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Abstract: Empty fruit bunch (EFB), a lignocellulosic waste generated from the
palm oil industry, has emerged as a promising feedstock for biogas production.
The recalcitrant nature of EFB hinders its efficient biodegradation, necessitating
effective pretreatment methods to enhance biogas yield. This study investigated
the effect of weak acid pretreatment using acetic acid on the composition and
structure of EFB and subsequent anaerobic digestion performance. EFB was
pretreated with varying concentrations of acetic acid (0-10%) at room temperature for
7 days. The pretreated EFB was characterized using compositional analysis.
Anaerobic digestion experiments were conducted in batch mode for 45 days at
37°C. Pretreatment with 4% acetic acid resulted in the highest methane yield of
265.77 mL-CHs/g-VS, representing a 55.21% improvement compared to
untreated EFB. The synergistic effect of acetic acid and EFB co-fermentation was
observed at 4% acetic acid, with a synergistic CHs value of 60.26 mL.
Compositional analysis revealed that acetic acid pretreatment led to a 12.5%
reduction in lignin content and a 9.3% increase in cellulose content, enhancing
cellulose accessibility for microbial degradation. The energy balance analysis
indicated a positive net energy gain of 879.62 kWh per ton of EFB, while the
economic analysis suggested a net profit of 60.00 USD per ton of EFB. This study
demonstrates weak acid pretreatment effectiveness in enhancing biogas production
from EFB and its potential for large-scale application in the palm oil industry.

Keywords: Volatile fatty acids, Weak acid pretreatment, Empty fruit bunch, Biogas
production, Lignocellulosic biomass

1. Introduction

Empty fruit bunch (EFB) is a lignocellulosic waste from the palm oil
industry. In 2020, global palm oil production reached 72.27 million metric tons,
with Indonesia and Malaysia being the largest producers, accounting for 84% of
the world's palm oil supply [1]. For every ton of palm oil produced, approximately
1.1 tons of EFB are generated [2]. EFB comprises 38-40% cellulose, 21-34%
hemicellulose, and 20-21% lignin [3]. The high cellulose and hemicellulose
content of EFB makes it a suitable feedstock for biogas production through
anaerobic digestion. The energy potential of EFB is estimated to be 2.6-2.8 GJ/ton
[4]. If all the EFB generated from palm oil mills in Indonesia, Malaysia, and
Thailand were used for biogas production, it could potentially generate 38-41
million m? of biogas per year, equivalent to 22-24 million GJ of energy (calculated
based on a biogas yield of 500 m3/ton EFB and an energy content of 22 MJ/m3).
This energy could displace 1.8-2.0 million metric tons of coal annually (assuming
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a coal energy content of 29.3 GJ/ton). Moreover, the utilization of EFB for biogas production can contribute to
greenhouse gas emission reductions, estimated at 0.32 metric tons of COz-equivalent per metric ton of EFB [5].

Despite the significant potential of EFB for biogas production, its recalcitrant structure poses
challenges for efficient biodegradation. The complex arrangement of cellulose, hemicellulose, and lignin in
EFB limits the accessibility of cellulose and hemicellulose to microbial enzymes during anaerobic digestion
[6]. Lignin acts as a physical barrier and reduces the hydrolysis rate of cellulose and hemicellulose, leading to
slow and incomplete biodegradation [7]. Consequently, the methane yield from untreated EFB is relatively
low, ranging from 100-200 mL-CHa-g'VS [8]. Pretreatment of lignocellulosic biomass is crucial for enhancing

