem-
peratures. Additionally, the presence of other bioactive
compounds, such as 3-furaldehyde and cyclopentene, iden-
tified in samples produced at higher electric fields and
temperatures may have contributed to the overall antiox-
idant capacity through secondary mechanisms. Though
less potent than phenolics, these compounds can act as
electron acceptors or radical scavengers via electrophilic
addition or conjugated ring stabilisation, thereby enhan-
cing antioxidant properties in a cumulative manner.

Despite these observable trends, statistical analysis
indicated that neither electric field strength nor MAP tem-
perature had a statistically significant effect on TPC, anti-
oxidant capacity, or pH (p > 0.05). These results suggest that
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the variability in these parameters may be driven by
complex synergistic interactions among various chemical
constituents in the liquid smoke rather than by the main
process variables alone. The co-presence of phenolics and
non-phenolic organic compounds, such as furans, carbonyls,
and minor aliphatic compounds, may collectively influence
antioxidant functionality and acidity through interdepen-
dent mechanisms, including hydrogen bonding, redox
cycling, and structural rearrangements during pyrolysis.

3.4 Statistical prediction of possible
mechanisms of EFB conversion into
liquid smoke

To better interpret the complex interrelationship between
treatment parameters and the resulting chemical composi-
tion of liquid smoke, principal component analysis (PCA)
was performed on the GC-MS dataset. This multivariate
statistical approach enabled dimensionality reduction,
transforming the normalised mass percentages of indivi-
dual compounds into a set of orthogonal principal compo-
nents (PCs) that capture the major variance across all
samples. The input variables comprised the chemical com-
pounds identified by GC-MS, while the samples were
defined by combinations of MAP temperature and electro-
poration electric field strength. As a result, the number of
chemical variables was reduced to five principal compo-
nents, with the first two, PC1 and PC2, accounting for
81.63% and 10.44% of the total variance, respectively.

The PCA results are summarised in Figure 6(a) and (b),
which depict the score and loading plots based on PC1 and
PC2. The score plot (Figure 6a) reveals the relative posi-
tioning of each sample, where the Euclidean distances
reflect differences in chemical compound distributions.
The loading plot (Figure 6b), on the other hand, visualises
the influence of individual compounds on the observed
variance. Chemical species located far from the origin
are considered major contributors to either PC1 or PC2,
or both.

As shown in Figure 6(a), the samples are broadly scat-
tered along the PC1 axis, indicating that electroporation
intensity and MAP temperature induced distinct chemical
transformations in the liquid smoke. Notably, the samples
generated from EFB pre-treated at 15kV-cm™ and pyro-
lysed at 400°C, and from EFB pre-treated at 20 kV-cm™*
and pyrolysed at 300°C, are positioned closer to each other
relative to other sample combinations. This proximity
implies that their liquid smokes shared similar chemical
profiles, consistent with the GC-MS data in Table 1, and
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supports the notion that high-field electroporation can simu-
late higher-temperature pyrolysis effects through enhanced
cell disintegration and lignocellulose accessibility.

The loading plot (Figure 6b) shows that most com-
pounds cluster near the origin, suggesting modest variance
contributions. However, a few key compounds, including
P1 (phenol), P6 (2,6-dimethoxyphenol), P12 (3-methoxy-1,2-
benzenediol), P17 (diester phthalic acid), CC2 (2-hydroxy-3-
methyl-2-cyclopenten-1-one), and I (impurities), reside at
significant distances from the origin, indicating a strong
influence on the overall variance. A pronounced negative
correlation between PC1 and several phenolic compounds
is evident, particularly for P1, P6, and P12, located in the
western quadrant. As the severity of electroporation
increased, a shift toward the eastern quadrant in Figure
6(a) was observed, corresponding to a reduction in phe-
nolic compound abundance. Conversely, the strong posi-
tive correlation between PC1 and impurities (I) suggests
that elevated electroporation intensities may have pro-
moted the formation of aliphatic degradation products,
possibly via ring-opening of sugar- and furan-derived com-
pounds. This finding corroborates prior observations of
increased impurity levels in highly electroporated samples
(71].

