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ARTICLE INFO ABSTRACT

Editor: H.H. NGO This study investigates the synergistic potential of biochar to improve Palm Oil Mill Effluent (POME) treatment
through anaerobic digestion (AD) under mesophilic conditions, focusing on the effects of biochar dosage (0.5 to
2.0 g), feed-to-inoculum (FI) ratio (0.16 to 1.00), and organic loading (OL) (1.20 to 5.45 g VS/L) on AD per-
formance. The synergistic addition of biochar significantly enhanced the conversion of organic matter into

biogas, resulting in 45.0 % higher biogas production, 73.3 % greater methane yield, and a 98.2 % increase in VS
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Bioch: . . . . s
K;lrjl::tiiranalysis removal compared to POME mono-digestion. A Central Composite Design (CCD) within the Response Surface
Optimization Methodology (RSM) framework was used optimize the process conditions to ensure effective biodegradation and

high methane yield with the lowest biochar dosage. The optimal conditions included a low biochar dosage of 0.5
g (equivalent to 2 g/L of reactor volume), a low FI ratio of 0.266, and a high OL of 4.536 g VS/L. These conditions
were validated in duplicate, resulting in 2950 mL of biogas, with a methane yield of 0.355 L/g VS and a VS
removal of 95.1 %. The Transference Function Model (TFM) was identified as the most accurate kinetic model for
predicting methane yield, demonstrating minimal error.

1. Introduction

In 2023, the global palm oil consumption is found to be around 77
million tonnes, highlighting the crucial role of palm oil mill to meet this
growing demand [1]. Palm oil mill plays a vital role in extracting palm
oil and palm kernel oil from fresh fruit bunches (FFB), with a notably
focus on oil recovery technologies to minimize profit loss and environ-
mental impacts [2]. In general, the palm oil milling process can be
categorised into a dry and a wet (standard) process, with the wet process
being the most common method employed in Malaysia. In the wet
process, palm oil is extracted using hot water leaching, resulting in
significant water consumption [3]. Literatures have indicated that pro-
ducing a ton of crude palm oil requires Kamyab 5-7.5 t of water, with
over 50 % of this water ends up as palm oil mill effluent (POME) [4].

Raw POME from palm oil mills is a complex mixture, comprising
water, residual oil, organic materials and total solid (TS) [5]. The oil and
organic compounds present in POME results in elevated levels of
biochemical oxygen demand (BOD) and chemical oxygen demand
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(COD), hindering natural decomposition processes [6]. Large amount of
organic nitrogen, potassium and phosphorus present in POME also
promotes algae growth [7]. POME is non-toxic, however discharging of
untreated POME into rivers, streams or lakes leads to aquatic ecosystem
contamination, causing acidification and eutrophication of water bodies
[8]. Consequently, raw POME is recognized as one of the most harmful
wastes if left untreated at the mill [80]. Therefore, effective treatment
processes are essential to ensure that POME meets the department of
environment (DOE) standards, as shown in Table Al.

In recent years, many attempts, such as physical treatment, chemical
treatment, aerobic digestion, anaerobic digestion (AD), anaerobic
ponding system and membrane anaerobic system have been explored for
POME treatment [9,10]. Each of these treatment methods offers unique
advantages and challenges in addressing the complex composition of
POME and its environmental impacts. Among these approaches, AD
stands out for its energy savings, methane production, minimal nutrient
requirements and efficient sludge management [5]. AD not only facili-
tates the degradation of organic pollutants in POME but also offers the
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potential for resource recovery through the generation of biogas,
contributing to the sustainability of palm oil mill operations and
reduction of their environmental footprint [11]. Therefore, AD holds
promise as a viable and environmentally friendly treatment option to
mitigate the harmful effects of POME for discharge.

AD is a multistage biochemical process, involving conversion of
POME into methane, carbon dioxide and water in the absence of oxygen
and presence of anaerobic microorganisms. This process is carried out in
digesters under mesophilic (35 ‘C) or thermophilic (55 "C) condition.
The efficiency of the AD process is substantially influenced by the
metabolic interactions among the distinct microorganisms [12]. Under
AD process, the diverse group of microorganisms collaboratively hy-
drolyses organic matter, converting them into simpler compounds, such
as amino acids, fatty acids and sugar [13]. Subsequently, these hydro-
lysed compounds undergo acetogenesis and methanogenesis, producing
biogas. The biogas predominantly consists of methane and carbon di-
oxide; therefore, biogas holds the potential for energy generation [14].

The AD process can be implemented through various method, such as
ponding treatment, anaerobic filtration and up-flow anaerobic sludge
blanket (UASB) reactors [5]. In Malaysia, palm oil mills traditionally
employ ponding treatment, a cost-effective method where stages of pond
retain POME and treat it through anaerobic treatment [15]. Despite its
cost efficiency, this method faces challenges in energy recovery,
ungoverned emissions of greenhouse gas and lengthy retention time.
Consequently, researchers have shifted their focus to anaerobic diges-
tion coupled with systematic biogas capture to ensure sustainable
milling practices [16]. The captured biogas serves as an on-site energy
source, offering potential cost savings and resource optimization. Biogas
capturing has been practiced in palm oil mills for years; however, it is
hindered by low methane productivity due to variability in POME
characteristics and fluctuations in flow rates [80]. These factors nega-
tively impact overall system performance, leading to inconsistent biogas
production. Therefore, there remains a critical need to optimize this AD
process for improved stability, enhanced methane production, and
mitigation of inhibition issues [17].

Biochar addition in AD has drawn significant attention from re-
searchers and is recognized as an effective method to enhance AD sta-
bility and methane production by speeding up the methanogenesis stage
[18]. Biochar, a highly porous carbonaceous solid product from pyrol-
ysis, is sourced from various feedstocks such as wood, livestock manure
and spent coffee ground [19]. Several studies have highlighted the po-
tential of biochar addition due to its physiochemical properties [20,21].
The high specific surface area and electron donating capacity facilitate
the growth of bacteria involved in glucose decomposition, thereby
further enhancing methane production in the early stage of AD [22].
Furthermore, biochar has been found to alleviate inhibitory toxins,
shorten the methanogenic lag phase, immobilize functional microbes,
and expedite electron transfer between methanogenic and acetogenic
microbes in the AD process [23]. Zhang et al. [24] demonstrated the
effectiveness of biochar addition in AD of sewage sludge, revealing that
appropriate addition of biochar improves the methane yield by releasing
volatile fatty acid accumulation and alleviating ammonia inhibition.

However, despite the broad application of biochar in AD systems for
other wastewater types, no prior studies have investigated the use of
biochar in the AD of POME. This gap in research represents the core
novelty of this study. POME contains high concentrations of organic
matter and suspended solids which can pose challenges in the AD pro-
cess. These compounds may lead to issues such as substrate inhibition,
overloading, scum formation, and reduced microbial activity, all of
which can hinder the overall efficiency of biogas production. This study
is therefore the first to explore the integration of biochar into the AD of
POME, focusing on optimizing biogas production, methane yield, and
volatile solids (VS) removal, driven by the dual goals of energy recovery
and waste reduction. Additionally, palm oil mills generate significant
biomass, including empty fruit bunches (EFB), oil palm mesocarp fiber,
oil palm kernel shell, palm trunks, and leaves, which are ideal feedstocks
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for biochar production [87]. Thus, integrating biochar into POME AD
not only enhances biogas production but also supports the zero-waste
concept by utilizing palm oil mill biomass for biochar production.

A significant aspect of this study is the investigation of synergistic
effects between biochar and AD parameters, aiming to enhance overall
performance and efficiency. To achieve this, the study begins with an
evaluation of the physicochemical properties of POME to assess its
biodegradability. Central Composite Design (CCD) in Response Surface
Methodology (RSM) is employed to optimize the process by varying
biochar dosage, feed (POME) to inoculum (FI) ratios, and organic
loading (OL). The relationships between parameters are examined to
further refine the process. The effects of these parameters on VS
removal, biogas production, and methane yield are then analyzed.
Furthermore, a key aspect of the novelty of this study is the strategic
effort to minimize biochar dosage to reduce costs, while simultaneously
enhancing biogas production compared to the mono-digestion of POME.
This approach ensures that the dual objectives are met in a cost-effective
manner, without compromising methane yield or overall system per-
formance. Following this, kinetic studies are conducted to identify the
most suitable model for predicting AD performance with biochar addi-
tion. This synergistic biochar-enhanced AD potentially offers a sustain-
able approach to addressing the environmental impacts of POME in
palm oil production. It can ensure consistent biogas production, even
during low crop seasons when POME is limited, and meet the stringent
discharge limits set by the Malaysian Department of Environment
(DOE), thereby contributing to resource recovery and environmental
sustainability.