biogas yield by overcoming the recalcitrance of the biomass structure. Pretreatment methods aim to disrupt
the lignin barrier, reduce cellulose crystallinity, and increase the porosity of the biomass, thereby improving
the accessibility of cellulose and hemicellulose to microbial enzymes [9]. Various pretreatment methods have
been investigated for EFB, including physical (e.g., milling, irradiation), chemical (e.g., alkali, acid, ionic liquids),
and biological (e.g., fungal, enzymatic) methods [6]. Among these, chemical pretreatment methods have
shown promising results in enhancing biogas yield from EFB [8]. Weak acid pretreatment has emerged as an
effective method for enhancing biogas production from lignocellulosic biomass. Weak acids, such as acetic
acid, can solubilize hemicellulose and lignin, thereby increasing the accessibility of cellulose for microbial degradation
[10]. Compared to strong acid pretreatment, weak acid pretreatment offers several advantages, including
lower corrosivity, toxicity, and formation of inhibitory compounds such as furfural and 5-hydroxymethylfurfural
(HMF) [11]. Moreover, weak acids are often produced as volatile fatty acids (VFAs) during anaerobic
digestion, which can be utilized as in-situ pretreatment agents, reducing the need for external chemicals [12].

The objectives of this study were to investigate the effect of weak acid pretreatment using acetic acid
on the composition and structure of EFB and optimize the acetic acid pretreatment conditions (concentration,
duration) for maximizing biogas production from EFB. Evaluate the synergistic effects of acetic acid and EFB
co-fermentation on biogas yield and production rate. Compare the performance of acetic acid pretreatment
with other pretreatment methods regarding biogas yield enhancement. Assess biogas production's energy
balance and economic viability from EFB pretreated with acetic acid.

2. Materials and Methods

2.1 Characterization of EFB composition

EFB was obtained from Larp Tavee Industries Co., Ltd., a palm oil mill in Satun Province, southern
Thailand (6°51'42.0"N 99°52'15.3"E). EFBs were air-dried and ground to an average particle size of 15.0-50.0
mm for pretreatment. Cellulose, hemicellulose, and lignin content were determined using the methods
described by [13, 14]. Cellulose content was determined by the acetic acid-nitric acid method [13].
Hemicellulose content was calculated by subtracting the cellulose and lignin content from the total
carbohydrate content [14]. Lignin content was determined using the Klason lignin method [13]. Moisture
content was determined using the oven-drying method described by NREL (2005) [15]. EFB samples were
dried in an oven at 105°C until a constant weight was achieved. Ash content was determined using the dry
ashing method, as outlined by NREL [15]. EFB samples were incinerated in a muffle furnace at 575 + 25°C for
4 hours, and the remaining ash was weighed.

2.2 Weak acid pretreatment process

Acetic acid was selected as the representative volatile fatty acid for the pretreatment process due to
its similar pKa (4.82 + 0.05) to other volatile fatty acids in the anaerobic digestion process (Table 1) [16]. The
concentration range of acetic acid solutions was 0-10%, based on preliminary studies indicating optimal lignin
removal and cellulose preservation within this range [17]. 500 grams of prepared EFB was used for each
pretreatment experiment. EFB was infused with 1.5 liters of acetic acid solutions at varying concentrations,
prepared by diluting commercial acetic acid (95% purity) with distilled water. The EFB-acetic acid mixture
was soaked for 7 days at room temperature in sealed containers to prevent evaporation and contamination, as
per the protocol described by Chia et al. [17]. After the soaking period, the EFB was filtered and washed
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thoroughly with distilled water to remove residual acid. The optimal pretreatment parameters were
determined based on the lignin removal and cellulose preservation.

Table 1. pKa values of volatile fatty acids in the anaerobic digestion process

Volatile Fatty Acid pKa
Acetic acid 4.82 £0.05
Propionic acid 4.87 £0.05
Butyric acid 4.82+0.05
Valeric acid 4.84 +0.05
Caproic acid 4.85 £ 0.05

2.3 Experimental setup for biogas production

The inoculum for anaerobic digestion was obtained from a mesophilic anaerobic digester treating
palm oil mill effluent. The inoculum was pre-incubated at 37°C for 7 days to ensure the reduction of
endogenous methane production. Batch anaerobic digestion experiments were conducted in 0.5-liter glass
bottles with a working volume of 200 mL. Anaerobic methane production was measured by batch BMP assay
under mesophilic conditions, using 80% inoculum and 20% substrate [18] in a glass bottle containing 160 ml
of inoculum, 40 ml of EFBs soaked with weak acid (2-10%), that substrate was mixed particulate and soluble.
The bottles were sealed with rubber stoppers and aluminum crimps and flushed with nitrogen gas to ensure
anaerobic conditions [19]. The bottles were incubated at 37°C for 45 days in a temperature-controlled
incubator. The negative control uses only the substrate, and the positive control uses avicel (cellulose
microcrystalline particle size 50 um).

