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Abstract: The recalcitrant nature of the substrate often limits the anaerobic
digestion of Empty Fruit Bunches (EFB). This study investigates the
effectiveness of augmenting Thermoanaerobacterium thermosaccharolyticum PSU-2
for the pretreatment of EFB in mono-digestion and co-digestion with Palm Oil
Mill Effluent (POME) to enhance biogas production. The augmented T.
thermosaccharolyticum PSU-2 demonstrated enhanced cellulolytic and
hemicellulolytic capabilities, resulting in improved biogas yield, methane
content, and substrate degradation efficiency compared to the control without
augmentation. Mono-digestion of EFB with the augmented strain at an S:I ratio
of 15:1 achieved a methane yield of 35.13 + 1.05 m® CH,/tonne, representing a
64.31 + 1.17% improvement over the control. Co-digestion of EFB with POME
using the augmented strain further enhanced the methane yield to 46.67 + 1.40
m? CH,/tonne at an S:I ratio of 15:1, representing a 103.00 + 2.81% improvement
over the control. Kinetic analysis revealed improved hydrolysis rates and
reduced lag phases in mono-digestion and co-digestion processes. Comparison
with other pretreatment methods and energy balance and economic analysis
indicated that co-digestion of EFB with POME using the augmented T.
thermosaccharolyticum PSU-2 pretreatment is a promising, energy-efficient, and
profitable approach for enhancing biogas production from EFB. This study
highlights the potential of biological pretreatment using augmented bacterial
strains to improve the valorization of agricultural waste streams through
anaerobic digestion.

Keywords: Anaerobic digestion; Bioaugmentation; Empty fruit bunches; Palm oil mill
effluent; Thermoanaerobacterium thermosaccharolyticum PSU-2; Pretreatment

1. Introduction

The growing demand for renewable energy and the need to mitigate
greenhouse gas emissions have increased interest in valorizing organic waste
streams through anaerobic digestion (AD) [1]. AD is a sustainable technology
that converts organic matter into biogas, a renewable energy source while
reducing waste and generating nutrient-rich digestate [2]. However, the
efficiency of AD processes is often limited by the recalcitrant nature of
lignocellulosic biomass, such as agricultural residues and agro-industrial waste
[3]. EFB, a major byproduct of the palm oil industry, has been identified as a
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promising feedstock for biogas production due to its abundant availability and high organic content [4].
However, the complex lignocellulosic structure of EFB, consisting of cellulose, hemicellulose, and lignin,
hinders its biodegradability and limits the efficiency of AD processes [5]. Pretreatment methods, such as
physical, chemical, and biological approaches, have enhanced the digestibility of lignocellulosic biomass and
improved biogas yields [6]. Biological pretreatment using cellulolytic and hemicellulolytic microorganisms
has gained attention as an eco-friendly and low-cost approach to enhance the hydrolysis of lignocellulosic
biomass [7]. T. thermosaccharolyticum PSU-2, a thermophilic anaerobic bacterium, has been reported to
possess high cellulolytic and hemicellulolytic activities, making it a promising candidate for the biological
pretreatment of lignocellulosic substrates [8]. Bioaugmentation, the inoculation of specific microbial strains
or consortia into AD systems, has enhanced the hydrolysis and biodegradation of complex substrates [9]. Co-
digestion, the simultaneous digestion of two or more substrates, has improved biogas yields and process
stability compared to mono-digestion [10]. POME, another major waste stream from the palm oil industry,
has been successfully co-digested with EFB to enhance biogas production [4]. The synergistic effects of co-
digestion, such as improved nutrient balance, increased buffering capacity, and the presence of trace
elements, contribute to the enhanced performance of AD processes [11].

Despite the potential of biological pretreatment and co-digestion strategies, limited research has
been conducted on the application of augmented cellulolytic and hemicellulolytic bacterial strains for the
pretreatment of EFB in mono-digestion and co-digestion with POME. This study aims to investigate the
effectiveness of augmenting T. thermosaccharolyticum PSU-2 for the pretreatment of EFB in mono-digestion
and co-digestion with POME to enhance biogas production. The specific objectives of this study are to
evaluate the performance of the augmented strain in the mono-digestion of EFB and co-digestion of EFB
with POME in terms of biogas yield, methane content, and substrate degradation efficiency, determine the
optimal substrate-to-inoculum (S:I) ratio for the mono-digestion and co-digestion processes, compare the
performance of the augmented strain pretreatment with other pretreatment methods reported in the
literature, and assess the energy balance and economic viability of the augmented strain pretreatment in
mono-digestion and co-digestion processes. The findings of this study are expected to contribute to
developing efficient and sustainable strategies for valorizing agricultural waste streams, such as EFB and
POME, through AD. The application of augmented cellulolytic and hemicellulolytic bacterial strains for the
pretreatment of lignocellulosic biomass has the potential to enhance the economic viability and
environmental sustainability of biogas production, thereby promoting the transition towards a circular
economy and renewable energy generation.

2. Materials and Methods

2.1 Substrate preparation

EFB was collected from a palm oil factory in Krabi province, Thailand. Upon collection, the EFB
samples were immediately transported to the laboratory and stored at 4°C until further use. Before the
digestion experiments, the EFB was subjected to the following pretreatment steps. The EFB was first cut into
smaller pieces, approximately 2-3 cm long, using a mechanical cutter to increase the surface area for
microbial action. The chopped EFB was washed thoroughly with tap water to remove dirt or debris and
rinsed with distilled water. The washed EFB was oven-dried at 60°C for 48 hours to remove moisture and
gain a constant weight. The dried EFB was ground using a laboratory mill to obtain a particle size of 1-2 mm
to enhance the surface area for further microbial degradation. The ground EFB was stored in airtight
containers at room temperature until used in the digestion experiments. POME was collected from the same
palm oil factory in Krabi province, Thailand. The POME was collected from the outlet of the oil clarification
tank and stored at 4°C to minimize biological activity before its use in the co-digestion experiments. Before
use, the POME was characterized for pH, chemical oxygen demand (COD), TS, volatile solids (VS), and oil
and grease content. The characterization of POME was performed according to standard methods [12].
POME was used as a co-substrate in the digestion experiments without further pretreatment.
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2.2 Methane-producing inoculum preparation.

The methane-producing inoculum used in this study was obtained from an anaerobic digester
treating POME at a palm oil mill in Krabi province, Thailand. The inoculum was collected from the digester
outlet and immediately transported to the laboratory in airtight containers to maintain anaerobic conditions.
The inoculum was characterized for pH, TS, VS, Total Suspended Solids (TSS), Volatile Suspended Solids
(VSS), Alkalinity, and Volatile Fatty Acids (VFA). The characterization was performed according to standard
methods [12] to ensure the suitability of the inoculum for digestion experiments. The inoculum was passed
through a 2 mm sieve to remove large particles and debris. The sieved inoculum was then washed with an
anaerobic medium to remove residual substrates and maintain the anaerobic conditions. The anaerobic
medium was prepared according to the composition described by Hiligsmann et al. [13]. Before the digestion
experiments, the inoculum was acclimatized to the experimental conditions to minimize the lag phase and
ensure optimal performance. The acclimatization was carried out in batch reactors with a working volume of
1 L. The reactors were fed a mixture of EFB and POME at a ratio similar to that used in the co-digestion
experiments. The reactors were incubated at 55°C (thermophilic conditions) and maintained under anaerobic
conditions by sparging with nitrogen gas. The acclimatization process was monitored by measuring biogas
production and composition. Once the biogas production rate and methane content stabilized, the inoculum
was considered acclimatized and ready for use in digestion experiments.

2.3 T. thermosaccharolyticum PSU-2 cultivation and inoculum preparation

The stock culture of T. thermosaccharolyticum PSU-2 was maintained on BA medium containing the
following components (per liter): yeast extract 2.0 g, peptone 2.0 g, beef extract 1.0 g, glucose 10.0 g, and agar
15.0 g. The medium was prepared anaerobically under an N2 atmosphere and sterilized by autoclaving at
121°C for 15 minutes. The stock culture was maintained at 55°C and subcultured every two weeks to ensure
viability. The inoculum of T. thermosaccharolyticum PSU-2 was prepared in a liquid BA medium. The
composition of the liquid medium was the same as the stock culture medium, excluding the agar. The
medium was prepared anaerobically under an N2 atmosphere in serum bottles and sterilized by autoclaving
at 121°C for 15 minutes. A 10% (v/v) inoculum from the stock culture was transferred anaerobically using a
sterile syringe into the liquid BA medium. The inoculated bottles were incubated at 55°C for approximately
48 hours until the optical density at 600 nm (OD600) reached 0.5 + 0.05, indicating the mid-exponential
growth phase [14].

2.4 Bioaugmentation of mono-digestion and co-digestion

The desired ODsw was achieved, and the T. thermosaccharolyticum PSU-2 culture was used as an
inoculum for augmenting the mono-digestion of EFB and co-digestion of EFB with POME. The inoculum
was transferred anaerobically using sterile syringes into the digestion bottles at various substrate-to-
inoculum (S:I) ratios of 15:1, 10:1, 5:1, 4:1, 3:1, 2:1, and 1:1. The mono-digestion bottles contained only EFB as
the substrate. In contrast, the co-digestion bottles contained a mixture of EFB and POME. The total working
volume in each digestion bottle was maintained at 500 mL, and the bottles were incubated at 55°C under
anaerobic conditions. The performance of T. thermosaccharolyticum PSU-2 in enhancing the digestion process
was evaluated by monitoring the biogas production, methane content, and substrate degradation efficiency.

2.5 Biochemical methane potential assay

The biochemical methane potential (BMP) assay was carried out to evaluate the effect of bio-
augmentation with T. thermosaccharolyticum PSU-2 on the AD EFB and co-digestion of EFB with POME. The
EFB:POME ratio was maintained at 1:1.4, corresponding to 20% TS of EFB at a particle size of 3.25 mm, based
on the findings of previous studies. The BMP tests were conducted in 500 mL serum bottles with a working
volume of 400 mL. The substrate-to-inoculum (S:I) ratios were investigated at 2:1 for both mono-digestion of
EFB and co-digestion of EFB with POME. The inoculum was the methanogenic sludge obtained from an
anaerobic digester treating POME, as described in Section 2.2. The required substrates (EFB and POME) and
inoculum were added to the serum bottles according to the respective S:I ratios. The bottles were then
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purged with a mixture of N2:COz2 (80:20) for 5 minutes to ensure anaerobic conditions. After purging, the
bottles were immediately sealed with butyl rubber stoppers and aluminum crimp caps to maintain anaerobic
conditions. Bottles containing only inoculum and water, without any substrate, account for the background
methane production from the inoculum. Bottles containing only water, without any inoculum or substrate,
should be checked for contamination or leakage. The sealed bottles were incubated at 55°C for 45 days in a
temperature-controlled incubator. All the BMP tests were carried out in triplicate to ensure reproducibility.
The biogas production was monitored periodically by measuring the pressure in the headspace of the bottles
using a pressure transducer. The biogas composition, particularly methane content, was analyzed using a
gas chromatograph. The net methane production from the substrates was calculated by subtracting the
methane production in the positive control bottles from the methane production in the sample bottles. The
cumulative methane yield was expressed as mL CHaper gram of VS added (mL CH4/gVS). Scanning electron
microscopy (SEM) was employed to observe the morphological changes and degradation of EFB fibers
during the anaerobic digestion.

2.6 Analytical Methods and Calculations

The biogas composition produced during the AD was analyzed using a gas chromatograph (GC-8A,
Shimadzu, Japan) equipped with a thermal conductivity detector (TCD). The GC-TCD was calibrated using
standard gas mixtures of known composition. Gas samples were collected from the headspace of the
digestion bottles using a gas-tight syringe and injected into the GC-TCD for analysis. The percentages of
methane (CH4) and carbon dioxide (CO2) in the biogas were determined based on the peak areas and the
calibration curves obtained from the standard gas mixtures. Total alkalinity (TA) was measured according to
standard methods [12]. A sample of the digestate was centrifuged, and the supernatant was titrated with a
standardized sulfuric acid solution to a pH endpoint of 4.5. The total alkalinity was calculated based on the
volume of acid consumed and expressed as mg CaCOs/L. VFA concentrations in the digestate were
determined using a gas chromatograph (GC-17A, Shimadzu, Japan) with a flame ionization detector (FID).
The digestate samples were centrifuged, and the supernatant was filtered through a 0.45 pm membrane
filter. The filtrate was then acidified with formic acid and injected into the GC-FID for analysis. The
individual VFA concentrations (acetic, propionic, butyric, and valeric acids) were quantified based on the
peak areas and the calibration curves obtained from standard VFA solutions. The kinetics of biogas
production were described using a first-order kinetic model proposed by Angelidaki et al. [15]. The first-
order kinetic model is given by Equation 1:

In (Beo - B) = In(B-) - Kt 1)

Where K is the constant biogas rate (d-'), Be is the value of the final methane production, B is the
methane produced at a given time, and t is the production time. The hydrolysis constant (K) was determined
by plotting In (Beo - B) against time (t) and calculating the slope of the linear regression line. The lag phase
before the start of methane production was determined using the modified Gompertz equation, as described
by Trzcinski & Stuckey[16]. The modified Gompertz equation is given by Equation 2:

M =P x exp [-exp ((Rmax x /P)x (A - t)) + 1)] (2)

Where M is the cumulative methane production, P is the methane production potential, Rmax is the
maximum methane production rate, A is the lag phase, t is time, and e is exp (1) = 2.7183. The parameters P,
Rmax, and A were estimated by fitting the experimental data to the modified Gompertz equation using non-
linear regression analysis in SigmaPlot ® 11.0 software [17]. The biodegradability of the substrate can be
calculated using the following biodegradability (%) = (Experimental Methane Yield / Theoretical Methane
Yield) = 100.
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3.Results and Discussion
3.1 Characterization of the augmented T. thermosaccharolyticum PSU-2

The successful genetic modification of T. thermosaccharolyticum PSU-2 was confirmed by evaluating
the enzymatic activities of key cellulolytic and hemicellulolytic enzymes in both the wild-type and
augmented strains. As presented in Table 1, the augmented strain exhibited significantly higher activities of
endoglucanase, exoglucanase, [-glucosidase, xylanase, and B-xylosidase compared to the wild-type strain.
Endoglucanase activity increased 4-fold in the augmented strain, reaching 3.2 U/mg protein compared to 0.8
U/mg protein in the normal flora strain. Similarly, exoglucanase activity showed a 5-fold increase, from 0.3
U/mg protein in the normal flora to 1.5 U/mg protein in the augmented strain. The activity of B-glucosidase,
an essential enzyme for the complete hydrolysis of cellobiose to glucose, increased by 4-fold, from 1.2 U/mg
protein in the normal flora to 4.8 U/mg protein in the augmented strain. The augmented T.
thermosaccharolyticum PSU-2 also demonstrated enhanced hemicellulolytic capabilities, with xylanase activity
increasing by 5-fold (from 1.0 to 5.0 U/mg protein) and -xylosidase activity increasing by 5-fold (from 0.6 to
3.0 U/mg protein) compared to the normal flora strain. These increased enzymatic activities indicate that the
genetic modifications successfully enhanced the strain's ability to degrade the cellulose and hemicellulose
components of lignocellulosic biomass. Its growth performance on different substrates further confirmed the
improved cellulolytic and hemicellulolytic capabilities of the augmented strain. The augmented strain
exhibited faster growth and higher cell densities when cultivated on cellulosic substrates (e.g., Avicel or filter
paper), hemicellulosic substrates (e.g., xylan), and lignocellulosic biomass (e.g., acid pretreated EFB)
compared to the normal flora strain. This improved growth performance can be attributed to the enhanced
enzymatic machinery of the augmented strain, which enables more efficient hydrolysis and utilization of the
complex polysaccharides present in these substrates. Furthermore, the augmented T. thermosaccharolyticum
PSU-2 demonstrated superior hydrolytic efficiency when incubated with lignocellulosic biomass. Higher
concentrations of glucose, xylose, and other reducing sugars were detected in the culture supernatant of the
augmented strain compared to the normal flora strain, indicating more effective biomass hydrolysis. SEM
images of EFB before and after hydrolysis by the augmented strain provided visual evidence of the extensive
degradation of the biomass structure, further confirming the enhanced hydrolytic capabilities of the
augmented strain (Fig.1).

Table 1. Enzymatic activities of normal flora and augmented T. thermosaccharolyticum PSU-2

Normal flora Augmented .
Enzyme . . Fold increase

(U/mg protein) (U/mg protein)
Endoglucanase 0.8 32 4.0
Exoglucanase 0.3 15 5.0
[-glucosidase 12 4.8 4.0
Xylanase 1.0 5.0 5.0
[-xylosidase 0.6 3.0 5.0

3.2 Performance of augmented T. thermosaccharolyticum PSU-2 in EFB mono-digestion

The mono-digestion of EFB using the augmented T. thermosaccharolyticum PSU-2 showed significant
improvements in biogas yield and methane content compared to the control without augmentation. As
presented in Table 2, the highest methane production of 35.13 + 1.05 m?® CH,/ tonne-substrate was achieved
at an S:I ratio of 15:1, representing a 64.31 + 1.17% improvement over the control (21.38 + 0.64 m? CHa/tonne-
substrate). The enhanced methane yield can be attributed to the increased cellulolytic and hemicellulolytic
activities of the augmented strain, which facilitated the effective hydrolysis of EFB [18]. The methane yield
improvement ranged from 25.26 + 0.88% to 113.9 + 1.60% across the different S:I ratios, with the highest
improvement observed at the 4:1 ratio. This finding suggests that the augmented T. thermosaccharolyticum
PSU-2 can significantly enhance methane production from EFB, even at higher substrate concentrations [19].
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The biodegradability and removal of VS from EFB were also positively influenced by the augmentation with
T. thermosaccharolyticurn PSU-2. The highest biodegradability of 47.31 + 1.42% and VS removal of 58.91 +
1.77% were observed at the S:I ratio 15:1, indicating efficient degradation of the lignocellulosic components
of EFB. The enhanced degradation efficiency can be attributed to the improved enzymatic machinery of the
augmented strain, which enables the effective breakdown of the complex polysaccharides in EFB [20]. The
volatile fatty acid (VFA) concentrations remained relatively low (0.046 + 0.00 to 0.093 + 0.00 g/L) across all S:I
ratios, suggesting a well-balanced AD process with efficient conversion of the hydrolyzed products to biogas
[21]. The alkalinity levels (12.9 + 0.39 to 17.5 + 0.53 gCaCOs/L) were within the optimal range for stable AD,
indicating sufficient buffering capacity to maintain a suitable pH for the methanogenic community [22].
Interestingly, the highest methane yield improvement (113.9 + 1.60%) was observed at the 4:1 S:I ratio, while
the highest biodegradability and VS removal were achieved at the 15:1 ratio. This discrepancy suggests that
factors other than substrate degradation efficiency, such as the balance between hydrolysis and
methanogenesis rates, may influence the overall methane production [23]. The augmented T.
thermosaccharolyticum PSU-2 demonstrates superior performance in the mono-digestion of EFB, enhancing
biogas yield, methane content, and substrate degradation efficiency. The improved hydrolytic capabilities of
the augmented strain facilitate the effective breakdown of the lignocellulosic components of EFB, leading to
higher methane production and better substrate utilization. These findings highlight the potential of using
augmented cellulolytic and hemicellulolytic bacteria to optimize the AD of lignocellulosic biomass for biogas
production.

(b)

15 kv

10 nm

20080

—
S

vm

Figure 1. SEM images of EFB before (a) and after hydrolysis (b) by the augmented T. thermosaccharolyticum PSU-2

Figure 1 illustrates the cumulative methane yield of mono-digestion EFB augmented with T.
thermosaccharolyticum PSU-2 at various substrate-to-inoculum (S:I) ratios. The results demonstrate that the
augmentation of T. thermosaccharolyticum PSU-2 significantly enhances the methane yield compared to the
control without augmentation across all S:I ratios tested. The highest cumulative methane yield was
achieved at an S:I ratio of 15:1, indicating that this ratio provides the optimal balance between substrate
availability and inoculum concentration for effective methane production. This finding is consistent with the
results reported by Suksong et al. [24], who observed improved methane yields from the mono-digestion of
EFB using a cellulolytic bacterial consortium. The enhanced methane yield can be attributed to the increased
hydrolytic capabilities of the augmented T. thermosaccharolyticum PSU-2, which facilitates the effective
breakdown of the lignocellulosic components in EFB [25]. The cumulative methane yield curves for the
augmented digestions exhibit a steeper slope than the control, indicating faster methane production rates.
This observation suggests that the augmented T. thermosaccharolyticum PSU-2 accelerates the hydrolysis step,
which is often considered the rate-limiting step in the AD of lignocellulosic biomass [26]. The improved
hydrolysis rate can be attributed to the augmented strain's enhanced cellulolytic and hemicellulolytic
activities, as demonstrated in previous studies [19,20]. Interestingly, the cumulative methane yield curves for
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the augmented digestions at different S:I ratios show similar trends, with only minor variations in the final
methane yields. This finding indicates that the augmented T. thermosaccharolyticum PSU-2 can maintain its
hydrolytic efficiency even at higher substrate concentrations, which is crucial for the practical application of
this augmentation strategy in industrial-scale biogas plants [27]. The control digestion without augmentation
exhibited a lower methane yield and a more gradual increase in cumulative methane production over time.
This slower methane production rate can be attributed to the limited hydrolytic capabilities of the
indigenous microbial community present in the inoculum [10]. The limited hydrolysis rate in the control
digestion highlights the need for augmentation strategies to enhance the AD performance of lignocellulosic
biomass, such as EFB. The cumulative methane yield curves presented in Figure 2 demonstrate the
effectiveness of augmenting the mono-digestion of EFB with T. thermosaccharolyticum PSU-2. The enhanced
methane yields and faster methane production rates observed across various S:I ratios underscore the
potential of this augmentation strategy to optimize the AD process and improve the overall biogas
production from lignocellulosic biomass.
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Figure 2. Cumulative methane yield of mono-digestion EFB with T. thermosaccharolyticum PSU-2 augmentation at
various S:I ratio

3.3 Performance of augmented T. thermosaccharolyticum PSU-2 in EFB co-digestion with POME

The co-digestion of EFB with POME using the augmented T. thermosaccharolyticum PSU-2
demonstrated significant improvements in biogas yield and methane content compared to the control
without augmentation. As shown in Table 2, the highest methane production of 46.67 + 1.40 m® CH,/tonne-
substrate was achieved at an S:I ratio of 15:1, representing a 103.00 + 2.81% improvement over the control
(22.99 = 0.09 m*® CH,/tonne- substrate). The enhanced methane yield can be attributed to the synergistic effect
of co-digesting EFB with POME, which provides a more balanced nutrient profile and improves the overall
biodegradability of the substrate [4]. The methane yield improvement ranged from 48.54 + 2.84% to 103.00 +
2.81% across the different S:I ratios, indicating that the augmented T. thermosaccharolyticum PSU-2 can
significantly enhance the methane production from EFB co-digested with POME. This finding is consistent
with the results reported by [28], who observed improved biogas yields from the co-digestion of EFB with
POME using a thermophilic bacterial consortium. The biodegradability and removal of VS from EFB and
POME were also positively influenced by the augmentation with T. thermosaccharolyticurn PSU-2. The highest
biodegradability of 55.44 + 1.66% and VS removal of 66.53 + 2.00% were observed at the S:I ratio of 15:1,
indicating efficient degradation of the lignocellulosic components of EFB and the organic matter present in
POME [5]. The enhanced degradation efficiency can be attributed to the improved hydrolytic capabilities of
the augmented strain, which enable the effective breakdown of the complex substrates in the co-digestion
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mixture [20]. The volatile fatty acid (VFA) concentrations remained relatively low (0.035 + 0.00 to 0.048 + 0.00
g/L) across all S:I ratios, suggesting a well-balanced AD process with efficient conversion of the hydrolyzed
products to biogas [21] . The alkalinity levels (14.9 + 0.45 to 15.65 + 0.47 gCaCOs/L) were within the optimal
range for stable AD, indicating sufficient buffering capacity to maintain a suitable pH for the methanogenic
community [22]. Interestingly, the methane yield improvement and degradation efficiency were higher in
the co-digestion experiments compared to the mono-digestion of EFB (Table 2). This observation highlights
the benefits of co-digesting EFB with POME, which include improved nutrient balance, increased buffering
capacity, and the presence of readily biodegradable organic matter in POME that stimulates the growth of
the anaerobic microbial community [29]. The augmented T. thermosaccharolyticum PSU-2 demonstrates
superior performance in the co-digestion of EFB with POME, enhancing biogas yield, methane content, and
substrate degradation efficiency. The improved hydrolytic capabilities of the augmented strain, coupled
with the synergistic effects of co-digestion, facilitate the effective breakdown and conversion of the complex
substrates into biogas. These findings underscore the potential of using augmented cellulolytic and
hemicellulolytic bacteria in conjunction with co-digestion strategies to optimize the AD of lignocellulosic
biomass and POME for enhanced biogas production.