2. Materials and methods
2.1. Collection and preparation of raw material

In this experiment, POME and inoculum were collected from a palm
oil mill located in Selangor, Malaysia. The POME and inoculum were
stored at 4 *C prior to the experiment to avoid biodegradation caused by
microbial action.

The raw biochar used in the experiment, shown in Fig. 1(a), was
generously provided by a pilot biochar production plant located in Eco-
PARK, Hong Kong's pioneering recycling-business park. The raw biochar
was ground into a fineness of 0.25-20 mm, facilitated by a cutting mill
(Retsch SM100, Germany). Following this, the biochar was immersed in
deionized water at room temperature and subjected to stirring at 150
rpm using magnetic stirrer (Cole-Parmer, UK). After 30 min of mixing,
the solution was filtered with a vacuum pump (Rocker 300, Taiwan).
The residue was dried at 105 ‘C in an oven (Memmert, Germany) for 24
h. The clean, dried ground biochar, depicted in Fig. 1(b), was subse-
quently stored in a resealable bag to prevent direct exposure to air and
moisture.

Fig. 1. (a) raw biochar; (b) dried ground biochar.
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2.2. Degassing of inoculum

Degassing of inoculum was carried out to ensure the elimination of
biogas produced by bacteria in the sludge prior to initiating the AD
process of POME. During the process, the anaerobic sludge utilised for
the digesters was treated in 250 mL conical flasks and connected to a
biogas collection system via graduated fluid bags, with a check valve
attached to allow for degassing. The conical flasks were left in a shaker
incubator at 125 rpm and 37.5 *C until the biogas production ceased. By
removing the methanogenic bioactivity of the microbial inoculum, the
degassing process aims to minimize background methane formation in
the assays with POME [25].

2.3. Anaerobic digestion system of POME with biochar

The experiment for AD is conducted with three main raw materials:
POME, inoculum and biochar. Analysis was performed on the raw ma-
terials, mixtures for all experiment sets and the biogas as well as the
digestate obtained after the experiment completed, shown in Fig. 2. The
characterisation and experiment results were depicted in graphical
form, using OriginPro v10.1 software (OriginLab, USA).

For all experiment sets, 250 mL conical flasks were used to accom-
modate the mixture, consisting of inoculum, POME (substrate) and
biochar. The mixture in each set was stirred using a glass rod to ensure
properties uniformity. The pH values for all sets were recorded and are
close to 7 (neutral). Subsequently, all experiment sets underwent initial
characterisation tests, including pH, total solid (TS) and volatile solid
(VS). The mixture was then flushed with nitrogen gas for 3-5 min to
ensure fully anaerobic conditions. The conical flasks were closed tightly
with rubber stopper with a tube connected at the biogas outlet. The tube
was then connected to a graduated fluid bag to collect the biogas
generated. Parafilm is used to sealed around the stopper to ensure no gas
leakage. Fig. 3(a) depicts the experimental setup, an anaerobic digester
with biogas collection system.

Consequently, the anaerobic digesters were placed in a shaker
incubator, shown in Fig. 3(b), operating at 125 rpm under mesophilic
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condition. In this study, mesophilic digestion was employed in the
experiment. Operating the anaerobic digesters at 37.5 'C delivers
enhanced stability performance by fostering a more diverse microbial
community, despite producing a lower volume of biogas compared to
thermophilic conditions [26]. In palm oil mill, mesophilic processes
require less energy input for heating and are generally more resilient to
the inhibitory effects of ammonia released during protein mineralization
(Z. [27D).

2.4. Analytical methodology

The analytical methodology involved in the initial characterisation
of the feed was carried out according to the following sections. The pH of
the samples was taken using a portable pH meter probe. Analytical de-
terminations of dissolved oxygen (DO), biological oxygen demand
(BOD), chemical oxygen demand (COD), total solids (TS) and VS were
carried out in accordance with the Standard Methods for the Examina-
tion of Water and Wastewater. The methods, along with the equipment
used are stated in Table 1.

2.4.1. Surface morphology analysis

The morphology of biochar, encompassing factors such as particle
size, porosity and specific surface area plays a vital role in supporting
colonization of microbes and optimizing AD process [28]. Liang et al.
[29] highlighted that this property is remarkably influenced by the types
of feedstocks and the pyrolysis temperature during biochar production.
To gain insights into the raw biochar characteristics and study its surface
features after AD process, field emission scanning electron microscopy
(FE-SEM) with electron dispersive X-ray (EDX) was conducted. The FE-
SEM and EDX analysis in this study utilised the FEI Quanta 400F and
Oxford-Instruments INCA 400 with X-Max Detector, respectively.

2.4.2. Biogas and methane yield production

As stated in Section 2.3, the biogas collection system, comprising a
graduated fluid bag, was connected to the anaerobic digesters contain-
ing the POME, inoculum and biochar mixture. The fluid bag's volume
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Fig. 2. Experiment flow chart for anaerobic digestion of POME with biochar addition.
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Fig. 3. Experimental set-up and the conical flasks placed in a shaker incubator.

Table 1
Testing methods and their equipment used for analytical measurements.

Test Methods Equipment

Biological Oxygen Demand HACH method YSI 5100 DO meter, USA

(BOD) 8043
Chemical Oxygen Demand HACH method DR2800 Spectrophotometer,
(COD) 8000 USA
Total Solids (TS) APHA 2540B Memmert Oven, Germany
Volatile Solids (VS) APHA 2540E Nabertherm, Germany

was monitored on every Monday, Wednesday and Friday over a span of
26 days to ensure no gas leakage occurred. This thorough examination
ensures that the experiments were conducted with minimal error,
resulting in accurate findings. The collected biogas volume was recor-
ded, shown in Table A3. Following the completion of the experiment,
the biogas composition for all sets was analysed by using a gas chro-
matograph (GenTech 7890B, USA) in Universiti Malaya and a biogas
analyser (Geotech Biogas 5000, UK). This equipment enabled the testing
of methane, carbon dioxide, oxygen and hydrogen sulphide levels within
the biogas. The methane yield from the AD process was then calculated
with Eq. 1, tabulated in Table A3.

Total volume of CH4(L)
Mass of VS fed (g)

Methane Yield (L/g VS) = (€]

2.5. Experiments design by response surface methodology and central
composite design (CCD)

In this study, CCD of RSM was employed to find the optimum con-
ditions for the experiment setup using Design Expert v12 software (Stat-
Ease, Inc., USA). RSM utilises optimisation strategies to adjust the set-
tings of factorial variables, aiming to achieve maximum response values
[30]. CCD is one of the powerful and crucial tools in modern engineering
approach for RSM which provide information exclusively on the effect of
experiment variables and overall experimental error with minimal
required runs [31]. This approach is commonly adopted by researchers
for addressing multi-response problem, considering prior information
[32]. Fig. 4 shows the CCD flow diagram for this study.

The factors chosen to be considered in the CCD of RSM for this study

are A: Biochar dosage, B: FI ratio and C: OL. Each factor was studied at
five levels: centre point, +1 and +a. Constraints were set to eliminate
the negative values of variables. The CCD included 20 experiment runs
with 3 trials as replication of the central points, resulting in 23 experi-
ments. Table A2 shows the CCD design matrix obtained for the AD
system.

The ranges for the experimental factors were determined based on a
combination of literature review and preliminary experiments to ensure
a comprehensive evaluation of their effects on the AD process.

The FI ratio range of 0.16 and 1.00 was selected to examine its
impact on the anaerobic digestion process. Literature indicates that FI
ratios below 2 enhance the effectiveness of biochar in AD systems
[81,82]. The lower limit of 0.16 represents a scenario where the sub-
strate is in a lower proportion relative to the inoculum, potentially
supporting more robust microbial activity due to the abundance of
inoculum. The upper limit of 1.00 was chosen to explore the effects of a
higher substrate-to-inoculum ratio, where preliminary results still show
significant impacts on biogas production and quality.

The biochar dosage range of 0.5-2.5 g was selected to capture its role
in enhancing AD performance without introducing adverse effects [88].
Findings from the literature and preliminary experiments suggest that
biochar efficacy is dosage-dependent, with lower dosages potentially
insufficient for significant improvement and higher dosages risking
diminishing returns or instability [18]. The chosen range allows for an
optimal balance between enhancing microbial activity and maintaining
system stability, enabling thorough investigation of biochar's effect on
biogas yield, methane content, and VS removal.