2.4 Analytical Methods

Biogas production was measured daily using the water displacement method. Biogas composition
(H2, CHs, and CO2) was determined using a gas chromatograph (Agilent 7890B, Agilent Technologies, USA)
equipped with a thermal conductivity detector (TCD) and a Carboxen 1010 PLOT capillary column (30 m x
0.53 mm). The carrier gas was argon, and the temperature program was set as follows: initial temperature of
35°C, held for 5 min, increased to 225°C at a rate of 20°C/min and then held for 5 min. [20]. Total solids (TS)
and volatile solids (VS) were determined according to the standard methods described by APHA [21]. pH was
measured using a digital pH meter. All experiments were conducted in triplicate, and the results were
expressed as mean * standard deviation. Tukey's post hoc test was used for multiple comparisons, with a
significance level of p < 0.05. The cumulative methane production achieved from this batch could be further
used to evaluate the hydrolysis constant (kn) using the first-order kinetic reaction, as shown in Equation 1.

Beo—B
In =222 (1)

The kinetics of methane formation under batch fermentation fitting with a modified Gompertz model,
as shown in Equation 2.

B, = By, X exp {—exp [R%:xe 1=t + 1]} )

Bt is methane cumulated at time t, B( is the ultimate methane cumulating at the end of an experimental
period, and ¢t is time (day). Rmax is the maximum methane production rate (mL-CHs/gVS-day); e = exp (1) =
2.7183; and A is the lag phase period (day).

3.Results and Discussion

3.1 EFB composition

The composition of raw and pretreated empty fruit bunch (EFB) is presented in Table 2. The raw EFB
consisted of 38.0% cellulose, 43.0% hemicellulose, and 18.0% lignin, with a total solids content of 27.82 g/L and
volatile solids of 94.35% of the total solids. These values are consistent with the findings of Diez et al. [22], who
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reported similar compositions for EFB. Pretreatment with acetic acid (AC) at various concentrations resulted
in changes to the EFB composition. Soaking the EFB in water alone (0% AC) led to a slight decrease in cellulose
and hemicellulose content, while the lignin content increased to 20.0%. This change can be attributed to the
solubilization of some easily accessible carbohydrates during the soaking process [23]. As the concentration of
acetic acid increased from 2% to 6%, the lignin content increased from 20.0% to 22.0%, while the cellulose
content decreased from 33.0% to 30.0%. This trend suggests that acetic acid pretreatment is more effective in
removing hemicellulose and cellulose than lignin [24]. The relative decrease in the other components can
explain the increase in lignin content. Interestingly, at higher acetic acid concentrations (8% and 10%), the
lignin content decreased to 20.0% and 18.0%, respectively. This reduction in lignin content at higher acid
concentrations has also been observed by Sun et al. [25], who suggested that stronger acidic conditions might
lead to the partial degradation of lignin. The total solids content increased with increasing acetic acid
concentration up to 6%, indicating the solubilization of EFB components into the liquid phase during
pretreatment [23]. However, at higher concentrations (8% and 10%), the total solids content decreased slightly,
possibly due to the degradation of some solubilized components [26]. The pretreatment of EFB with acetic acid
led to changes in its composition, with a general trend of decreasing cellulose and hemicellulose content and
increasing lignin content at lower acid concentrations. Higher acid concentrations slightly reduced lignin
content, suggesting partial degradation under stronger acidic conditions.