Figure 2 illustrates the cumulative methane yield of co-digestion of EFB with POME augmented
with T. thermosaccharolyticurn PSU-2 at various substrate-to-inoculum (S:I) ratios. The results demonstrate
that the augmentation of T. thermosaccharolyticum PSU-2 significantly enhances the methane yield
compared to the control without augmentation across all S:I ratios tested. The highest cumulative methane
yield was achieved at an S:I ratio of 15:1, indicating that this ratio provides the optimal balance between
substrate availability and inoculum concentration for effective methane production in the co-digestion
system. This finding is consistent with the results reported by Saelor et al. [28], who observed improved
biogas yields from the co-digestion of EFB with POME using a thermophilic bacterial consortium. The
enhanced methane yield can be attributed to the increased hydrolytic capabilities of the augmented T.
thermosaccharolyticum PSU-2, which facilitates the effective breakdown of the lignocellulosic components in
EFB and the organic matter present in POME. The cumulative methane yield curves for the augmented co-
digestions exhibit a steeper slope than the control, indicating faster methane production rates. This
observation suggests that the augmented T. thermosaccharolyticum PSU-2 accelerates hydrolysis, often
considered the rate-limiting step in the AD of lignocellulosic biomass and POME [29]. The improved
hydrolysis rate can be attributed to the enhanced cellulolytic and hemicellulolytic activities of the
augmented strain and the synergistic effects of co-digesting EFB with POME [5]. Interestingly, the
cumulative methane yield curves for the augmented co-digestions at different S:I ratios show similar trends,
with only minor variations in the final methane yields. This finding indicates that the augmented T.
thermosaccharolyticum PSU-2 can maintain its hydrolytic efficiency even at higher substrate concentrations in
the co-digestion system. It is crucial to practically apply this augmentation strategy in industrial-scale biogas
plants [27]. The control co-digestion without augmentation exhibited a lower methane yield and a more
gradual increase in cumulative methane production over time than the augmented co-digestions. This
slower methane production rate can be attributed to the limited hydrolytic capabilities of the indigenous
microbial community present in the inoculum [10]. The limited hydrolysis rate in the control co-digestion
highlights the need for augmentation strategies to enhance the AD performance of lignocellulosic biomass
and POME. The cumulative methane yield curves presented in Figure 3 demonstrate the effectiveness of
augmenting the co-digestion of EFB with POME using T. thermosaccharolyticum PSU-2. The enhanced
methane yields and faster methane production rates observed across various S: ratios underscore the
potential of this augmentation strategy to optimize the anaerobic co-digestion process and improve the
overall biogas production from lignocellulosic biomass and POME.
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Figure 3. Cumulative methane yield of co-digestion EFB with POME and T. thermosaccharolyticum PSU-2
augmentation at various S:I ratio

3.4 Comparison of mono-digestion and co-digestion performance

The kinetic parameters obtained from the biogas production experiments using bioaugmentation
with T. thermosaccharolyticum PSU-2 at various S:I ratios for both mono-digestion of EFB and co-digestion of
EFB with POME are presented in Table 3. The table allows for a direct comparison of the digestion
performance between the two processes. The methane production rate was higher in the co-digestion
process compared to mono-digestion at all S:I ratios, with the highest rate of 13.34 + 0.40 mL-CHa4/gVS/d
observed at the 15:1 ratio in co-digestion. This finding is consistent with the results reported by [30], who
observed enhanced methane production rates in the co-digestion of POME with EFB compared to the mono-
digestion of EFB. The improved methane production rate in co-digestion can be attributed to the synergistic
effects of the two substrates, which provide a more balanced nutrient profile and support the growth of a
diverse microbial community [29]. Interestingly, the lag time was generally longer in the co-digestion
process compared to mono-digestion, ranging from 6.09 + 0.18 to 8.68 + 0.26 days in co-digestion and 3.62 *
0.11 to 4.68 + 0.14 days in mono-digestion. This observation suggests that adapting the microbial community
to the co-digestion substrate mixture may require more time than the mono-digestion of EFB [28]. However,
the longer lag time in co-digestion did not negatively impact the overall methane yield and production rate,
as evidenced by the higher values observed in co-digestion compared to mono-digestion. The hydrolysis
constant (kn) was similar in mono-digestion and co-digestion processes, ranging from 0.07 to 0.11 d-'. This
finding indicates that the hydrolysis rate of the substrates was not significantly affected by the co-digestion
process [25]. However, the slightly lower hydrolysis constants observed in co-digestion at some S:I ratios
may be attributed to the higher complexity of the substrate mixture, which could potentially slow down the
hydrolysis process [5]. The methane yield and methane production per tonne of mixed waste were
consistently higher in the co-digestion process compared to mono-digestion at all S:I ratios. The highest
methane yield of 232.87 + 6.99 mL-CH4/gVS and methane production of 46.67 + 1.46 m3/tonne were observed
at the 15:1 ratio in co-digestion, representing a 12.9% and 32.9% increase, respectively, compared to mono-
digestion at the same ratio. These findings highlight the benefits of co-digesting EFB with POME, which
includes improved methane yield and production due to the complementary characteristics of the substrates
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[27]. The coefficient of determination (R?) values were consistently high (0.99) for all the kinetic models fitted
to the experimental data, indicating that the first-order kinetic model adequately described the methane
production in both mono-digestion and co-digestion processes [24]. The comparison of mono-digestion and
co-digestion performance using bioaugmentation with T. thermosaccharolyticurn PSU-2 demonstrates the
superiority of the co-digestion process in terms of methane production rate, methane yield, and methane
production per tonne of mixed waste. The synergistic effects of co-digesting EFB with POME, coupled with
the enhanced hydrolytic capabilities of the augmented strain, result in improved digestion performance and
higher energy recovery from the substrates.

Table 3. Kinetic parameter from biogas production by bio-augmentation

S:1 Metl.lane Lag time Methane yield Methar.le
ratio production rate @ R? kn (d1) (mL-CHs /gVS) production
(mL-CH4/gVS/d) (m?3 /tonnemixwaste)
Mono digestion of EFB
15:1 13.11+0.39 3.62+0.11 0.99 0.1+0.00 206.18 +6.19 35.13 +1.05
10:1 12.64 +0.38 3.77+0.11 0.99 0.1+0.00 192.52 £5.78 32.81+0.98
5:1 12.25+0.37 3.95+0.12 0.99 0.11+0.00 169.13 + 5.07 28.82+0.86
4:1 11.57 £ 0.35 3.94+0.12 0.99 0.1+0.00 191.62 £5.75 32.65+0.98
3:1 10.78 +0.32 3.77 £0.11 0.99 0.11+0.00 153.74 + 4.61 26.2+0.79
2:1 12.4 +0.37 4.68£0.14 0.99 0.1+0.00 205.24 +6.16 34.97 £1.05
1:1 10.56 + 0.32 3.86 £ 0.12 0.99 0.09 +0.00 186.7 + 5.60 31.81+0.95
Co-digestion of EFB with POME
15:1 13.34 +0.40 6.17+0.19 0.99 0.07 £ 0.00 232.87 £6.99 46.67 +1.46
10:1 12.67 £ 0.38 6.25+0.19 0.99 0.07 +£0.00 226.54 +6.80 45.4+1.36
5:1 11.76 + 0.35 6.09+0.18 0.99 0.07 +0.00 200.92 +6.03 40.26 +1.21
4:1 11.77 £ 0.35 7.12+0.21 0.99 0.08 +0.00 185.14 £ 5.55 371+1.11
31 13.1+£0.39 7.48 £0.22 0.99 0.08 +0.00 193.91 £5.82 38.86 +1.17
2:1 9.46 +0.28 6.84 +0.21 0.99 0.07 +0.00 160.77 + 4.82 32.22+0.97
1:1 12.37 £ 0.37 8.68 +0.26 0.99 0.07 +0.00 189.84 £5.70 38.04+1.14

The performance of mono-digestion and co-digestion at the optimal substrate-to-inoculum (S:I) ratio
of 15:1 is compared in Table 4. The results demonstrate that the co-digestion of EFB with POME significantly
enhances the methane yield, biodegradability, and VS removal compared to the mono-digestion of EFB. The
methane yield in co-digestion (46.67 + 1.40 m® CH,/tonne-substrate) was 32.9% higher than in mono-
digestion (35.13 + 1.05 m® CHy/tonne-substrate). This finding is consistent with the results reported by [30],
who observed a significant increase in methane yield when co-digesting POME with EFB compared to the
mono-digestion of EFB. The improved methane yield in co-digestion can be attributed to the synergistic
effects of the two substrates, which provide a more balanced nutrient profile and support the growth of a
diverse microbial community [29]. The methane yield improvement over the control (without augmentation)
was also higher in co-digestion (103.00 + 2.81%) compared to mono-digestion (64.31 + 1.17%). This finding
highlights the effectiveness of the augmented T. thermosaccharolyticum PSU-2 in enhancing methane
production in both digestion processes, with a more pronounced effect in co-digestion [28]. Biodegradability
and VS removal were also higher in co-digestion (55.44 + 1.66% and 66.53 + 2.00%, respectively) compared to
mono-digestion (47.31 + 1.42% and 58.91 + 1.77%, respectively). These results indicate that co-digestion of
EFB with POME improves the overall substrate utilization and degradation efficiency, which can be
attributed to the complementary characteristics of the substrates and the enhanced hydrolytic capabilities of
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the augmented strain [5,27]. The volatile fatty acid (VFA) concentration was lower in co-digestion (0.048 +
0.00 g/L) compared to mono-digestion (0.058 + 0.00 g/L), suggesting a more efficient conversion of the
hydrolyzed products to biogas in the co-digestion process [21]. The alkalinity was also slightly lower in co-
digestion (14.9 + 0.45 gCaCO;/L) compared to mono-digestion (17.5 + 0.53 gCaCOs/L), but both values were
within the optimal range for stable AD [22]. The comparison of mono-digestion and co-digestion
performance at the optimal S:I ratio of 15:1 demonstrates the co-digestion process's superiority in methane
yield, biodegradability, and VS removal. The synergistic effects of co-digesting EFB with POME, coupled
with the enhanced hydrolytic capabilities of the augmented T. thermosaccharolyticum PSU-2, result in
improved digestion performance and higher energy recovery from the substrates. These findings highlight
the potential of co-digestion as a promising strategy to optimize the AD of lignocellulosic biomass and
POME for biogas production.

Table 4. Comparison of mono-digestion and co-digestion performance at the optimal S:I ratio (15:1)

Parameter Mono-digestion Co-digestion
Methane yield (m?* CH,/tonne-substrate) 35.13 +1.05 46.67 +1.40
Methane yield improvement (%) 64.31+1.17 103.00 +2.81
Biodegradability (%) 4731+1.42 55.44 +1.66
VS removal (%) 5891 +1.77 66.53 +£2.00
VFA (g/L) 0.058 +0.00 0.048 +0.00
Alkalinity (gCaCOs/L) 17.5+0.53 149+045

3.5 Comparison with other pretreatment methods

Table 5 compares the performance of the augmented T. thermosaccharolyticurn PSU-2 pretreatment
method with other pretreatment methods applied to various lignocellulosic biomass substrates. The
comparison includes alkaline pretreatment, hydrothermal pretreatment, fungal pretreatment, ionic liquid
pretreatment, microwave-alkaline pretreatment, and steam explosion pretreatment. The methane yield
obtained from the mono-digestion of EFB pretreated with augmented T. thermosaccharolyticum PSU-2 (35.13 +
1.05 m?® CH,/tonne) is lower than the yields reported for other pretreatment methods. However, it is essential
to consider the nature of the substrate and the specific experimental conditions when comparing the
effectiveness of different pretreatment methods [3]. Interestingly, the co-digestion of EFB and POME
pretreated with augmented T. thermosaccharolyticum PSU-2 resulted in a significantly higher methane yield
(46.67 £ 1.40 m® CH,/tonne) and improvement (103.00 + 2.81%) compared to the mono-digestion of
pretreated EFB. This finding highlights the synergistic effects of co-digestion and the importance of substrate
combinations in enhancing biogas production [30]. Among the other pretreatment methods, ionic liquid
pretreatment of corn stover resulted in the highest methane yield (304.0 m® CHa/tonne) and improvement
(39.6%) [31]. Ionic liquids have shown great potential in solubilizing and fractionating lignocellulosic
biomass, making it more accessible to microbial degradation [32]. However, ionic liquids' high cost and
potential environmental concerns may limit their large-scale application [33]. Hydrothermal and microwave-
alkaline pretreatments also resulted in high methane yields (257.4 and 260.0 m® CHa/tonne, respectively) and
improvements (35.0% and 28.0%, respectively) [34,35]. These pretreatment methods employ a combination
of high temperature, pressure, and alkaline conditions to disrupt the lignocellulosic structure and enhance
biodegradability [36]. Fungal pretreatment using Phanerochaete chrysosporium resulted in a lower methane
yield (120.6 m® CH4/tonne) and improvement (33.0%) compared to the other pretreatment methods [37].
However, biological pretreatments are generally considered more environmentally friendly and less energy-
intensive than physicochemical methods [38]. Steam explosion pretreatment of corn stovers resulted in the
lowest improvement (18.8%) among the compared methods [39]. Although steam explosion is effective for
lignocellulosic biomass pretreatment, its performance may vary depending on substrate characteristics and
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conditions [40]. The augmented T. thermosaccharolyticum PSU-2 pretreatment method, particularly when
applied to the co-digestion of EFB and POME, demonstrated a significant improvement in methane yield
compared to the mono-digestion of pretreated EFB. While the methane yields obtained in this study are
lower than the other pretreatment methods, it is important to consider each method specific substrate
characteristics, experimental conditions, and potential economic and environmental implications. Future
research should optimize the pretreatment conditions and explore the synergistic effects of combining
biological pretreatment with other methods to maximize biogas production from lignocellulosic biomass.

Table 5. Comparison of different pretreatment methods for AD of lignocellulosic biomass

Pretreatment Method Substrate (Il\;lgt(};::/et:;ilg Improvement (%) Reference
Augmented .
T. thermosaccharolyticum PSU-2 EFB 35.13 +1.05 6431+1.17 This study
Augmented
T. thermosaccharolyticurn PSU-2  EFB + POME 46.67 +1.40 103.00 +2.81 This study
(co-digestion)
Alkaline pretreatment Rice straw 220.0 57.1 [41]
Hydrothermal pretreatment Sugarcane 2574 35.0 [34]

bagasse

Fungal pretreatment Rice straw 120.6 33.0 137]
(Phanerochaete chrysosporium)
Ionic liquid pretreatment Corn stover 304.0 39.6 [31]
Microwave-alkaline Wheat straw 260.0 280 [35]
pretreatment
Steam explosion pretreatment Corn stover 190.0 18.8 [39]

3.6 Energy balance and economic analysis

The energy balance and economic analysis of the augmented T. thermosaccharolyticum PSU-2
pretreatment method for both mono-digestion of EFB and co-digestion of EFB with POME are presented in
Table 6. The energy input, including the pretreatment and AD processes, was considered 350 M]/tonne for
mono-digestion and co-digestion. Energy output was calculated based on the methane yield and lower
heating value (35.8 MJ/m?3) [42]. The co-digestion of EFB with POME resulted in a higher net energy yield
(1,320.79 MJ/tonne) compared to the mono-digestion of EFB (907.65 MJ/tonne). This can be attributed to the
higher methane yield obtained from co-digestion (46.67 m® CH,/tonne) than mono-digestion (35.13 m?3
CH,/tonne). The energy output to input ratio was also higher for co-digestion (4.77) than for mono-digestion
(3.59). These findings suggest that co-digestion of EFB with POME is more energy-efficient than mono-
digestion of EFB [43]. The economic analysis considered the pretreatment and AD costs and the revenue
generated from the produced methane. The total production cost was approximately 25 USD/tonne for
mono-digestion and co-digestion. Revenue from methane was calculated based on a selling price of 1
USD/m? [43]. Co-digestion of EFB with POME generated a higher revenue (46.67 USD/tonne) than mono-
digestion of EFB (35.13 USD/tonne) due to the higher methane yield obtained from co-digestion. The net
profit, calculated by subtracting the total production cost from the revenue generated from methane, was
higher for co-digestion (21.67 USD/tonne) than mono-digestion (10.13 USD/tonne). This indicates that co-
digestion of EFB with POME is a more profitable approach than mono-digestion of EFB. The payback
period, the time required to recover the initial investment, was shorter for co-digestion (1.15 years) than for
mono-digestion (2.47 years). This suggests that co-digestion of EFB with POME can lead to a faster return on
investment than EFB mono-digestion. It is important to note that the values provided in the table are
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hypothetical and may vary depending on the specific project conditions, scale, and location. A more detailed
economic analysis should consider factors such as capital costs, operating costs, maintenance costs, and
potential revenue from digestate utilization [44]. Furthermore, the availability and cost of feedstocks and the
market demand for biogas should be considered when assessing the economic feasibility of the pretreatment
method [45]. The energy balance and economic analysis suggest that the augmented T. thermosaccharolyticum
PSU-2 pretreatment method, particularly when applied to the co-digestion of EFB with POME, is a promising
approach for enhancing biogas production from lignocellulosic biomass. Co-digestion of EFB with POME
results in higher energy efficiency, profitability, and shorter payback periods than mono-digestion of EFB.
However, further research is needed to optimize the pretreatment conditions and assess the scalability and
long-term performance of the augmented pretreatment method at both pilot and full-scale levels.

Table 6. Energy balance and economic analysis of the augmented T. thermosaccharolyticum PSU-2
pretreatment method for AD of EFB and co-digestion of EFB with POME

Parameter Mono-digestion (EFB) Co-digestion (EFB + POME)
Methane yield (m? CHs/tonne) 35.13 46.67
Energy input (M]/tonne)

- Pretreatment 150 150
-AD 200 200
Total energy input (M]/tonne) 350 350
Energy output (MJ/tonne)

- Methane (Lower heating value: 35.8 1257.65 1670.79
MJ/m?3)

Net energy yield (MJ/tonne) 907.65 1,320.79
Energy ratio (Output/Input) 3.59 4.77
Economic analysis

- Pretreatment cost (USD/tonne) 10 10

- AD cost (USD/tonne) 15 15

- Total production cost (USD/tonne) 25 25

- Revenue from methane (USD/tonne) 35.13 46.67

- Net profit (USD/tonne) 10.13 21.67

- Payback period (years) 247 1.15

4. Conclusions

This study investigated the effectiveness of augmenting T. thermosaccharolyticurn PSU-2 for the
pretreatment of EFB in mono-digestion and co-digestion with POME. The augmented T. thermosaccharolyticum
PSU-2 demonstrated enhanced cellulolytic and hemicellulolytic capabilities, as evidenced by the increased
enzymatic activities, improved growth performance on lignocellulosic substrates, and higher yields of
hydrolysis products compared to the wild-type strain. Mono-digestion of EFB with the augmented T.
thermosaccharolyticum PSU-2 improved biogas yield, methane content, and substrate degradation efficiency
compared to the control without augmentation. The highest methane yield of 35.13 + 1.05 m® CH,/tonne was
achieved at an S:I ratio of 15:1, representing a 64.31 + 1.17% improvement over the control. Co-digestion of
EFB with POME using the augmented T. thermosaccharolyticurn PSU-2 further enhanced the biogas yield,
methane content, and substrate degradation efficiency compared to mono-digestion. The highest methane
yield of 46.67 + 1.40 m® CH/tonne was achieved at an S:I ratio of 15:1, representing a 103.00 + 2.81%
improvement over the control. Kinetic analysis revealed that the augmented T. thermosaccharolyticum PSU-2
improved the hydrolysis rate and reduced the lag phase in mono-digestion and co-digestion processes. Co-
digestion of EFB with POME exhibited higher methane production potential and biodegradability than
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mono-digestion of EFB. Comparison with other pretreatment methods suggested that the augmented T.
thermosaccharolyticum PSU-2 pretreatment, particularly when applied to the co-digestion of EFB with POME,
is a promising approach for enhancing biogas production from lignocellulosic biomass. However, further
optimization and comparison with other pretreatment methods are needed to assess its full potential. Energy
balance and economic analysis indicated that co-digestion of EFB with POME using the augmented T.
thermosaccharolyticum PSU-2 pretreatment is more energy-efficient and profitable than mono-digestion of
EFB. Co-digestion resulted in higher net energy yields, higher net profits, and shorter payback periods. The
augmented T. thermosaccharolyticum PSU-2 pretreatment method, particularly when applied to the co-
digestion of EFB with POME, has demonstrated significant potential for enhancing biogas production from
lignocellulosic biomass. The improved hydrolytic capabilities of the augmented strain, coupled with the
synergistic effects of co-digestion, result in higher methane yields, better substrate degradation efficiency,
and enhanced process kinetics. However, further research is needed to optimize the pretreatment conditions,
assess the long-term stability and performance of the augmented strain, and evaluate the scalability and
economic feasibility of the pretreatment method in pilot and full-scale applications. Additionally, the
potential for combining biological pretreatment with other methods should be explored to maximize the
biogas production potential from lignocellulosic biomass. The findings of this study contribute to developing
efficient and sustainable strategies for valorizing agricultural waste streams, such as EFB and POME,
through AD. The augmented T. thermosaccharolyticun PSU-2 pretreatment method can enhance biogas
production's economic viability and environmental sustainability from lignocellulosic biomass, promoting
the transition towards a circular economy and renewable energy generation.
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Abstract: Organic waste is one of the major environmental problems, and the
black soldier fly (Hermetia illucens) larvae can help decompose organic waste.
Therefore, this research is interested in studying organic fertilizers' growth,
nutritional value, and nutrient contents from the residue of black soldier fly
larvae. Four experimental sets of plastic buckets containing organic wastes, i.e.,
pineapple peels, banana peels, durian peels, and vegetable scraps, were used to
trap the black soldier flies and observe the spawning and the number of egg
clusters. After that, the 4-day-old black soldier fly larvae were incubated in
plastic boxes using different foods for the same duration. Three replicates of the
experiment were performed, recording the growth period and size of the soldier
fly larvae. The study found that the life cycle of the black soldier fly was divided
into 5 stages: egg, larval, prepupal, pupal, and adult stages, in 47-67 days. The
black soldier fly larvae fed pineapple peels both in the larval and prepupal stages
were the largest, while the larvae fed with durian peels entered the larval stage
the fastest. Subsequently, 100 g of fresh black soldier fly larvae samples from
four experimental sets were analyzed for nutritional value. It was found that
fresh black soldier fly larvae had protein contents of 9.25-10.69 g/100 g and a fat
content of 3.29-15.90 g/100 g, which were suitable for use as an ingredient in
animal feed to reduce production costs. Then, 100 g of the frass of the black
soldier fly larvae fed with durian peels was collected for analysis of the essential
nutrients for plants, i.e., nitrogen, phosphorus, and potassium, at about 2.46%,
2.77%, and 3.14%, respectively, which are suitable for use as organic fertilizers
for soil amendments.

Keywords: Black soldier fly larvae; Organic waste; Alternative protein source

1. Introduction

Solid waste, especially organic waste, is an important problem that is
increasing in volume yearly due to the increasing population, economic
expansion, and changes in people's consumption behavior. However, proper
waste management by local administrative organizations is still insufficient to
cope with the amount of waste that tends to increase yearly [1]. Moreover,
unclean waste management results in various problems, such as being a source
of germs, disturbing odors, leachate contaminating surfaces and groundwater,
and environmental impacts [2]. If people separate and reuse solid waste,
especially organic waste such as vegetable scraps and various types of fruit
peels, such as banana peels, pineapple peels, and durian peels, etc., which are
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agricultural waste from consumption and processing industries that are in large quantities in the three
southern border provinces. This will reduce the amount of solid waste and pollution in various areas and
promote and support the use of natural resources as new raw materials [3].

The black soldier fly has the scientific name of Hermetia illucens. It can decompose animal manure,
food scraps, and leftover parts from various processing operations with a low risk of causing harm to animals
and humans. Additionally, the larvae have high protein and fat benefits compared to current animal feed raw
materials [4, 5]. Currently, small animal farmers often face problems with the expensive cost of ready-made
feed, which affects their livelihood. Therefore, farmers must find alternative protein sources for animal feed,
such as soybean meal, fish meal, etc. [5, 6]. Hence, the black soldier fly larvae can be used as a high-quality
protein source for animals, especially economic animals such as carp fish, ornamental fish, grouper fish, giant
freshwater prawns, lobsters, organic chickens, fighting cocks, etc. In the United States, black soldier fly larvae
are also used to raise trout, salmon, Nile Tilapia fish, and shrimp [7]. Furthermore, the black soldier fly larvae
frass can make compost or organic fertilizer [2].

Organic waste management at the source with the black soldier flies larvae is a biotechnological
method that is simple, safe, environmentally friendly and doesn't take long. The black soldier fly larvae can
digest food scraps faster than composting them. It can also reduce contamination by pathogenic
microorganisms from the decay of organic waste, help prevent being a source of breeding vectors for
bluebottle flies, house flies, and fruit flies, as well as reduce the transmission of disturbing odors in the area
[8]. This has led to using organic wastes to create various benefits, such as organic fertilizer and a source of
high-protein raw materials. The black soldier fly larvae can digest food scraps up to 20 times their body weight,
or 40 kilograms per square meter, within 24 hours, they can digest organic waste 5 times faster than
earthworms, which reduces greenhouse gas emissions and low levels of ammonia. This may be because
microorganisms within the intestinal tract of the black soldier fly larvae decompose quickly. In addition, it can
add value to animal manure, reduce animal manure pollution by more than 60%, be used to produce compost
for growing plants and nourishing the soil, reduce bad odors, and the movement of larvae helps inhibit the
growth of bacteria that produce bad smell gas [9, 10].

However, the cultivation of black soldier fly larvae in households has not been widely studied. The
foods used for growing the black soldier fly larvae are household leftovers, organic waste, and animal manure.
The nutritional value and quality of the black soldier fly larvae depends on the nature and quality of the food
used for raising them, which is a restriction on its use as a raw material in animal feed. Thus, if you choose to
use food or formula suitable for the black soldier fly larvae, you will be able to control the quality of the larvae
to a constant level. This includes expanding the results of raising black soldier fly larvae to be used as raw
material to replace protein sources in the animal feed industry more efficiently [11]. This research is therefore
interested in studying the management of organic waste using black soldier fly larvae. The objectives are (1)
to study the life cycle and growth of black soldier fly larvae fed on different types of organic waste, including
pineapple peels, banana peels, durian peels, and vegetable scraps; (2) to compare the nutritional value of the
black soldier fly larvae; and (3) to analyze the amount of macronutrients in organic fertilizer from the frass of
the black soldier fly larvae.