The OL range (1.22-5.45 g VS/L) represents typical operational
conditions for AD systems, as reported by Chan et al. [80] and Yusof
et al. [86]. The lower limit of 1.22 g VS/L ensures the system operates
efficiently under low organic loads, providing insights into biogas pro-
duction under less stressful conditions. The upper limit of 5.45 g VS/L
tests the system's capacity to handle higher organic loads, which is
critical for assessing performance under more demanding conditions
and for scaling up operations. This range enables a comprehensive
analysis of how organic load affects system stability and overall
efficiency.

These selected ranges are well-grounded in literature and experi-
mental findings, ensuring that the interactions among these factors are
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Fig. 4. Methodology flowchart using CCD.

thoroughly investigated for optimizing AD performance.

Three responses, R1: Biogas production, R2: Methane yield and R3:
volatile solid (VS) removal, were selected for the system due to their
fundamental importance in assessing the performance of the AD system.
Biogas production is a key parameter, providing insight into the system's
ability to convert organic material into usable energy in the form of
biogas. This response helps quantify the overall gas output and is
essential for assessing the scalability and economic feasibility of the
process. Methane yield, on the other hand, is a more refined measure of
efficiency, indicating the proportion of volatile solids (VS) digested that
are successfully converted into methane. This metric is particularly
important for understanding the energy potential of the biogas produced
and how efficiently the process transforms organic waste into a high-
energy gas component. Finally, VS removal reflects the degree of

organic matter degradation, which is crucial for evaluating the waste
treatment effectiveness and stability of the AD process [33]. High VS
removal suggests effective digestion, reducing the volume of waste and
enhancing the sustainability of the system.

A key innovation of this study lies in the optimization of three var-
iables, biochar dosage, FI ratio, and organic loading, based on all three
responses. While most optimization studies focus on a single response or
a limited set, this research adopts a more comprehensive approach. By
optimizing these variables across biogas production, methane yield, and
VS removal, the overall efficiency of the AD system is thoroughly
assessed. This comprehensive analysis reflects the dual objectives of the
process, which are both energy recovery and waste reduction.
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2.6. Statistical analysis and optimisation

Statistical analysis and optimisation were integral components in
this study, facilitated by the implementation of CCD for RSM using
Design Expert v13 software (Stat-Ease, Inc., USA). The selected model
was fitted to the experimental data collected, focusing on the effect of
independent variables: (A) biochar (g), (B) FI ratio and (C) OL (g VS/L),
on three response variables: (R1) VS removal (%), (R2) biogas pro-
duction (mL) and (R3) methane yield (g VS/L). The software analysed
the experimental data to fit the most suitable model, providing a fit
summary for each response.

The process order of the model was selected based on the probability
value (p-value) from fit summary to produce the analysis of variance
(ANOVA) for the selected model. ANOVA is a robust statistical method
for analyzing the experimental data and evaluating the fitted model
quality. With this approach, the adequacy of the model fit was further
verified through coefficient of variation (CV), R%, adjusted R?, predicted
R? and adequate precision. Low CV value indicates high reliability. The
adjusted R? measures the amount of variation from the mean and the
predicted R? indicates how well the regression model predict the
response for new observation [34]. The difference between R? and
adjusted R? indicates the model adequacy while the difference between
adjusted R? and predicted R? determine the presence of block effect with
the data [35].

3D response surface plots were generated through regression anal-
ysis of the simulated data, alongside perturbation plots which enabled
comparison of the effects of all factors at a specific point in the design
space. The response in perturbation plot is generated by varying only
one factor over its range while other variables remain constant [35]. The
significance of the model terms was assessed using the p-value at a 95 %
confidence interval, allowing for the generation of equations in terms of
independent variables for response variables. Sensitivity analysis was
conducted in the software to identify lower and upper bound for the
optimisation parameters. Finally, optimisation of the independent var-
iables was then performed in the software to determine the maximum VS
removal, biogas production and methane yield.

2.7. Kinetic studies

There is increasing attention focused on the kinetic characteristics of
AD in recent years. Various studies have proposed kinetic model to
explain the biogas production with the kinetic parameters. Among
mathematical models, Anaerobic Digestion Model No.1 (ADM1) en-
compasses key chemical pathways, rate equation and inhibition factors,
providing accurate predictions with proper calibration ([36]; X. [37]).
However, calibration of ADM1 to different AD processes is challenging
due to limited knowledge on microbial consortia and complex strain-
specific metabolic pathways, requiring extensive analysis [38].

In this study, modified Gompertz model (MGM), logistic function
model (LFM) and transference function model (TFM) were adopted to
predict the methane gas production and evaluate the anaerobic diges-
tion parameters. MGM is widely used for kinetic study of methane
production from AD process. Deepanraj et al. [39] and Matheri et al.
[40] have determined that MGM is appropriate for the evaluation of
biogas production in their studies. The equation of MGM is shown in Eq.
2. The application of LFM aims to simulate anaerobic fermentation and
determine methane production from biodegradation of substrate while
TFM, a reaction curve-type model, is applied to anaerobic digestion
control processes [41]. Eq. 3 and Eq. 4 show the equations for LFM and
TFM respectively.

yMGM:Aexp{fexp[l%e(/l—t)-&-l]} @
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A
Yimm = 3
1+ exp {4;!," (%‘) + 2}
yTFM:A><<17e)q)(7pm><t;4>> (@)

where, y is the cumulative methane production (mL/g VS), A is the
methane production potential (mL/g VS), 4, is the maximum methane
production (mL/g VS-day), t is time (day), 4 is the lag phase (day) and e
is a mathematical constant of 2.718282.

2.8. Validation of kinetic studies

To identify the kinetic model that best fits the actual experiment
output, the goodness of fit is determined using the root mean square
error (RMSE) and coefficient of determination (R%).

RMSE is commonly used for numerical predictions due to its excel-
lent measure of accuracy [42]. Eq. 5 shows the calculation of RMSE in
this report.

n 2
RMSE — <Z (PMY; — EMY) ) -

i=1 n

where, PMY; is the predicted methane yield, EMY; is the methane yield
obtained from experiment for the ith day of measurement and n is the
number of measurements.

R2, as outlined by Figueiredo et al. [43], is a measure used to eval-
uate the robustness of relationship between experimental data and
values predicted through kinetic studies. The R? is determined using Eq.
6.

> (EMY; — PMY))?

RP=1- 5
3 (EMY; — EMY)

©

where, PMY; is the predicted methane yield, EMY; is the methane yield
obtained from experiment for the ith day of measurement and EMY is the
mean of the experimental methane yield values.

3. Results and discussion
3.1. Characteristics of POME

The comprehensive examination of the POME and inoculum char-
acteristics is crucial for the AD experimental planning. Adjustments such
as pH adjustment, FI ratio are performed based on the BOD/COD ratio,
VS and initial pH of POME and inoculum. The presented Table 2 reveals
the characteristics of POME in this study in comparison with the POME
characteristics documented by Lim et al. [44], Prasertsan et al. [46] and
Hai et al. [47].

POME characteristics exhibit variability influenced by diverse fac-
tors such as the palm fruits quality, processing techniques, crop seasons
within the palm oil mill [3]. Hence, slight divergences between the
POME analysed in this study and those from prior research studies are
anticipated. Notably, Table 2 highlights a dissimilarity in the COD of

Table 2

Comparison of the characteristics of POME with other sources.
Characteristics Unit POME in this study [47] [46] [44]
TS g/L 59.14 32.15 66.20 52.00
VS g/L 10.91 13.33 44.12 41.89
BOD g/L 34.99 46.70 - 52.55
COD g/L 98.77 62.50 88.80 83.42
BOD/COD - 0.32 0.75 - 0.63

pH - 4.62 5.5 4.7 4.54
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POME, indicating a substantial number of organic pollutants presents
within POME. Conversely, the BOD appears relatively lower, while the
COD is relatively higher compared to reported values, reflecting the
influence of organic compounds and residual oil released during palm
oil milling processes [48]. The COD range observed in this study remains
within the reported range of 75,000-200,000 mg/L [49], while the BOD
range is consistent with the reported range of 10,250-43,750 mg/L
[35,501.

The BOD/COD ratio, serving as a key indicator of the POME's
biodegradability, has garnered attention from researchers. Previous
research has proposed that a BOD/COD ratio exceeding 0.5 suggests
high feed biodegradability, rendering it suitable to biological treatment
[51]. However, in this investigation, the BOD/COD ratio of POME falls
below 0.5, emphasising the necessity to explore the potential effects of
biochar addition to improve its biodegradability.