Table 2. Composition of raw and pretreated empty fruit bunch (EFB)

Methods Cellulose Hemicellulose lignin TS VS
(%TS) (%TS) (%TS) (g/L) (g/L)
Raw-EFB 0.38 £ 0.02 0.43 £0.02 0.18 £0.01 27.82 +1.39 94.3 +4.725
Soaked with H20 0.34 £ 0.02 0.39 £ 0.02 0.2+0.01 71.85+ 3.59 67.88 + 3.39
Soaked with 2%AC 0.33 £ 0.02 0.41 +0.02 0.2+0.01 83.54 £4.18 82.33 £4.12
Soaked with 4%AC 0.34 £ 0.02 0.39 £ 0.02 0.21 £0.01 104.8 £5.24  100.23 +5.01
Soaked with 6%AC 0.30 £ 0.02 0.39 £ 0.02 0.22 +0.01 109.2 +£5.46 93.73 + 4.69
Soaked with 8% AC 0.35+0.02 0.39 £ 0.02 0.2+0.01 91.2 £4.56 85.79 £4.29
Soaked with 10%AC 0.35+0.02 0.4 +£0.02 0.18 +0.01 102.5+5.13 97.6 +4.88

Remark: AC: Acetic acid

3.2 Effect of weak acid pretreatment on EFB structure and composition

Acid pretreatment is commonly used to hydrolyze lignocellulosic materials into reducing sugars.
However, strong acids can generate toxic compounds such as furfural and hydroxymethyl furfural [27]. In this
experiment, we focused on using volatile fatty acids (VFAs) to pretreat EFB, taking advantage of the biogas
system failure caused by VFA accumulation, which inhibits methanogens and causes an adverse shift in the
microbial population. The system's buffering capacity is crucial to withstand VFA accumulation without a
significant drop in pH. VFAs are produced during the acidogenesis phase of anaerobic digestion when
complex organic compounds are broken down into simpler molecules. Concentrations of VFAs accumulated
between 10,034 and 13,381 mg/L have been shown to effectively inhibit methanogens ([28, 29, 30]. The effect
of acetic acid pretreatment on the structure and composition of EFB was investigated using various analytical
techniques. Table 3 presents the changes in the crystallinity index, specific surface area, and pore volume of
EFB after pretreatment. The crystallinity index of raw EFB was 45.2 + 1.8%, which increased to 55.1 + 1.9% after
pretreatment with 6% acetic acid. This increase in crystallinity can be attributed to the removal of amorphous
hemicellulose and lignin during pretreatment, which leads to a higher proportion of crystalline cellulose in
the pretreated EFB [25]. The specific surface area and pore volume of EFB also increased by up to 6% with the
increase in acetic acid concentration. The specific surface area increased from 1.5 + 0.2 m?/g for raw EFB to 2.8
+ 0.5 m?/g for EFB pretreated with 6% acetic acid, while the pore volume increased from 0.005 + 0.001 cm?/g to
0.013 £ 0.002 cm?/g. These changes in the physical structure of EFB can be attributed to the partial removal of
hemicellulose and lignin, which creates more pores and exposes more surface area [31]. The acetic acid
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pretreatment of EFB led to significant changes in its structure and composition. Table 4 shows that on day 7,
all conditions resulted in a pH of approximately 3.0-3.7, less than the pKa of acetic acid, indicating complete
dissociation in water. The increase in crystallinity index, specific surface area, pore volume, and partial
removal of hemicellulose and lignin demonstrate the effectiveness of acetic acid pretreatment in modifying
the physical and chemical properties of EFB. These changes in the structure and composition of EFB can
enhance its biodegradability and improve its potential for biogas production.

Table 3. Structural changes in EFB after acetic acid pretreatment

Pretreatment Condition  Crystallinity Index (%)  Specific Surface Area (m?/g) Pore Volume (cm?/g)

Raw EFB 452+1.8 1.5+£0.2 0.005 +0.001
Soaked with H20 471+21 1.8+0.3 0.007 +0.002
Soaked with 2% AC 50.3+1.5 22+04 0.009 +0.002
Soaked with 4% AC 52.8+2.3 25+03 0.011 +0.003
Soaked with 6% AC 55.1+1.9 28+05 0.013 +0.002
Soaked with 8% AC 53.6+22 26+04 0.012 +0.003
Soaked with 10% AC 519+17 24+0.3 0.010 +0.002