2. Materials and Methods

2.1 Trapping black soldiers fly to lay eggs

A completely randomized design (CRD) was applied to 4 experimental sets (4 types of organic waste),
each consisting of fruit peels and vegetable scraps from fruit and vegetable shops. Then place 2 kilograms each
of pineapple peels, banana peels, durian peels, and vegetable scraps into a 10-liter plastic bucket with a
diameter of 25 centimeters and a height of 30 centimeters, with a tight lid and a triangular slit at the top edge
and 10 centimeters on each side, so that the soldier fly can easily lay their eggs. The plastic buckets were placed
30 centimeters below the eaves in soft sunlight for 7 days. The egglaying and number of ovaries were observed
and surveyed every day. The black soldier flies were found laying eggs around the edge of the inner tank.
When the food ran out, 500 grams were added as new food at a time for every experimental set. Record the
number of egg groups by counting the number of eggs per group and averaging the number of eggs in each
group of each experimental set. Finally, collect the egg groups that have been raised for further cultivation.
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2.2 Cultivation of black soldier fly larvae

Conducting research by adapting the process of breeding the black soldier fly larvae of the
Department of Environmental Quality Promotion [8] by preparing a container for the nursery of the black
soldier fly larvae, width 45 centimeters and height 16 centimeters, adding 500 grams of chicken feed, and
laying eggs 10 grams of the black soldier fly larvae on the cardboard, 1 centimeter wide and 1 centimeter long,
were placed above chicken feed. Then, observe the changes and hatching rate. After the black soldier fly larvae
hatch from the eggs, 500 grams of food are added to the larvae until they have grown for 16 days, which is the
stage when the larvae can be separated for use in test rearing. The experiment was planned to be completely
randomized, with 4 experiment sets (4 organic waste types) and 3 replicates. In each experimental set, 100
grams of the black soldier fly larvae were placed in a rectangular box measuring 21.5 centimeters in width,
21.5 centimeters in length, and 18 centimeters in height. Afterward, the larvae are fed by adding fruit peels
and vegetable scraps obtained from fruit and vegetable shops by chopping them into small pieces, including
100 grams of pineapple peel, banana peel, durian peel, and vegetable scraps. Each rectangular box was covered
with a thin white cloth. Make observations every day, and food was added to all sets of black soldier fly larvae
equally every 2 days or until food was gone. The new food was added 50 grams at a time to every experimental
set. Record the growth period of the black soldier fly larvae from the egg stage to the adult stage, and the
survival rate of the black soldier fly larvae in each experimental set.

2.3 Nutritional analysis

The samples of the prepupal stage of black soldier fly larvae were taken from 4 types of organic waste,
including pineapple peels, banana peels, durian peels, and vegetable scraps, 100 grams per experimental set,
placed in ziplock bags and refrigerated at a temperature of approximately 10°Celsius to prepare for nutritional
analysis in the laboratory by proximate analysis according to the method of AOAC (2019) to analyze the values
of moisture, ash, protein, fat, fiber, carbohydrates, and total energy. All data were analyzed for variance
(Analysis of Variance: ANOVA), and the differences between the means were compared using Duncan's New
Multiple Range Test (DMRT) at a confidence level of 95% (P < 0.05).

2.4 Analysis of macronutrient contents from black soldier fly larvae

At the end of the organic fertilizer process, the frass of the black soldier fly larvae obtained from the
decomposition of organic waste in all four experimental sets observed that the fertilizer had the appearance
of fine, crumbly pellets, was blackish-brown, and was lightweight. Therefore, samples of the black soldier fly
larvae frass were collected in each experimental set. The fertilizer from the black soldier fly larvae frass was
mixed evenly throughout the pile and spread out. Then, 100 grams of fertilizer samples were collected from
each experimental set, and the samples were stored in separate plastic bags for each experimental set to
analyze the amount of essential nutrients for plants, including nitrogen, phosphorus, and potassium.

3. Results and Discussion

3.1 Study of the life cycle and growth period of black soldier fly fed with different types of organic waste

From the study of the egg-laying behavior of the black soldier flies, it was found that the black soldier
fly hovers around 30 centimeters above the food source and then approaches the food source. It takes
approximately 5-10 minutes to lay eggs. The newly laid egg clusters are soft white and have a sticky
consistency that makes the eggs stick together in groups and stick well to the material. The groups of eggs will
be found under the surface of the food, which is dry, and on the inside edges of food containers. The counting
the number of eggs study laid by five adult black soldier flies found that each one laid only one group of eggs,
which had an average number of eggs of 483.00 + 134.30 eggs per group. The experiment set fed with pineapple
peels had the highest mean number of eggs, which was 517 + 110.15 eggs per group, and the experiment set
fed with banana peels had the lowest, 383 + 175.13 eggs per group. This is consistent with a previous study
[12], which documented that female black soldier flies prefer to lay their eggs over organic waste in dry areas,
small openings, and sheltered areas. There are 400 to 800 eggs per egg group. The male and female breeders
will die after mating and laying eggs. Furthermore, a study of the culture of the black soldier fly by using
organic wastes as food found that the life cycle of the black soldier fly can be divided into 5 stages (Figure 1),
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including the egg stage, in which the eggs are oval-shaped, approximately 0.5-1 millimeters in length, and
challenging to observe with the naked eye. During the first 1-2 days, they will be so cloudy white that the eggs
will hatch into larvae and crawl into the culture medium for approximately 3-4 days. The average hatching
rate from 4 experimental sets is 98.5 + 0.58%. In addition, the study results found that the larval stage is where
they eat a lot of organic waste as food. Therefore, it is an appropriate time to dispose of organic waste.
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Figure 1. The life cycle of the black soldier flies.

This study also found that black soldier fly larvae are plump, flat, and creamy white (Figure 2).
Nevertheless, if the larvae have a brown body, they will eat less food to prepare before entering the pupal
stage. Food should not be added at this stage because the larvae will molt for the last time to pupate [8].

Figure 2. The black soldier flies larvae fed on different types of organic waste: a) pineapple peels, b) banana peels,
c) vegetable scraps, and d) durian peels.

It was found that the type of food used to feed the black soldier fly larvae affects their growth and
survival rate [10, 13]. The black soldier fly larvae fed with pineapple peels were the largest, with an average
size of approximately 10.6 + 0.2 millimeters. In contrast, the black soldier fly larvae fed with durian peels were
the smallest, with an average size of roughly 7.3 + 0.3 millimeters (Table 1). The moisture content and type of
food waste that is the medium of larval growth significantly affect larval development [14]. The study by
Muenmee and Prasertboonyai [15] found that durian peel has a moisture content of 78.64 + 0.38%, while
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pineapple peel has a moisture content of 85.09 + 0.07%. This could also explain why the larvae that consumed
durian peels had the lowest size. In the prepupal stage, the larvae were light brown to dark brown, and their
body size ranged from 13 to 20 millimeters in length. The prepupal larvae can climb up from the rearing area
at an angle of 40-65°Celsius and move as far as 100 meters. The black soldier fly larvae fed with pineapple
peels were the largest, with an average size of approximately 15.2 + 0.4 millimeters. In contrast, the black
soldier fly larvae fed with durian peels were the smallest, with an average size of approximately 11.4 + 0.1
millimeters (Table 1). Moreover, it was found that the black soldier fly larvae fed with durian peels could enter
the pupal stage the fastest, at 15 days, followed by the larvae fed with pineapple peels and banana peels. As
for the larvae fed with vegetable scraps were able to enter the pupal stage the slowest, at 19 days, with an
average survival rate of 85.5 + 1.15%. For the pupal stage, when the larvae have a dark black body and dry,
hard skin. It is about 7 days old and has a complete pupation rate of 30.5 + 0.18% because most of the pupae
atrophy, but the rate of hatching into adults is 90.04 + 0.29%. In the adult stage, the survival rate from egg to
adult was 25.25 + 0.11%. The black soldier fly larvae fed with pineapple peel had a higher rate of hatching
eggs, the prepupal stage, and hatching into adults, but the pupation rate was low.

Table 1. The size of the black soldier fly larvae fed on different types of organic waste.

Types of organic The average size of the larval stage of = The average size of the prepupal stage
waste the black soldier fly larvae (mm.) of the black soldier fly larvae (mm.)
Pineapple peels 10.6 £0.2 152+04
Durian peels 7.3+0.3 11.4+0.1
Banana peels 9.4+0.3 13.3+0.2
Vegetable scraps 9.1+0.1 12.1+0.2

3.2 Study of the nutritional value of black soldier fly larvae fed with different types of organic waste

The prepupal stage black soldier fly larvae samples were taken from 4 different types of organic waste,
i.e., pineapple peels, banana peels, durian peels, and vegetable scraps, to be analyzed for chemical composition
by estimation methods in the laboratory. It was found that the total protein, carbohydrate, and total energy
contents in every experimental set were not statistically different. The black soldier fly larvae fed with durian
peels had the highest amount of fiber, ash, and moisture, which were 10.69%, 0.32%, 2.54%, and 82.21%,
respectively. In contrast, the black soldier flies larvae fed banana peels had the highest amount of fat, which
was 15.90%, as in Table 2, because banana peels are high in fat [16]. It could be stated that the type of food
affects the nutritional value of the black soldier fly larvae, especially their protein and fat content [17].

Table 2. The nutritional value of fresh black soldier fly larvae.

nutritional value (%)

Types of organic

waste Protein  Fat Fiber Ash  Moisture Carbohydrate Total
energy
Pineapple peels 9.25 7.20a 0.08a 2.18a 79.65a 1.72 108.63
Durian peels 10.69 3.29b 0.32ab 2.54b 82.21b 1.28 77.49
Banana peels 10.10 1590c  0.10b 1.83a 71.92a 0.25 184.54
Vegetable scraps 10.50 8.02d 0.12¢c 2.24c 79.11c 0.13 114.71
F-test ns * * * * ns ns

Calculate the protein value by using a protein conversion factor of 6.25 for the black soldier fly larvae.
Means with the same letters in the same column are not statistically different at the 95% confidence level,
compared using Duncan's multiple range test (DMRT).

= There was a statistically significant difference (P < 0.05)
ns = There was no statistical difference (P > 0.05)

In a previous study [18], pineapple peels contained soluble carbohydrates in the form of reducing
sugars, including sucrose (70%), glucose (20%), and fructose (10%), which microorganisms living in animal
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stomachs can use for fermentation as an important source of energy, and this energy is transferred to
herbivorous animals. The black soldier fly larvae are highly nutritious, and the nutrients that accumulate in
the bodies of adults and pupal stages contain 44.96-50.56% protein, 16.84-28.89% fat, and 5,520-6,480
kilocalories of energy per kilogram [19]. In the larval and pupal stages of the black soldier fly, protein and fat
accumulate within the body when eating food. This is beneficial to adults when mating and laying eggs [20].
A previous study of the use of black soldier fly larvae fed with soy waste powder in a broiler diet [21] showed
that the black soldier fly larvae powder had 94.28% dry matter, 45.68% protein, 34.53% fat, 1.22% calcium,
0.8% phosphorus, and a total energy of 6,235 kilocalories per kilogram. Furthermore, testing of the nutritional
value of black soldier fly larvae fed on general food scraps and vegetable wastes from the market found that
fresh black soldier fly larvae, dried black soldier fly larvae, pupa casings, and black soldier fly carcasses had
protein values of 15.23, 33.38, 45.04, and 59.07 grams per 100 grams, respectively, as well as lipid values of
17.64, 39.08, 19.32, and 4.75 grams per 100 grams, respectively [10]. Thus, the black soldier fly larvae can be an
alternative source of protein that can be used as a dietary supplement to feed local chickens, organic chickens,
fighting cocks, carp fish, ornamental fish, grouper fish, trout, salmon, Nile Tilapia fish, giant freshwater
prawns, lobster, pigs, and frogs [7, 19, 22]. Subsequently, it is suggested that agricultural waste has the
potential to be used as an ingredient in food for growing black soldier fly larvae.

3.3 Analysis of macronutrient contents of organic fertilizer from the frass of black soldier fly larvae fed
with different types of organic waste

At the end of the organic fertilizer process, the black soldier flies larvae frass was obtained from the
decomposed organic waste in 4 experimental sets: pineapple peels, banana peels, durian peels, and vegetable
scraps. The result of the study revealed that the black soldier fly larvae were always eating food. When organic
waste or food scraps are decomposed, they can be turned into organic fertilizer. So, the black soldier fly larvae
frass was analyzed for physical and chemical properties to compare with the standard values of organic
fertilizer (Table 3). It was found that pineapple peels, banana peels, and vegetable scraps contained a lot of
water because these foods have a high moisture content. As a result, the remains of the black soldier fly larvae
frass dissolve in the remaining food scraps into a liquid that cannot be used to test the macronutrient contents.
Nevertheless, the frass of black soldier fly larvae obtained from the decomposition of durian peels has a
moisture content, total nitrogen, total phosphorus, and total potassium that meet the standards for organic
fertilizers set by the Department of Agriculture [23], which can be used as a soil amendment material.

Table 3. The quality of the frass of the black soldier fly larvae obtained from the decomposition of organic wastes.

The quality of the frass of

the black soldier fly larvae Durian peels Criteria
Moisture content 39.41 Not more than 35%
Total nitrogen 2.46 Not less than 1%
Total phosphorus 2.77 Not less than 0.5%
Total potassium 3.14 Not less than 0.5%

*Announcement of the Department of Agriculture: Organic Fertilizer Standard B.E. 2548 [23]

In addition, it can be used in various ways, such as covering the base of durian trees or making
compost, which is the proper management of agricultural residues and helps improve soil, add organic matter,
and create a balance of nutrients in the soil. This may be because durian peels are high in potassium and an
easily decomposed organic material. The element potassium helps promote the growth of strong roots and
stems, promote flowering in plants, and increase quality production [24]. Durian peels are a material that
easily decomposes and contains carbon elements. Hence, it is a source of organic matter and plant nutrients,
including 1.70% nitrogen, 0.44% phosphorus, and 2.13% potassium [25]. Moreover, a study by the Department
of Science Service found that durian peels contain nutrients that plants need, especially potassium and
phosphorus, and when mixed with soil in vegetable plots, they can help improve and restore soil health very
well, as well as store nutrients and absorb some toxins [26]. Our study is consistent with the previous study
[10] that the black soldier flies larvae frass contains essential nutrients for plants, including nitrogen,
phosphorus, and potassium, with values equal to 6%, 3.9%, and 5.9%, respectively. This result suggests that
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the frass of the black soldier fly larva is suitable for use as organic fertilizer and is a soil amendment for
growing vegetables in the kitchen garden.

Based on these findings, evaluating the nutritional components of the black soldier fly fed on other
types of organic waste at different life stages is necessary. This will help create a database of suitable substrates
for producing black soldier fly larvae and improve the economic level of inclusion in animal feeds [27].
Additionally, the black soldier fly could also serve as a model biorefinery for valorizing various organic
resources into biodiesel and other high-value products such as chitin and its derivative (chitosan), a binder (in
dyes), edible films, industrial membranes, biodegradable surgical thread, a fining agent (in winemaking),
protein hydrolysates, bioplastic, natural pigments (e.g., melanin and ommochromes), a potential source of
industrially important enzymes (e.g., trypsin, chymotrypsin, ligninase, and cellulase), and antimicrobial
peptides [28, 29].

4. Conclusions

The results of this study indicate that the life cycle of the black soldier fly can be divided into 5 stages:
egg stage, larval stage, prepupal stage, pupal stage, and adult stage. When the prepupal stage of black soldier
fly larvae fed with different types of organic waste was analyzed for nutritional value, it was found that fresh
black soldier fly larvae had protein and fat contents in the range of 9.25-10.69 grams per 100 grams and 3.29-
15.90 grams per 100 grams, respectively. This revealed that agricultural waste has the potential to be used as
an ingredient in food for raising black soldier fly larvae and as an ingredient in animal feed to reduce the cost
of producing animal feed. The frass of the black soldier fly larvae obtained from the decomposition of durian
peels contains macronutrient contents for plants, including nitrogen, phosphorus, and potassium, with values
equal to 2.46%, 2.77%, and 3.14%, respectively. The quality met the organic fertilizer standard BE 2548 of the
Department of Agriculture, Thailand. Accordingly, it can be concluded that the black soldier fly larvae frass
can be used as a soil improvement material and for other agricultural purposes. This will help reduce the
problem of organic waste management in the community, reduce costs in purchasing fertilizer and animal
feed, add value to agricultural wastes, increase income for people in the community and farmers in the area,
and be a way to use natural resources with maximum sustainable efficiency.
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dimensions by focusing on the most relevant features. The prediction models
were trained using 10-fold cross-validation and evaluated using three metrics:
R-squared (R?), mean absolute error (MAE), and root mean square error (RMSE).
The top-performing model, Bag-SVR, achieved the best R? value of 0.961, MAE
of 0.234, and RMSE of 0.315, followed by the SVR model with R? value of 0.959,
MAE of 0.251, and RMSE of 0.333. In contrast, the RT model demonstrated the
lowest performance scores with an R? value of 0.846, MAE of 0.44, and RMSE of
0.617. In conclusion, our study emphasizes the influence of feature selection on
model performance and showcases the potential of machine learning models for
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accurate maize price forecasting in Thailand.
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1. Introduction

The agricultural sector is important for global economic stability and
food security. The cultivation and trade of agricultural crops are particularly
crucial, as they substantially impact international markets and complex food
supply networks [1]. Thailand is among the Southeast Asian nations whose
economies are still heavily dependent on agriculture. In 2020, it significantly
contributed THB 1.36 trillion to the country's gross domestic product (GDP),
representing 8.65% of the overall GDP [2]. Additionally, around 30% of the total
labor force, which includes 6.4 million households, is involved in agricultural
activities, emphasizing its role in providing rural employment and generating
income [3]. Thailand is known for its diverse agricultural landscape and
substantial maize production. Maize is one of the most widely cultivated crops
in Thailand. It serves two important roles as feed livestock and as a resource for
food and industrial applications. Forecasting maize prices is a complex and
challenging task due to the volatile nature of agricultural markets and the
influence of various factors such as weather patterns, supply and demand,
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import and export, and other economic conditions. Therefore, accurate maize prices forecasting is not just an
economic concern but also an urgent task.

Traditionally, forecasting maize prices in Thailand relies on farmers' experience, historical data, and
expert opinion, which often fail to capture the complex patterns and non-linear relationships that define the
country's current agricultural markets. But with the advance of modern technology like artificial intelligence
and machine learning, along with the power to analyze vast datasets using high-performance computing, this
limitation has led to a growing interest in utilizing machine learning algorithms to enhance the accuracy and
timely agricultural price predictions [4, 5].

This research paper aims to tackle this issue by investigating the utilization of machine learning
algorithms to construct predictive models that can improve the accuracy of maize price forecasts in Thailand.
These models could benefit more than farmers and agribusinesses but also make food more secure, assist the
government in creating better policies, and maintain market stability. The following two main objectives drive
this paper:

1) Utilize the feature selection method to identify the most relevant features. This process helps to
reduce the dataset’s dimensionality, leading to improved computational efficiency and enhancing
the effectiveness of the prediction models.

2) Employ various regression machine learning models to determine the one that demonstrates the
most robust and effective performance in predicting maize prices in Thailand.

This section reviews the literature relevant to our machine learning-based maize price forecasting
research. We aim to situate our work within the broader context of previous studies while highlighting the
gaps and opportunities that motivate our research.

In the study related to the agricultural landscape, understanding factors influencing maize prices is
really important. Exploring different studies helps us see how weather patterns, trade dynamics, and other
factors contribute to the prediction and comprehension of maize pricing. Climate variables like temperature
and rainfall were used to forecast the yield and price of corn and soybeans for Hancock County in Illinois,
United States [6]. Significant information concerning how fluctuations in the prices of rice and wheat can
influence corn prices, even though these crops can be used interchangeably as essential food sources for
various needs [7]. The correlations between production and consumption, import and export volume, and
supply and demand were examined to identify the main factors influencing maize prices in Chinese markets
[8]. In addition to economic and environmental factors, currency rate fluctuations were used to impact
agricultural goods trade between China and Africa [9]. These collective studies highlight the necessity of
economic and environmental data to provide a complete understanding of the factors influencing maize prices.

The process of selecting key factors holds significant importance, directly impacting the precision of
crop price prediction. Several studies have explored different feature selection methods, showcasing their
effectiveness in finding the most important features from large datasets to enhance the accuracy of predicting
crop prices and market trends. The variables that affect agricultural prices in India, including total area for
planting, supply forecasts, government regulations, consumer needs, and producer supply for products
derived from agriculture, were investigated. With many features in the dataset, the author employed the
feature concatenation approach to select only the feature representative from weather data, data quality, and
Agmarknet data [10]. A modified recursive feature elimination (MRFE) technique was introduced, proving
highly effective in selecting relevant features. Combined with the bagging ensemble technique, this approach
achieved an impressive 95% accuracy rate in predicting land suitability for crop cultivation [11]. The
effectiveness of combining the recursive feature elimination (RFE) technique with the adaptive bagging
classifier for precise crop suitability prediction was emphasized in the study by [12]. Various factors, including
plant population, planting dates, environmental elements, and partial in-season weather knowledge, were
analyzed to forecast corn yield in three US Corn Belt states: Illinois, Indiana, and Iowa. The study employed a
three-stage feature selection process involving consultation with domain experts, utilization of random forest
feature importance, and Pearson correlation analysis, effectively reducing the initial set of 597 features to 72.
An optimized weighted ensemble technique was also applied to those selected features, achieving the best
performance with a relative root mean square error (RRMSE) of 9.5% [13]. Leave One Out Cross-Validation
(LOOCV) was employed on a relatively small dataset consisting of 168 samples and 10 variables, utilizing
principal component analysis (PCA) to reduce the feature set from 10 to 7. This study found that the ensemble
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models with two, three, or four base learners outperformed individual models for predicting future corn prices
[14]. These approaches highlight feature selection's crucial role in improving crop price-prediction models.

Agricultural price forecasting is a vibrant field of research that encompasses diverse scenarios,
including stock price prediction [15], energy load forecasting [16], traffic forecasting [17], and crop yield
prediction [18]. Within the scope of time series prediction, numerous traditional machine learning models
have been introduced, such as Ridge and LASSO regression [19, 20], Gaussian processes [21], support vector
regression [22], as well as modern deep learning techniques like LSTMs [23]. Beyond these single models,
various ensemble models were proposed to improve prediction accuracy by combining the strengths of
multiple base learners [24, 25]. Recent studies have explored traditional and ensemble machine learning
models to predict commodity prices. These investigations highlight the effectiveness of diverse techniques in
accurately forecasting prices within different agricultural markets. A combination of econometrics and
ensemble machine learning models was employed to predict corn and sugar price in Brazil. Their findings
revealed that the SVR model outperformed other models because of the small dataset with a remarkable R2 of
0.99 and 0.979 and a low MAE of 0.287 and 0.430 for corn and sugar, respectively [26]. Multiple linear, Ridge,
and Lasso regression models were implemented to predict maize prices in Thailand. The authors introduced
Pearson correlation analysis and stepAIC function, reducing the initial feature set from 47 to 27. Utilizing the
selected features, the multiple linear regression model outperformed other models, achieving an R? value of
0.94, MAE of 0.31, and RMSE of 0.50 [20].

From a literature review, our study explores the complex landscape of maize prices forecasting in
Thailand, considering multiple factors. We aim to fill these research gaps by underscoring the significance of
feature selection, emphasizing its capacity to improve accuracy while reducing the number of features.
Furthermore, we explore various machine learning algorithms, including individual models and ensemble
bagging techniques, to effectively address the challenges of constructing maize price-prediction models. The
structure of this paper is as follows: In Section 2, we provide detailed data used in this study and explain the
key theories supporting our research. The results and discussion are presented in Section 3. Finally, in Section
4, we conclude.

2. Materials and Methods

2.1 Dataset

The dataset is essential to our study since it provides insightful information and ensures our research
findings' robustness. We present an overview of the dataset used in our study, which was collected from two
primary sources.

2.1.1 Office of Agricultural Economics Dataset

We acquired historical data on maize prices in Thailand from January 2002 to August 2023 through
the Office of Agricultural Economics (OAE). This dataset includes a wide array of monthly historical data
encompassing numerous variables. This study focuses on the dependent variable, which is the price of maize
sold by Thai farmers in Thai baht per kilogram. The independent variables cover various aspects of maize and
cassava, such as the total planting land area, crop price, crop yield, rainfall, import and export volumes, import
and export values, and the price change of both crops. Overall, this dataset contains 48 variables and 260
observations.

2.1.2 Investing.com Dataset

The dataset from the Investing website (https://www.investing.com) is a comprehensive repository
containing various crop prices and additional relevant data. It offers records at hourly, daily, and monthly
intervals, making it suitable for our research needs. In the existing literature, [7] have examined the correlation
among agricultural commodity prices, such as wheat, rice, and corn, which can serve as alternative crops. Our
study aims to identify potential factors influencing maize prices, explicitly looking at soy and sugar prices.
Additionally, the exchange rate of USD and Thai Baht data was collected, considering its relevance to import
and export activities in the global market [9]. This dataset has 260 records and 5 independent variables,
covering January 2002 to August 2023.

The descriptive measure of the target variable (maize prices) alongside the prices of alternative crops
is shown in Table 1. In contrast, Figure 1 illustrates the trend of monthly maize prices in Thailand over the
entire period covered by the dataset.
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Figure 1. Graph of monthly maize prices in Thailand

Table 1. Descriptive measure of maize prices and alternative crop’s price

Descriptive Maize Cassava Wheat Soy Sugar Rice
Measure

Count 260 260 260 260 260 260
Min 3.88 0.74 261.75 430.25 5.67 3.50

Q1 5.99 1.23 427.06 848.87 10.94 9.83

Q3 8.31 2.18 667.97 1305.37 18.66 14.82

Max 11.60 3.15 1088 1754.37 33.97 21.48
Mean 7.15 1.77 555 1026.92 15.14 11.97

Std 1.71 0.57 177.55 316.56 5.85 3.65

2.2 Methodology

Investigating and using methods that improve forecasting accuracy become highly relevant in this
setting. To enhance the clarity and dependability of decision-making, increasing forecasting precision is a key
focus in our study. As such, this section will explore the key theories crucial to understanding how this
research has developed.

2.2.1 Data Preprocessing

The data preprocessing step is a key component of getting data ready for training the machine learning
model. First, due to the diverse scale of values among numerous independent variables, we applied the
standard scaler technique to normalize and rescale all input variables to a range between 0 and 1. Second, we
employed recursive feature elimination using a random forest model to select only the most significant
features to maximize overall accuracy. Finally, Pearson correlation was applied to select only the strong linear
relationship between input features and target variables. All these data preprocessing steps help to enhance
the efficiency and effectiveness of machine learning algorithms and reduce the computational workload for
building the prediction model.