The TS content present in POME falls between the reported values
from Prasertsan et al. [46] and Lim et al. [44] as well as the broader
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range of 11,500-79,000 mg/L reported by Chong et al. [52]. Interest-
ingly, the VS content of POME in this study corresponds closely with
value reported by Hai et al. [47], but is comparatively lower compared
than those reported by Prasertsan et al. [46] and Lim et al. [44]. Addi-
tionally, this VS value is at the lower end of the range of 10,520-31,220
mg/L reported by Trisakti et al. [53]. The initial VS content serves as an
energy source for the microorganisms involved biogas production. The
addition of biochar into AD system might present a promising avenue to
enhance the biogas production, particularly for POME with low VS
content. The pH of POME is generally acidic, reflecting the presence of
natural fatty acids from palm oil milling [54]. The pH values observed in
this study are consistent with those reported in the literature, aligning
with the range presented in Table 2 and the findings of Ramén Vanegas
et al. [55].

Fig. 5. SEM micrographs of raw biochar magnified by (a) 600 times, (b) 1200 times, (c) 2500 times and (d) 5000 times.
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3.2. Morphology analysis of biochar

In this study, wood biomass was used as the raw material for biochar
production. The particle size of the biochar ranges from 10 to 500 pm,
and its pore size ranges from 2 to 18 pm. This relatively broad particle
size distribution allows for flexibility in the biochar's interaction with
the surrounding medium, potentially offering both larger surface area
for biodegradation and finer particles for enhanced interaction with
microorganisms. Fig. 5 illustrates the surface characteristics of the
ground, purified biochar after pre-treatment. The biochar exhibits a
honeycomb-like porous structure with elongated channels likely formed
during high-temperature pyrolysis [56]. W. Zhao et al. [57] have noted
that the impact of porosity and specific surface area on the adsorption
and immobilization abilities of the biochar. SEM analysis reveals irreg-
ular shape pores with size ranging from 5 to 8 ym, evenly distributed on
both sides of the channels. Sharp cuts observed on the biochar's sides
may be attributed to the grinding process during pre-treatment. The
existence of macropores on biochar and the rough surface texture within
the channels enhance habitat for microbial growth as well as CO, and
H,S removal from biogas [58]. H.-J. Yang et al. [59] reported that the
methane production increased by >20 % with addition of biochar,
attributed to enhanced CO, adsorption.

The electron dispersive X-ray (EDX) analysis results are shown in
Fig. 6, with the element weight percentage shown in Table 3. EDX in-
dicates that carbon is the major element present in biochar with small
amounts of oxygen, potassium and calcium. Biochar, as a carbon-based
material have been shown to enhance methane generation by promoting
electron transfer and microbial immobilization (J. [60]). Although
avoiding oxygen loading to the AD digestor is crucial, study has shown
that limited quantities of oxygen can lead to improved AD performance,
hence the small amount of oxygen (7.04 wt%) present in biochar may
not cause instability to the AD process [61].

Furthermore, potassium is an element required for microbial growth.
While high concentration can cause inhibition or toxicity, small amount
of potassium has been shown to positively impact anaerobic microor-
ganism's viability, enhancing AD performance under both thermophilic
and mesophilic conditions (Y. [62]; J. [63]). Adequate levels of calcium
have been found to support biodegradability and maintain the process
stability ([64]; J. [60]). The combined weight percentage of oxygen,
potassium and calcium in the biochar is <10 %, mitigating potential
negative effects on the AD process while maximizing biogas production
efficiency.

3.3. Performance evaluation of biochar addition in anaerobic digestion on
methane yield

This study investigates the efficacy of biochar in enhancing overall
AD performance through examination and comparison of experimental
results with literature findings. The experiment was conducted over a
total duration of 26 days, with biogas production ceasing on the final
day. This indicates the completion of the anaerobic digestion process
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Fig. 6. Electron dispersive X-ray (EDX) of biochar.
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Table 3
EDX of the biochar.

Element Weight Percentage (%) Atomic Percentage (%)
Carbon 92.33 94.40
Oxygen 7.04 5.40
Potassium 0.15 0.05
Calcium 0.48 0.15

[45]. Fig. 7 depicts the biogas production over time for each set of
anaerobic digesters. The cumulative biogas production is found to be
gradually increasing, exhibiting a linear upward trend without a lag
phase at the beginning of the experiment. This trend aligns with Luo
et al. [65], who reported that 10 g/L of biostable biochar addition
reduced the lag phase by 38 % in mesophilic anaerobic digesters.
Similarly, Kim & Kim [66] found that a substrate-to-inoculum ratio of
0.4-0.6 shortened the lag phase for waste with high protein organic
loading. Similar observations were also reported in AD of food waste and
biological wastewater, where the addition of biochar shortened the lag
phase by 41-54 % [67-69].

In this study, the addition of biochar resulted in significant perfor-
mance improvements compared to the control, where no biochar was
added. Specifically, biogas production, methane yield, and volatile
solids (VS) removal were enhanced by 45 %, 73.25 %, and 98.2 %,
respectively. These substantial improvements highlight biochar's role
not only as a physical support for microbial communities but also as an
influential factor in optimizing microbial dynamics. The synergistic ef-
fects of biochar addition contribute to enhanced performance metrics, as
shown in Fig. 8. These results also align with Shi et al. [70], where
adding an optimal dose of biochar (0.60 g/gVS oily sludge) improved
CHa yield (138.41 mL/gVS) by 119 % compared to the control.

SEM images of biochar post-AD (Fig. 8) offer further insight into the
underlying mechanisms driving these improvements. The biochar's
surface structure shows decreased porosity and increased roughness,
indicating significant microbial attachment and particle accumulation
within its pores, consistent with findings by Wang et al. [83]. This mi-
crobial colonization suggests that biochar acts as a catalyst, providing a
microenvironment that fosters microbial growth and enhances anaer-
obic digestion efficiency. Furthermore, biochar aids in improving the
settling of solids, thus enhancing the removal of VS and improving the
digestate's overall quality. Even after the AD process, the biochar retains
its porous structure, highlighting its potential for reuse in successive AD
cycles and indicating its durability as a microbial support medium.

However, despite these encouraging results, it is essential to criti-
cally evaluate the cost-effectiveness of biochar addition. While higher
biochar dosages have demonstrated significant benefits in terms of
methane yield and VS removal, there is a threshold beyond which
additional biochar offers diminishing returns. Excessive biochar may
lead to operational challenges, such as clogging or adverse impacts on
microbial balance. This highlights the need for a balanced approach
where biochar dosage is optimized to achieve maximum performance
with minimal input costs. Therefore, further optimization analysis is
necessary to fine-tune the synergistic effects of biochar dosage, FI ratio,
and OL on biogas production, methane yield, and VS removal. The goal
is to strike a balance that maximizes performance while minimizing
costs, particularly as biochar can be a costly additive. A trade-off be-
tween these factors will be essential for scaling up the process and
ensuring its economic feasibility in large-scale applications.

3.4. Response surface methodology (RSM)

3.4.1. Model development and ANOVA analysis

A comprehensive analysis of the effect of A: Biochar dosage, B: FI
ratio and C: OL on various aspects of POME AD process is carried out in
this section. Key parameters, including R1) VS removal (%), (R2) biogas
production (mL) and (R3) methane yield (g VS/L) are thoroughly
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Fig. 7. Cumulative biogas production with FI ratio of (a) 0.16, (b) 0.40, (c) 0.65 and (d) 1.00.

examined. The experimental results are shown in Table A3. Based on the
experimental results, ANOVA analysis is carried out to further analyze
the significance of the independent variables on the response variables
as well as the overall significance of the model. All three response var-
iables show a notable fit to the model. ANOVA analysis for VS removal,
biogas production and methane yield are discussed in this section. The
fit summaries of the fitted models for all response variables are shown in
the Appendix (Table A4).

3.4.1.1. VS removal (R1). For VS removal, the best-fit model is rec-
ommended to be the two-factor interaction (2FI) model. The ANOVA
results for the model are shown in Table 4. The p-value of 0.3116 and the
F-value of 1.290 suggest that the 2FI model does not adequately describe
the variability in the VS removal data. The individual model terms
exhibit p-values larger than 0.05, indicating a lack of significant terms
for R1. Typically, for a model to be significant, the p-value should be
below 0.05, which is not the case here. This indicates that none of the
model terms are substantial predictors of VS removal under the given
experimental conditions.