To provide a clearer view of compound separation, a
magnified loading plot is presented in Figure 6(c), which
facilitates a quadrant-based interpretation of compound
grouping and underlying pyrolytic pathways. Compounds
were distributed across four quadrants: the southwest
(SW), where primary lignin-derived phenolics such as
2-methylphenol and 2,6-dimethylphenol, and several
cyclopentene reside — indicating negative correlation
with both PCs; the southeast (SE), which includes potent
antioxidant phenolics such as catechol, syringylacetone,
and 2-methoxy-4-vinylphenol; the northeast (NE), populated
by furanic compounds such as 3-furaldehyde and 3-methyl-
furan; and the northwest (NW), where few compounds were
identified. These spatial arrangements imply distinct forma-
tion and transformation mechanisms depending on the ther-
mochemical and electroporation conditions.

Based on the compound distribution patterns
observed in Figure 6(b) and (c), a proposed degradation
pathway is illustrated in Figure 7. The pathway integrates
known thermochemical conversion mechanisms of ligno-
cellulosic biomass, specifically targeting the degradation
of cellulose, hemicellulose, and lignin in EFBs [71,90-93].
As MAP temperatures increased toward 300°C, cellulose
and hemicellulose underwent dehydration and glycosidic
bond cleavage, yielding C5 and C6 sugar derivatives
such as xylose and levoglucosan. These intermediates sub-
sequently transformed into furanic compounds (e.g.,



14 — Wahyu Meka et al.

DE GRUYTER
30 T T T T 1 T T
o 0o -~
20+ .
N N 05F 1
S 10k A gams ;5 K
g 10 15kV ey’ 300°¢ g
-1 o
g 0 kv ey 300°C 15 kv [ K ggac 300°C g p1z 7
8 0 20RY (,ruﬁ 7 0°C8 0 r
g 1o} 0 kv o' 400°C | e P
& o057 ]
20 f e
_30 1 1 "/’ —””’ 1 1 _1 1 1 \\ <
-30 20 10__.—"0 10 20 30 -1 05 0 05 1
,,,, ---Principal Component 1 Principal Component 1
0.1 == I T I T 1 T .
0.08 |- g
F
0.06 |- _
P16
0.04 |- -
P3
< 002 CcC3 7
o P5¢
=
8 CC5¢ A3
§ o
o
3 P2 ces
2
£ P%
a -0.02 CC6¢ y
P13p.
PO
CC¥
0.04 |- P8
- P10
P15¢
-0.06 |-
CCH
CC4
-0.08 - P11 -
-0.1 | | | | | | | |
-0.1 -0.08 -0.06 -0.04 -0.02 0o P14 002 0.04 0.06 0.08 0.1

Principal Component 1

Figure 6: (a) Score plot of PC1 and PC2 for GC-MS analysis results: 0 kV-cm™ 300°C, MAP of raw EFB at 300°C; 15 kV-cm™" 300°C, MAP at 300°C of EFB
electroporated at 15 kV-cm™; 20 kV-cm™ 300°C, MAP at 300°C of EFB electroporated at 20 kV-cm™; 0 kv-cm™ 400°C, MAP of raw EFB at 400°C;

15 kV-cm™" 400°C, MAP at 400°C of EFB electroporated at 15 kV-cm™; 20 kvV-cm™" 400°C, MAP at 400°C of EFB electroporated at 20 kV-cm™,

(b, ¢) loading plot of PC1 and P2 for GC-MS analysis results: chemical compound IDs are listed in Table 1.
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Figure 7: The possible mechanism of thermal degradation of electroporated EFBs during MAP.
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furfural), which, under continued heating, degraded into
smaller carbonyl compounds and cyclopentene. Although
cyclopentene was detected in small quantities, its forma-
tion appeared thermodynamically favourable under
moderate heating conditions, particularly for mildly elec-
troporated EFBs.

The lignin degradation pathway was temperature- and
structure-dependent, primarily influenced by the guaiacyl
(G) and syringyl (S) subunits in EFB lignin, which has a G/S
ratio of 0.411 + 0.003 [94]. At 200-300°C, cleavage of ether
bonds yielded 2-methoxyphenol (guaiacol) and 2,6-
dimethoxyphenol (syringol). Interestingly, the concentra-
tions of these methoxylated phenolics declined with
increasing electroporation field strength, likely due to
rapid heating and increased exposure that accelerated
secondary degradation. Furthermore, the near-equal abun-
dance of guaiacol and syringol, despite the expected dom-
inance of syringol, suggests a partial conversion of syr-
ingyl-type compounds into guaiacyl-type compounds
during MAP.