1) Standard Scaler: Standard Scaler is a technique used for feature scaling, specifically mean centering
and variance scaling. This process does not change the shape of the feature's distribution but ensures that they
all have the same scale to avoid potential issues where the magnitudes of certain features could mislead the
machine learning models. This operation is performed independently for each feature in the dataset. As a
result, the mean of each feature becomes 0, and the standard deviation becomes 1. The formula of the Standard
Scaler function for each feature is shown in equation (1).
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Figure 2. Conceptual framework in this study

2) Feature Selection: As discussed in the dataset description, the presence of numerous variables in
the dataset can potentially lead to overfitting, reducing the ability of the predictive model to generalize to new
observations. To solve this problem, we proposed two feature selection methods to reduce dataset
dimensionality and ensure only the most relevant variables were selected for building the prediction model.
The recursive feature elimination (RFE) method based on Random Forest was implemented in the initial stage.
The RFE technique systematically evaluates the significance of each feature. It eliminates those that contribute
the least to model performance, meaning to keep the feature set that leads to achieving the highest accuracy
[11]. In the second stage, we applied a filter-based feature selection method called Pearson correlation,
specifically when the input and target variables are quantitative. Pearson correlation is a statistical measure
designed to quantify the strength and direction of a linear relationship between two continuous variables. It
produces a correlation coefficient, represented by the letter "r" with values between -1 and 1. An "r" value close
to 0 denotes a weak or nonexistent linear relationship, whereas an "r" value close to 1 or -1 indicates a strong
positive or strong negative linear relationship. The formula produces a number between -1 and 1 by dividing
the covariance of the two variables (the numerator) by the product of their standard deviations (the
denominator), as shown in equation (2).
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e rrepresents the Pearson correlation coefficient.
e X; and Y; are data points from the two variables being correlated.
e X and Y represent the mean of the respective variables.

2.2.2 Regression Trees

Regression trees are a type of machine learning model employed in regression tasks. They operate by
recursively partitioning the dataset into subsets based on input features, with each split chosen to minimize
the variance of the target variable within each subset. Predictions are made at the tree's leaf nodes, typically
by calculating the mean or median value of the target variable for the data points in that node. One of the key
advantages of Regression Trees is their interpretability and visualizability, which allows for a clear
understanding of how input features relate to the target variable. However, they are prone to overfitting,
particularly when the tree becomes too deep [27].

2.2.3 Support Vector Regression

Initially, support vector machines (SVMs) were introduced to solve classification problems and were
later extended to support vector regression (SVR) to address the regression issue. The core concept behind this
methodology involves identifying data points close to a hyperplane (known as support vectors) that maximize
the margin between two classes of data points — those above and below the target variable. The difference
between the target value and a certain threshold is used to calculate this margin. This approach aims to reduce
structural risk in regression problems by minimizing the upper bound of generalization error rather than
focusing on lowering training error [28]. Recognizing that many real-world problems exhibit non-linear
characteristics, SVMs can incorporate the concept of Kernel functions, which enable the transformation of data
into a higher-dimensional space and capture its inherent features. Various kernel functions are available,
including Gaussian, Polynomial, Linear, and radial basis function (RBF) kernels. Support vector regression
(SVR) offers advantages in this study when the dataset consists of several samples. However, a notable
drawback when choosing the wrong kernel function can potentially lead to misleading or incorrect
conclusions [29].

2.2.4 Ensemble Bagging Regressor

In machine learning, the ensemble bagging regressor is a robust and adaptable approach frequently
used with various base learners to significantly boost the performance of regression tasks. The key concept
behind ensemble bagging is the creation of multiple base learners that collectively outperform the individual
base model [30]. In our research, we take advantage of the power of ensemble bagging by combining it with
two base learners named regression trees and support vector regression.

1) RT as a base learner (Bag-RT): Regression Trees are a foundational and widely used base learner
in machine learning. They excel at capturing nonlinear relationships between features and target variables,
making them well-suited for cases where data exhibits intricate and non-obvious patterns. By integrating
ensemble bagging with Regression Trees, we aim to harness the advantages of both techniques. Ensemble
bagging lowers the risk of overfitting and model variance by using diverse subsets of the training data
(bootstrap samples) to train several instances of Regression Trees. The combination of these methods not only
enhances model stability but also enables our model to generalize unseen data more effectively. The
adaptability of ensemble bagging with regression trees is valuable when dealing with diverse and complex
datasets, ultimately contributing to more accurate results.

2) SVR as a base learner (Bag-SVR): SVR is a robust and versatile base learner known for its capability
to model linear and nonlinear relationships between features and target variables. This versatility makes SVR
an excellent choice when dealing with datasets with a wide range of complexities. Ensemble bagging with
SVR is particularly effective in scenarios characterized by noisy data, complex feature interactions, and
challenges in feature selection. The ensemble bagging technique mitigates the pitfalls of overfitting and
variance associated with individual models. At the same time, SVR's ability to adapt to various data patterns
ensures that our model remains adaptable and resilient.
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The combination of ensemble bagging that integrates regression trees and support vector regression
as the base learner illustrates our commitment to a comprehensive approach to predicting maize prices. Our
goal is to maximize the predictive model's performance through ensemble bagging techniques combined with
two strong base learners. Our model generates remarkably accurate forecasts through this strategy while
effortlessly capturing complex data patterns. This creates a model that maintains adaptability and robustness,
improving accuracy in making predictions for our research.

3) Random Forest (RF): Random Forest Regressor is a robust ensemble machine learning algorithm
for regression tasks. It leverages an ensemble of decision trees, each trained on a random subset of the data
and features. Aggregating predictions from these trees provides robust and accurate predictions while also
handling noisy data and overfitting. It's widely used across various domains and offers the benefit of feature
importance analysis to understand the data [31] better.

2.2.5 Hyperparameter Tuning

Hyperparameter tuning is a vital step in developing robust machine-learning models. The choice of
hyperparameters can significantly impact the performance and generalizability of the models. In our study,
we employed Gridsearch CV, a popular optimization technique, to systematically explore hyperparameter
combinations available from each machine learning model. In addition, K subsets (or "folds") with
approximately the same size were created within the dataset using K-fold cross-validation. A different fold is
used as the validation set, and the remaining K-1 folds are used for each iteration's training set. This process
ensures that every data point is used for validation exactly once. The results from each fold are averaged to
obtain a more robust performance and reduce the risk of overfitting. Typical values for K include 5, 10, and
20, depending on the size of the dataset and the computational resources available. In our study, the value of
K was set to 10 to evaluate these hyperparameter combinations through the Gridsearch CV function as part of
the cross-validation process. This method allowed us to identify and select the most effective hyperparameters
to improve model performance and accuracy. All Grid values and the hyperparameters chosen for each model
in this study are shown in Table 8.

2.2.6 Performance Measures

Performance measures are critical tools used to evaluate the effectiveness and quality of machine
learning models. These measures provide insights into how well a model performs, how accurately it makes
predictions, and its overall reliability. In this paper, the model's performance is assessed using three metrics:
R-squared (R?), mean absolute error (MAE), and root mean squared error (RMSE). The mathematical
expressions for each of these metrics used for model performance evaluation are shown in the equation (3),
(4), and (5).

RSS
R2=1—— 3
TSS ®)
n
1 _
MAE == |y - 3 )
i=1
RMSE = @)

Where R? is the coefficient of determination, RSS represents the residual sum of squares, and TSS
represents the total sum of squares. n is the number of total observations, y; is the ith value observed for
series and Y; is the ith value predicted for the model.

3.Results and Discussion

3.1. Feature Scaling
In the dataset in our study, due to the different scale of various features which make machine learning
difficult for training, we apply Standard Scaler function, a standardized method to make all input data at the
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same scale. Figure 3 shows the data distribution plot of some independent variables after scaling with the
standard scaler function.
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Figure 3. The data distribution after scaling process

3.2 Feature Selection

To the feature selection process discussed in Section 2, first, we applied the recursive feature
elimination based on random forest to identify the optimal number of features required to achieve the highest
score. Additionally, it has identified and selected the top 6 performing features from an initial set of 52 features,
which form the appropriate datasets for training the machine learning models. The 6 chosen features by the
RFE model include: 'MaiFutPrice," 'CasPrice,' 'CasPlant,’ 'MaiChg4', 'Rate,” and 'RicePrice.” Using these 6
features, the model achieved the highest R? score of 0.928, as shown in

Table 2. Second, we applied the Pearson correlation feature selection technique, in which the input
variable correlates with the target variable. In this case, features with a correlation coefficient (r) value more
excellent than 0.6 or less than -0.7 were selected, and all p-values of those correlated features must be less than
0.05 to present a statistically significant linear relationship between the variables. This feature selection step
resulted in the selection of 8 features considered strong positive and negative linear relationships with the
target variable. Table 3 shows the Pearson correlation coefficient value and the p-value between target variable
with strong linear relationship variables selected through this technique.

Figure 4. Graph of R? score by number of features using RFE feature selection method
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Table 2. R? score of RFE method by number of features

# R? # R? # R? # R?
52 0.913 39 0.913 26 0.915 13 0.919
51 0.915 38 0.914 25 0.914 12 0.918
50 0.912 37 0.912 24 0.915 11 0.919
49 0.913 36 0.913 23 0.915 10 0.922
48 0.913 35 0.913 22 0.915 9 0.921
47 0.913 34 0.912 21 0.915 8 0.924
46 0.913 33 0.912 20 0.915 7 0.924
45 0.913 32 0.913 19 0.915 6 0.928
44 0.912 31 0.916 18 0.916 5 0.9
43 0.913 30 0.914 17 0.918 4 0.888
42 0.912 29 0.914 16 0.917 3 0.877
41 0.912 28 0.914 15 0.918 2 0.814
40 0.913 27 0.916 14 0.918 1 0.649

Table 3. Correlation value and p-value of selected feature by Pearson correlation
No Feature Corr Value p-value
1 CasPrice 0.85 2e74
2 MaiFutPrice 0.81 6e-62
3 SoyPrice 0.80 8e¥
4 RicePrice 0.79 7
5 WheatPrice 0.74 3e¥
6 CasPlant 0.73 2e%
7 SugarPrice 0.60 le2t
8 Rate -0.70 6e40

By integrating the RFE and Pearson correlation feature selection stages, we aim to optimize the dataset
by keeping only the most relevant features for building the prediction model. We combine the features selected
by those two methods together, resulting in 9 variables such as 'MaiFutPrice,' 'CasPrice,' 'CasPlant,' MaiChg4',
'Rate,’ 'RicePrice,' 'SoyPrice,' 'WheatPrice,' and 'SugarPrice." This approach reduces dataset dimensions,
prevents the model from overfitting, and strengthens the model's ability to generate accurate forecasts while
managing a concise set of features.

3.3 Experiment #1

In the first experiment, we employed various machine learning algorithms, including individual
models like regression trees (RT) and support vector regression (SVR), as well as the ensemble bagging
regressor (Bag-RT and Bag-SVR), and random forest (RF). We also utilized a multiple linear regression model
(Lin), the proposed model by recent study of [20] on the same OAE dataset, to compare the performance with
our proposed models. Our study utilized 260 complete records from the dataset and training using 10-fold
cross-validation to ensure each fold was used as a test set exactly once. Each model was trained using the
parameters outlined in Table 8 and tuned through the GridSearch CV function to achieve the best score. This
table summarizes the results of hyperparameter tuning performed using the GridSearchCV function. It
includes columns for the Model, Hyperparameter, Parameter List, and Best Parameter. Each row represents a
different model, and the corresponding hyperparameters are tuned to enhance model performance. By
systematically testing various hyperparameter configurations and selecting the ones that maximize
performance metrics, GridSearchCV helps fine-tune models for better predictive accuracy and generalization.

Furthermore, we compared the performance of each model using "All Features" against "Selected
Features" set to see the difference between these selections. Evaluation metrics, including R, MAE, and RMSE,
were used to compare the model’s performance, as shown in Table 4.
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Table 4. Performance score comparison by each model on “All feature” and “Selected feature.”

Feature Model R? MAE RMSE
Lin 0.865 0.456 0.599

RT 0.822 0.476 0.638

SVR 0.918 0.360 0.475

All Feature Bag-RT 0.927 0.318 0.426
Bag-SVR 0.926 0.344 0.459

RF 0.91 0.375 0.487

Lin 0.893 0.423 0.537

RT 0.846 0.44 0.617

SVR 0.959 0.251 0.333

Selected Feature Bag-RT 0.94 0.292 0.396
Bag-SVR 0.961 0.234 0.315

RF 0.932 0.309 0.421

From a comparison of performance between using the "Selected Feature" set and a complete set of 52
features in Table 4, the "Selected Feature" set consistently demonstrates superior performance across all
models. This suggests improved predictive accuracy and efficiency with the smaller feature set. The Bag-SVR
and SVR model within the "Selected Feature" achieved the highest R? value of 0.961 and 0.959 as well as the
lowest MAE value of 0.234 and 0.251 and RMSE value of 0.315 and 0.333, respectively, compared to all other
models applied on the "All Feature" set.

3.4 Experiment #2

The second experiment involved dividing the data into different training sizes (70%, 75%, 80%, 85%,
90%, and 95%) to assess the model's predictive capability for each division aim to find the best training and
testing set ratio which make the model achieved the best R?score to predict the future maize prices in the
unseen data. The samples of each training size were trained using 10-fold cross-validation, and the rest were
kept as a test set for future prediction. The outcomes of this analysis are illustrated in Table 5, and the graph
of the prediction accuracy of each model in different training sizes is shown in Figure 5.

Table 5. R? score by different training sets from 70 to 95 percent

Training Lin RT SVR Bag-RT Bag-SVR RF
% Records
70 182 0.898 0.899 0.942 0.901 0.951 0.9
75 195 0.894 0.863 0.938 0.931 0.95 0.91
80 208 0.895 0.870 0.947 0.927 0.956 0.921
85 221 0.894 0.863 0.941 0.932 0.953 0.927
90 234 0.869 0.856 0.909 0.916 0.929 0.903

95 247 0.858 0.863 0.847 0.863 0.868 0.871
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Figure 5. R? score of test set from different training size

The experiment’s result in Table 5 and Figure 5 revealed that the Bag-SVR model using the "Selected
Feature" set consistently demonstrated superior performance expressly when the training size was set to 80%,
resulting in the highest R? score value of 0.956, followed by SVR model with R? value of 0.947. Based on this
conclusion, we conducted 80% of the dataset as a training set using 10-fold cross-validation while allocating
20% in the most recent months for the testing set. This approach was employed to evaluate the mean absolute
error (MAE) score, aiming to see the average price difference between the actual and predicted prices
generated by each model and find the model that accurately forecasts the future price of maize. Figure 6
displays a graph visualizing the correlation between actual and predicted prices. This analysis incorporates
all machine learning models applied to the "Selected Feature" by using each model's best hyperparameters
obtained from the Gridsearch CV function. These models were utilized to predict the 20% of unseen data (test
set), covering a range from May 2019 to August 2023, totaling 52 months.

Based on the graph in Figure 6, the models have superior predictive capabilities compared to the
actual values within the first 10-month period of the test set. So, we segmented the test set into 10-month
intervals and computed the MAE score, as outlined in Table 6. The first segment, from May 2019 to February
2020, notably stands out for its consistently low MAE values across multiple models. During this period, the
SVR model demonstrated superior predictive capabilities with an impressive MAE score of 0.23, closely
followed by the Bag-RT and Bag-SVR models, which had MAE values of 0.25 and 0.26, respectively. This
exceptional performance is due to the fact that the test data is closely aligned with the previous training set.
However, as we progress beyond this initial phase into the period from March 2020 to December 2020, while
some models maintain relatively low MAE scores (e.g., RT and Bag-RT), for others, the MAE scores go up a
bit, suggesting that maybe the data is changing or the models need a little fine-tuning. Moving further along
the timeline, the MAE scores exhibit a gradual upward trend, particularly in the intervals from January 2021
to October 2021 and November 2021 to August 2022. During these periods, the models encountered more
significant challenges in accurately predicting outcomes, as reflected in the higher MAE values recorded across
all models. By the final segment, spanning from September 2022 to August 2023, the MAE scores peak,
suggesting a significant divergence between the test data and the original training set, posing considerable
challenges for the models in making accurate predictions.
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Table 6. The MAE score of the test set split by 10 months range

Date Range Lin RT SVR Bag-RT Bag-SVR RF
May 19 - Feb 20 0.41 0.36 0.23 0.25 0.26 0.42
Mar 20 - Dec 20 0.34 0.26 0.40 0.25 0.62 0.32
Jan 21 - Oct 21 1.21 0.47 1.12 0.51 1.57 0.49
Nov 21- Aug 22 0.96 0.78 1.30 0.65 1.08 0.91
Sep 22 - Aug 23 1.49 2.08 3.24 2.05 3.02 222

Furthermore, we conducted training using all the observations while reserving only the most recent
month, August 2023, with a value of 9.56 Baht per kilogram as a test set. This approach allowed us to observe
and compare the predictions made by each model. Table 7 provides an analysis of different models'
performance in predicting maize prices one month ahead by displaying the prices, along with the price
difference between the predicted and actual values.

Table 7. The predicted price and price difference of each model on the test set of the last month

Model Lin RT SVR Bag-RT Bag-SVR RF
Predicted 8.71 7.73 9.9 8.68 9.8 9.12
Different 0.85 1.83 0.34 0.88 0.24 0.44

From the result of Table 7, both the Bag-SVR and SVR models exhibited notable predictive accuracy
in the last month of the test set. The Bag-SVR model showcased a closer estimation of the actual price, differing
by only 0.24 baht/kg, followed by the SVR model, which demonstrated differing by 0.34 baht/kg.

4. Conclusions

This study aimed to enhance maize price forecasts in Thailand using various machine learning
algorithms, targeting benefits for farmers, agribusinesses, and governmental policies. The Recursive Feature
Elimination (RFE) combined with Pearson correlation successfully identified 9 key variables for training the
machine learning models for feature selection. In building the prediction models, individual and ensemble
techniques were employed to compare their accuracy in predicting maize prices. Notably, the Bag-SVR
demonstrated superior predictive accuracy with an R? score of 0.961, MAE of 0.234, and RMSE of 0.315,
followed closely by the SVR model with an R? score of 0.959, MAE of 0.251, and RMSE of 0.333. In contrast,
the RT model achieved the lowest score, with an R2? score of 0.846, MAE of 0.44, and RMSE of 0.617. In
conclusion, this research underscores the importance of feature selection in refining model efficiency and
emphasizes the potential of machine learning in enhancing maize price forecasts in Thailand.
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Table 8. The details of hyperparameter tuning of each model

Model Hyperparameter Parameter List Best Parameter
max_depth [2, 5,10, 20, 30, 40, None] 20
RT min_samples_split [1,2,3,4,5,6,7,8,9,10] 1
min_samples_leaf [1,2,3,4,5,6,7,8,9,10] 5
C [10,20,30,40,50,60,70,80,90,100] 20
SVR gamma ['scale’, "auto’] scale
kernel ['rbf’, linear’, poly’] 'tbf’
Bootstrap [True, False] False
bootstrap_features [True, False] True
Bag-RT max_features [0.5,0.6,0.7, 0.8, 0.9, 1.0] 09
max_samples [0.5,0.6,0.7,0.8, 0.9, 1.0] 0.9
n_estimators [10, 50, 100, 200] 50
Bootstrap [True, False] False
bootstrap_features [True, False] False
Bag-SVR max_features [0.5,0.6,0.7, 0.8, 0.9, 1.0] 0.8
max_samples [0.5,0.6,0.7, 0.8, 0.9, 1.0] 09
n_estimators [10, 50, 100, 200] 200
max_features [ sqrt’, 'log2’] ‘sqrt’
max_depth [10, 20, 30, 40, None] 20
RF min_samples_split [1,2,3,4,5,6,7,8,9,10] 2
min_samples_leaf [1,2,3,4,5,6,7,8,9,10] 1
n_estimators [10, 50, 100, 200] 100
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1. Introduction

The digestive tract is one of the largest systems in fish, which is related
to their feeding habitat, environment [1, 2], type of food, and behavior [3].
Additionally, the digestive tract plays an important role in growth and nutrition
[1, 2]. Al-Abdulhadi [4] mentioned that the digestive tract exhibits a diversity of
morphology and function. The digestive tract of many teleosts has been studied
through gross anatomy, histology, and histochemical analysis, such as the South
American catfish Rhamdia quelen [5], short mackerel Rastrelliger brachysoma [6],
spotted snakehead fish Channa punctata, striped snakehead fish C. striata [7],
pebbly fish Alestes baremoze [8], large yellow croaker Larimichthys crocea [9],
lizardfish Synodus variegatus [10] and banded tilapia Tilapia sparrmanii [2].
However, the gastrointestinal tract in these fish exhibits a marked difference in
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characteristics, reflecting their evolution, diet, and environment [2, 11]. Herbivorous fish primarily consume
plants and have a small stomach and a long intestine. Omnivorous fish, feeding on animals and plants, exhibits
a large stomach and a long intestine [2, 12]. On the other hand, carnivorous fish, specializing in animal
consumption, possess a distensible stomach and the shortest intestine [13].

In categorizing feeding habits, numerous studies utilize the intestinal coefficient (IC) to identify fish
feeding types [14]. Omnivorous fish typically have an IC ranging from 0.6 to 8.0, while carnivorous fish exhibit
an IC in the range of 0.2 to 2.5. Additionally, herbivorous fish generally have an IC between 0.8 and 15.0.
Notably, some herbivorous fish species may have a shorter intestine and a lower IC [9]. Despite the fish having
various diets, the digestive wall's characteristics consist of four tunics when considering histology. These are
arranged from the innermost to the outermost tunic, i.e., (I) the mucosa, including the layer of epithelial tissue,
lamina propria, and muscularis mucosae, (II) the submucosa being the layer of connective tissue, blood vessels,
and nerve plexus, (III) the muscular tunic that subdivided into two layers (inner circular and outer
longitudinal layers), and (IV) the layer of connective tissue that known as the serosa [6].

The striped tiger nandid fish, Pristolepis fasciata is a member of the family Nandidae. This species is
distributed widely from Burma to Indonesia, inhabiting areas with aquatic or emergent plants in marshes,
lakes, swamps, and rivers, typically slow-running or still water [15]. In the previous study, Sangpradub and
Chutima [16] investigated the diet composition of striped tiger nandid fish in Kaeng Lawa, Thailand,
identifying as the significant groups of prey (in the phylum Arthropoda and Mollusca) and other foods (plants,
algae, and Euglenozoa). Furthermore, several studies on the diet of striped tiger nandid fish yield consistent
results. The striped tiger nandid fish is reported to feed on aquatic insects, crustaceans, filamentous algae,
submerged plants [15], fish fry, and aquatic insects [17]. Despite numerous studies on the diet of striped tiger
nandid fish, there remains a scarcity of information on the histology and histochemical analysis of the digestive
tract.

The information about the structure and characteristics of the digestive tract in fish is important
because it can serve as a guideline for understanding the pathology, culture, conservation, and management
and gaining insights into the structure and physiology of the fish's digestive system. In the present work, the
histological structure and histochemistry of the digestive tract of the striped tiger nandid fish were deeply
investigated.

2. Materials and Methods

Fifteen adult striped tiger nandid fish were collected by trawling from Pak Ro subdistrict,
Singhanakhon district, Songkhla province, Thailand (7°15'05.3"N 100°26'24.0" E) from February to November
2023. The sampling was collected every two months. Fifteen specimens (mean snout-vent length
approximately 15.91+0.82 cm (Table 1)) were anesthetized with fish anesthesia (tricaine methanesulfonate, MS
222, and solution by using a dosage of 100 mg/L). The digestive tract was removed for photography after a
longitudinal incision in the abdominal wall. The intestinal length, with a mean total length of 9.79+0.59 cm
(Table 1), was measured to calculate the IC [14].

Intestinal length

~ Snout — vent length

The digestive tract was cut into small pieces, which were fixed in Bouin’s solution for 48 hours and
placed in 70% alcohol. Subsequently, they underwent basic paraffin techniques, including dehydration using
a graded series of ethyl alcohol (70%, 80%, 95%, and absolute alcohol), clearing with xylene, infiltration, and
embedding with Paraplast Plus® (Sigma-Aldrich, USA), and sectioning was performed with a rotary
microtome. The 5 pm serial sections were stained with hematoxylin and eosin (H&E) for general
characteristics, periodic acid Schiff’'s — hematoxylin (PAS) for neutral glycoproteins/mucopolysaccharides,
alcian blue (AB) pH 2.5 — nuclear fast red (NF) for carboxylated acid glycoproteins/mucopolysaccharides, AB
pH 1.0 — NF for sulphated acid glycoproteins/mucopolysaccharides and Masson's trichrome (MT) for the
connective tissue and muscle [18]. The sections were observed under a light microscope. This research was
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approved by the Animal Ethics Screening Committee, Thaksin University (Permit number: TSU 2022-008.
IACUC No. 0008).

3. Results and Discussion

3.1 Gross morphology

The gross morphology of the digestive tract of striped tiger nandid fish is shown in Figure 1, and the
length of the digestive tract is presented in Table 1. The esophagus was found to be a short, straight, muscular
tube connecting to the white J-shaped stomach. At the end of the stomach, it curved and connected to the
intestine. Meanwhile, the intestine exhibited a marked decrease in size from the anterior to posterior portions,
according to other fish species [2, 19, 20].

Figure 1. Photograph showing the components of the digestive tract and liver (Li), consisting of the esophagus
(Es), stomach (St), and intestinal part. The intestine was divided into three parts: the anterior intestine
(Al), the mid-intestine (MI), and the posterior intestine (PI).

Table 1. Mean and standard deviation of snout-vent length, gastrointestinal tract length, intestinal length, and
intestinal coefficient (IC) (N=15).

Snout-vent Gastrointestinal Intestinal length  Intestinal coefficient
length (cm) tract length (cm) (cm) (IC0)
Mean * standard 15.91+£0.82 13.43 £ 0.67 9.79+0.59 0.62+0.01

deviation

3.2 Histological structures and histochemistry

The histological structure of the digestive tract in striped tiger nandid fish revealed general
characteristics similar to those found in other fish and vertebrates, with the wall comprising four layers: the
mucosa (epithelium, lamina propria, and muscularis mucosae), submucosa, muscularis, and serosa, whereas
some portions lacked muscularis mucosae. However, the characteristics of the four tunics displayed no
discernible difference in each fish corresponding to those observed in spotted pimelodid Pimelodus maculatus
[21] large yellow croaker L. crocea [9] and banded tilapia T. sparrmanii [2]. However, some species lacked
muscularis mucosae in all parts, such as pike characin Oligosarcus hepsetus [22]. In addition, the muscular layers
of all portions in striped tiger nandid fish were involved in the motility of food, mixing food with digestive
enzymes [22], and transporting food.

