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ABSTRACT

Lignocellulosic biomass (LCB) is a common substrate for biogas and bioethanol production
due to its significant properties and abundance. However, it has a unique recalcitrant
structure that can inhibit the production of biogas, which necessitates pre-treatment of the
substrate to obtain higher cellulose or sugars ready for microbial hydrolysis in producing
biogas. In this study, a novel approach for empty fruit bunch (EFB) pre-treatment has
been made: ohmic heating pre-treatment. This method is conventionally used in the food
industry for pasteurization and extraction. It involves electric current and resistance
inside the material that releases heat (Joule effect). A preliminary study has been done to
figure out the potential of alkaline assisted with ohmic heating (AA-OH) pre-treatment
for EFB. Lignin reduction for AA-OH EFB is higher than EFB that undergoes only size
reduction (SR) pre-treatment, which are 15.54% and 11.51%, respectively. After confirming
the potential of ohmic heating as one of the pre-treatment methods for EFB, three

parameters were investigated (reaction time,

temperature, and solvent concentration)
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NaOH, ohmic-heated at a temperature of 120°C for 25 minutes. To sum up, this developed
ohmic heating pre-treatment technique can be applied to LCB prior to biogas or bioethanol
production.
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INTRODUCTION

Exploration of alternative sustainable energy sources is actively carried out by researchers
worldwide out of concern for the scarcity of conventional energy resources such as coal,
petroleum, and others (Diyanilla et al., 2020). In addition to that, the increasing world
population and high demand for energy consumption are also the main concerns (Hoekstra
& Wiedmann, 2014). Agricultural waste is mainly comprised of lignocellulosic biomass
wastes, considered a cheap source for renewable biogas production, and has excellent
potential to overcome the spike in energy demand in the future. As the second largest crude
palm oil (CPO) producer and exporter (Ezechi & Muda, 2019), Malaysia also generates
abundant oil palm waste, estimated to be more than 80 million tons annually. Palm oil
plantation has become one of Malaysia’s emerging main agricultural sectors, making the
country recognizable in the world as one of the biggest palm oil producers. Significant
production of palm kernel shell (PKS), an oil palm frond (OPF), mesocarp fiber (MF), empty
fruit bunch (EFB), and palm oil mill effluent (POME) are by-products of the processing
of palm oil production.

EFB is chosen in this study due to its lignocellulosic properties, which are highly
obtainable, excellent compositional characteristics, and huge biogas production potential.
It is a lignocellulosic material consisting mainly of cellulose and hemicellulose (about
80%), made of sugars that can be fermented and converted into biogas (Palamae et al.,
2017). However, lignocellulosic biomass (LCB) has uniquely structured lignin, making
it recalcitrant towards microbial activity or enzymatic hydrolysis during fermentation or
biogas production. Cellulose, the complex lignin-hemicellulose bond, hinders the main
component for biofuel generation due to its high molecular weight, branched amorphous
compound, and substituted polymer (Karunakaran et al., 2020). Therefore, selecting
suitable pre-treatment methods is intrinsic to enhancing biofuel production at a low cost
on processing and environmentally friendly.

Alkaline pre-treatment of EFB is already proven to be one of the excellent options
among other chemical methods. They are less caustic than dilute acid and can be performed
at ambient pressure, eliminating the need for specialized equipment that is corrosion-
resistant, or that can withstand high pressures. Several alkaline reagents commonly used
are hydroxides of sodium, potassium, calcium, and ammonium (Baruah et al., 2018), of
which sodium hydroxide (NaOH) was the most effective (Kim et al., 2016). Cleavage

3040 Pertanika J. Sci. & Technol. 31 (6): 3039 - 3057 (2023)



EFB Delignification by Ohmic Heating Pre-treatment

of the intermolecular ester linkages between lignin and hemicellulose resulted from the
saponification reaction, which then allows the alkaline solution to solubilize both fragments
(Hu & Ragauskas, 2012; Sun et al., 2016). The degradation of cellulose cell walls will allow
for more enzyme interaction (Varga et al., 2003). This pre-treatment can also reduce the
crystallinity and degree of polymerization of EFB by cellulose swelling, which increases the
internal surface area (Baruah et al., 2018; Behera et al., 2014). Another main benefit of this
method is that it requires only mild pre-treatment conditions with minimal inhibitor production
and sugar degradation (Alvira et al., 2010; Xu et al., 2010; Zhao et al., 2008). However, this
pre-treatment method is usually paired with other methods to shorten its processing time and
reduce the usage of chemical and energy input (Conde-Megjia et al., 2012).