Additionally, the 31.16 % probability that the lack-of-fit F-value is
due to noise suggests that the observed variability in the data might not
be meaningfully captured by this model. This is further reinforced by the
negative predicted R? value of —0.2021 (Table A4), indicating that even
using the overall mean would be more reliable than the 2FI model for
predicting VS removal. In simpler terms, the model is ineffective at
explaining the trends observed in the data. Moreover, the model's pre-
cision value of 3.95, which is below the acceptable threshold, indicates
an insufficient signal for navigating the design space. This further con-
firms the unsuitability of the 2FI model for optimization purposes.

One contributing factor to the model's inadequacy is the narrow

Biogas Production = 2292.74 — 211.53 x A — 254.97 x B+ 835.80 x C — 405.08 x AB + 228.37 x AC — 563.08 x BC

range of VS removal observed (from 93 % to 99 %), which limits the
model's ability to capture significant effects from the independent var-
iables. The small standard deviation of 3.49 further highlights the lack of
variability in the data, which might be due to the high biodegradability
of POME, making it difficult to detect meaningful variations in VS
removal. This limited variability in the response variable (VS removal)
restricts the ability of the model to identify statistically significant ef-
fects of biochar dosage, FI ratio, and OL, which are essential for
optimization.

While the experimental design and the 2FI model were employed
with the intent to optimize VS removal, the results indicate that further
exploration of alternative models or adjustments to the experimental
setup may be necessary to capture the significant factors influencing VS
removal more effectively.

3.4.1.2. Biogas production (R2). The most suitable model for biogas
production is the two-factor interaction (2FI) model. The ANOVA results
of this model is summarised in Table 5. The overall response model for
this response is highly significant with a high F-value (32.40) and low p-
value (<0.0001), indicating <0.01 % of possibility that noise can cause
this huge F-value. From Table 5, it is shown that A (Biochar), C(OL) and
BC are significant model terms with a p-value of <0.05.

The model for biogas production has a CV of 12.17 % and a R? value
of 0.9196, showing that the actual experiment results are close to the
predicted response from the model. The predicted R? of 0.8218 and the
adjusted R? of 0.8912 has a difference of <0.2, while the adequate
precision of the model is 16.6072. These findings collectively suggest
that the 2FI model for biogas production is satisfactory and adequate.
The fitted equation for biogas production in terms of the independent
variables is generated, shown in Eq. 7.

)
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Fig. 8. SEM micrographs of biochar after AD process with a magnification of (a) 5000 times, (b) 2500 times, (c) 1200 times and (d) 600 times.

Table 4
ANOVA results for VS removal.
Source Sum of Degree of Mean F- p-
square Freedom square value value
Model 88.08 6 14.68 1.290 0.3116  not
significant
A-Biochar 8.57 1 8.57 0.756 0.3966
®
B-FI ratio 0.38 1 0.38 0.033 0.8575
C-OL (g 5.44 1 5.44 0.480 0.4977
VS/L)
AB 0.04 1 0.04 0.004 0.9526
AC 0.25 1 0.25 0.022 0.8828
BC 27.13 1 27.13 2.390 0.1403
Residual 192.74 17 11.34 - -
Cor Total ~ 280.82 23 - - -

10

For AD with biochar addition, the independent variable, OL (C) is shown
to have the greatest impact on the biogas production. With constant
biochar dosage (A) and FI ratio (B), a high OL (C) leads to more biogas
production. The biochar dosage (A) and OL (C) also show impact to the
biogas production by looking at Eq. 7. An optimal biochar dosage and FI
ratio within the AD system are likely to lead to enhanced biogas
production.

3.4.1.3. Methane yield (R3). The best fit model to describe methane
yield is suggested to be the 2FI model. Table 6 listed the ANOVA results
for the model. The model has an overall p-value of 0.0023 and F-value of
5.62. This implies that the model is significant, with the combination of
FI ratio and OL (BC) to be the most significant model terms by having a
p-value of 0.0020. The FI ratio (B) is also a weakly significant term with
a p-value <0.05.

The adequate precision of 6.7848 shows that the model is tolerable.
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Table 5
ANOVA results for biogas production.
Source Sum of square Degree of Freedom Mean square F-value p-value
Model 1.04 E+07 6 1.74 E+06 32.40 <0.0001 significant
A-Biochar (g) 2.99 E+05 1 2.99 E+05 5.56 0.0306
B-FI ratio 36,275.12 1 36,275.12 0.68 0.4227
C-OL (g VS/L) 4.21 E+05 1 4.21 E+05 7.83 0.0124
AB 3713.90 1 3713.90 0.71 0.4126
AC 12,714.97 1 12,714.97 0.24 0.6329
BC 2.41 E+06 1 2.41 E+06 44.79 <0.0001 significant
Residual 9.13 E+05 17 53,732.60 - -
Cor Total 1.14 E+07 23 - - -
Table 6
ANOVA results for methane yield.
Source Sum of square Degree of Freedom Mean square F-value p-value
Model 0.0832 6 0.0139 5.62 0.0023 significant
A-Biochar (g) 0.0002 1 0.0002 0.08 0.7814
B-FI ratio 0.0122 1 0.0122 4.95 0.0399 significant
C-OL (g VS/L) 0.0044 1 0.0044 1.79 0.1985
AB 0.0031 1 0.0031 1.24 0.2812
AC 0.0030 1 0.0030 1.23 0.2829
BC 0.0328 1 0.0328 13.31 0.0020 significant
Residual 0.0420 17 0.0025 - -
Cor Total 0.1252 23 - - -

The R?, adjusted R? and predicted R? are calculated to be 0.6648, 0.5465
and 0.2378, respectively. The difference between the adjust R? and
predicted R? is >0.2, illustrating that there is a large block effect with
the model. Therefore, model reduction should be considered. For
methane yield, the regression equation and the reduced regression
equation in terms of the independent variables are shown in Eq. 8 and
Eq. 9, respectively.

Methane yield = 0.2729 +0.0054 x A — 0.1480 x B+ 0.0857 x C—0.1150 x AB+0.1116 x AC — 0.0658 x BC

Methane yield = 0.2729 —0.1480 x B — 0.0658 x BC 9

From the reduced equation, it is shown that a reduction in FI ratio
and OL yields higher methane production and the biochar dosage does
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not show an significant impact on the methane yield. The FI ratio is
found to have the most impact on methane yield. This dependency is
likely attributed to the feasibility of biodegradation of the feed (POME),
which is crucial for the methane production during AD process [44].

3.4.2. Perturbation plots
The interactions among the three independent and three response

)

variables can be demonstrated by using perturbation plots (Fig. 9). From
the perturbation plot of the VS removal, depicted in Fig. 9(a), the
steepest line corresponds to OL (C), indicating it has the greatest impact
on VS removal. An inverse relationship is observed between VS removal
and the OL of the feed (C). The OL (C) line exhibits the widest range
along the y-axis, followed by the biochar dosage (A) and FI ratio (B)

(c)

Perturbation

Methane Vield (mL/g VS)
o

T T T T T

Deviation from Reference Point (Coded Units)

Fig. 9. Perturbation plots for (a) VS removal, (b) biogas production and (c) methane yield.
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which show similar coverage. While biochar dosage shows a slightly
negative effect, the FI ratio shows a slightly positive effect on the VS
removal. The ranking of sensitivity for VS removal is: C > B > A.

Fig. 9(b) depicts the perturbation plot for biogas production, OL (C),
has a proportional relationship with the biogas production, exhibiting
the most influence on it, where an increase in OL (C) enhances the biogas
production. The biochar dosage (A) and FI ratio (B) show slightly
negative impact on the production of biogas. The ranking of sensitivity
for biogas production is: C > B > A.

The perturbation plot of methane yield, shown in Fig. 9(c), demon-
strates that the FI ratio (B) has the largest negative impact on the
methane yield. The OL (C) also shows positive influence on the methane
yield, but not as significant as the FI ratio (B). The biochar dosage (A)
exhibits a slightly positive effect on methane yield. The ranking of
sensitivity for methane yield is: B > C > A.

The differing trends observed for methane yield compared to VS
removal and biogas production can be attributed to the distinct mech-
anisms affecting each response. While VS removal and biogas produc-
tion are more directly related to the overall microbial degradation of
organic matter, methane yield is more sensitive to the balance between
substrate availability and the microbial processes involved in meth-
anogenesis. In particular, the FI ratio (B) negatively influences methane
yield, likely due to its effect on the metabolic pathways favoring
methane production. In contrast, OL (C) has a positive but less pro-
nounced impact on methane yield, suggesting that beyond a certain
organic load, further increases in feed may not significantly enhance
methane production. Biochar dosage (A) has a minor but positive effect
on methane yield, which may enhance microbial activity, but the impact
is weaker compared to the other responses.