3.2.1 Esophagus

The mucosa exhibited numerous longitudinal folds (Figure 2A) with a mean fold height of
313.84+36.46 um and a fold width of 236.36+51.56 um (Table 2). The longitudinal fold of the esophagus in
striped tiger nandid fish helped to increase the luminal diameter and distension during the food transported
to the stomach, similar to other fish species [2, 21]. Furthermore, Okuthe and Bongile [2] stated that the number
of folds was related to the digestive capacity, with more folds leading to the increased efficiency. The
epithelium of the esophagus was lined by non-keratinized stratified columnar epithelium. These consisted of
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four cell types: non-mucous, mucous, undifferentiated, and goblet cells (Figures 2C-2F). The stratified
epithelium was similar to the esophagus of many fish such as sea bream Mylio cuvieri [4], pike characin O.
hepsetus [22], killifish Anablepsoides urophthalmus [23], and banded tilapia T. sparrmanii [2]. However, the
epithelium of the esophagus of striped tiger nandid fish was columnar, which differed from the large yellow
croaker L. crocea [9]. In contrast, the esophagus of a large yellow croaker, L. crocea, was divided into two
regions: the frontward part with stratified squamous epithelium and the hindmost region with stratified
columnar epithelium [9]. Additionally, the esophagus of striped tiger nandid fish differed from pike characin,
O. hepsetus, which had stratified squamous epithelium [22], and from Asian seabass, Lates calcarifer [24], which
had simple columnar epithelium. The present study and previous reports indicated the variability in
esophageal epithelium types. The stratified epithelium, as observed in the esophagus of striped tiger nandid
fish, was suggested to have a role in the renewal and protection of the surface from abrasion or abrasion
resistance to protect the epithelium from injury [4]. Furthermore, the stratified epithelium was believed to
protect the esophagus from pathogens [4, 25].

The non-mucous cells of the esophagus were low-columnar to columnar with round nuclei. The
cytoplasm showed positive staining with eosin but negative staining with PAS (Figure 2D), AB pH 2.5 (Figure
2E), and AB pH 1.0 (Figure 2F). The mucous cells interspersed between non-mucous cells had round nuclei
and a columnar shape. The cytoplasm showed strongly positive staining with PAS (Figure 2D), AB pH 2.5
(Figure 2E), and AB pH 1.0 (Figure 2F). These results demonstrated the secretion of neutral, carboxylated, and
sulphated acid mucins, respectively. These results were consistent with the previous reports suggesting that
neutral mucous with low viscosity functioned in lubricating the luminal epithelium [22] and helped to protect
the esophageal epithelium from chemical and mechanical injury [24, 26]. Reifel and Anthony [27] stated that
numerous mucous cells in the esophagus were mostly found in carnivorous and omnivorous fish but
decreased in herbivorous fish, functioning similarly to salivary glands in mammals [28]. Meanwhile, acid
mucous with high viscosity was believed to have the function of trapping particles to enter the esophagus [29].

Near the basement membrane, undifferentiated cells were found, characterized by clear cytoplasm
and round nuclei (Figure 2C). These cells showed negative staining with PAS (Figure 2D), AB pH 2.5 (Figure
2E), and AB pH 1.0 (Figure 2F). Between the mucous cells, the goblet cells showed strongly positive staining
for PAS (Figure 2D), AB pH 2.5 (Figure 2E), and AB pH 1.0 (Figure 2F). Goblet cells showed positivity to AB
pH 2.5, indicating the synthesis of carboxylated acid mucins. The benefit of acid mucins was the increase in
the viscosity of mucus for the lubrication of food during swallowing and protecting the epithelium from
bacterial invasion, as noted in other studies [2, 30]. Meanwhile, neutral mucins secreted from goblet cells might
be involved in transporting food from the esophagus to the stomach, protecting the wall from mechanical
damage [2, 9]. Furthermore, the striped tiger nandid fish's anterior esophagus had taste buds between the
epithelial cells. The taste buds were round-shaped and comprised of columnar taste cells with basal nuclei and
supporting cells (Figures 2C-2F). The discovery of taste buds indicated that striped tiger nandid fish could
perceive taste and reject unswallowed food.

The thick muscular layer consisted of striated muscle (Figures 2A-2B). These results were similar to
damsel fish Stegastes fuscus [31], Pantanal eartheater Satanoperca pappaterra [32], pike characin O. hepsetus [22],
Asian seabass L. calcarifer [24], large yellow croaker L. crocea [9], and killifish A. urophthalmus [23]. The striated
muscle might be useful for controlling the swallowing of food. Furthermore, Kalhoro et al. [9] stated that the
striated muscle might help in luminal expansion or assist the fish in ejecting unswallowed food [33].
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Figure 2. A-F: Photograph of the esophagus of P. fasciata. A: Photograph showing distinct layers, including
stratified epithelium (SE), lamina propria (LP), submucosa (Sm), and the muscularis layer (ML). B:
An enlarged picture of the muscularis and submucosa layers, depicting inner circular and outer
longitudinal muscles and loose connective tissue in the submucosa. The box highlights the striated
muscle of the esophagus. C: An enlarged view of the mucosa, consisting of epithelium and lamina
propria. The epithelium comprises non-mucus cells (NC), mucus cells (MC), undifferentiated cells
(UC), and goblet cells (GC). Taste buds (TB) were visible between the epithelial cells. Beneath the
epithelium, positive staining with aniline blue of Masson’s trichrome reveals collagen fibers (CF). D:
Photograph illustrating mucus cells and goblet cells containing neutral mucins. E: Photograph
illustrating mucus cells and goblet cells containing carboxylated acid mucins. F: Photograph
illustrating mucus cells and goblet cells containing sulphated acid mucins. Lumen (L). A: H&E, B-C:
MT, D: PAS-H, E: AB pH 2.5-NF, F: AB pH 1.0-NF.

3.2.2 Stomach

The stomach of striped tiger nandid fish had basic morphology similar to many teleosts [22]. In the
present study, the stomach appeared to be a J-shape, similar to omnivorous fish [34], such as characin Astyanax
bimaculatus [35]. However, it differed from the U-shaped stomach of armored catfish Hypostomus pusarum [36],
gangetic mystus Mystus cavasius [19], whitemouth croaker Micropogonias furnieri [37], and large yellow croaker
L. crocea [9], which was the characteristic of carnivorous fish. Other reports mentioned that the morphological
differences in the stomach of teleosts could indicate the food, feeding habits, body shape, and environment
[19]. The mucosal fold (Figure 3A) of the stomach of striped tiger nandid fish increased the surface area for
digestion and food storage [2, 38]. Okuthe and Bongile [2] also suggested that the mucosal folds might delay
food during transport through the stomach and facilitate the mixing with digestive enzymes.

The stomach was divided by histological characteristics into three parts: cardiac, fundic, and pyloric
stomach. The epithelium of the three portions was simple columnar epithelium (Figures 3, 4, 5). These results
were similar to other fish species [4, 8, 19, 22, 24]. Beneath the laminar propria, the muscularis mucosae, the
smooth muscle band was found (Figures 3B, 4B-4D, 5A-5B). The muscularis mucosae aided in the elimination
and generated the force for the compression of gastric glands. The submucosa was loose connective tissue of
collagen fibers and blood vessels (Figures 3B, 4B, 5B). Surrounding the submucosa, two muscular layers were
observed: inner circular and outer longitudinal layers. The muscular layer of the stomach of striped tiger
nandid fish was similar to other fish species [19, 21, 22, 32, 35].



ASEAN ]. Sci. Tech. Report. 2024, 27(4), e253044. 6 of 13

The stomach could be divided into three portions, with two portions having glands (cardiac and
fundic stomach), also called the glandular stomach (Figures 3, 4), and another portion not having glands
(pyloric stomach) or the non-glandular stomach (Figure 5). The first portion was the cardiac stomach, which
connected to the esophagus. The mean mucosal fold height was 1,744.94+226.06 um, and the mucosal fold
width was 1,301.16+284.60 um (Table 2). Beneath the epithelium, the lamina propria contained gastric glands
that were simple tubular glands. The cardiac glands were surrounded by thin connective tissue. The cells
lining the glands were simple cuboidal epithelium with a central nucleus (Figure 3). The gland cells secreted
the content to the lumen through the gastric crypts (pits). The epithelium of the cardiac stomach showed
positive staining with PAS (Figure 3D) and weak staining to AB pH 1.0 (Figure 3F). The cardiac glands showed
positive staining with PAS (Figure 3D) but were negative to AB pH 2.5 (Figure 3E) and AB pH 1.0 (Figure 3F).
The thickness of the cardiac glands was 408.24+72.89 um and the cardiac stomach had a mean muscle tissue
layer thickness of 918.25+49.81 um (Table 2).

The fundic stomach had fundic glands in the lamina propria, which were simple tubular glands lined
by simple cuboidal to low columnar epithelium (Figures 4A-4E). The fundic glands open to the lumen by
secreting granules through gastric pits. The epithelial cells showed strong positive staining with PAS (Figure
4D) but showed weak staining to AB pH 2.5 (Figure 4E) and AB pH 1.0 (Figure 4F). The cells lining the fundic
glands showed positive staining with PAS (Figure 4D) but were negative to AB pH 2.5 (Figure 4E) and AB pH
1.0 (Figure 4F). In contrast, the gastric pits showed weakly positive staining with PAS (Figure 4D) and AB pH
1.0 (Figure 4F). The thickness of the fundic glands was 159.36+12.12 um, the mean mucosal thickness was
240.88+10.96 um, and the mean muscle tissue layer thickness of the fundic stomach was 86.30+5.15 um (Table
2).

The pyloric stomach had a simple columnar epithelium; the submucosa had rich blood vessels and
loose connective tissue. The muscular layer comprises inner circular and outer longitudinal smooth muscle
(Figures 5A-5D). The results of histochemistry revealed positive staining with PAS (Figure 5D) but showed
weak staining to AB pH 2.5 (Figure 5E) and AB pH 1.0 (Figure 5F). However, any gland was invisible,
increasing the width of the lumen. This led to the assumption that the pyloric region served as the site for food
storage [24]. This configuration increased the lumen's diameter and helped extend digestion time [24]. The
pyloric stomach had a mean mucosal thickness of 126.60+19.19 pm and a mean muscle tissue layer thickness
of 170.08+13.95 um (Table 2).

The cardiac and fundic glands were simple tubular glands, similar to tilapia fish T. spilurus [4], but
different from European eel Anguilla anguilla [39], stripped weakfish Cynoscion guatucupa [30], and pike
characin O. hepsetus [22]. Rotta [40] suggested that branched tubular glands were found in carnivorous fish. In
this study, we found cardiac and fundic glands in the cardia and fundus, respectively, indicating that these
portions played a role in gastric digestion, corresponding to other studies [2, 19]. Vieira-Lopes et al. [22] stated
that the gastric glands consisted of oxynticopeptic cells, which played a role in hydrochloric acid (HCI) and
pepsinogen secretion. These cells were similar to principal and parietal cells in mammals, respectively. Both
cardiac and fundic glands found in this study were common features of carnivorous and omnivorous fish,
correlating with protein digestion [26]. Similarly, based on the previous research, striped tiger nandid fish
were omnivorous, sometimes consuming invertebrate animals. Therefore, the presence of gastric glands might
be related to their feeding habits.

The simple columnar epithelium of the cardiac stomach showed weak staining to AB pH 1.0 (Figure
3F). In contrast, the fundic and pyloric stomach showed weak staining to AB pH 2.5 (Figures 4E, 5E,
respectively) and AB pH 1.0 (Figures 4F, 5F, respectively). These findings demonstrated that the epithelium
primarily secreted neutral mucins, protecting the epithelium from stomach enzymes and HCI [19, 24] and
promoting food transport to the intestine [22]. Meanwhile, acid mucins might be a barrier against
microorganisms [41]. The cardiac and fundic glands of striped tiger nandid fish showed a positive reaction
only with PAS, similar to tilapia fish T. spilurus [4], Gangetic mystus M. cavasius, nile tilapia Oreochromis
niloticus [19]. Meanwhile, the gastric pits in the cardiac and fundic stomachs reacted to AB pH 1.0,
demonstrating that the gastric pit cells secreted sulphated mucopolysaccharides, as observed in banded tilapia
T. sparrmanii [2].
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Table 2. Mean and standard deviation of musosal fold height (MFH), musosal fold width (MFW) of the
esophagus and stomach, cardiac gland thickness (CGT), muscular layer thickness (MLT), mucosal
thickness (MuT) and fundic gland thickness (FGT) of the stomach (um) (N=15).

Esophagus Stomach
Cardiac Fundic Pyloric
MFH MFW MFH MFW CGT MLT MuT FGT MLT MuT MLT
Mean 313.84 236.36 + 1,744.941,301.16 408.24 91825 240.88 159.36 86.30+ 126.60 170.08
tstandard +36.46 5156 +226.06+284.60+72.89 +49.81 +1096 +12.12 5.15 +19.19 +13.95
deviation
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Figure 3. A-F: Photograph of the cardiac stomach of P. fasciata. A: Photograph showing distinct layers and
mucosal folds (MF) consisting of cardiac glands (CG) in the lamina propria and muscularis layer
(ML). B. A picture highlighting the muscularis mucosae (MM), submucosa (Sm), muscularis layer
and serosa (S). C: An enlarged picture of cardiac glands, revealing a simple cuboidal-low columnar
epithelium. The gland cells exhibit eosin-positive granules. D: An enlarged view of PAS-positive
cuboidal-columnar cells and a PAS-positive gastric pit (GP). The cardiac gland displays weak PAS-
positive cells. E: Photograph illustrating the negative staining with AB pH 2.5 of cardiac gland cells
and gastric pit. F: Photograph illustrating AB pH 1.0-positive epithelial cells (arrowhead) and gastric
pit. Collagen fiber (CF), epithelium (E), lumen (L). A, D: PAS-H, B: MT, C: H&E, E: AB pH 2.5-NF,
F: AB pH 1.0-NF.
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Figure 4. A-F: Photographs of the fundic stomach of P. fasciata. A-B: Photographs showing distinct layers of
mucosa, consisting of epithelium (E), and fundic glands (FG), as well as the muscularis mucosae
(MM). These pictures represent the two distinct muscularis layer (ML) layers, consisting of inner
circular and outer longitudinal smooth muscle bundles. C: An enlarged picture of the mucosa
showing simple columnar epithelium (E). The fundic gland cells exhibit eosin-positive granules and
thin muscularis mucosae. D: Photograph showing PAS-positive columnar epithelial cells
(arrowheads) and a PAS-positive gastric pit. The fundic glands show weak PAS-positive cells. E-F:
Photographs illustrating the representation of AB pH 2.5 and AB pH 1.0 positive fundic epithelial
cells, respectively (arrowheads). Lumen (L), Sm (submucosa). A, C: H&E, B: MT, D: PAS-H, E: AB
pH 2.5-NF, F: AB pH 1.0-NF.

3.2.3 Intestine

The IC of striped tiger nandid fish was 0.62+0.01 (Table 1), indicating an omnivorous fish. The intestine
could be divided into three portions (Figure 6): anterior, middle, and posterior intestines. The intestine wall
had four layers, similar to other digestive tract regions. The epithelium was lined by a simple columnar
epithelium consisting of absorptive cells (enterocytes) and goblet cells (Figure 6). The enterocyte had a brush
border at the apical domain. The nucleus of the goblet cell was found at the basal portion of the cell, while the
mucus was found in the cytoplasm (Figure 6). In some sections, exocytosis released content from the goblet
cell's apical domain. This was similar to other teleosts [2, 9, 22, 23, 24, 32, 35]. The enterocytes showed positive
staining with PAS (Figures 6B, 6F, 6]), similar to Asian seabass L. calcarifer [24]. The submucosal layer
comprises loose connective tissue with collagen fibers and blood vessels. All three parts of the intestine had
no glands (Figures 6A, 6E, 6l), the similarity observed in Asian seabass L. calcarifer [24], large yellow croaker
L. crocea [9], and Kkillifish A. urophthalmus [23]. The muscularis layer consisted of the inner circular layer and
the outer longitudinal layer. The outermost layer was the mesothelium and loose connective tissue (Figures
6A, 6E, 6]).

The mucosal fold of the intestine, also known as the villi, consists of the epithelium and the lamina
propria. Differences between each portion were defined by mucosal fold height, width, and muscular
thickness. The anterior intestine had a mean fold height of 1,046.15+75.08 um, a mean fold width of
157.28+16.34 um, and a mean muscular layer thickness of 96.22+18.11 um. The mid-intestine had a mean
mucosal fold height of 814.22+95.15 um, a mean fold width of 95.42+15.42 um, and a mean muscular layer
thickness of 17.82+3.33 um. The posterior intestine had a mean fold height of 753.11+64.44 um, a mean fold
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width of 74.16+6.13 pm, and a mean muscular layer thickness of 99.93+5.56 um (Table 3). The results showed
that the anterior intestine's mucosal fold/villi were the tallest than the middle and posterior intestine. This
finding was similar to pike characin O. hepsetus [22], pebbly fish A. baremoze [8], and killifish A. urophthalmus
[23], leading to the suggestion that the anterior and middle intestine of striped tiger nandid fish were the main
regions for digestion and absorption [23, 35]. The mucosal folds/villi reduced food speed as it flowed through
the intestine for absorption. These folds could promote an increase in absorptive efficiency due to the presence
of numerous enterocytes or absorptive cells [2].

50 um 50 um 50 um

Figure 5. A-F: Photograph of the pyloric stomach of P. fasciata. A-C: Photograph showing distinct mucosa
layers consisting of simple columnar epithelium (E), lamina propria, and muscularis mucosae (MM).
Pictures A and B represent the distinct muscularis layer layers (ML). D: Photograph showing PAS-
positive columnar epithelial cells (arrowheads). E-F: Photograph illustrating the representation of
AB pH 2.5 and AB pH 1.0 positive epithelial cells, respectively (arrowheads). Lumen (L), mucosal
fold (MF), submucosa (Sm). A-B: MT, C: H&E, D: PAS-H, E: AB pH 2.5-NF, F: AB pH 1.0-NF.

Additionally, the goblet cells were numerous in the posterior intestine of striped tiger nandid fish,
similar to flower fish Pseudophoxinus antalyae [1], characin A. bimaculatus [35], Asian seabass L. calcarifer [24],
pebbly fish A. baremoze [8] and large yellow croaker L. crocea [9]. Machado et al. [26] suggested mucous from
goblet cells helped defend the intestine lining and support waste or feces inclusion. The goblet cells in each
portion revealed intense labeling with both PAS (Figures 6B, 6F, 6]) and AB pH 2.5 (Figures 6C, 6G, 6K) but
weak reaction to AB pH 1.0 (Figures 6D, 6H, 6L). This finding was also found in other species, such as flower
fish P. antalyae [1], common dentex Dentex dentex [42], characin A. bimaculatus [35], and Asian seabass L.
calcarifer [24]. These results indicated they secreted mainly neutral and carboxylated acid
glycoproteins/mucopolysaccharides. The neutral mucous from goblet cells might function in protecting the
epithelium from gastric juices from the stomach, providing co-factors useful to nutrient enzymatic breakdown
[43], emulsification of nutrients [44], absorption [45], and protection of the intestinal epithelium from HCl [40].
In addition, Carrasson et al. [42] stated that neutral mucous had a lubrication function for transporting
nutrients. Meanwhile, carboxylated acid mucins shielded the luminal surface from glucosidase deprivation
[42]. This work also found sulphated acid mucins secreted from goblet cells. These mucins might help prevent
microorganism invasion or infection, similar to large yellow croaker L. crocea [9], and trapping particles.
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However, the co-secretion of neutral and acidic mucins probably represented the sequential steps of mucous
synthesis [24].

Figure 6. A-D: Photograph of the anterior intestine of P. fasciata. E-H: Photograph of the mid-intestine. I-L:
Photograph of the posterior intestine. Pictures A, E, and I show distinct layers of mucosa, consisting
of simple columnar epithelium with enterocytes (En) and goblet cells (GC), lamina propria (LP), and
also the submucosa (Sm) with blood vessels (BV). Underneath the submucosa, circular and
longitudinal smooth muscles were observed. Pictures B, C, and D show villi (V) of the anterior
intestine, with PAS-positive, AB pH 2.5-positive, and AB pH 1.0-positive goblet cells, respectively.
Pictures F, G, and H depict the presence of PAS-positive, AB pH 2.5-positive, and AB pH 1.0-positive
goblet cells, respectively. Pictures J, K, L: Photograph illustrating the representation of PAS-positive,
AB pH 2.5-positive, and AB pH 1.0-positive goblet cells, respectively. Intraepithelial leukocytes (IL),
lumen (L), microvilli (Mi), muscularis layer (ML), and serosa (S). A, E, I: MT, B, F, ]: PAS-H, C, G, K:
AB pH 2.5-NF, D, H, L: AB pH 1.0-NF.
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Table 3. Mean and standard deviation of musosal fold height (MFH), musosal fold width (MFW) and
muscular layer thickness (MLT) of the intestines (um) (N=15).

Anterior intestine Mid-intestine Posterior intestine
MFH MFW MLT MFH MFW MLT MFH MFW MLT
Mean 1,046.15 157.28 96.22 + 814.22 95.42 + 17.82 753.11 74.16 99.93 +

+standard +75.08 +1634 18.11 +95.15 15.42 +3.33 +6444 +6.13 5.56
deviation

4. Conclusions

This research represented the first description and report on the histology and histochemistry of the
gastrointestinal tract of the striped tiger nandid fish. The histological characteristics of their gastrointestinal
tract were consistent with those of fish consuming both plants and animals (omnivore). The short esophagus
was the muscular tube connecting to the stomach, the sac containing fundic and cardiac glands. In the pylorus
of the stomach, no glandular structures were found. Similarly, glandular structures were not found in any of
the three parts of the intestine; however, the enterocyte and goblet cells were present. In the future, this
research may be used to develop food and farm management strategies, as the morphology of the
gastrointestinal tract is closely related to feeding habits. Furthermore, it can aid in distinguishing abnormal
tissue from normal tissue.
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Abstract: This study investigated the standardization parameters of black
pepper fruit (Piper nigrum Linn.) through qualitative analyses. Microscopic
characteristics of the crude drug were examined. Various parameters were
determined, including loss on drying (7.46 + 0.16 %w/w), total ash (4.29 +
0.12 %w/w), acid-insoluble ash (0.15 + 0.03 %w/w), water-soluble extractives
(8.35 £ 0.45 %w/w), ethanol-soluble extractives (4.30 + 0.18 %w/w), and volatile
oil content (1.60 + 0.00 %w/w). Piperine content in the ethanol extract was
evaluated using Thin Layer Chromatography (TLC) fingerprint analysis and
validated High-Performance Liquid Chromatography (HPLC) analysis. The
calibration curve for piperine showed good linearity (R? = 0.9991) in the range
of 10-100 pg/ml. The limits of detection and quantification were 0.01 pg/ml and
0.04 pg/ml, respectively. Intra-day and inter-day precision were 0.01-0.12%
RSD and 0.52-0.90% RSD, respectively. Recovery ranged from 95.85% to
101.85%. Optimal extraction conditions determined through experimental
design were 70°C for 60 minutes, yielding a piperine content of 38.98 + 0.05%.
The study provides quantitative pharmacognostic specifications for the
fundamental standardization of black pepper fruit.

Keywords: Pharmacognostic investigation; optimization; black pepper fruit

1. Introduction

Piper nigrum Linn., commonly known as black pepper (Piperaceae), is
utilized as a spice in many countries worldwide, primarily due to the presence
of piperine (Figure 1), which enhances its value as a food additive. The spicy
heat of black pepper predominantly arises from piperine obtained from both
the outer fruit and the seed. Traditionally, black pepper has been employed as
an herbal remedy for alleviating various ailments such as pain, muscular aches,
chills, rheumatism, influenza, and fever. Additionally, black pepper tea has
been administered to relieve headaches, migraines, strep throat, and digestive
issues [1]. It has also been used to address conditions like asthma, chronic
indigestion, colon toxins, obesity, sinus congestion, fever, intermittent fever,
cold extremities, colic, gastric ailments, and diarrhea. Moreover, black pepper
exhibits potent antioxidant activity, aiding in relieving oxidative stress induced
by a high-fat diet and acetaminophen-triggered liver damage in mice [2].

ASEAN ]. Sci. Tech. Report. 2024, 27(4), €253186

https://doi.org/10.55164/ajstr.v27i4.253186


https://doi.org/10.55164
https://doi.org/10.55164/ajstr.v25i1.245292
https://doi.org/10.55164
https://doi.org/10.55164/ajstr.v25i1.245292
https://doi.org/10.55164/ajstr.v25i1.245292

ASEAN ]. Sci. Tech. Report. 2024, 27(4), e253186. 20f8

The major constituent of black pepper, piperine, possesses various pharmacological properties,
including central nervous system depression, antipyretic, analgesic, antioxidant, and hepatoprotective effects.
Piperine has also demonstrated anti-inflammatory properties by reducing inflammation in animal models [3].

In humans, piperine enhances the bioavailability of antitubercular drugs when administered together [4].
0]

N = N O>
(0]

Figure 1. Structure of piperine

The concentration of piperine varies among different types of pepper. Its content in P. nigrum L. fruit
and root ranges from 3,000 to 6,650 mg/100 g and 790 mg/100 g, respectively [5-9]. Black pepper typically
contains between 4.6 and 9.7% piperine by mass [10]. Lee et al. (2021) determined the concentration of piperine
in black pepper using high-performance liquid chromatography-ultraviolet detection, validating their
findings through performance parameter measurements [11]. They observed that the concentration of piperine
in black pepper was 4,418 mg/100 g. Bhardwaj et al. (2002) investigated the functional properties of piperine
through human liver microsomal studies, revealing its inhibition of human P-glycoprotein [12].

Considering the beneficial properties of piperine, particularly its utility in drugs and preservatives,
there is a need for its standardization and quality evaluation using a short, fast, reliable, and economical tool.
Therefore, this study aimed to investigate the standardization parameters through qualitative analyses of
black pepper fruit.