The utilization of ohmic heating in LCB pre-treatment is still novel and not yet explored
despite its excellent potential in food processing (Rodriguez et al., 2021; Perasiriyan et al.,
2016; Pires et al., 2020; Rios-Rios et al., 2021; Sengun et al., 2014; Wang et al., 2021). The
state-of-the-art OH utilization emerging in the last 15 years, comprehensively included
in the extraction process of essential oil (Karunanithi, 2019; Sofi’l et al., 2021; Tung &
Koca, 2021), food-grade (Gavahian et al., 2015; Pare et al., 2014), phytochemicals (Pereira
et al., 2016), and phenolic compounds (Kutlu et al., 2021). Ohmic heating is one of the
electro-heating methods successfully developed from conventional heating (Aurina &
Sari, 2022; Lee & Jun, 2011). Also known as Joule, direct electrical, resistance, electro-
heating, and electroconductive heating (Indiarto & Rezaharsamto, 2020; Perasiriyan et
al., 2016; Sastry, 2008), alternating electric current (AC) electric fields are passed through
materials. Hence, evolving from a single conventional pre-treatment process, researchers
explored integrating pre-treatment methods simultaneously into combinations of two or
more processes (Hassan et al., 2018; Ummalyma et al., 2019).

The most favored methods in trend for EFB pre-treatment are acid/alkaline-assisted
microwave heating which combines the physical (microwave heating) and chemical pre-
treatments, where chemical solvents used such as sodium hydroxide, NaOH (Hamzah et
al., 2020; Nomanbhay et al., 2013; Yaser et al., 2017), sulphuric acid, H2SO4 (Akhtar
et al., 2015; Fatriasari et al., 2017) and ferric (III) chloride, FeCI3 (Hassan et al., 2021).
Electrochemical (EC) pre-treatment is also categorized as one option for ‘greener’
alternative technologies for delignification (Tamburini et al., 2011) and has started to
venture into the reduction in the recalcitrance of LCB (Panigrahi et al., 2021). 64% lignin
reduction in wheat straw was obtained by Tamburini et al. (2011) using hypochlorous
acid (HOCI) as an electrolyte, and 46% reduction for yard waste using NaOH, done by
Panigrahi et al. (2021). At the same time, Sun et al. (2020) incorporated this EC method
into organoslov pre-treatment with 73% delignification of sawdust. EC pre-treatment
applies a direct current to the system by the principle of electrophoresis, ohmic heating,
and electro-osmosis with the aid of chemical reagents as electrolytes for electron transfer
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mediators (Panigrahi & Dubey, 2019; Rochefort et al., 2004). Particles will be disintegrated
where organic matter solubilization happens due to bonds breaking among polymers in
the LCB (Panigrahi & Dubey, 2019).

In this study, ohmic heating is chosen as the pre-treatment method to be assisted with
alkaline reagents as electrolytes. The potential of AA-OH to delignify EFB structures
was investigated and compared with the performance of SR. Following that, optimization
of parameters for AA-OH was also carried out for optimum EFB delignification and
cellulose recovery. OFAT approach allows researchers to explore a wide range of values,
providing a rough estimation of the optimal levels for a particular factor (Hu et al., 2016)
without considering the interactions between different factors. It can help identify which
factors have the most significant impact on the outcome variable and which ones can be
ignored, especially for this novel study. These pre-treatment method combinations are
more economical and environmentally friendly by reason of a reduction in the number of
operational steps. Moreover, they also demonstrated an excellent delignification efficiency
of feedstock (Diyanilla et al., 2020) for biogas production while minimizing the presence
of inhibitors that can interrupt the performance of biogas production (Kumar & Sharma,
2017; Zhai et al., 2018).

MATERIALS AND METHODS
Preparation of Samples

Freshly processed EFB was collected from Seri Bandar Palm Oil Mill (Banting, Selangor,
Malaysia). The shredded EFB were then separated from debris and kernel shell before
being dried in a drying oven at 50°C for 24 hours to reach a moisture content of less than
10% (Simanungkalit et al., 2017) for fungal proliferation prevention (Margal et al., 2018).
After drying, the EFB was cut and sieved into desired particle sizes (0.5 mm and 1-2 mm)
and kept in a proper storage container at room temperature until further use.