3.4.3. 3D response surface

The 3D surface response plots were generated to explore the in-
teractions among the independent variables and their impact on the
response variables. Fig. 10 shows the 3D surface response plots of VS
removal. The plots show VS removal efficiencies of 93-99 % upon
completing the AD process, indicating effective degradation of organic
solids into biogas by anaerobic microorganisms. Consequently, this
process led to a reduction in residual solid content within the digestate,
which has positive implications for its management and disposal,
potentially enhance its value as a fertiliser or soil amendment [71].

Fig. 10(a) shows that the highest VS removal is achieved with a
biochar dosage of 0 g and an FI ratio of 1.00. Nonetheless, the reliability
of this finding is questionable due to the 2FI model's lack of statistical
significance with low R? (Table A4). This indicates that the model does
not accurately capture the relationship between the independent vari-
ables and VS removal, making the conclusions drawn from the surface
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plots unreliable. Fig. 10(b) and (c) suggest that the FI ratio has a
dominant effect on VS removal at lower organic loading (OL) and that
VS removal decreases at higher OL. However, these trends may not be
valid for prediction due to the inadequacies of the model.

Several studies have found that the introduction of biochar to AD
process of food waste shows significant effect on the removal of the
feed's VS content ([72]; X. [73]). Pilli et al. [74] has suggested that the
increased VS reduction results in higher methane production during AD
process and further reduces the amount of stabilised organic solids in
digestate for disposal. Conversely, no significant trend correlating bio-
char dosage and FI ratio to the VS removal was observed in this study.
Addition of biochar into the AD system does not affect the efficiency of
VS removal. This effective VS removal marks the good biodegradability
of organic content in the POME, unaffected by the biochar dosage and FI
ratio. The lack of significant terms and the minimal variability in VS
removal highlight that the chosen factors may not be the main drivers
for predicting VS removal. This suggests that the system operates effi-
ciently within the selected conditions, and that other factors, such as
microbial community dynamics or environmental conditions, may be
more influential in determining the slight differences in VS removal.

Given the high biodegradability of POME and the system's current
performance, the subsequent optimization analysis will focus on more
sensitive responses, such as methane yield or biogas composition, where
variations are more pronounced and statistically significant (p-values
<0.05). The observed high VS removal efficiency suggests that the
system may be approaching its optimal performance, thus limiting the
potential for further improvements with the current factors. This result
is promising for future scale-up studies, as effective biodegradation has
been achieved with the chosen FI, OL, and biochar dosage ranges.
Therefore, investigating alternative operational parameters or evalu-
ating long-term stability could offer valuable insights for further
enhancing system performance.

The 3D surface response plots in Fig. 11 elucidate the complex in-
teractions between biochar dosage, FI ratio, and OL on biogas produc-
tion. Fig. 11(a) demonstrates that maximum biogas production can be
achieved under two distinct conditions: either with a high biochar
dosage at an FI ratio of 0.2, or without biochar at an FI ratio of 1.0. The
FI ratio represents the proportion of organic feed to inoculum. A high FI
ratio provides more organic material relative to inoculum, potentially
enhancing microbial activity and biogas production. However, if the FI
ratio is too high, it may lead to imbalances or inhibit microbial
efficiency.

Conversely, a low FI ratio with sufficient biochar can counterbalance
this issue by offering better microbial support and substrate stability.
This suggests that biochar's impact on biogas production is strongly
influenced by the FI ratio. Lower FI ratios appear to benefit more from
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Fig. 10. Three-dimensional response surface plots of VS removal, as a function of (a) biochar dosage and FI ratio, (b) biochar dosage and OL, and (c) FI ratio and OL.
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and OL.

biochar addition, as it enhances microbial activity that might otherwise
be limited by the reduced organic feed. At a high FI ratio (1.00) with no
biochar, the system may still operate efficiently, as the higher organic
load could provide sufficient nutrients and favorable conditions for
microbial activity without the need for biochar.

This system's response to varying conditions highlights multiple
pathways for optimizing biogas production. High biochar dosage can
enhance performance at low FI ratios, while a high FI ratio might ach-
ieve similar outcomes without biochar. This indicates that either sup-
porting microbial activity with biochar or optimizing the feed-to-
inoculum ratio can lead to maximum biogas production, depending on
the operational conditions.

Fig. 11(b) explores the interaction between OL and biochar dosage.
At low OL, increasing the biochar dosage appears to have a negative
impact on biogas production, which could be attributed to the inhibitory
effects of excessive biochar that may disrupt microbial equilibrium.
However, at maximum OL, biochar addition enhances biogas produc-
tion, regardless of the dosage level. This suggests that at higher organic
loads, biochar plays a more prominent role, potentially by improving
system stability under stressed conditions or promoting microbial syn-
trophy, particularly in environments with elevated substrate availabil-
ity. This observation points to the adaptive role of biochar, which
appears to be more beneficial in high-stress scenarios where microbial
communities are tasked with processing large amounts of organic
material.

In Fig. 11(c), the effect of OL on biogas production is more pro-
nounced than the effect of the FI ratio, with the highest biogas yields
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Three-dimensional response surface plots of biogas production, as a function of (a) biochar dosage and FI ratio, (b) biochar dosage and OL, and (c) FI ratio

observed at an FI ratio of 0.2 and maximum OL. This highlights the
critical role of OL as a key driver of biogas production, where increased
substrate availability enhances microbial activity and increases biogas
output. The FI ratio of 0.2, indicating a higher proportion of inoculum
relative to the substrate, suggests that this ratio provides a microbial
population density sufficient to accelerate the degradation process and
optimize biogas yields at high substrate levels. While the FI ratio is
influential, it primarily modulates the impact of OL rather than serving
as the main determinant. These findings are consistent with the earlier
ANOVA analysis (Table 6), which identified biochar dosage and OL as
significant factors influencing biogas production.

The introduction of biochar into the AD process has led to consid-
erable variability in biogas production depending on dosage. Previous
studies, such as Rosi et al. [84], have documented enhanced biogas
yields with biochar addition, a trend corroborated in mesophilic diges-
tion processes involving wastewater sludge [23]. However, the current
study suggests that excessive biochar can inhibit the degradation of
POME, indicating the existence of an optimal dosage threshold beyond
which biochar may impede rather than enhance biogas production. This
finding necessitates a more refined understanding of the balance be-
tween biochar's benefits and its potential to create adverse conditions,
such as inhibition of key microbial populations.

Conversely, when biochar is added in optimal quantities, it signifi-
cantly enhances the rate of biogas production compared to control sets
with no biochar addition. Several studies have demonstrated that an
optimal amount of biochar addition can significantly enhance the
methane production of AD [65,75]. For instance, Asefa et al. [76] have
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proven that 15 % of biochar addition led to a three-fold increase in
methane production from the AD of tannery wastewater. This positive
effect may be attributed to the presence of trace metals within biochar,
which can act as micronutrient supplements for microbial communities,
thereby accelerating anaerobic processes. This observation is also
consistent with the findings of Cai et al. [82], who reported a more
pronounced effect of smaller biochar dosages on biogas yield. The re-
sults highlight the importance of optimizing biochar dosage to harness
its benefits while avoiding the inhibitory effects associated with exces-
sive addition. Based on these results, the optimal conditions for
achieving maximum biogas production are high OL, a low FI ratio, and a
moderate biochar dosage.

Fig. 12 presents the 3D surface response plots for methane yield.
Fig. 12(a) shows the effects of biochar addition and the FI ratio on
methane yield, with biochar dosage having a stronger influence. As the
biochar dosage increases, methane yield also increases. The methane
yield peaks at 0.54 L /g VS when using a low FI ratio of 0.2 in
conjunction with a high biochar dosage. This observation is consistent
with the trend observed in Fig. 11(a), where maximum biogas produc-
tion was also achieved under similar conditions of a low FI ratio and
high biochar dosage. Both figures collectively indicate that a low FI
ratio, combined with substantial biochar addition, facilitates the effec-
tive utilization of biochar, thereby enhancing microbial activity and
resulting in increased biogas production and methane yield.