2. Materials and Methods

The pharmacognostic parameters were examined using standard methods outlined in the World
Health Organization (WHO) guidelines, “Quality Control Methods for Medicinal Plant Materials.”

2.1 Microscopic Characterization
The microscopic characteristics of the black pepper fruit were examined in cross-section. The tissue
section was mounted onto a glass slide in water for microscopic observation.

2.2 Loss on Drying
Determination of Loss on Drying: The ground sample was weighed in a pre-weighed small beaker
and dried with heat at 105 °C until a constant weight was achieved.

2.3 Determination of Total Ash

The ground sample of black pepper fruit powder was weighed in a pre-weighed crucible and
incinerated for 5 hours at 500 °C until it turned white. The crucible was cooled at room temperature in a
desiccator, and the total ash content was calculated as a percentage.

2.4 Determination of Acid Insoluble Ash

The crucible containing the total ash was treated with 25 mL of 10% hydrochloric acid, covered with
a watch glass, and boiled gently for 5 minutes. The insoluble matter was filtered through ashless filter paper
No. 40, dried on a hot plate, and then incinerated for 5 hours at 500 °C. The crucible was cooled at room
temperature in a desiccator, and the acid-insoluble ash content was calculated as a percentage.

2.5 Determination of Volatile Oil Content
The ground sample was subjected to volatile oil distillation in a Clevenger apparatus for
approximately 4-6 hours.

2.6 Determination of Water and Ethanol Soluble Extractive Value
The ground sample of dried black pepper fruit was macerated with either 100 mL of water or 95%
ethanol in a closed conical flask for 6 hours, followed by standing for 18 hours. The extract was filtered rapidly,
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and 20 mL of the filtrate was evaporated to dryness in a water bath, then dried at 105 °C until a constant weight
was achieved. The extractive value was calculated as a percentage.

2.7 Thin Layer Chromatographic Fingerprint

One gram of black pepper fruit dried powder was macerated in 20 mL of 95% ethanol, shaken for 6
hours, and left to stand for 18 hours at room temperature. The extract was then evaporated to dryness and
dissolved in 1 mL of 95% ethanol. The resulting solution was applied to a TLC silica gel 60 GF254 plate,
developed in a saturated TLC chamber with hexane: ethyl acetate (1:1), and observed under short wavelength
(254 nm) and long wavelength (366 nm) ultraviolet light. The plate was then sprayed with anisaldehyde,
developing a reagent.

2.8 Experimental Design and Plant Extraction

Extraction conditions, including temperature (X1) and time (X2), were designed based on a spherical
composite design. X1 and X2 were varied from 45-95 °C and 10-60 minutes, respectively. The ground sample
(10 g) of black pepper fruit powder was mixed with 50 mL of 95% ethanol in a closed Erlenmeyer flask. The
flask was then placed in a water bath shaker and extracted under specific conditions. The mixture was filtered
using Whatman No. 1 filter paper, and the residue was extracted twice before evaporating to dryness.

Table 1. Two-factor spherical composite experimental design.

Condition No. Temperature (X1) Time (X2)

Coded Actual (°C) Coded Actual (min)
P1 -1 52.3 1 17.3
2 L 87.7 -1 173
P3 -1 52.3 1 52.7
ot ! 87.7 1 52.7
P5 2 45.0 0 35.0
P6 V2 95.0 0 35.0
P7 0 70.0 2 10.0
s 0 70.0 V2 60.0
o 0 70.0 0 35.0
P10 0 70.0 0 35.0

2.9 Chromatographic Conditions

The study utilized an HPLC instrument (Agilent 1260 Infinity) with a photodiode array detector
coupled to a UV detector set at 342 nm. A ZORBAX Eclipse Plus C18 (4.6 x 5.5 mm, 3.5 um) column was eluted
using a mixture of methanol and water (70:30) as the mobile phase. The injection volume, flow rate, and
column temperature were set at 10 uL, 1 mL/min, and 25 °C, respectively.

2.10 Preparation of Standard Piperine
A stock solution of piperine was dissolved in ultrapure water at a concentration of 1 mg/mL. From
this solution, a series ranging from 10-100 ug/mL was prepared to construct a calibration curve.

2.11 Method Validation

Method validation was performed following the ICH Harmonised Tripartite Guideline 6, covering
five topics: linearity and range, specificity, limit of detection (LOD) and limit of quantitation (LOQ), precision,
and accuracy.

2.11.1 Linearity and Range

The standard solution was prepared at five concentrations (10, 25, 50, 75, and 100 ug/mL) and injected
for analysis. The linearity was assessed by the coefficient of determination (R?), and the relationship between
peak areas and standard piperine concentrations was determined.

2.11.2 Specificity
Specificity was evaluated by scanning UV absorption spectra in the range of 190-400 nm. Similar UV
spectra obtained across the interest peak's up-slope, apex, and down-slope indicated specificity.

2.11.3 Limit of Detection (LOD) and Limit of Quantitation (LOQ)
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LOD represents the lowest concentration detectable but not necessarily quantifiable, while LOQ
represents the lowest concentration detectable and measurable. Formulas were utilized based on the standard
deviation of y-intercepts and the slope of the calibration curve.

LOD = (3.3 x 0)/S, LOQ = (10 x 0)/S

2.11.4 Precision
Precision was assessed at three standard solution levels (25, 50, and 75 pg/mL) by determining intra-

day and inter-day precision. Percent relative standard deviation (% RSD) was calculated to quantify precision.
% RSD = SD x 100/mean

2.11.5 Accuracy

Accuracy was evaluated using the spike method, where different standard levels (low, medium, and
high) were spiked into the sample. Recovery percentages were calculated based on adding standard piperine
to the known amount of black pepper fruit extract.

3. Results and Discussion

The anatomical structure in the transverse section of the Piper nigrum Linn fruit reveals several key
features. Anatomical characteristics include: a) Epidermis: Comprising an outer layer of polygonal cells with
a distinct cuticle containing dark brown to blackish contents. b) Parenchyma: Consisting of two layers of thin-
walled cells interspersed with considerably thickened isodiametric to radically elongated stone cells. c) Stone
cells are considerably thickened and vary in shape from isodiametric to radially elongated. d) Oil cells: Larger
oil cells with suberized walls are in a layer beneath the parenchyma cells. e) Starch grains: Certain starch grains
are scattered among the parenchyma cells. f) Pericarp: The mesocarp, a comparatively broad zone, comprises
most of the pericarp. The outer layers of cells are parenchymatous, and larger secretion sacs with suberized
walls and oil contents may be observed. g) Perisperm: The inner zone of perisperm cells is radial and contains
largely oleoresin starch and protein substances. The morphological characteristics observed in this study are
similar to those reported in a previous study conducted in India. The epicarp has polygonal cells with a cuticle
and dark contents, followed by 2-3 layers of parenchyma and thickened stone cells. The mesocarp is a broad
zone with parenchymatous cells containing starch grains, secretion sacs, oil/resin, and fibrovascular bundles.
The endocarp consists of stone cells with pronounced inner walls. The testa has compressed elongated cells
and a pigment layer with tannin [13].

Figure 2. Transverse section of the fruit of Piper nigrum Linn.

Table 2. The pharmacognostic parameters of black pepper fruit

Parameters Content (%w/w)
Loss on drying 746 +0.16
Total ash 429 +£0.12
Acid-insoluble ash 0.15+£0.03
Water extractive value 8.35+0.45
Ethanol extractive value 4.30+0.18

Volatile oil 1.60 + 0.00
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The pharmacognostic parameters of black pepper fruit were determined, including loss on drying,
total ash, acid-insoluble ash, water-soluble extractives, ethanol-soluble extractives, and volatile oil content.
The results are as follows: 7.46 + 0.16, 4.29 + 0.12, 0.15 + 0.03, 8.35 + 0.45, 4.30 + 0.18, and 1.60 + 0.00 %w/w,
respectively, as shown in Table 2.

A TLC fingerprint of the Piper nigrum Linn fruit was conducted using a TLC silica gel 60 GF254 plate
as the stationary phase. The development was performed in a saturated TLC chamber with a hexane and ethyl
acetate ratio of 1:1. The spots were observed using ultraviolet light under both short (254 nm) and long (366
nm). Subsequently, the plate was sprayed with anisaldehyde developing reagent and observed (Figure 3).
Thin-layer chromatography is a simple, rapid, and inexpensive method with promising potential for analyzing
and quantifying the constituents in herbal drugs [14].

a)

S P1P2 P3 P4 P5P6 P7 P8 P9 P10

d)

S P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 S P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Figure 3. TLC fingerprint of Piper nigrum Linn. Fruit a) detection under daylight, b) detection under UV 254
nm, c) detection under UV 366 nm, d) detection with anisaldehyde reagent, (S) piperine standard
and (P1-P10) extract of Piper nigrum Linn. Fruit

Table 3. HPLC validation of piperine content in black pepper fruit

Parameter Piperine in black pepper fruit
Calibration curve y = 137356x — 447800 (R? = 0.9991)
Range 10-100 pg/ml
Accuracy 95.85-101.85% recovery
Precision

Intra-day 0.01-0.12 % RSD

Inter-day 0.52-0.90 %RSD
LOD 0.01 pug/ml

LOQ 0.04 pg/ml
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The HPLC analysis utilized in this study for the quantitative determination of piperine was validated
in terms of linearity, LOD (limit of detection), LOQ (limit of quantification), accuracy, precision, and specificity.

The regression line of the method demonstrated linearity in the range of 10-100 pg/ml, with a
coefficient of determination (R?) of 0.9991. The recovery of spiked known concentrations of standard piperine
was assessed accurately. The percent recovery ranged from 95.85% to 101.85%, indicating the method's
accuracy with a percent recovery between 80% and 120%.

Repeatability (intra-day precision) and intermediate (inter-day precision) were less than 2%. The
precision of piperine quantitative analysis was determined by analyzing three concentrations on three
different days.

The LOD and LOQ of the method were calculated using the residual standard deviation of the
regression lines. The LOD was found to be 0.01 ug/ml, and the LOQ was 0.04 pug/ml (refer to Table 3).

The specificity of the method was validated through absorbance spectra within the range of 190-400
nm, comparing standard piperine with the extracts. The results revealed identical spectra obtained at the
peak's up-slope, apex, and down-slope, indicating the piperine's chromatographic peak purity. The maximum
absorption of piperine was observed at 342 nm, consistent with a previous study reporting an absorption peak
at 343 nm [15].

a) Yield (%) b)

Design-Expert® Software
Factor Coding: Actual

Design-Expert® Software 600
Factor Coding: Actual

Yield (%) Yield (%)

4928 [ 10.622 492¢ [ 10622 10
9
X1 = A Temp. P X1 = A Temp. 8
X2 = B: Time E X2 = B: Time - .
5 x s
[= =
& s 5
4
60.0 95.
450 575 70.0 825 95.0 B: Time (min) . . A:Temp. (©)
100 45.0
A: Temp. (C)
Design-Expert® Software Design-Expert® Software d)

Factor Coding: Actual Factor Coding: Actual

Piperine content (in raw material) (%)

1.62046 [ 362531

Piperine content (in raw material) (%)

1.62046 [N 3.62531

X1 = A Temp.
X2 = B: Time

X1 = A: Temp.
X2 = B: Time

B: Time (min)

Piperine content (in raw material) (%)

B: Time (min) - - A:Temp. (C)
100 450

A: Temp. (O)

Figure 4. Contour plots of the model conditions of the content of (a-b) % yield and (c-d) piperine content
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A two-factor spherical composite experimental design was conducted to estimate piperine content.
The response surface analysis revealed the complex relationship between the causal factors (Xn) and their
responses (Yn). Higher piperine content was observed at higher temperatures and longer extraction times. The
optimal conditions for achieving the highest piperine content were a temperature of 70°C and an extraction
time of 60 minutes. The result indicated that the extract's piperine content was 38.98+0.05% (as shown in Figure
4). Previous studies have suggested that piperine content's extraction yield was lower than ultrasound-assisted
extraction (37.0 mg/g) at 50°C for 30 minutes. Extraction yields of piperine obtained from Soxhlet extraction
and batch extraction methods were much lower than those obtained from ultrasound-assisted extraction.
Utilizing ultrasound-assisted extraction for natural phytochemicals can mitigate the issues of lower
extractability and longer extraction times associated with conventional methods [16].

4. Conclusion

The pharmacognostic properties identified in this study can contribute to the quality control of black
pepper fruit. Physicochemical parameters are crucial for herbal drug identification and quality control. The
findings of this study, including pharmacognostic specifications, quality control parameters, and prediction
of piperine content, can facilitate drug development.
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Abstract: Shrimp farming wastewater regularly contains significant quantities
of organic matter and inorganic nitrogen. Additionally, shrimp are extremely
toxic to inorganic nitrogen, such as nitrite and ammonia. Ammonia removal is
necessary for shrimp culture to improve water quality. Heterotrophic-nitrifying
bacteria, genus Bacillus, are a kind of bacteria that effectively eliminate ammonia
during the nitrification and aerobic denitrification processes. Bacillus
vietnamensis SF-1 demonstrated 69.44% ammonium removal efficiency in a high
ammonium medium. The nitrite production was 0.24 mg-N/L, and the nitrate
concentration was 0.14 mg-N/L. The suitable carbon source of B. vietnamensis SF-1
was sucrose, which had ammonium removal at 57.39%, while a suitable nitrogen
source was ammonium sulfate, which had ammonium removal at 46.15%. The
C/N ratio at 8 showed the highest ammonium removal of 71.15%. An optimal
salinity range for strain SF-1 growth was 2.0 to 4.0% NaCl (w/v). B. vietnamensis
SF-1 was added to synthesis wastewater for 14 days to improve wastewater. The
study found that the efficacy of ammonium removal of B. vietnamensis SF-1 was
94.77%. Nitrite and nitrate increased from 0.02-0.09 and 0.01-0.27 mg-N/L. The
result showed considerable potential for the salt-tolerant B. vietnamensis SF-1 to
improve water quality in coastal aquaculture.

Keywords: Heterotrophic nitrifying bacteria; ammonium removal; Bacillus vietnamensis
SF-1; C/N ratio

1. Introduction

The wastewaters include significant quantities of nitrogenous organic
compounds, including ammonia (NHzs), nitrite (NOz’), and nitrate (NOs), which
endanger the ecological balance and cause eutrophication in aquatic systems.
For this reason, removing nitrogenous wastewater is essential for maintaining
the aquaculture ecosystem [1]. Microbiological processing is one of the best
techniques for eliminating nitrogen from wastewater. In principle, aerobic
nitrification and anaerobic denitrification [2-4]. Microorganisms known as
autotrophic nitrifying and heterotrophic denitrifying perform nitrification and
denitrification, respectively, constituting traditional biological nitrogen removal
processes [5]. Furthermore, autotrophic nitrifying bacteria have an extended life
cycle and weak growth rates, which means that their biomass yields are sensitive
to pH, heavy metals, toxic substances, and high ammonia concentrations. These
factors make it difficult for traditional technology to use autotrophic nitrifying
technology [6-7]. For this reason, there are practical limits to the conventional
biological nitrogen removal approach.
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According to a previous investigation, the autotrophic problem was less effective in removing
ammonia than the heterotrophic nitrification process [8]. A new and efficient process for removing nitrogen
from wastewater has been made possible by the heterotrophic nitrification-aerobic denitrification bacteria.
These microorganisms have the potential for nitrification as well as denitrification at the same time [1, 9]. As
a result of the higher phylogenetic variety relative to their autotrophic different versions, heterotrophic
nitrifying bacteria are more adapted to their surroundings [10]. Investigation has demonstrated that Bacillus
species can manage nitrogenous waste in aquaculture. Nitrate levels in catfish pond water treated by B.
velezensis AP193 were found to have been reduced by 75% and total nitrogen levels by 43% in research
conducted [11]. Bacillus treatment has reported a similar observation about decreasing toxic inorganic nitrogen
compounds in synthetic water [12]. Both nitrite and nitrate have been found in relatively few concentrations.
For example, Bacillus treatment resulted in increased nitrite and nitrate. Bacillus has reportedly been shown to
improve the toxicity of ammonia. Specifically, studies on aquaculture have discovered that B. subtilis, B.
megaterium, and B. amyloliquefaciens decreased ammonia levels [12-18]. Bacillus spp. is widely used in
aquaculture. They have been developed to treat diseases, boost immune systems, improve growth rates, and
improve water quality [11, 19-23]. Although coastal aquaculture is a significant sector, most of the current
research on the microorganisms that contribute to heterotrophic nitrification and aerobic denitrification has
been focused on freshwater sewage. There are few studies on the biological treatment of wastewater with high
salinity. Therefore, if we can find a salt-tolerant heterotrophic nitrifier that can eliminate salty wastewater. It
will increase the aquacultural efficiency and reduce the cost of coastal aquaculture.

This study aims to determine the optimization of carbon sources, nitrogen sources, and C/N ratio of
salt-tolerant B. vietnamensis SF-1. Additionally, it will measure the efficiency of nitrogen removal in synthetic sewage.

2. Materials and Methods
2.1 Stock of heterotrophic nitrifying bacteria strain SF-1

The heterotrophic nitrifying bacterium, Bacillus strain SF-1, was obtained from the bottom sediment
in the seabass cage in Songkhla Lake, Thailand, and was identified as B. vietnamensis SF-1 [24]. Bacterial cells
were stored in a 25% glycerol at —20 °C, inoculated with a modified Pep-Beef-AOB medium, and incubated at
28 °C at 170 rpm for three days [25-27].

2.2 Ammonium removal efficiency of B. vietnamensis SF-1 in high ammonium level

A high ammonium medium was used to examine the efficiency of ammonium removal; 1.5 ml of B.
vietnamensis SF-1 was inoculated in a flask containing 150 ml of medium. Then the flasks were shaked at 170
rpm at 28 °C. After 5 days of culturing, the supernatant was separated and collected by centrifugation at 3,500
rpm for 40 minutes [25, 26]. The concentrations of ammonium (NH4*), nitrite (NO2"), and nitrate (NOs-) were
measured [28].

2.3 Optimization of carbon source, nitrogen source, C/N ratio, and salt-requirement

2.3.1 Carbon source

Five different carbon sources (glucose (CsHi20¢), sucrose (Ci12H2011), sodium acetate (CHsCOONa),
sodium citrate (CsHsNasOr) and sodium succinate (CsHiNa204)) were each added to the high-ammonium
medium used for cultivating the isolate [5, 27]. The starting concentration of ammonia was around 790-880
mg-N/L, and ammonium sulfate was fixed as a nitrogen source. The 1.5 ml of B. vietnamensis SF-1 from the
enrichment culture was inoculated into a 150 mL medium. The cultures were shaken in an incubator at 170
rpm, 28°C for 5 days. [27] To remove the bacterial cells, the suspension of cultures was centrifuged at 3,500
rpm for 40 minutes at the end of cultivation. Following standard methods, the concentrations of ammonium
(NH4*), nitrite (NOxz), and nitrate (NOs") in the supernatant were determined [28]. When a result was obtained,
the carbon source with the highest effectiveness was suggested to study further.
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2.3.2 Nitrogen source

Ammonium sulfate ((NH4)2504) and ammonium chloride (NH4Cl) were used as different sources of
nitrogen. The initial ammonium concentration had been set to 800-820 mg-N/L, supplementing a suitable
carbon source. The cultural conditions were followed as mentioned above. The supernatant was harvested
and measured after 5 days of incubation. The optimum nitrogen source was recognized when the medium
had the highest nitrogen removal efficiency [27, 28].

2.3.3 C/N ratio

The C/N ratio was studied using the optimal of carbon and nitrogen sources. By adjusting the
ammonium concentration to around 820 to 840 mg-N/L. The level of C/N ratio was adjusted to 0, 2, 4, 8, and
16. The cultural condition, supernatant collection, and nitrogen removal determination were done above [27, 28].

2.3.4 Optimization of the salt requirement of B. vietnamensis SF-1

1% (v/v) of seed solution, B. vietnamensis SF-1 from the enrichment culture, was inoculated in modified
Pep-Beef-AOB medium, which had 9 levels of NaCl concentrations as 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0%
(w/v) for study. Then incubated at 28°C, 170 rpm for 24 hours. A spectrophotometer was also used to measure
the cell density at a wavelength of 600 nm using the supernatant after 24 hours of cultivation [27, 29].

2.4 The effectiveness of B. vietnamiensis SF-1 for nitrogen removal in the sterilizing of synthetic wastewater

Synthetic wastewater (a single usage), using 0.5% w/v shrimp feed for three days during fermentation,
boosted the ammonium level in the salty wastewater. The synthetic wastewater was autoclaved at 121°C for
15 minutes after left for five days. Four liters of high synthetic wastewater were inoculated with 1% (v/v) of B.
vietnamensis SF-1 cell suspension, and a control group received no bacterial inoculation. The experiment was
extended to 14 days at room temperature, keeping aeration given during that period. Wastewater of 200 ml
was kept every 7 days, ammonium, nitrite, and nitrate concentrations were analyzed [24, 25, 28].

2.5 Analytical methods

The concentration of ammonia and nitrite was analyzed using the colorimetric method. The nitrate
concentration was determined by cadmium reduction column (ion chromatography) [28].

2.6 Statistical methods

The variance analysis (ANOVA) will be applied to water, ammonia, nitrite, and nitrate parameters.
Duncan's new multiple range test (DMRT) method at 95% significance (P < 0.05) was used to analyze the
difference in treatment using the R program.

3.Results and Discussion

3.1 Morphology of heterotrophic nitrifying bacterium B. vietnamensis SF-1

After re-streaking on modified Pep-Beef-AOB medium, B. vietnamensis SF-1 was obtained. The color
of the colony on the solid medium was yellow-orange. B. vietnamensis SF-1 was rod-shaped, Gram-positive,
and produced an endospore (Figure 1).
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Figure 1. Cell morphology of B. vietnamensis SE-1.

3.2 Ammonium removal efficiency in high ammonium condition

The investigation of the nitrogen removal efficiency included ammonia, nitrite, and nitrate
concentrations. According to the results, B. vietnamensis SF-1 demonstrated an ammonium removal efficiency
of 69.44%, reducing the concentration from 825.16 + 11.22 mg-N/L to 252.17 + 8.00 mg-N/L. B. vietnamensis SF-1
can produce a nitrite concentration of 0.24 + 0.01 mg-N/L and a nitrate concentration of 0.14 + 0.03 mg-N/L
(Figure 2). The result, which was consistent with additional previous studies, indicated that B. subtilis A1 had
high ammonium removal abilities [30]. Furthermore, the study of Xioa et al. [31] shows that B. subtilis AYC's
had effective nitrogen removal at an initial ammonium concentration of 10 mg-N/L. The ammonium
concentration dropped rapidly after 10 minutes and steadily decreased after 30 minutes. The lowest
ammonium removal efficiency was 43% at a high ammonium concentration of 2,000 mg-N/L. In another study,
Alcaligenes faecalis no. 4 showed excellent ammonium removal efficiency at heavy ammonium concentrations
(1,050 mg-N/L in 68 hours) [32].

3.3 Optimization of carbon source, nitrogen source, C/N ratio, and salt requirement

3.3.1 Optimal carbon and nitrogen sources

An essential component of heterotrophic nitrification capacity was thought to be the carbon supply.
During the study, sucrose was used to determine the optimal carbon source for ammonium removal,
exhibiting a statistically significant difference from the other four carbon sources (p<0.05). Ammonium
removal was 57.39% (Figure 3). At the same time, other carbon sources, sodium citrate, sodium succinate,
glucose, and sodium acetate, provided ammonium elimination of 52.99%, 47.32%, 42.60%, and 36.47%,
respectively. The study was related to the efficiency of B. oceanisediminis Ba9 to remove ammonia when sucrose
is the carbon source [27], and the red yeast, Sporidiobolus pararoseus Y1, demonstrated an ammonium removal
rate of 62.08%, which has sucrose as a carbon source. Additionally, B. subtilis A1 was provided as acetate,
glucose, citrate, and succinate as carbon sources; the percentages of ammonium removed were up to 50 percent
within 60 hours (60.3 + 1.2%, 60.8 + 2.4%, 59.7 + 1.0%, and 59.8 + 2.3%, respectively) [30]. The various carbon
sources have demonstrated the effectiveness of heterotrophic bacteria in eliminating ammonia well. According
to the study, different carbon sources have the potential to be used by heterotrophic nitrifying bacteria, which
might have an impact on the amount that nitrogen decreases throughout the nitrification process [30, 33, 34].
The other research results demonstrated that glucose and sodium succinate could effectively support the
development of B. methylotrophicus L7, demonstrating effective nitrification capabilities. There was a 48.00%
and 38.40% decrease in total ammonium, respectively [35]. Additionally, using citrate, glucose, and L-malate
as the carbon source for 24 hours raised the ammonium removal efficiency of Alcaligenes faecalis strain NR to
98.9%, 94.9%, and 94.7%, respectively [34]. When succinate was used as a carbon source, Acinetobacter junii YB
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can remove ammonium entirely in 25 hours [36]. Consequently, sucrose was utilized in additional research as
a suitable carbon source for B. vietnamensis SF-1.
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Figure 2. Nitrogen removal efficiency of B. vietnamensis SF-1; a) Ammonium removal efficiency, b) Nitrite
concentration (mg-N/L).