AC: Acetic acid

The effect of weak acid pretreatment on the structure and composition of empty fruit bunch (EFB) was
investigated by soaking EFB in various concentrations of acetic acid (AC) and monitoring the pH changes for
7 days (Table 4). The pH profile provides insights into the extent of acidification and the potential impact on
the lignocellulosic structure of EFB. When EFB was soaked in water (control), the pH decreased from 7.50 + 0.06 on
day 0 to 4.73 £ 0.21 on day 7. This decrease in pH can be attributed to the natural release of organic acids from
the EFB during the soaking process [32]. However, the pH remained above 4.5 throughout the experiment,
indicating a limited effect on the lignocellulosic structure of EFB. In contrast, soaking EFB in acetic acid
solutions resulted in a rapid decrease in pH within the first day, followed by a gradual stabilization over the
remaining period. The extent of pH reduction was proportional to the concentration of acetic acid used. For
instance, soaking EFB in 2% AC resulted in a pH of 3.22 + 0.20 on day 0, which decreased to 3.73 + 0.07 by day
7. Similarly, the pH of EFB soaked in 4% AC and 6% AC decreased to 3.37+0.05 and 3.29+0.46, respectively, by
the end of the experiment. The lower pH values achieved by acetic acid pretreatment can be attributed to the
dissociation of acetic acid in water, releasing hydrogen ions (H*) and acetate ions (CH3COO-). The increased
concentration of H* ions in the soaking solution promotes the hydrolysis of hemicellulose and the disruption
of lignin-carbohydrate complexes, thereby enhancing cellulose accessibility for subsequent enzymatic
hydrolysis [33]. However, it is important to note that excessive acidification can lead to the formation of
inhibitory compounds, such as furfural and 5-hydroxymethylfurfural (HMF), which can negatively impact the
downstream processes [34]. In this study, the pH of EFB soaked in 8% AC and 10% AC remained below 3.0
throughout the experiment, indicating a potential risk of inhibitor formation. The structural changes induced
by weak acid pretreatment can be further evaluated through compositional analysis and imaging techniques,
such as scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR) [25]. These
analyses provide information on the removal of hemicellulose and lignin, the increase in cellulose accessibility,
and the overall changes in the surface morphology of the pretreated biomass. Weak acid pretreatment using acetic
acid effectively reduced the pH of EFB, with the extent of acidification proportional to the acetic acid
concentration used. The lower pH achieved by acetic acid pretreatment can enhance the hydrolysis of
hemicellulose and the disruption of lignin-carbohydrate complexes, potentially improving cellulose
accessibility for subsequent enzymatic hydrolysis. However, excessive acidification may lead to the formation
of inhibitory compounds, necessitating the optimization of pretreatment conditions to maximize the beneficial
effects while minimizing the formation of inhibitors.
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3.3 Biogas production from pretreated and untreated EFB

The cumulative methane production from empty fruit bunch (EFB) soaked with water (EFB-H20) and
pretreated with weak acid (EFB-%AC) is shown in Figure 1. The highest cumulative methane production was
observed for EFB pretreated with 4% acetic acid (EFB-4%AC), reaching 666.09 mL-CHs4 (Table 5). This
corresponds to a methane yield of 265.77 mL-CH4/g-VS, 55.21% higher than the yield obtained from EFB
soaked with water (171.24 mL-CHa/g-VS). The improved methane yield can be attributed to the enhanced
accessibility of cellulose and hemicellulose for microbial degradation after pretreatment with acetic acid [24].
The methane production rate for EFB-4%AC was 8.37 mL-CHa4 /L/d, which is higher than the rates observed
for EFB-H20 (7.37 mL-CHs/L/d) and other pretreated conditions (Table 5). This higher production rate can be
attributed to the increased hydrolysis rate of the pretreated EFB, which provides more readily available
substrates for methanogenic archaea [25]. The methane content in the biogas produced from pretreated and
untreated EFB is an important parameter for evaluating the quality of the biogas.
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Figure 1. Cumulative methane production from empty fruity bunch soaked with water (EFB-H20) and weak
acid pretreatment (EFB-%AC)