Ohmic Heater Design and Fabrication

The ohmic heater used in this study was designed and fabricated by Hamzah et al. (2011) for
the delignification of LCB at a lab scale, which consisted of a 1 L size cylindrical process
chamber with a maximum 800 mL holding capacity, fixed with a pair of titanium electrodes
in the process chamber. The main compartments of the ohmic heater consist of an ohmic
heated cell, a power supply (transformer), and a temperature sensor. The electrodes are
connected to a single-phase alternating current step-down transformer with a 3kW power
supply rated at 15 kVA with a maximum working current of 10 A. The electrical energy is
converted into thermal energy, and the heat generated is distributed evenly inside the treated
materials. With almost 100% energy transfer efficiency, the resulting energy instigates
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temperature rise in the system (Gavahian et
al., 2019; Lee & Jun, 2011; Picart-Palmade
et al., 2019; Shim et al., 2010).

The main advantage of ohmic heating
(OH) over conventional and microwave
heating (MW) is widely known for its
short time of the treatment process, which
demonstrated high efficiency in both
processing time and heating rate (Alkanan
et al., 2021; Gavahian et al., 2019; Lee ct
al., 2013; Pires et al., 2020; Sakr & Liu,
2014). Less energy consumption with better
quality products makes the OH system
highly efficient in energy usage, especially
compared to microwave and other high-
pressure processes (Pires et al., 2020; Rinaldi
et al., 2020). In food pasteurization, the
thermal effects combined with electric effects
can increase cell membrane permeability and
destroy bacterial cells (Cappato et al., 2017).
Figure 1 shows the design and fabrication of
the ohmic heater from the schematic diagram
(a) to the fabrication of the ohmic heater
(c). From the computer-aided design front
view of ohmic heater (b), parts stated are 1:
ohmic switch, 2: input power, 3: main switch,
4: ohmic power, 5: temperature controller,
6: ohmic voltage selector, 7: single-phase
transformer behind the main cover, 8:
ohmic cell, 9: titanium electrode, and 10:
thermocouple probe.

Pre-treatment of EFB

Ohmic cell

Electrode

lnnn[
AT
\vAvAvAV

Single phase step
down transformer

—10

3

Figure 1. Design and fabrication of ohmic heater: (a)
schematic diagram of ohmic heater; (b) computer-
aided design front view ohmic heater; and (c)
fabricated ohmic heater

A complete series of tests was done to study the potential of ohmic heating pre-treatment on

the EFB delignification by comparing the effect of size reduction (SR) and alkaline-assisted

ohmic heating (AA-OH) pre-treatment on the composition of cellulose, hemicellulose,

and lignin for untreated and pre-treated EFB. Prior to the ohmic heating process, 7 g of
prepared native EFB was soaked in 700 mL of 1% w/v sodium hydroxide (NaOH) for 2
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hours. This step was necessary to let the fibrous EFB sample absorb the liquid until its
equilibrium state. Then, the sample mixture was transferred into the ohmic cell and ohmic
heated for 5 minutes at 80°C at a fixed solid-to-liquid ratio of 1:100. The determination of
chemical composition for native, size reduced, and ohmic heated EFB was carried out using
the Technical Association of the Pulp and Paper Industry (TAPPI) method to see if there was
any significant potential for ohmic heating pre-treatment (Hamzah et al., 2020; Mohammad
et al., 2020). From the result, further optimization of AA-OH parameters on EFB was done
accordingly to one factor at a time (OFAT) for three different variables such as reaction time
(5-25 mins), temperature (80—120°C), and concentration of NaOH (1-5% w/v).

Morphological and Compositional Analysis of EFB

Morphological studies to observe the changes of untreated and pre-treated EFB were done
by using a Scanning Electron Microscope (SEM), S-3400N model (Hitachi, Japan) equipped
with an Energy Dispersive Spectroscopy (EDS) system. The samples were dried in a drying
oven at 60°C for 24 hours before undergoing gold coating by a sputtering process, which
was done to avoid the charging effect during SEM analysis to ensure their low moisture
content. The analysis of morphological changes in the lignin structure of the fibrous sample
was recorded at 25 kV acceleration voltage for 250 magnification with a working distance
(WD) of 6.3 to 6.4 mm. 5 g of EFB samples were prepared and dried before compositional
analysis. TAPPI standard methods (TAPPI, 1950) were followed in the determination of
lignin (T-222), holocellulose (T-249-75), and a-cellulose (T-203) content in all untreated
and pre-treated EFB samples. At the same time, hemicellulose content was obtained by
subtracting the content of a-cellulose from the holocellulose.