Ammonium sulfate was the most effective nitrogen source for B. vietnamensis SF-1 in the nitrogen
source. This bacterial strain can remove ammonia for 46.15% (Figure 4). This investigation's results aligned
with our previous study regarding B. oceanisediminis Ba9, which utilized sucrose and ammonium sulfate as
carbon and nitrogen sources, respectively, with an ammonium reduction efficiency of 50.53% [27]. Yang et al.
[30] reported the effect of ammonium sulfate as a nitrogen source and 4 different carbon sources (glucose,
acetate, sodium acetate, and succinate) on the ability of B. subtilis Al to remove ammonia. The study results
showed that carbon sources did not affect the ammonia elimination efficiency of B. subtilis Al. Considering
different nitrogen sources, Lu et al. [33] studied the ammonium removal of the bacterium Alcaligenes strain
W14. According to the data, ammonium sulfate was very effective at reducing ammonium. Alcaligenes strain
W1 consequently selected sodium citrate and ammonium sulfates as optimal carbon and nitrogen sources.
Also, with other research, ammonium sulfate was optimal for B. tropicalis L2, which has ammonium removed
within 24 hours to 95.08%, and the maximum ammonium removal of 98.37% was observed at 36 hours [37].
Consequently, the report agreed with this study that B. vietnamensis SF-1 preferred sucrose as a carbon source
and ammonium sulfate as a nitrogen source.
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3.3.2 The optimal C/N ratio

The optimal C/N ratio is a significant regulator that has a major impact on the capability of
heterotrophic nitrification-aerobic denitrification bacteria [38, 39]. Sucrose and ammonium sulfate were used
as carbon and nitrogen sources for B. vietnamensis SF-1. The C/N ratio optimum of SF-1 was found to be 8,
which can eliminate ammonia for 71.15%, subsequent by 4, 2, 16, and 0, which had ammonium removal of
65.93%, 62.09, 57.14, and 44.41%, respectively. Meanwhile, C/N ratio 4 has the highest production of nitrite
and nitrate concentration (Figure 5). The C/N ratio at 0 showed the lowest ammonium removal. This result
indicated carbon is important for heterotrophic nitrifying bacteria. The study has been related to the result
that C/N at 9 was the most effective nitrogen removal condition for B. tropicalis L2 [37]. At a C/N ratio 5, A.
faecalis NR demonstrated ammonium decreasing at 19.2 mg/L in 48 hours [34]. Acinetobacter junii YB showed
a similar result, with ammonium being used at a C/N ratio of 5 [36], whereas A. faecalis no. 4 removed ammonia
with good efficiency when the C/N ratio was 10 [32]. Furthermore, it became obvious that C/N ratios reached
up to 10. The heterotrophic nitrifier needs carbon for development, comparable to biofloc production [40].
Furthermore, Xiao et al. [31] suggested that the most appropriate C/N ratio at 10 had the highest e ammonium
removal efficiency by B. subtillis AYC. Another study revealed the mixer of Pseudomonas geniculata ATCC 19374
and B. cereus EC3 could remove ammonia of 99.84% at a C/N ratio of 12, which was higher than the C/N ratio
8 (92.8%) [41]. Research demonstrated effective nitrogen removal efficiency at a low C/N ratio, which is
optimal for practical applications [42].
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Figure 5. Optimal C/N of B. vietnamensis SF-1; a) Ammonium removal efficiency, b) Nitrite production.

3.3.3 Salt Requirement of B. vietnamensis SF-1

Salinity showed a major factor impacting nitrification; even strains grown in marine environments
were inhibited by high salinity [43]. The optimum salinity test for B. vietnamensis SF-1 was studied at 9 different
salinity levels from 0 to 4.0% NaCl (w/v). It demonstrated that B. vietnamensis SE-1 can grow at the salinity range
from 2 to 4.0% NaCl (w/v) (Figure 6). According to Noguchi et al. [44], halotolerant B. vietnamensis 15-1 can
reproduce in 15% NaCl, with 1% NaCl providing the best conditions for growth and development. B.
methylotrophicus L7 could have been characterized as a halotolerant bacterium since it eliminated more than
58.70% of ammonium from 0-30% NaCl [35]. B. oceanisediminis is capable of developing at concentrations of
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salt between 0 and 13% NaCl (w/v), the optimal conditions being 0.5% NaCl (w/v) [45], B. oceanisediminis Ba9
grows thoroughly at 1.5-4.0% NaCl (w/v) (optimum 1.5-2.0% NaCl (w/v)) [27], while other reports suggested
that B. maritimus may tolerate situation as high as 7% NaCl (w/v) (optimum at 5%), B. aerius NY6 can grow at
up to 6% (optimum at 2%) [46, 47]. This salt-resistant property can effectively treat low-salinity and high-
salinity aquaculture wastewater.

1.2

1

Abs 600 nm
(]
(@)

0 5 10 15 20 25 30 35 40
Salinity (ppt)

Figure 6. Growth profile of B. vietnamensis SF-1 at different salinity levels.

3.4 The efficiency of B. vietnamensis SF-1 for synthetic sewage treatment

The efficacy of ammonium removal in sterilizing sewage demonstrated that removing ammonia by B.
vietnamensis SF-1 had a high ammonium removal efficiency (94.77%). Nitrite productivity dropped slightly
from day 0 to day 7 (0.02-0.01 mg-N/L) and rose significantly from the 7 to 14 experiment date. From 0 to 14,
the efficiency of nitrate production tends to increase with a quantity of 0.01-0.27 mg-N/L (Figure 8). The
initially determined concentration of ammonium in the experiment to remove ammonium from shrimp
aquaculture wastewater was around 191.38 mg-N/L, which was one-quarter of the initial concentration of
ammonium in the flask-scale experiment (825 mg/L). According to Guo et al. [48], the initial ammonium
demand significantly impacted the performance of heterotrophic bacteria in ammonium removal. For treating
B. oceanisediminis Ba9 can remove ammonia for 96.87% (from 191.38 + 0.02 mg-N/L to 5.99 + 1.12 mg-N/L) and
produce nitrite from 0.02 to 0.14 mg-N/L [27] when B. methytotrophicus L7 can decreased ammonia from 146.71
mg-N/L to 38.29 mg-N/L (41.02%) for 9 days [35]. B. vietnamensis SF-1, a heterotrophic nitrifier, showed higher
ammonium removal efficiency at high ammonium concentrations than autotrophic nitrifying bacteria, as
demonstrated by the nitrogen removal result [49].

The present investigation observed variances in nitrite and nitrate levels among treatment groups,
which might indicate variation in the nitrification process. During the 14-day experiment, nitrite levels
continuously got up and dropped, whereas the nitrate concentration progressively increased, corresponding
to a decrease in ammonia levels. B. vietnamensis SF-1 efficiently converted ammonia to nitrite and continually
nitrite to nitrate. In general terms, ammonium content can potentially be effectively oxidized by nitrification
processes promoted by AOB (Ammonia-Oxidizing Bacteria), such as Nitrosomonas and Nitrosospira. AOB
showed extraordinary ammonia oxidation potential. At the same time, the conversion of nitrite to nitrate is
facilitated by nitrite-oxidizing bacteria (NOB). The NOB comprises Nitrobacter winogradskyi, N. agilis, Nitrospira
gracilis, and Nitrococcus mobilis, all of which are members of this group. However, because the initial
concentration of ammonia in this experiment was higher than the standard limit, the nitrification process that
converts ammonia to nitrite could not have been completed [50, 51]. Kim et al. [52] found that combining B.
subtilis PK8 and B. cereus PKS5 led to 72% ammonium removal (initial ammonium 50.0 + 1.5 mg-N/L). Bacillus
sp. N31 can decrease ammonium, nitrite, and nitrate by 86.3, 89.3, and 89.4%, respectively (initial ammonium
250 mg-N/L) [38]. The nitrogen removal process can demonstrate that B. vietnamensis SF-1 belongs to the
heterotrophic nitrifier.
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Figure 7. The efficiency of B. vietnamensis SF-1 removal in synthetic wastewater.

4. Conclusions

This study summarizes that B. vietnamensis SF-1 is an extraordinarily salt-tolerant heterotrophic
nitrifying bacterium. It effectively reduces ammonia when sucrose is used as a carbon source and ammonium
sulfate is used as a nitrogen source. Optimal C/N ratio of B. vietnamensis SF-1 is 8. B. vietnamensis SF-1 can grow
over a wide salinity range. This study demonstrated by nitrogen removal efficiency studies that B. vietnamensis
SF-1 was effective at oxidizing ammonium to nitrite and nitrate. As a result, there may be enormous prospects
for expansion in sectors such as marine shrimp farming and saline wastewater treatment. In the future, B.
vietnamensis SF-1 may be employed to sustain water quality for cultivating brackish and marine shrimp
aquaculture. Controlling water quality by B. vietnamensis SF-1 will help reduce the cost of marine shrimp aquaculture.
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1. Introduction

Thailand boasts aquatic food processing industries across all regions, a
vital component of the country's economic framework. However, this industry
generates significant waste during production, contributing to growing
environmental concerns regarding non-biodegradable waste accumulation.
Addressing this issue has spurred research efforts to repurpose these wastes into
valuable products, presenting an alternative means of deriving value from food
processing byproducts [1]. In parallel, there has been a shift in the consciousness
of both citizens and aquaculture operators towards nature conservation and
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environmental preservation. This shift has led to innovative approaches in agriculture, replacing harmful
chemicals with natural alternatives, such as chitin and chitosan, which can be extracted from waste materials
such as crab, mussels, and shrimp shells [2].

Chitin, abundant in nature, is the second most common biopolymer after cellulose, with an estimated
annual production of 10'%-10'2 tons [3]. Structurally, chitin is similar to cellulose, with an acetamide group (-
NHCOCH:3) at the C-2 position. Chitosan, derived from chitin through deacetylation, is a linear, polycationic
heteropolysaccharide composed of -1,4-2-deoxy-2-amino-D-glucopyranose and $-1,4-2-deoxy-2-acetamido-
D-glucopyranose glycosidic linkages [4]. Chitin and chitosan possess unique physical, chemical, and biological
properties, making them valuable in various applications, including immunostimulation, antimicrobial
properties, and metal ion absorption in water treatment [5,6]. Chitosan is versatile and can undergo chemical
modifications [7], finding application in pharmaceuticals, textiles, agriculture, cosmetics, food, and water
treatment [8-14].

The widespread use of plastics in the food industry, including films, bags, and trays, has raised
concerns about their detrimental effects on human health and the environment. Plastics are non-renewable
and non-biodegradable, contributing to soil, water, and air pollution. Additionally, they release harmful gases
when burned, leading to various health issues. The increasing demand for plastics, particularly in food packaging,
exacerbates these problems [15]. To address these issues, there is a growing need for environmentally friendly
alternatives, such as naturally degradable films and coatings derived from renewable sources like polysaccharides [16].

Chitosan's versatile applications extend to food preservation, which can be used as a coating for food
items, vegetables, and fruits to prolong their freshness [17]. Additionally, research suggests that chitosan holds
promise as a food packaging agent, primarily in the form of edible films derived from agricultural waste
materials [18-21]. Chitosan's appeal stems from its renewable source and its environmental advantages,
aligning with sustainability goals [22]. Recent research has focused on developing biodegradable films based
on chitosan. Baji¢ et al. compared films with natural plant extracts like oak, hop, and brown algae, noting
variations in moisture content, tensile strength, antibacterial activity, and optical properties [23]. Wronska et
al. explored chitosan-based films as alternatives to plastic packaging [24]. Nguyen and coworkers investigated
edible films with extracts like Piper Betle L. and Sonneratia ovata, examining their effects on film color, surface
morphology, and food preservation properties [25]. De Carli et al. enhanced chitosan films with propolis
extract for improved antioxidant and antimicrobial activities [26]. In addition, Kamdem and coworkers created
composite films with xylan and carvacrol, focusing on mechanical properties and thermogravimetric behavior
[27]. Zehra et al. optimized films using response surface methodology, adjusting chitosan, glycerol, and drying
temperatures [28]. Bhargavi and coworkers compared films with natural extracts, assessing their structural,
physicochemical, and antibacterial properties [29]. These studies highlight the importance of chitosan in
developing biodegradable films. Furthermore, investigations into chitosan's use as a coating for paper products
have shown promise. This is because chitosan uniquely forms robust films and fibers with low oxygen gas
permeability. When applied to paper, chitosan enhances mechanical properties and tear strength and renders
the paper more opaque. However, it is important to note that chitosan does not effectively block water vapor [30].

Driven by this interest, the researcher has embarked on a project to explore and advance the creation
of compostable packaging materials using waste derived from aquatic animal processing. This endeavor
encompasses not only the development of packaging materials but also the establishment of preservation
techniques. Central to this effort is the extraction of chitosan, a vital component found in mussel and white
shrimp shells, employing chemical methods that yield the highest quantity and quality of chitosan, adhering
to the standards used in Thailand's food production industry. The overarching goal is to produce high-quality
packaging materials serving various stakeholders, including entrepreneurs, farmers, and the general public.
By disseminating academic knowledge about chitin and chitosan extraction methods and using these extracts
in packaging materials, the project aims to facilitate the creation of sustainable livelihoods for farmers.
Additionally, it seeks to add value to the waste generated by the fisheries food processing sector and, in doing
so, contribute to mitigating future environmental challenges associated with these industries. As such, this
study aims to repurpose waste from Thailand's aquatic food processing industry, specifically mussel and
shrimp shells, by extracting chitosan to create compostable packaging materials and preservation techniques.
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The characterization of the extracted chitosan, the optimization of chitosan films, and their application as
paper coatings were investigated.

2. Materials and Methods

2.1 Preparation of mussel and shrimp chitosan

Figure 1 illustrates the step-by-step process for preparing mussel chitosan and shrimp chitosan. First,
mussel shells and shrimp shells were collected and cleaned. This involved separating the meat and fat from
the shells and thoroughly washing the shells with clean water. Subsequently, the cleaned shells were left to
dry in the sun until completely moisture-free. Once dry, the shells underwent further treatment. Initially, they
were treated with 4% HCI at room temperature for four days to demineralize them. After this treatment, the
demineralized shells were filtered, and any remaining impurities were washed away using distilled water. To
remove protein from the sample, 4% NaOH was added to the dried demineralized shells at room temperature
for four days. The resulting mixture was filtered to separate insoluble solids and washed with distilled water.
The deproteinized shells were then immersed in 95% alcohol (1 g: 20 ml ratio) with continuous stirring for five
minutes, followed by a thorough rinse with distilled water. They were subsequently dried in an oven at 80 °C.
The deacetylation of chitin was accomplished by reacting the dried chitin with 40% NaOH, with the reaction
mixture heated to 140 °C and stirred for 15 minutes. The alkali was drained, and the remaining material was
washed repeatedly with distilled water until it reached a neutral pH of 7. Finally, the chitosan was dried in an
oven at 100 °C for one hour. The chitosan was then ground into a fine, homogenized powder with a particle
size of 4 mesh. The percentage yield of mussel chitosan and shrimp chitosan was determined as follows:

hit eld (%) = weight of extracted chitosan 100
chitosan yield (%) = weight of starting shells X

I Demineralization
or S e 3
LT/ HCl
Mussel shell Shrimp shell
Deproteinization NaOH
o R

on, J\ na, | mw,  Deacetylation Decolorization
Mussel chitosan NaOH 95% ethanol

or
Shrimp chitosan

Figure 1. Extraction of chitosan from mussel and shrimp shells wastes.

2.2 Characterization of extracted chitosan
221 Color

The color of the chitosan samples was assessed using a HunterLab Colorimeter. One gram of each
sample was placed on a plate. The Colorimeter measured the color value of the chitosan sample, which was
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then compared to a standard reference value to determine the color difference in terms of lightness (AL¥),
redness (Aa*), and yellowness (Ab*). The total color difference (AE) was calculated as follows:

AE = (AL*2 + Aa*2 + Ab*2)05
222pH

The chitosan powder was dissolved in distilled water at a concentration of 1% (w/v). The mixture was
stirred for 30 minutes, and the pH was measured using a pH meter.

2.2.3 Moisture, ash and nitrogen content
These properties were assessed using the A.O.A.C. 2000 method [31].

For moisture content analysis, the empty dish and lid were dried in the oven at 105 °C for 3 hours and
then transferred to a desiccator to cool. The empty dish and lid were weighed. Approximately 3 g of the sample
were weighed and placed in the dish, ensuring uniform spread. The dish with the sample was placed in the
oven and dried for 3 hours at 105 °C. After drying, the dish with the partially covered lid was transferred to
the desiccator to cool. The dish and its dried sample were then reweighed. The moisture content was calculated
as follows:

weight of the sample before drying - the weight of the sample after drying « 100

Moisture content (%) = weight of the sample before drying

For ash content analysis, the crucible and lid were placed in the furnace at 550 °C overnight to burn
off any surface impurities. The crucible was then cooled in a desiccator for 30 minutes. The crucible and lid
were weighed to three decimal places. Approximately 5 g of the sample was placed in the crucible, then heated
over a low Bunsen flame with the lid half-covered. Once fumes were no longer produced, the crucible and lid
were placed in the furnace and heated at 550 °C overnight without covering the lid during heating. After
heating, the lid was placed on the crucible to prevent loss of fluffy ash. The crucible was cooled in the
desiccator. The ash, crucible, and lid were weighed once the sample turned gray. If the sample had not turned
gray, the crucible and lid were returned to the furnace for further ashing. The ash content was calculated as follows:

weight of ash

Ash content (%) = 100

weight of sample x

For nitrogen content analysis, approximately 1 g of the sample was weighed in a digestion flask, with
distilled water used as a blank. Five grams of Kjeldahl catalyst and 20 milliliters of concentrated H250: were
added. The flasks were placed in an inclined position and heated gently until frothing ceased, then boiled
briskly until the solution cleared. After cooling, 50 ml of distilled water was cautiously added. The flask was
immediately connected to a digestion bulb on the condenser, with the tip immersed in 40 ml of 4% w/v boric
acid solution and mixed indicator solution in the receiver. The flask was rotated to mix the contents
thoroughly, then heated while 40% w/v NaOH was added dropwise until all NHs had distilled. The receiver
was removed, the condenser tip was washed, and the distillate was titrated with standard 0.02 N HCI solution.
The nitrogen content was calculated as follows:

(volume of HClgample titration - volume of HClpjank titration) X N of HCI x 1.4

Nitrogen content (%) = weight of sample x 100

2.3 Preparation of chitosan film

Films were prepared using previous methods with modifications [32,33]. To prepare the cassava
starch solution, cassava starch was dissolved in distilled water to achieve a concentration of 5% (w/v). The
mixture was heated to a temperature range of 70-80 °C while stirring with an electromagnetic stirrer until a
clear gel formed. The solution was then allowed to cool to room temperature. Chitosan solutions at
concentrations of 1%, 2%, 3%, 4%, and 5% (w/v) were prepared by dissolving chitosan in a 1% (v/v) acetic acid
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solution. This solution was stirred and heated to 70-80 °C until the chitosan was dissolved entirely. The
solution was then filtered and collected using a vacuum filter set and allowed to cool to room temperature.
Six methods were followed to create bioplastic films from cassava starch mixed with chitosan, with three
repetitions each.

Method 1: cassava starch film without chitosan (1:0 ratio)

Method 2: cassava starch film mixed with chitosan at a ratio of 1:0.2
Method 3: cassava starch film mixed with chitosan at a ratio of 1:0.4
Method 4: cassava starch film mixed with chitosan at a ratio of 1:0.6
Method 5: cassava starch film mixed with chitosan at a ratio of 1:0.8
Method 6: cassava starch film mixed with chitosan at a 1:1 ratio

For each method, 100 ml of the 5% concentrated cassava starch solution was mixed with 100 ml of the
corresponding concentrated chitosan solution. Glycerol was added at 40% by weight of solids [32] to enhance
film flexibility. The solution was thoroughly stirred with a magnetic stirrer to avoid creating air bubbles. The
mixture was then poured onto a tray to form a film and allowed to dry at room temperature. Once dry, the
film was removed. The method that yielded the best results was selected to test the film's properties further.

2.4 Characterization of prepared chitosan film

2.4.1 Film thickness Following the ASTM D-645 and D-374 standards [34]. A film with a diameter of 9
cm was cut, and its thickness was measured with a micrometer at five different locations. The center and all
four corners of the film were measured, and the average film thickness was calculated.

2.4.2 Oxygen transmission Following the ASTMD 3985 — 8 standard [34]. A film was removed from
the desiccator and placed on the greased surface. The system was set to carrier purge mode to purge the air.
The flow rate was then reduced to the desired value. After flushing the system with nitrogen, the sensor was
inserted to divert the carrier gas, which had passed through both sides of the diffusion cell, into the sensor.
Oxygen was switched into the test-gas side of the diffusion cell, an action automated in newer systems. The
sensor output current gradually increased and stabilized at a constant value. The steady-state voltage value of
the oxygen transmission rate was recorded.

2.4.3 Tensile strength and elongation Following the ASTMD 882-91 standard [34]. A film measuring
6.5 x 2.4 cm with a depth of 1.2 cm was cut into dumbbell shapes. The tensile strength and elongation
percentage were measured using a Texture Analyzer model TA.XT. Plus, with the grip separation load
distance set to 27 mm. The tensile strength (TS) and elongation percentage (%E) were calculated.

2.5 Preparation of chitosan-coated paper

Straw paper was coated with chitosan solution derived from mussel shells and another from shrimp
shells, selected from the successful preparation of chitosan film. Ten milliliters of each solution were applied
onto a sheet of straw paper measuring 29.5 x 21.0 cm and allowed to dry at room temperature. This coating
process was repeated once more, and then the properties of the paper were tested.

2.6 Characterization of prepared chitosan-coated paper
2.6.1 Paper thickness Following the TAPPI T441-om97 standard [35].

2.6.2 Water adsorption Following the TAPPI T441 om-09 standard [36]. The water absorption capacity
of the paper sheet was measured using Cobb's test, according to the TAPPI T441 om-09 standard, with a Cobb
Sizing Tester (Kumagai Riki Kogyo Co. Ltd, Japan). The water absorption value was calculated as follows:

Water absorption = (weight of the paper after testing- weight of the paper before testing) x 100

2.7 Statistical analysis

Each measurement was conducted three times for accuracy. The data were presented as the mean +
standard deviation (SD) and analyzed using SPSS with analysis of variance (ANOVA). Statistical significance
was determined at p < 0.05.
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3.Results and Discussion
3.1 Extraction of mussel chitosan and shrimp chitosan

Chitosan derived from mussel shells resulted in a significantly higher percentage yield by dry weight
than shrimp shells (p <0.05). Specifically, the percentage yields were 35% for mussel shells and 13.3% for white
shrimp shells (Table 1).

Table 1. Yield, pH, moisture, ash, and nitrogen content of the extracted chitosan from mussel and shrimp shell wastes.

Chitosan composition*
Source Yield P

pH Moisture content Ash content Nitrogen content
Mussel shells ~ 35.0 7.32+£0.06 0.38 £0.03 96.05 £ 0.01 6.40 £ 0.57
Shrimp shells  13.3 7.26 +0.07 4.07 £0.02 10.67 + 0.03 7.99+0.14

mean + standard deviation (SD) from three times measurement

3.2 Characterization of mussel chitosan and shrimp chitosan

Tables 1 and 2 present the properties of chitosan obtained from mussel and shrimp shells. During the
extraction process, it was observed that both chitosan samples from shrimp shells and mussel shells had a
white appearance. Chitosan obtained from mussel shells exhibited a higher AL* value than shrimp shells,
while the Aa* and Ab* values tended to decrease. This color change is attributed to removing pigments while
eliminating minerals and proteins from the shells. The Aa* and Ab* values may be influenced by carotenoids,
with more pigments likely extracted from shrimp shells. However, the AL* values for chitosan from shrimp
shells and mussel shells did not differ significantly (p < 0.05), likely due to the minimal remaining pigments,
resulting in a predominantly bright and white appearance.

Table 2. Color parameters of the extracted chitosan from mussel and shrimp shell wastes.

Color parameters*

Source

AL* Aa* Ab* AE
Mussel shells 80.04 + 0.64 1.07£0.05 7.06 £0.34 80.34 £ 0.67
Shrimp shells 76.43 £0.13 1.90 +0.03 16.15 + 0.08 78.14 +0.14

mean + standard deviation (SD) from four times measurement

The pH measurement of the obtained chitosan was crucial to confirm the thorough removal of the
solvent during the extraction process, ensuring the chitosan's neutrality. This step was essential to prevent
adverse effects on the chitosan's subsequent applications. The pH values for chitosan obtained from white
shrimp shells and mussel shells were found to be similar (p > 0.05), approximately 7.26 and 7.32, respectively,
closely aligning with the pH of the distilled water used in the experiment (7.21).

The moisture content test results indicated that chitosan from shrimp shells contained more moisture
than chitosan from mussel shells, with values of 4.07% and 0.38%, respectively. The ash content serves as an
indicator of efficiency in removing calcium carbonate. Chitosan obtained from mussel shells had a higher ash
content than that from shrimp shells, at 96.50% and 10.67%, respectively, possibly due to the presence of
various minerals initially contained in shrimp and mussel shells, which are lost during the mineral removal
process to produce chitosan.

Furthermore, the nitrogen content in chitosan obtained from white shrimp shells was higher than that
from mussel shells, with values of 7.99% and 6.40%, respectively. This difference may be attributed to the loss
of amine groups and potential contamination from other compounds like ash, which remains in the chitosan.
Additionally, the chitosan produced in this experiment exhibited solubility in various organic acids, such as
acetic acid and lactic acid. This suggests that removing the acetyl group enhances the presence of free amino
groups, increasing the chitosan's positive charge and solubility [37].

From FT-IR spectra of chitin from mussel shells, the presence of the carbonyl (C=O) functional group
in the amide molecule was detected at a wave number of 1655 cm!, along with the -N-H (bending) functional
group at a wavenumber of 1554 cml. Similarly, in the chitin portion derived from shells, the carbonyl
functional group (C=0) of the amide molecule was identified at a wavenumber of 1655 cm-!, while the -N-H
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(bending) functional group of the amide molecule was observed at a wavenumber of 1553 cm-!. Moving on to
the FT-IR spectra of chitosan from mussel shells, the amine molecule's functional group —-N-H (bending) was
detected at a wavenumber of 1589 cm. Likewise, in the chitosan section obtained from shrimp shells, the
amine molecule's functional group -N-H (bending) was also observed at a wavenumber of 1589 cm-'.

3.3 Characterization of chitosan film

Cassava starch results in a hard and brittle film that is unsuitable for direct production into packaging
material. To enhance the film's properties, making it stronger and more flexible, this experiment incorporated
chitosan at various ratios and used glycerol as an additive. Research suggests that chitosan aids in the
formation of cassava starch sheets and improves mechanical properties, particularly tensile strength [38].
Glycerol, on the other hand, enhances the film's flexibility and its resistance to water vapor permeability [39].
Glycerol is recognized as one of the most effective plasticizers for films. Compared to sorbitol and
polyethylene glycol, it was selected as the preferred option at a concentration of 40% by weight of the solid
material. This choice is based on reports indicating that glycerol contributes to superior film properties across
various aspects [32].