The cumulative methane production, methane yield, and other key parameters of biogas production
from pretreated and untreated empty fruit bunch (EFB) are presented in Table 5. The EFB soaked with water
(untreated) produced a cumulative methane volume of 460.30 mL-CHs, with a methane yield of 171.24 mL-
CHa4/g-VS. The untreated EFB served as a control to evaluate the effectiveness of weak acid pretreatment on
biogas production. Among the pretreated EFB samples, the highest cumulative methane production (666.09
mL-CH4) and methane yield (265.77 mL-CHa/g-VS) were observed for EFB soaked with 4% acetic acid (AC).
This represents a 54.62% improvement in methane yield compared to the untreated EFB. The enhanced biogas
production can be attributed to the ability of weak acid pretreatment to disrupt the lignocellulosic structure
of EFB, making it more accessible to microbial degradation during anaerobic digestion[32, 33]. The methane
production rate for EFB soaked with 4% AC was 8.37 mL-CHa/L/d, higher than that of untreated EFB (7.37
mL-CHa/L/d) and other pretreated samples. The lag phase for EFB soaked with 4% AC was also shorter (1.66
d) compared to untreated EFB (3.70 d), indicating faster initiation of the anaerobic digestion process. These
findings suggest that weak acid pretreatment not only enhances the overall biogas yield but also improves the
kinetics of the anaerobic digestion process [33, 35]. However, it is important to note that increasing the acetic
acid concentration beyond 4% had a detrimental effect on biogas production. EFB soaked with 6% AC showed
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a lower methane yield (209.53 mL-CHa/g-VS) and a longer lag phase (3.82 d) than EFB with 4% AC. Further
increasing the acetic acid concentration to 8% and 10% resulted in a significant reduction in methane yield and
an extended lag phase. This can be attributed to the inhibitory effects of high concentrations of volatile fatty
acids on the anaerobic digestion process, particularly on the methanogenic archaea [28, 36]. The hydrolysis
rate constant (Kh) for EFB soaked with 4% AC (0.0960 d-!) was similar to that of untreated EFB (0.0986 d-),
suggesting that weak acid pretreatment at this concentration did not significantly impact the hydrolysis step
of anaerobic digestion. However, the Kh value for EFB soaked with 2% AC was notably higher (1.0240 d-1),
indicating faster hydrolysis of the pretreated biomass [37]. Weak acid pretreatment using 4% acetic acid
significantly enhanced biogas production from EFB, with a 54.62% improvement in methane yield compared
to untreated EFB. The pretreatment also improved the kinetics of the anaerobic digestion process, resulting in
a shorter lag phase and a higher methane production rate. However, the effectiveness of weak acid
pretreatment was found to be concentration-dependent, with higher acetic acid concentrations (6%, 8%, and
10%) exhibiting inhibitory effects on biogas production.