RESULTS AND DISCUSSION
Physical And Morphological Changes of Pre-treated EFB

Native EFB originally comprises 24-65% cellulose, 17-34% hemicellulose, and 13-37%
lignin (Khalil et al., 2012; Chang, 2014; Palamae et al., 2017; Yimlamai et al., 2021). In
this work, the chemical compositions of native EFB obtained were comparable to the
reported ranges of 22% cellulose, 32% lignin, and 36% hemicellulose. The composition
of EFB may vary as this substrate is a natural plant fiber, mainly due to the maturity and
freshness level of the empty bunch collected for recovery as well as the geographic factor
of the plantation site (Palamae et al., 2017). Figure 2 shows the differences in the physical
appearance of the size-reduced EFB (b) and alkaline-assisted ohmic heated EFB (¢)
compared to the unpretreated native EFB (a). After the severe grinding process, the size
color reduced EFB has gone darker in its powdery form due to the friction created during
grinding, resulting in heat generation. The color was slightly lighter for the ohmic-heated
EFB, becoming more brittle than its original form.
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Morphological and structural changes of pre-treated and untreated EFB were analyzed
using Scanning Electron Microscopy (SEM), as shown in Figure 3. Morphologically, one
peculiar characteristic can be observed in native EFB, where this fiber has a higher rigidity
index than other fibrous plant types, mainly due to its thick cell wall, which is much like
the structures of wood cell walls compared to other types of plant cells. From the SEM
image results, Figure 3(a), the raw fiber had a relatively smooth surface from the lignin
or wax layer cover that protected it from rupture. On the other hand, both pre-treatments

significantly altered the fiber morphology and caused some structural damage. Extreme

(a) (b)
Figure 2. Physical appearances: (a) native EFB; (b) SR-EFB; and (c) AA-OH EFB

= 25.0kV 6.3mm %250 SE 6 4mm x250 SE

(b)
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<4
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(©)
Figure 3. SEM images under 250x magnification: (a) native EFB; (b) SR EFB; and (c) AA-OH EFB
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size reduction of the EFB led to the tearing of the fiber wall surrounding the cellulose and
hemicellulose components, as seen in Figure 3(b). This tearing or fracturing increases the
surface area of EFB, which exposes more cellulose and hemicellulose to the subsequent
pre-treatment processes. At the same time, a significant effect can be seen after the alkaline-
assisted ohmic-heating (AA-OH) process, as in Figure 3(c). Most of the outer layer of
lignin was deteriorated and eliminated (Palamae et al., 2017; Azelee et al., 2014) where
the cell walls were shattered, and lignin and cellulose were hydrolyzed, creating pores
(Iberahim et al., 2013).

Pores formed when pre-treatment using sodium hydroxide (NaOH) formed silica holes
(Hamzah et al., 2020), as most of the silica components were removed with extractives
on the EFB surface. Removing silica is crucial (Glazowska et al., 2018) because it may
create precipitation of insoluble compounds, contributing to biomass recalcitrance. As
the silica is deposited in the cell wall, it will protect the plant from enzymatic hydrolysis
and microbial attack, acting as one of the physical barriers for fiber, which can cause
problems during biomass utilization for bioenergy production (Hamzah et al., 2020; Le et
al., 2015). Furthermore, after removing the lignin surfaces of the fiber, circular silica bodies
were revealed to be deposited on the surfaces (Palamae et al., 2017). Hence, AA-OH pre-
treatment was managed by exposing the cellulose fibers and removing several inter-fiber
materials, which opened spaces between the cellulose. It allowed better contact of cellulose
to microbial or hydrolytic enzyme activity for an increment of glucose and biogas yield.

Lignocellulosic Composition of Untreated and Pre-treated EFB

The compositional analysis of native, size-reduced (SR), and alkaline-assisted ohmic heated
(AA-OH) EFB was determined for lignin, cellulose, and hemicellulose content by using the
TAPPI method. The native EFB was prepared accordingly at a particle size ranging from
1 to 2 mm, whereas further size reduction of less than 0.5 mm was done for the SR EFB
samples. The EFB samples (1-2 mm) were treated at 300 W of ohmic heating for 5 minutes
at 80°C for AA-OH pre-treatment. The electrolyte solvent used was 1% w/v NaOH with
a solid-to-liquid ratio of 1:100. After the ohmic heating pre-treatment, the ohmic cell was
allowed to cool down first, then de-attached from the electrodes’ connecting. The slurry
was then filtered through Whatman filter paper No. 1 and washed with distilled water to
neutralize the sample. After sample drying at 60°C for 24 hours, the pre-treated samples
were stored at room temperature for further analysis.