This finding agrees with the study by Cao et al. [85], which observed
a decrease in methane production rate with an increasing Fl ratio. A high
FI ratio corresponds to a greater proportion of organic material relative
to the inoculum or microbial biomass. Although a higher organic load
can provide more substrate for biogas production, it may also stress the
microbial community if the inoculum is insufficient. This imbalance can
lead to reduced microbial efficiency and decreased conversion rates of
organic matter into methane. Thus, maintaining an appropriate FI ratio
is essential to ensure adequate microbial density and activity, opti-
mizing both methane yield and overall biogas production.

From Fig. 12(b), it is evident that biochar dosage exerts a more sig-
nificant influence on methane yield compared to OL. The plot shows that
methane yield peaks at high OL when combined with substantial biochar
dosage, indicating that elevated biochar levels enhance microbial pro-
cesses and substrate utilization, particularly under high OL conditions.
Interactive effect is also observed, particularly when OL is low, where
increasing biochar dosage results in a reduction in methane yield. This
phenomenon can be explained by several factors. At low OL, the limited
availability of organic material may constrain microbial growth and
activity, despite the presence of biochar. Excessive biochar in such
conditions could disrupt the microbial balance or create less optimal
conditions for microbial processes. Furthermore, the insufficient organic
substrate might not adequately support the increased biochar dosage,
thereby diminishing the overall efficiency of methane production. These
findings highlight the critical importance of balancing biochar dosage
with OL to achieve optimal methane yield.

Fig. 12(c) demonstrates that methane yield increases significantly
with higher OL but decreases with an increasing FI ratio. Higher OL is
associated with higher methane yields, which aligns with the under-
standing that more substrates promote microbial activity and methane
generation. The maximum methane yield is achieved with a low FI ratio
(indicating high inoculum concentration) and high OL, highlighting the
critical role of balancing substrate availability and microbial density in
the AD process.

ANOVA analysis, perturbation plots, and response surface plots
collectively highlight the significant influence of the FI ratio. Based on
these results, it is essential to maintain a low FI ratio, moderate biochar
dosage, and high OL to maximize methane yield. This optimization will
be further explored in the next section.
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Table 7
Optimized and validation results for AD system performance with biochar
addition.

Variables Units Value Validation Deviation (%)
values

A-Biochar 0.500 0.5 0

B-FI ratio - 0.266 0.27 1.48

C-OL g VS/L 4.536 4.5 0.8

R1-VS removal % 94.695 95.1 0.43

R2-Biogas mL 2989.887 2950 1.34
Production

R3-Methane Yield L/g Vs 0.360 0.355 1.41

3.5. Optimisation using RSM

In the optimization phase of this study, the goals for VS removal,
biogas production, and methane yield were set to “maximize,” while the
independent variables of OL and FI ratio were set to “in range,” and
biochar dosage was set to “minimize.” This prioritization reflects the
dual objectives of maximizing both energy recovery and waste reduc-
tion. The maximized biogas production and methane yield represent
critical profit sources for palm oil mills, either by generating electricity
or selling the biogas as a product. Additionally, achieving high VS
removal efficiency significantly aids in digestate management and
disposal, while contributing to enhanced biogas and methane produc-
tion. As more organic solids are degraded, a greater volume is converted
into biogas, thus reducing waste volume and increasing energy yields.

By using RSM in Design Expert software, the optimized values with a
high desirability of 0.940 for the AD of POME with biochar addition are
obtained, shown in Table 7. This suggests that the software successfully
identified the optimal combination of independent and response vari-
ables to achieve the desired outcomes with a high degree of accuracy.
The biochar dosage was optimized at 0.50 g, which enhances microbial
activity and nutrient availability while keeping costs low. OL is opti-
mized at 4.536 g VS/L, a level that ensures sufficient organic matter is
available for microbial activity while allowing for effective degradation
of the organic content in POME. The optimized FI ratio of 0.266 provides
adequate amount of inoculum to support microbial growth, which leads
to higher VS removal efficiency. This promotes more complete degra-
dation of organic solids in POME, leading to a higher-quality effluent
with reduced residual organic matter. This outcome highlights the
critical importance of balancing the substrate-to-inoculum ratio to
optimize both methane yield and the overall efficiency of the anaerobic
digestion process.

Overall, the optimized response values generated from the software
shows the best result for an AD system of POME with biochar addition.
The solution suggests that an AD system with a low FI ratio of 0.266 and
moderate OL of 4.536 g VS/L can achieve enhanced VS removal effi-
ciency, biogas production, and methane yield with a low biochar dosage
of 0.5 g. This outcome is beneficial from a cost perspective, as a lower
biochar dosage still provides significant performance improvements,
offering enhanced biogas production while minimizing costs associated
with biochar addition.

The optimized data was validated by performing the AD under the
proposed optimum conditions in triplicate. This study produced prom-
ising results, with an average VS removal of 95.1 %, biogas production
of 2950 mL, and a methane yield of 0.355 L/g VS, showing low

Table 8

Parameters and statistical indicators of each kinetic model for Set 20.
Kinetic A (mL/g ty (mL/g VS/ 2 (day) R? RMSE
model VvS) day)
MGM 2.9408 0.0925 —0.3816 0.9721 0.1126
LFM 2.5526 0.0959 0.3907 0. 9618 0.1317
TFM 6.1094 0.1055 —0.3362 0.9850 0.0827
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Fig. 13. Cumulative methane production of Set 20 with kinetic model curve fittings.\.

deviations of <1.4 % from the predicted values (Table 7). Notably, the
methane yield achieved in this study surpasses those reported by Shi
et al. [70] and Ngo et al. [21]. These findings imply the successful
development of a mathematical model to predict and optimize methane
yield through biochar addition with high accuracy.

3.6. Kinetic studies

A kinetic study was conducted following the optimization to further
analyze the methane production behavior under the optimal conditions.
Kinetic studies of cumulative methane production were performed on
Set 20 with 1.0 g of biochar dosage, an FIratio of 1.0, and an OL of 5.45 g
VS/L, as it exhibited the highest methane production from the AD
experiment. Table 8 lists the calculated results for the parameters, A,
p_m, and A for each kinetic model, along with the calculated RMSE and
R? values, which were used to validate the models mathematically.

The three modelled kinetic models including MGM, LFM and TFM
are compared with the experimental data, as plotted in Fig. 13. All three
models demonstrated a good fit to the cumulative methane production.
Upon validation, Set 20 is found to be well-fitted in all three models,
displaying high R? values (>0.96) and small RMSE values (<0.2). This
indicates minimal errors in methane yield prediction at each data point.

The selection of TFM as the most appropriate model for this biochar
addition study is based on its enhanced ability to accurately represent
the methane production dynamics relative to the other models. Its R?
and RMSE values suggest that the model provides a more accurate
representation of the AD process with the addition of biochar. However,
the linear characteristic of cumulative methane production in TFM
contrasts with the sigmoidal curve observed in other AD studies, where
models such as MFM and LFM provide better fits [77,78]. The better fit
of TFM may be attributed to the biochar addition, which minimized the
lag phase and enhanced the biodegradability of POME [44]. This high-
lights the importance of further validating the TFM model under diverse
conditions and possibly integrating other models for a more compre-
hensive understanding of the AD process with biochar.

4. Limitations and areas of future research

This study highlights the potential of incorporating biochar into the
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AD treatment of POME to boost VS removal, biogas production and
methane yield by both experiment and computational studies. To
translate these findings into real-world applications, several key limi-
tations must be addressed for further research.

One significant limitation is the lack of scaled-up experiments.
Although this study uses specific POME and inoculum sources, the
optimal biochar dosage, FI ratio, and OL for efficient AD may vary
depending on feedstock characteristics. Future research should include
larger-scale experiments with POME from various sources. This
approach could help to determine the optimal biochar dosages required
for different POME compositions and evaluate the broader applicability
of this technique across various palm oil mills. Additionally, investi-
gating lower biochar dosages (<0.5 g) could potentially reduce costs. An
economic analysis should be conducted to evaluate additional expenses
such as biochar cost, processing cost, and operational adjustments
required at an industrial scale to support industry investment.

Moreover, this work predominantly focuses on VS removal, biogas
production and methane yield. While these are the key metrics, a more
comprehensive understanding of the AD performance with biochar
addition requires the investigation on other parameters. The influence of
feedstock and processing conditions on biochar morphology are re-
ported, particularly its pore size, adsorption capacity and cation ex-
change capacity [23,29]. Further exploration is necessary on the
feedstock and operating conditions for biochar production to enhance
the AD for POME treatment.