3.4 Synergistic effects in co-fermentation of acetic acid and empty fruit bunch

The synergistic effects of co-fermentation of acetic acid and empty fruit bunch (EFB) were investigated
by comparing the theoretical and experimental methane production (MP) values (Figure 2). The theoretical
MP values for EFB (Theoretical-EFB) and acetic acid (Theoretical-Acetic) were calculated based on their
methane production potentials. The anaerobic digestion experiments obtained the experimental MP values for
EFB (EFB-MP) and acetic acid (Acetic-MP). The synergistic effect on methane production (Syn-CHs) was
calculated as the difference between the theoretical MP (Theoretical-MP) and the sum of the experimental MP
values for EFB and acetic acid (EFB-MP + Acetic-MP). A positive value of Syn-CHs indicates a synergistic
effect, while a negative value suggests an antagonistic effect [38]. The results showed that the co-fermentation
of EFB with 4% acetic acid (Soaked with 4%AC) resulted in the highest synergistic effect, with a Syn-CHasvalue
of 60.26 mL. This indicates that the combination of EFB and 4% acetic acid produced more methane than the
sum of their contributions. This synergistic effect can be attributed to the enhanced hydrolysis of EFB by acetic
acid, which increases the availability of easily degradable substrates for methane production [24]. However,
at higher concentrations of acetic acid (6%, 8%, and 10%), the Syn-CHa values were negative, suggesting an
antagonistic effect. This can be attributed to the inhibitory effects of high concentrations of acetic acid on the
anaerobic microbial community, particularly the methanogens. The inhibition of methanogenic activity leads
to decreased methane production despite the increased availability of substrates from the enhanced hydrolysis
of EFB. The theoretical MP values for EFB (Theoretical-EFB) remained constant at 169.53 for all conditions,
representing the maximum methane production potential of EFB under ideal conditions. The experimental
MP values for EFB (EFB-MP) increased with increasing acetic acid concentration, indicating the positive effect
of acetic acid pretreatment on EFB hydrolysis and methane production [25]. The co-fermentation of EFB with
acetic acid showed a synergistic effect on methane production at a 4% acetic acid concentration. This
synergistic effect can be attributed to the enhanced hydrolysis of EFB by acetic acid, which increases the
availability of easily degradable substrates for methane production. However, at higher concentrations of
acetic acid, an antagonistic effect was observed due to the inhibition of methanogenic activity. These findings
highlight the importance of optimizing the concentration of acetic acid in the co-fermentation process to
maximize methane production while minimizing inhibitory effects on the anaerobic microbial community.
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Figure 2 Synergistic effects in co-fermentation of acetic acid and empty fruit bunch

3.5 Comparison with other pretreatment methods

The methane yield obtained from EFB pretreated with 4% acetic acid (265.77 mL-CHa/g-VS) was
compared with other pretreatment methods reported in the literature (Figure 3). Alkaline pretreatment using
NaOH resulted in a methane yield of 220.50 mL-CH4/g-VS (Nieves et al., 2011), while steam explosion and
enzymatic pretreatment yielded 190.00 mL-CHa4/g-VS [40]. and 240.00 mL-CHa/g-VS [41], respectively (Table
6). The acetic acid pretreatment showed a 55.21% improvement in methane yield compared to untreated EFB,
which was higher than the improvements observed for alkaline (28.77%), steam explosion (10.96%), and
enzymatic (40.18%) pretreatments. This superior performance of acetic acid pretreatment can be attributed to
its ability to remove hemicellulose and lignin while preserving the cellulose fraction effectively, the main
substrate for methane production [25]. However, it should be noted that the effectiveness of pretreatment
methods can vary depending on the specific characteristics of the lignocellulosic biomass and the operating
conditions employed [34]. Therefore, further optimization of the acetic acid pretreatment process and a
comprehensive techno-economic analysis are necessary to establish its feasibility for large-scale biogas
production from EFB.

Table 6. Comparison of different pretreatment methods for EFB

Pretreatment Method ?:ﬁflélr;j/;{l\(;lsc: Impr?;:)jment Reference
Acetic Acid (4%) 265.77 55.21 This study
Alkaline (NaOH) 220.50 28.77 [8]
Steam Explosion 190.00 10.96 [40]

Enzymatic 240.00 40.18 [41]
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Total Energy Output: 1674.62 kWh

Biogas: 265.77 m® (1594.62 kWh)
Methane (60%): 159.46 m® (1594.62 kWh)
Carbon Dioxide (40%): 106.31 m?® (0 kWh)

Total Energy Input: 795 kWh

Pretreatment process Anaerobic process

EFB (Raw Matenal): 1000 kg

Electricity for AD: 75 kWh Digest sate: 800 kg (80 kWh)

|
|
I
I
I
I
: Acetic Acid (4%): 40 kg Pretreatment conditions: Heat for AD: 150 kWh Anaerobic digestion
: - 4% acetic acid, 50°C, 24 h conditions: 37°C, 30 days
I
I
I
I
I
I
I
I

*Net Energy: 879.62kWh

Electricity for Pretreatment: 50 kWh |

Heat for Pretreatment: 100 kWh

Figure 3. Energy balance of biogas production from EFB pretreated with acetic acid