From the chemical compositional analysis, as shown in Table 1, native EFB comprised
lignin (23%), hemicellulose (36%), and cellulose (32%). Another 8% was comprised of
extractives and other removal components in the sample. The results obtained were in the
ranges found in the literature, which were 15%-30% lignin, 20%—45% hemicellulose,
and 20%—65% cellulose (Hamzah et al., 2020; Krishnan et al., 2017; Mohammad et al.,
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Table 1
Chemical composition of native EFB and pre-treated EFB
Native SR AA-OH
Components (W/w) % EFB EFB EFB

Extractives 4.23 4.11 4.1
Lignin 22.85 20.22 19.30
Hemicelluloses 36.45 34.40 33.98
Cellulose 32.15 36.48 35.78
Removal (others) 4.32 4.79 6.85

2020; Wadchasit et al., 2020). The holocellulosic component in the EFB was the highest
by combining the portion of hemicellulose and cellulose (68%). It proved that EFB is
one of the perfect substrates for biogas production. On the other hand, the amount of
lignin was comparable to the lignin content of hardwoods, which was in the range of
15%-30% (Lourenco & Pereira, 2018; Tarasov et al., 2018) and considered to be high,
which necessitates pre-treatment before being utilized as a substrate for biogas production.

From the initial study to investigate the ability of AA-OH pre-treatment on EFB
delignification, chemical composition analysis, as in Table 1, has shown a significant
positive effect. After SR pre-treatment, it was observed that reducing the particle size of EFB
would lead to degradation of both lignin (1.1-fold decrease) and hemicellulose (1.0-fold
decrease) content compared to Native EFB. Meanwhile, cellulose composition increased
by 1.1-fold. The reduction of EFB’s particle size led to a decrease in its polymerization
degree and crystalline structure of EFB (Diyanilla et al., 2020). Following that, the surface
area of the substrate was increased (Mohammad et al., 2020), which would assist in more
efficient enzymatic and microbial hydrolysis (Nabilah-Jansar et al., 2018). However, the
cost of this size reduction for feedstock is quite expensive due to the notably high usage of
energy for machinery operation, especially in large-scale utilization (Baruah et al., 2018;
Cardona et al., 2018; Nabilah-Jansar et al., 2018).

A higher reduction in lignin composition was observed for EFB pre-treated with AA-
OH, at a 1.2-fold reduction (19.3%), followed by SR (20.2%), compared to its original lignin
content, which was 22.9%. In a similar situation for hemicellulose content, AA-OH reduced
the component further than SR pre-treatment, with about a 1.1-fold reduction from 36.5%
to 33.98% and 34.40%, respectively. At the same time, the composition of cellulose was
increased in the pre-treated EFB for SR and AA-OH, which went up to 36.48% (1.1-fold
increase) and 35.78%, respectively. The lignin and hemicellulose reduction and cellulose
increment of the EFB after AA-OH pre-treatment are comparable to the SR pre-treatment.
Even though there was no significant difference in lignin, hemicellulose, and cellulose
content after both pre-treatments, the result still showed that even under mild conditions
of treatment and without reducing the size of the substrate, AA-OH has good potential
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as a new pre-treatment method for EFB delignification. Hence, AA-OH parameters were
optimized to find out the optimum condition for high delignification of EFB.

One Factor at A Time (OFAT) optimization approach was selected as the initial
methodology for examining and validating the range of values assigned to each parameter
under investigation in the delignification process of EFB. The parameters selection and
value range for set parameters were referred to another delignification method, microwave-
assisted alkaline pre-treatment. Microwave-assisted alkaline delignification is a process that
uses microwave irradiation and alkaline solutions to remove lignin from lignocellulosic
biomass (Irmak et al., 2018). The process involves treating the EFB with an alkaline
solution, followed by exposure to microwave radiation. The microwave radiation causes
the alkali solution to heat up rapidly and efficiently penetrate the biomass, resulting in the
breakdown of lignin and the release of hemicellulose and cellulose (Alexander et al., 2020).
Nomanbhay et al. (2013) obtained 74% of lignin removal by microwave-assisted alkaline
pre-treatment on EFB at 12 minutes of reaction time with 3% of NaOH used. Ying et al.
(2014) required 60 minutes of reaction time using 2% NaOH solution at 120°C to achieve
42% of lignin removal. Another study by Hamzah et al. (2020), showed an increment in
the cellulose composition of EFB after microwave-assisted alkaline pre-treatment from
37% to 49% of cellulose at 120°C for 1 hour reaction time, with 4% NaOH concentration.