Future research should aim to further elucidate the mechanisms by
which biochar interacts with microbial communities under varying OL
conditions. Identifying optimal biochar dosages that maximize biogas
yield without compromising system stability is crucial. Additionally,
examining the bacterial species present in the biochar could provide
valuable insights into microbial interactions and performance. This can
be achieved by extracting DNA from biochar, amplifying the 16S rRNA
gene via PCR, and sequencing the resulting products to characterize the
microbial community present on the biochar surface.

Furthermore, although the TFM model is chosen as the most suitable
for this biochar addition study, a kinetic study should be conducted to
validate the TFM model under various operational conditions and
consider integrating additional models for a more comprehensive un-
derstanding of the AD process with biochar. This further study is crucial
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because the TFM model, while currently effective, may not capture all
complexities of the AD process across different scenarios. Incorporating
additional models could reveal underlying details in microbial in-
teractions and biochar effects that the TFM model alone may not
address. By refining kinetic modeling and improving prediction accu-
racy, this approach will enhance our understanding of how biochar in-
fluences methane yield and overall AD performance, ultimately leading
to more effective optimization strategies.

In addition, this work does not address the impact on nutrient con-
tent within the digestate. Biochar has been shown to influence the
nutrient levels within the substrate. Analyzing volatile fatty acids
(VFAs), total nitrogen (TN), total phosphorus (TP), and the carbon-
to-nitrogen (C/N) ratio could yield valuable insights for optimizing
nutrient content in the digestate. A deeper understanding of these fac-
tors is beneficial for generating a nutrient-rich digestate alongside
biogas production, maximizing the resource recovery potential of POME
treatment through AD.

Finally, future research should include power analysis to refine
experimental design, ensuring that sample sizes and the number of
experimental runs are statistically robust and sufficient to detect sig-
nificant differences in outcomes. Additionally, incorporating a meta-
analysis comparing biochar's effects on biogas production and
methane yield across various studies would provide valuable insights
into its broader impact. This approach will help identify consistent
trends, address discrepancies across different experimental conditions,
and enhance the overall reliability of the results. By integrating power
analysis with meta-analysis, future research can optimize resource uti-
lization and strengthen the foundation for further advancements in the
AD of POME using biochar.

5. Conclusion

In this study, the effects of biochar addition on the anaerobic
digestion (AD) of palm oil mill effluent (POME) were investigated. This
study validated the feasibility of biochar addition as an improvement to
enhance AD performance. Experiments revealed varying trends in vol-
atile solids (VS) removal efficiency, biogas production, and methane
yield with variations in feed-to-inoculum (FI) ratios, biochar dosages,
and organic loading (OL). Adequate amounts of biochar addition
demonstrated positive impacts across these parameters. It minimized
the lag phase, boosted the conversion of VS into biogas, and ultimately
improved the overall AD performance. Specifically, biogas production,
methane yield, and VS removal were enhanced by 45.0 %, 73.3 %, and
98.2 %, respectively. The synergistic effects of biochar addition were
evident as it enhanced the habitat provided by macropores within the
biochar for microbial growth, which promoted the degradation of
organic matter.

To build on these findings, Response Surface Methodology (RSM)
was employed to optimize the process conditions for maximizing VS
removal, biogas production, and methane yield. Central Composite
Design (CCD) of RSM was used to explore the relationships between
independent and response variables. To achieve optimal conditions, a
combination of a low biochar dosage of 0.50 g (equivalent to 2 g/L of
reactor volume), a low FI ratio of 0.266, and a high OL of 4.536 g VS/L
was identified. This balance of substrate and inoculum availability with
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the appropriate biochar dosage resulted in a predicted biogas production
of 2989.887 mL, a methane yield of 0.36 L/g VS, and a VS removal of
94.7 %. These results were validated in duplicate under the optimized
conditions, confirming the model's accuracy with <1.4 % deviation from
the predicted values.

Following this optimization, a kinetic study was conducted to
analyze methane production behavior under the optimal conditions. The
kinetic study compared the MGM, LFM, and TFM models, identifying
TFM as the most suitable model for predicting methane yield due to its
minimal error, low RMSE, and R? value closest to 1. This kinetic study
confirmed that biochar significantly influences the dynamics of methane
production, with synergistic effects contributing to reducing the lag
phase and enhancing POME biodegradability. However, further vali-
dation of the TFM model under diverse conditions is necessary. Inte-
grating additional kinetic models could offer a more comprehensive
understanding of the AD process with biochar, refining predictions and
optimizing methane yield across various scenarios.

This sequential approach which combines the optimization with ki-
netic analysis demonstrates a thorough evaluation of biochar's impact
on AD performance. Biochar-enhanced AD provides a sustainable
method for managing POME, generating valuable biogas, and poten-
tially addressing the variability in POME characteristics and flow due to
crop seasons. The optimal conditions identified can serve as a basis for
scaling up to large-scale applications. For large-scale systems, it is ex-
pected that maintaining these optimal conditions will result in increased
operational efficiency, improved biogas yields, and enhanced resource
recovery potential, contributing to a more sustainable palm oil industry.
Future work should focus on scale-up experiments with different POME
sources to determine optimal biochar dosages for varied compositions.
Additionally, investigating other parameters affecting nutrient content
in the digestate could further enhance AD performance, broadening its
applicability across palm oil mills and maximizing resource recovery
potential.
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Appendix A

Table Al

Characteristics of POME in this study and the effluent discharge standard [79].
Characteristics® POME in this paper Environmental Quality Act”
TS 59.14 -
VS 10.91 -
BOD 34.99 0.1
COD 108.77 -
BOD/COD 0.32 -
pH 4.62 5-9
? Indicates that all parameters are in g/L unit except for BOD/COD and pH.
b parameters limit of Environmental Quality (Prescribed Premises) for Crude Palm Oil

(Amendment) Regulations 1977.

Table A2

Experiment parameters.

Set FI ratio Feed OL (g VS/L)
POME (mL) Inoculum (mL) Biochar (g)
1 0.16 28 175 - 1.20
2 0.16 28 175 0.5 1.20
3 0.16 28 175 1.0 1.20
4 0.16 28 175 1.5 1.20
5 0.16 28 175 2.0 1.20
6 0.40 70 175 - 3.05
7 0.40 70 175 0.5 3.05
8 0.40 70 175 1.0 3.05
9 0.40 70 175 1.5 3.05
10 0.40 70 175 2.0 3.05
11 0.40 70 175 2.5 3.05
12 0.65 78 150 - 3.40
13 0.65 78 150 0.5 3.40
14 0.65 78 150 1.0 3.40
15 0.65 78 150 1.5 3.40
16 0.65 78 150 2.0 3.40
17 0.65 78 150 2.5 3.40
18 1.00 125 125 - 5.45
19 1.00 125 125 0.5 5.45
20 1.00 125 125 1.0 5.45
21 1.00 125 125 1.5 5.45
22 1.00 125 125 2.0 5.45
23 1.00 125 125 2.5 5.45
Table A3

Experimental results.

Set VS removal (%) Biogas production (mL) Methane Yield (L/g VS)
1 93.60 550 0.1785
2 92.22 800 0.2957
3 95.97 850 0.3215
4 98.15 650 0.1879
5 96.51 500 0.1685
6 98.28 1900 0.2875
7 96.50 2150 0.3142
8 94.71 2100 0.3385
9 93.41 2100 0.3455
10 96.74 2150 0.3253
11 94.30 1900 0.2854
12 99.18 2250 0.1945
13 97.61 2300 0.2654
14 95.09 2300 0.3125
15 95.47 2550 0.2577
16 95.17 2250 0.2471
17 93.15 2150 0.2141
18 93.76 1800 0.1325
19 93.25 2450 0.1526
20 92.93 2400 0.1741
21 81.29 3000 0.1541
22 97.15 2300 0.1478

(continued on next page)
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Table A3 (continued)
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Set VS removal (%) Biogas production (mL) Methane Yield (L/g VS)
23 91.60 1700 0.1078
Mean 94.59 1699 0.2658
Standard deviation 3.49 697 0.0883

Table A4
Fit Summary of the fitted models.

Parameters R1: VS removal (%) R2: Biogas Production (mL) R3: Methane Yield (L/g VS)
Standard Deviation 3.37 231.80 0.0497

Mean 94.65 1904.19 0.2342

CV (%) 3.56 12.17 21.21

R? 0.3136 0.9196 0.6648

Adjusted R? 0.0714 0.8912 0.5465

Predicted R? —0.2021 0.8218 0.2378

Adequate Precision 3.9549 16.6072 6.7848

[16] K.W. Kan, Y.J. Chan, T.J. Tiong, J.W. Lim, Maximizing biogas yield from palm oil
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Data will be made available on request.
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