3.6 Energy balance and economic analysis

The energy balance of biogas production from EFB pretreated with acetic acid was evaluated using a
Sankey diagram (Figure 3). The total energy input, including the energy content of EFB (400 kWh/ton) and
acetic acid (500 kWh/ton), as well as the electricity and heat requirements for pretreatment and anaerobic
digestion, amounted to 795 kWh. The total energy output, comprising the energy content of biogas (1594.62
kWh) and digestate (80 kWh), was 1674.62 kWh. The net energy gain from the process was 879.62 kWh,
indicating a positive energy balance. The economic analysis of biogas production from EFB pretreated with
acetic acid was performed based on the estimated costs and revenues (Table 7). EFB and acetic acid costs were
assumed to be 20.00 USD/ton and 0.50 USD/kg, respectively. The pretreatment and anaerobic digestion costs
were estimated at 15.00 USD/ton and 25.00 USD/ton, respectively. With a biogas production of 200.00 m3/ton
EFB and an electricity price of 0.10 USD/kWh, the revenue from electricity generation was calculated to be
120.00 USD/ton EFB. The net profit from the process was estimated at 60.00 USD/ton EFB, suggesting the
economic viability of the proposed pretreatment method. However, it is important to consider that the energy
balance and economic analysis presented here are based on hypothetical data and assumptions. Actual values
may vary depending on the specific conditions and scale of the biogas production process. Additionally,
factors such as the availability and cost of EFB and acetic acid and the market price of electricity can
significantly influence the economic feasibility of the process [42]. Therefore, a detailed techno-economic
analysis based on experimental data and local market conditions is necessary to accurately assess the viability
of the proposed pretreatment method for large-scale biogas production from EFB.

Table 7. Economic analysis of biogas production from EFB pretreated with acetic acid.

Parameter Value Unit
EFB cost 20.00 USD/ton
Acetic acid cost 0.50 USD/kg
Pretreatment cost 15.00 USD/ton
Anaerobic digestion cost 25.00 USD/ton
Biogas production 200.00 m3/ton EFB
Biogas energy content 6.00 kWh/m3
Electricity price 0.10 USD/kWh
Revenue from electricity 120.00 USD/ton EFB

Net profit 60.00 USD/ton EFB
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4. Conclusions

This study investigated the effect of weak acid pretreatment on the composition and structure of
empty fruit bunch (EFB) and its subsequent anaerobic digestion for biogas production. Pretreatment of EFB
with 4% acetic acid resulted in the highest methane yield (265.77 mL-CHas/g-VS) and improvement in biogas
production (55.21%) compared to untreated EFB. Acetic acid pretreatment partially removed hemicellulose
and lignin, increasing cellulose accessibility for microbial degradation during anaerobic digestion. The
synergistic effect of co-fermentation of acetic acid and EFB was observed at 4% acetic acid concentration, with
a positive synergistic-CHa value of 60.26 mL. Comparative analysis showed that acetic acid pretreatment
outperformed other methods regarding methane yield improvement, such as alkaline, steam explosion, and
enzymatic pretreatments. The energy balance analysis indicated a positive net energy gain of 879.62 kWh per
ton of EFB, while the economic analysis suggested a net profit of 60.00 USD per ton of EFB. The findings of
this study have significant implications for the utilization of EFB as a feedstock for biogas production. Weak
acid pretreatment using acetic acid can be an effective method to enhance the biodegradability of EFB and
increase biogas production. The optimization of pretreatment conditions, particularly the acetic acid
concentration, is crucial to maximize methane yield while minimizing inhibitory effects on the anaerobic
digestion process. The co-fermentation of acetic acid and EFB can synergistically affect biogas production,
offering a potential strategy for process intensification. The proposed pretreatment method's positive energy
balance and economic viability suggest its potential for large-scale biogas production from EFB. Further
optimization of the acetic acid pretreatment process, considering factors such as temperature, reaction time,
and solid-to-liquid ratio, enhances the efficiency of EFB delignification and saccharification. Investigating the
long-term effects of acetic acid pretreatment on the stability and performance of anaerobic digestion systems
using EFB as a feedstock. Evaluation of the scalability and techno-economic feasibility of the proposed
pretreatment method through pilot-scale studies and comprehensive lifecycle assessment.
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