Hence, for this study, three factors for alkaline-assisted ohmic heating were selected:
reaction times, F1 (5-25 mins), temperature, F2 (80-120°C), and concentration of NaOH,
F3 (1-5 % w/v). The good ohmic heating condition depends mainly on the heat generation
rate, system design, the electrical conductivity of the substrate used, electrical field strength,
and treatment time (Timsit & Luttgen, 2016). It was found that at EFB pre-treated using
AA-OH at 300 W, 120°C for 25 minutes had the highest lignin (86.9%) and hemicellulose
(75%) removal with the highest cellulose increment (63.2%), as represented in Figure 4.
However, at a concentration of 3% w/v of NaOH, significant lignin and hemicellulose
removal was already significant enough to utilize a moderate percentage of an alkaline
reagent in EFB pre-treatment.

This AA-OH showed better results than past studies using alkaline-assisted
microwave heating (AA-MH). Akhtar et al. (2015) pre-soaked EFB in 8% v/v of sulphuric
acid, H2S04, then the slurry was autoclaved for an hour and followed with AA-MH
using 2.5M NaOH solution, microwaved at 10000W, 110°C for 90 minutes. The method
managed to remove only 72% of lignin content. Pre-treated EFB using AA-MH with 1%
w/v NaOH at 550W microwave power for 12.5 minutes, successfully removing 59% of
lignin (Fatriasari et al., 2017). The study revealed that extending the reaction time beyond
25 minutes and increasing the temperature beyond 120°C resulted in the highest removal
of lignin and hemicellulose and an expected increase in cellulose yield. However, to gain
further insight into the limitations of each parameter in EFB delignification, the study
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will be further optimized using the Response Surface Methodology (RSM) optimization

method. This approach will enable a more comprehensive analysis of outliers within the

designated parameter range.
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Figure 4. Lignocellulosic composition of OFAT optimization for AA-OH EFB by parameters of: (a) reaction

time; (b) temperature; and (c) concentration of NaOH
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When the alternating electric (AC) current passes through the EFB samples, it causes
the ions in the electrolyte (NaOH) to move towards electrodes with opposite charges
(Alkanan et al., 2021; Aurina & Sari, 2022). The ions will collide among them, causing
them to be restricted from moving, thereby increasing kinetic energy in the system and
generating heat instantly and volumetrically inside the lignocellulosic structure of EFB.
The longest residence time (25 minutes) of EFB showed higher lignin reduction (26.5%)
even at low temperatures (80°C) and low NaOH concentration. The long contact time of
EFB with the electric current that passes through it at constant temperature will enhance
the rupture of lignin and hemicellulose structure, producing higher cellulose content.
The heat generated depends on the current induced by the field’s voltage gradient and
the substrate’s electrical conductivity (EC). Whereas EC increases with the presence
of ionic substances (Bhagwan et al., 2019; Ozkan et al., 2019; Zhuiykov, 2018), thus
explaining the high lignin and hemicellulose removal at high NaOH concentrations
due to high electrical conductivity. Therefore, heat and kinetic energy generation will
increase the system’s temperature.

At a higher temperature (120°C), while keeping the ohmic heating power and time
constant at 300W and 25 minutes, respectively, results obtained demonstrate better cellulose
production (54%) and removal of lignin (42%) and hemicellulose (64%). AC power is
utilized in the ohmic heater, so the heating occurs continuously (Aurina & Sari, 2022). OH
involves internal mass heating, where heat is generated and transferred from the internal
treated medium into the system, which differs from conventional heating in that heat is
transferred from the device into the medium (Hamzah et al., 2020). Therefore, such rapid,
intense internal heating caused the rupture of the lignocellulosic structure, which allowed
more access for cellulose solubilization by alkaline reagent, disrupting the crystalline
structure (Akhtar et al., 2015).

CONCLUSION

In conclusion, AA-OH pre-treatment is suitable for the delignification of EFB with
high lignin and hemicellulose removal and high cellulose recovery. Morphological
and lignocellulosic compositional analysis of pre-treated EFB showed positive results
with significant lignin reduction even at low pre-treatment conditions. These method
combinations are more economical and environmentally friendly by reason of a reduction
in the number of operational steps. Moreover, they also demonstrated an excellent
delignification efficiency of feedstock. This study will be further developed to optimize
processing parameters using Response Surface Methodology (RSM), analysis for reducing
sugar, and inhibitors for biogas production by anaerobic digestion and dark fermentation
process.
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