Between 300°C and 400°C, additional demethoxylation,
demethylation, and structural rearrangements of guaiacol
occurred. These reactions favoured the formation of
phenol, catechol, and cresol. Samples subjected to higher
electric fields exhibited increased concentrations of cate-
chol and cresol, compounds associated with potent antiox-
idant activity (see Figure 5b). These may have originated
from radical pathways involving guaiacol transformation
into quinone methide, followed by methide hydrogenation
and methoxylation reactions. Meanwhile, 2,6-dimethoxy-
phenol could be transformed into 3-methoxy-1,2-benzene-
diol and syringylacetone via demethoxylation and ketone
chain insertion, processes that were moderately favoured
under severe electroporation, as evidenced by the
enhanced antioxidant performance.

In summary, the PCA results, combined with com-
pound-specific analyses and mechanistic interpretation,
suggest that both MAP temperature and electroporation
intensity influence not only the quantity but also the
quality and reactivity of compounds formed in liquid
smoke. However, given that the p-values for the effects of
electroporation and MAP temperature on total phenolic con-
tent, antioxidant capacity, and pH were statistically insignif-
icant (p > 0.05), it is likely that synergistic interactions among
multiple compound classes — particularly between phenolic
and non-phenolic organics — govern the observed chemical
and functional outcomes. Such interdependencies underscore
the complex nature of pyrolytic transformations and high-
light the importance of integrated chemical, statistical, and
mechanistic approaches for optimising bioactive compound
production.

DE GRUYTER

4 Conclusions

Electroporation was applied to EFBs prior to MAP to inves-
tigate the combined effects of these treatments on the
characteristics of the resulting liquid smoke. This study
provides a more comprehensive understanding of how
electroporation and MAP influence liquid smoke proper-
ties compared to the initial hypothesis. The hypothesis sug-
gested that applying a high electric field to EFBs would
potentially reduce the liquid smoke yield, increase its anti-
oxidant capacity, and lower its acidity, while the MAP of
electroporated EFBs would negatively affect the anti-
oxidant capacity due to secondary cracking of phenolic
compounds at low temperatures. The results revealed
that electroporation significantly altered the physical prop-
erties of EFBs, with higher electric fields causing greater
structural disruptions. These structural changes influenced
the characteristics of the liquid smoke produced through
MAP. The disruptions were evident from reduced EFB pore
sizes as the electric field intensity increased during electro-
poration. Notably, the MAP of EFBs treated with an electric
field of 15kV-cm™ produced a relatively high liquid smoke
yield, whereas EFBs subjected to an electric field of
20 kV-cm™ resulted in a lower yield. Interestingly, the liquid
smoke derived from MAP of EFBs electroporated at
20kV-cm™ exhibited higher antioxidant capacity and lower
pH compared to that from EFBs electroporated at 15kV-cm ™.
This outcome may suggest that structural disruption induced
by the electric field at elevated temperatures facilitates more
extensive lignocellulosic decomposition, leading to the forma-
tion of phenolic compounds that are more readily extractable
and condensible into the liquid phase. The enhanced antiox-
idant capacity and reduced pH were attributed to the com-
bined effects of MAP and, more critically, the high electric
field during electroporation, which improved the selectivity
of chemical compounds with high antioxidant properties and
acidity. Additionally, some compounds displayed selectivity
when lower electric fields were applied during electropora-
tion. Based on the chemical compounds identified in the
liquid smoke, the study proposed a thermal degradation
mechanism for lignocellulose. This mechanism included
detailed guidelines on how MAP temperatures and electro-
poration electric fields contributed to specific chemical con-
version pathways. Overall, this study offers valuable insights
into the valorisation of EFBs, an abundant agricultural waste
material. Future research should focus on optimising electro-
poration and MAP operating conditions to improve the yield
and functionality of the liquid smoke produced.
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