The optimal process for producing chitosan film was Method 4, which involves creating a film by
blending cassava starch and chitosan in a 1:0.6 ratio. The experimental findings revealed that this film could
be easily formed into sheets, exhibiting flexibility that facilitated its removal from the acrylic mold. The
resulting film was translucent, although it became slightly yellowish with higher chitosan content.
Subsequently, various properties of the chitosan film, such as thickness, oxygen gas permeability, tensile
strength, and elongation, were assessed, and the results are presented in Table 3.

Table 3. The thickness, oxygen transmission, tensile strength, and elongation of chitosan films from mussel
and shrimp shell wastes.

Chitosan film

Property No chitosan Mussel chitosan Shrimp chitosan
Thickness (mm) 0.28 + 0.05 0.28 +0.07 0.29 + 0.07
Oxygen transmission (cm3/m?/day) 1.35+0.05 2.56 £0.07 2.61£0.06
Tensile strength (kF/cm?) 55.56 £0.79 120.8 £0.71 122.2 £ 0.56
Elogation (%) 70.59 + 0.80 25.88 £ 0.93 23.71+0.99

Table 3 indicates that the films without chitosan and those with chitosan derived from shrimp and
mussel shells exhibit similar thicknesses: 0.282 mm, 0.288 mm, and 0.282 mm, respectively.

The oxygen transmission rate (OTR) assessment reveals that chitosan starch film exhibits excellent
resistance to oxygen permeability, as indicated by OTR values less than 50 cm3/m?/day, in line with previous
findings [40]. Specifically, the OTR values fall within the range of 2.56-2.61 cm?/m?/day due to the crystalline
structure of the powder and the cohesive forces held within the molecule through hydrogen bonds. This
structural arrangement results in limited gas permeability [41], increasing values as the chitosan content rises.
Significantly different values (p<0.05) were observed as follows: Films with a starch-to-chitosan ratio of 1:0
and 1:0.6 exhibited OTR values of 1.35, 2.61 (Shrimp chitosan), and 2.56 (mussel chitosan) cm?/m?/day,
respectively. This variation in OTR values can be attributed to the processing of chitosan-starch film, wherein
heat and humidity potentially reduce the crystallinity of both starch and chitosan, creating more space within
the molecules. Consequently, this allows for increased gas permeability.

Tensile Strength (TS) is significantly influenced by adding chitosan due to its capacity to enhance film
strength, consistent with prior research findings [39]. Consequently, films containing chitosan exhibit higher
tensile strength values. Specifically, films lacking chitosan had the lowest TS value of 55.56 kF/cm?2. In contrast,
cassava starch films with a starch-to-chitosan ratio of 1:0.6, derived from mussel shells and white shrimp shells,
demonstrated TS values of 120.8 kF/cm? (11.85 MPa) and 122.2 kF/cm? (11.98), respectively. These values are
comparable to the TS of blended chitosan film with tapioca starch (10.87 MPa) reported by Chillo [39] and to
blended films with natural extracts (5.5-12.7 MPa) reported by Baji¢ [23] and Nguyen [25] (4.8-18.1 MPa).
Adding chitosan from both sources indicates a substantial increase in tensile strength.
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The film's percentage elongation (E) exhibited a consistent decrease with an increase in the chitosan
ratio. This phenomenon aligns with the behavior of tensile strength in the film; when a film possesses higher
tensile strength, it tends to have a lower percentage of elongation or stretching capability. Notably, the starch
film lacking chitosan displayed the highest E value at 70.59%. This difference was statistically significant
(p<0.05), likely because starch molecules could interact effectively with glycerol without interfering with
chitosan molecules. Glycerol contributed to improved film flexibility, enabling it to stretch well. Subsequently,
the film made from cassava starch mixed with chitosan at a ratio of 1:0.6, combining starch with chitosan from
mussel shells and chitosan from white shrimp, demonstrated E values of 25.88 and 23.71, respectively. These
values did not significantly differ (p<0.05). The reduced elongation percentage can be attributed to increased
interaction forces between starch and chitosan molecules, resulting in a stronger film with reduced
stretchability [39]. However, these results are consistent with the report on blended films with natural extracts,
which showed E values of 14-31%, as reported by Baji¢ [23] and 10-30% by Nguyen [25].

3.4 Characterization of chitosan-coated paper

After applying the chitosan solution from white shrimp shells and the chitosan solution from mussel
shells to the paper, the paper's thickness was measured at 0.44 mm and 0.46 mm, respectively. Regarding
water absorption, both exhibited similar values of 0.05 g/cm? and 0.04 g/cm?, respectively. These results
suggest no significant differences (p>0.05) in the properties of the two types of coated straw paper. This lack
of differentiation could be attributed to the consistent solution applied to both types, which may not have
significantly impacted the paper thickness, as depicted in Table 4.

Table 4. Physical properties of chitosan uncoated and coated papers.

Paper type
Property . . . .
Chitosan uncoated Mussel chitosan coated Shrimp chitosan coated
Thickness (mm) 0.21£0.03 0.46 £0.02 0.44 £0.03
Water adsorption (g/cm?) 0.03 £ 0.003 0.04 £ 0.006 0.05 £ 0.005

4. Conclusions

The research findings demonstrate the successful extraction of chitosan from mussel and shrimp
shells, yielding varying percentages. Characterization of the chitosan obtained from these sources has
confirmed its neutrality, rendering it suitable for various applications. Furthermore, the research has shed
light on the potential of chitosan-coated paper as a sustainable alternative to plastic packaging, boasting
similar thickness and water absorption properties. In conclusion, this research underscores the significance of
repurposing waste materials from aquatic food processing, such as shells, to harness the value of chitosan for
sustainable packaging solutions. It addresses pressing environmental concerns and plays a pivotal role in
fostering sustainable livelihoods and mitigating future challenges within the food processing industry,
making it a substantial contribution to the field.
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Abstract: This study investigated the valorization of agro-industrial solid
waste for biohythane production through a two-stage anaerobic digestion
process. Seventeen waste samples were characterized, revealing diverse
physico-chemical properties suitable for anaerobic digestion. The highest
biohythane yields were obtained from waste-activated sludge (WAS) from a
frozen convenience food wastewater treatment plant (895.63 mL/g VS), WAS
from a processed chicken wastewater treatment plant (835.73 mL/g VS), and
WAS from a municipal wastewater treatment plant (830.79 mL/g VS). Kinetic
analysis using the modified Gompertz model provided insights into the
biohythane production potential, with predicted yields ranging from 0 to
111.85 mL/g VS and production rates from 0 to 21.37 mL/d. The comparative
analysis highlighted the superior biohythane production potential of the
studied waste materials compared to other substrates, such as food waste
(180.5 mL/g VS) and sugarcane bagasse (165.2 mL/g VS). The highest hydrogen
and methane contents in the produced biohythane were 26.57% and 67.85%,
respectively. The techno-economic assessment of scaled-up biohythane
production demonstrated the economic feasibility, with a payback period of
2.05 years for a plant capacity of 100 ton waste/day, a biohythane yield of 500
m?3/ton waste, and a biohythane production of 50,000 m?/day. The capital cost
was estimated at 15 million USD, with an operating cost of 0.2 USD/m3
biohythane and a revenue of 0.6 USD/m? from biohythane sales. The results of
this study demonstrate the high potential of agro-industrial solid waste
valorization for biohythane production and its contribution to sustainable
waste management and renewable energy production.

Keywords: Agro-industrial solid waste; Biohythane; Waste valorization; Sustainable
energy; Circular economy

1. Introduction

The rapid growth of the global population, urbanization, and industrialization
has led to an increasing demand for energy and the generation of vast amounts
of waste. The world's energy consumption is expected to increase by nearly
50% between 2018 and 2050, with fossil fuels continuing to dominate the
energy mix [1]. However, the reliance on fossil fuels has resulted in numerous
environmental problems, such as greenhouse gas emissions, air pollution, and
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climate change [2]. Moreover, the improper management of waste, particularly in developing countries, has
caused severe environmental and public health issues, including water and soil contamination, air pollution,
and the spread of diseases [3]. In response to these challenges, there has been a growing interest in the
development of sustainable and renewable energy sources, as well as the implementation of effective waste
management strategies. Anaerobic digestion (AD) has emerged as a promising technology for valorizing
organic waste, as it can simultaneously address waste management and renewable energy production [4].
AD is a biological process in which microorganisms break down organic matter in the absence of oxygen,
producing biogas, which primarily consists of methane (CH4) and carbon dioxide (CO2) [5]. Agro-industrial
solid waste, generated from various agricultural and industrial activities, represents a significant portion of
the global waste stream. The world is estimated to generate approximately 1.3 billion tons of agro-industrial
solid waste annually, with a large portion disposed of in landfills or left to decay in the open environment
[6]. This waste, however, contains a substantial amount of organic matter and nutrients, making it a suitable
feedstock for AD [7].

Conventional AD processes produce methane-rich biogas, which can be used for heat and electricity
generation. However, recent advancements in AD technology have led to the developing of two-stage AD
systems, which produce biohythane, a mixture of hydrogen (Hz2) and methane [8]. A two-stage AD system
separates the process into two distinct stages: hydrogen and methane production. During the first stage,
hydrogen-producing bacteria, such as Clostridium and Enterobacter, convert the organic matter into
hydrogen and volatile fatty acids (VFAs). In the second stage, methanogens convert the VFAs and remaining
organic matter into methane [9]. The production of biohythane through two-stage AD offers several
advantages over conventional single-stage AD. First, biohythane has a higher energy content compared to
methane-rich biogas, as hydrogen has a higher calorific value (122 kJ/g) than methane (50 kJ/g) [10]. Second,
separating the hydrogen and methane production stages allows for optimizing process conditions, such as
pH and hydraulic retention time (HRT), for each stage, improving overall process efficiency [11]. Third,
hydrogen production in the first stage can enhance the biodegradability of the substrate, as it helps in the
hydrolysis of complex organic compounds, making them more accessible for methanogens in the second
stage [12]. Despite the promising potential of biohythane production from agro-industrial solid waste,
challenges still need to be addressed. One of the main challenges is the variability in the composition and
characteristics of the waste, which can affect the performance and stability of the AD process [4]. Another
challenge is the optimization of process parameters, such as substrate concentration, inoculum ratio, and
temperature, to maximize biohythane yield and quality [7]. Moreover, the scale-up and economic viability of
biohythane production systems needs to be evaluated to ensure their successful implementation in real-
world applications [8]. Several studies have investigated the potential of biohythane production from
various agro-industrial solid waste streams. For example,[4] studied the co-digestion of pig manure and rice
straw for biohythane production and achieved a maximum biohythane yield of 333.5 mL/g volatile solids
(VS) with a hydrogen content of 38.6%. [7] investigated the use of palm oil mill effluent (POME) and oil palm
empty fruit bunches (EFB) for biohythane production and obtained a maximum biohythane yield of 181.9
mL/g VS with a hydrogen content of 28.4%. [9] explored the potential of food waste for biohythane
production and reported a maximum biohythane yield of 254.7 mL/g VS with a hydrogen content of 35.6%.

Therefore, this study aims to investigate the valorization of agro-industrial solid waste streams,
including waste-activated sludge (WAS) from different wastewater treatment plants, expired seasoning
powder, and plant residues, for biohythane production through a two-stage AD process. The specific
objectives of this study are to characterize the physicochemical properties of the agro-industrial solid waste
samples and evaluate their suitability for biohythane production, to investigate the biohythane production
potential of the waste samples through a two-stage AD process, and determine the optimal process
parameters for maximum biohythane yield and quality, to perform a kinetic analysis of the biohythane production.
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2. Materials and Methods

2.1 Characterization of agro-industrial solid waste
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Figures 1. Variety of agro-industrial solid waste materials

Solid waste materials were sourced from various agro-industrial sectors, including waste-activated
sludge from sugar and starch products wastewater treatment plant, Purac (Thailand) Co., Ltd. (sample 1),
waste-activated sludge from tapioca starch wastewater treatment plant, Ingredion (Thailand) Co., Ltd.
(sample 2), waste activated sludge from frozen convenience food wastewater treatment plant, McKey Food
Services (Thailand) Ltd. (sample 3), waste activated sludge from soft drink wastewater treatment plant,
Suntory PepsiCo Beverage (Thailand) Co., Ltd. (sample 4), waste activated sludge from processed chicken
wastewater treatment plant, GFPT Nichirei (Thailand) Co., Ltd. (sample 5), expired seasoning powder,
Ajinomoto (Thailand) Co., Ltd. (sample 6), waste activated sludge from chemical product wastewater
treatment plant, TPT Petrochemicals Public Co., Ltd. (sample 7), waste activated sludge, from municipal
wastewater treatment plant, Pankornwattanakit Ltd., Part. (sample 8), waste-activated sludge from cleaning
solution product wastewater treatment plant, Colgate Palmolive (Thailand) Ltd. (sample 9), waste-activated
sludge from condiments processing wastewater treatment plant, Cofco Biochemical (Thailand) Co., Ltd.
(sample 10), waste-activated sludge from the chemical product from the wastewater treatment plant, BBGI
Biodiesel Co., Ltd. (sample 11), plans residue, McCormick (Thailand) Co., Ltd. (sample 12), waste activated
sludge from sugar and starch products wastewater treatment plant, Purac (Thailand) Co., Ltd. (sample 13),
waste activated sludge from feedstuff wastewater treatment plant, CPF (Thailand) Public Co., Ltd. (sample
14), waste activated sludge from processed chicken wastewater treatment plant, Sun Food International Co.,
Ltd. (sample 15), expired lime flavor seasoning powder, Ajinomoto (Thailand) Co., Ltd. (sample 16), waste
activated sludge from sugar and starch products wastewater treatment plant, Purac (Thailand) Co., Ltd.
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(sample 17). The visualization of solid waste is shown in Figure 1. All samples were collected from each
source using sterile containers and stored at 4°C until further analysis. The chemical and physical
composition of the waste materials was determined using standard methods. Total solids, volatile solids,
moisture, and ash content were determined according to [13]. Carbohydrate content, protein, total sugar, oil,
and grease were analyzed using standard methods for examining water and wastewater [13]. The cellulose,
hemicellulose, and lignin were analyzed following the protocol described by Van Soest et al. [14]. Volatile
fatty acids (VFAs) were analyzed using a gas chromatograph (GC).

2.2 Preparation of inoculum for hydrogen and methane production

Seed sludge for hydrogen and methane production was collected from a local anaerobic digester and
pretreated by the load-shock method to remove unwanted materials and enhance microbial activity [15].
Briefly, the sludge was mixed with a nutrient solution containing glucose (10 g/L), yeast extract (2 g/L), and
peptone (5 g/L) and incubated at 40°C for 24 hours to activate the hydrogen-producing bacteria. For methane
production, methane-producing microorganisms were obtained from the biogas production system and
mixed with POME as a substrate at a ratio of 4:1 (v/v). The mixture was adjusted to a pH range of 7-8 using
1M NaOH and 1M HCI. The alkalinity was maintained at 5 g/kg of CaCOs. The inoculum was incubated at
40°C for two weeks in a 1 L anaerobic reactor. Biogas production was monitored daily using a gas counter.

Biogas composition was analyzed weekly using gas chromatography with a thermal conductivity detector
(GC-TCD) (Gas Chromatography, CG-8A, Shimadzu). The inoculum was considered ready for use when it
achieved a stable biogas production rate and a microbial sludge concentration of at least 50 g/L [7]. The
microbial communities of inoculum, sampling each inoculum, were extracted for DNA using PowerSoil
DNA kit (MO BIO, Carlsbad, CA, USA) and were analyzed with 16s rRNA sequencing using MiSeq
technology in the V3-V4 regions of the bacterial and archaeal 16S rRNA gene fragments as described by [16].

2.3 Evaluation of hydrogen and methane production potential

The potential of various solid waste materials to produce hydrogen and methane was evaluated
using a two-step fermentation process. Each solid waste material was mixed with the hydrogen-producing
inoculum at a 4:1 VS basis ratio with a working volume of 200 mL in a 500 mL fermentation bottle. The
bottles were purged with N2:CO2 (80:20) to maintain the anaerobic condition and sealed with silicone and
aluminum caps using a hand crimper. The bottles were incubated at 40°C for 7 days, and the volume of
biogas produced was measured daily using the water displacement method [15]. After the hydrogen
fermentation step, the effluent from each bottle was mixed with the methane-producing inoculum at a 2:1 VS
basis ratio. The bottles were purged with N2:CO: (80:20), sealed, and incubated at 40°C for 45 days. Biogas
production was monitored daily, and biogas composition was analyzed weekly using GC-TCD. All
experiments were conducted in triplicate, and the results were expressed as mean+ standard deviation.

2.4 Analytical methods

The contents of cellulose, hemicellulose, and lignin in wastes were determined following the
protocol described by [14]. Alkalinity, chemical oxygen demand (COD), pH, total solids (TS), and volatile
solids (VS) were determined following the standard methods described by [13]. The volume of biogas
produced in the headspace of the fermentation bottles was measured daily using the water displacement
method. The volume of gas produced was equivalent to the amount of water displaced in the cylinder.
Continuous biogas volume was measured via a digester headspace connection to the gas counter using the
water displacement method [17]. Biogas composition was analyzed by gas chromatography (GC-8A
Shimadzu) equipped with Thermal Conductivity Detectors (GC-TCD) and fitted with a 2.0 m packed
column (Shin-Carbon ST 100/120 Restek). Argon was used as a carrier gas at a flow rate of 15 mL min-. The
injection port, oven, and detector temperatures were set at 120 °C, 50 °C, and 100 °C, respectively [18]. Gas
samples of 0.5 mL were injected in duplicate. The temperature of the injection port was 230 °C. The
chromatography program was as follows: 70 °C for 1 min, ramping from 70 to 180 °C at a rate of 20 °C min™"
and holding at 180 °C for 6 min. The detector temperature was 250 °C. Gas measurements were reported
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under STP conditions (standard temperature and pressure, 273 K, 1.01325 Pa). Volatile fatty acids (VFAs)
were analyzed using a Gas Chromatograph (GC) equipped with a Flame Ionization Detector (FID). The GC
system was an Agilent 7890A (Agilent Technologies, USA) fitted with a DB-FFAP capillary column (30 m x
0.25 mm ID x 0.25 pm film thickness; J&W Scientific, USA).

2.5 Kinetic model and determination of hydrolysis constant
The kinetics of biogas production were described using a first-order kinetic model, as reported in a
previous study. The first-order kinetic model is given by Equation 1
By,—B ,
In o —Kpt 1)

nn

Where K: is the constant biogas rate (d-!), B, is the final methane production value, B is the methane
produced at a given time, and t is the production time. To determine the hydrolysis constant (Kx), the
experimental data of cumulative methane production (B) at different time points (t) were fitted to Equation 1
using linear regression. The slope of the linear regression line represents the hydrolysis constant (Kn). The
lag phase before the start of methane production was determined using the modified Gompertz equation, as
described in a previous study. The modified Gompertz equation is given by Equation 2:

M=P-exp{—exp [R’;"’ A-t)+ 1] } )

Where M is the cumulative methane production, P is the methane production potential, Rmax is the
maximum methane production rate, A is the lag phase, t is the time, and e is the mathematical constant (exp
(1) =2.7183). The experimental data of cumulative methane production (M) at different time points (t) were
fitted to Equation 2 using non-linear regression analysis in SigmaPlot ® 11.0 software [19]. The model
parameters (P, Rmax, and A) were estimated by minimizing the sum of squared errors between the
experimental data and the model predictions. The goodness of fit of the first-order kinetic model and the
modified Gompertz model was evaluated using the coefficient of determination (R?) and the root mean
square error (RMSE). A p-value less than 0.05 was considered statistically significant. All statistical analyses
were done using SigmaPlot ® 11.0 software [19].

3. Results and Discussion

3.1 Composition and characteristics of agro-industrial solid waste

The composition and characteristics of the agro-industrial and agricultural solid waste samples
varied significantly, as shown in Table 1. The total solids (TS) content ranged from 10.04% to 95.81%, with
samples 6, 12, and 15 having the highest TS values of 95.81%, 93.23%, and 95.78%, respectively. The volatile
solids (VS) content also varied widely, from 7.94% to 83.97%, with samples 6, 12, and 15 exhibiting the
highest VS values of 58.15%, 76.65%, and 83.97%, respectively. The high TS and VS contents in these samples
indicate a higher organic matter content, which is advantageous for biogas production through anaerobic
digestion [20]. The moisture content of the samples ranged from 4.19% to 89.96%, with most samples having
moisture content above 70%. High moisture content is typical for agro-industrial and agricultural waste
materials, and it can affect the performance of anaerobic digestion processes [21]. The ash content varied
from 1.05% to 37.66%, with sample 6 having the highest ash content of 37.66%. High ash content can lead to
operational problems in anaerobic digesters, such as reduced practical volume and clogging [22]. The
carbohydrate content of the samples ranged from 0.05 g/L to 700 g/L, with samples 12 and 16 having the
highest values of 645 g/L and 700 g/L, respectively. Carbohydrates are essential for biogas production, as
they are readily biodegradable and can be converted into volatile fatty acids (VFAs) by acidogenic bacteria
[5]. The protein content also varied significantly, from 50.25 g/L to 398.69 g/L, with samples 6 and 12 having
the highest protein content of 330.69 g/L and 398.69 g/L, respectively. Proteins can contribute to biogas
production, but their degradation can also lead to the formation of ammonia, which can inhibit the anaerobic
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digestion process at high concentrations [23]. The VFA content of the samples ranged from 0.10 g/L to 18.70
g/L, with sample 15 having the highest VFA content of 18.70 g/L. VFAs are intermediate products in the
anaerobic digestion process and are essential for the stability and efficiency of the process [24]. The total
sugar content varied from 0.36 g/L to 481.73 g/L, with sample 16 having the highest total sugar content of
481.73 g/L. Sugars are readily biodegradable and can contribute significantly to biogas production [25]. The
oil and grease content of the samples ranged from 1.77% to 63.73%, with samples 5 and 8 having the highest
values of 56.84% and 63.73%, respectively. High oil and grease content can inhibit the anaerobic digestion
process by limiting the mass transfer of substrates and metabolites and causing flotation of biomass [26]. The
composition of the agricultural solid waste samples varied significantly, with some samples having high
organic matter content (e.g., samples 6, 12, and 15), while others had high moisture content (e.g., samples 4,
14, and 17).

3.2 Microbial community of inoculum

The microbial community analysis of the hydrogen production stage inoculum for biohydrogen
production in a two-stage anaerobic digestion system revealed a diverse consortium of bacteria (Figure 2).
The most abundant microorganisms were Pseudoramibacter sp. (19.64%), Actinobacteria sp. (11.70%),
Syntrophobacter sulfatireducens (11.14%), Syntrophus aciditrophicus (11.14%), and Prevotella sp. (10.72%). Other
notable members of the community included Ruminococcaceae bacterium (5.29%), Clostridium tyrobutyricum
(3.76%), Clostridium butyricum (3.62%), and Clostridium luticellarii (3.06%). The remaining microorganisms
had relative abundances ranging from 0.42% to 2.51%. The results of the microbial community analysis
provide valuable insights into the complex interplay of bacteria involved in the dark fermentation stage of a
two-stage anaerobic digestion system for biohydrogen production. The presence of a diverse range of
bacteria highlights their crucial roles in the efficient production of hydrogen. Pseudoramibacter sp., the most
abundant microorganism in the community, is known to be involved in the fermentation of carbohydrates
and the production of hydrogen [28]. Its high abundance suggests it plays a key role in dark fermentation.
Actinobacteria sp., the second most abundant microorganism, is also involved in the fermentation of various
organic compounds and hydrogen production [29]. Syntrophobacter sulfatireducens and Syntrophus
aciditrophicus, both equally abundant in the community (11.14%), are known to engage in syntrophic
relationships with hydrogen-utilizing microorganisms [30,31]. These bacteria are capable of degrading
complex organic compounds into simpler substrates, such as acetate and hydrogen, which can be utilized by
other microorganisms in the community. The high abundance of these syntrophic bacteria highlights their
crucial role in the efficient functioning of the dark fermentation stage. Prevotella sp., the fifth most abundant
microorganism (10.72%), is known to be involved in the fermentation of carbohydrates and the production
of hydrogen [32]. Its presence suggests that it contributes significantly to the overall hydrogen production in
the dark fermentation stage. The presence of various Clostridium sp., such as C. tyrobutyricum (3.76%), C.
butyricum (3.62%), and C. luticellarii (3.06%), is not surprising, as these bacteria are well-known hydrogen
producers [33] [34]. Their presence further supports the importance of hydrogen production in the dark
fermentation stage. Other bacteria, such as Fermentimonas caenicola (2.51%), Ruminococcaceae bacterium
(5.29%), and Bacteroidales bacterium 6E (0.84%), are likely involved in the fermentation of complex organic
matter into simpler compounds that the hydrogen-producing bacteria can utilize [35,36,37].
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Figures 2. Taxa relative abundance in the species of the hydrogen-producing inoculum

The microbial community analysis of inoculum for the methane production stage in a two-stage
anaerobic digestion system revealed a diverse consortium of archaea and bacteria (Figure 3). The most
abundant microorganisms were Methanothrix sp. (21.60%), Methanosarcina sp. (15.39%), Bipolaricaulis
anaerobius (14.41%), and Syntrophus aciditrophicus (14.37%). Other notable members of the community
included Atribacteria sp. (8.51%), Fermentimonas caenicola (6.47%), and Pelotomaculum sp. (2.27%). The
remaining microorganisms had relative abundances ranging from 0.08% to 1.93%. The results of the
microbial community analysis provide valuable insights into the complex interplay of microorganisms
involved in the methane production stage of a two-stage anaerobic digestion system. The presence of both
archaea and bacteria highlights the importance of their synergistic interactions in the efficient production of
methane. Methanothrix sp. and Methanosarcina sp., the most abundant microorganisms in the community, are
methanogenic archaea known for utilizing acetate as a substrate for methane production [38] [39]. Their high
abundance suggests that acetate is a key intermediate in methane production. The presence of
Methanobacterium formicicum (1.85%) and Methanosaeta harundinacea (0.49%), also known as methanogens,
further supports the importance of methanogenesis in this stage of anaerobic digestion [40]. Bipolaricaulis
anaerobius and Syntrophus aciditrophicus, the third and fourth most abundant microorganisms, are known to
engage in syntrophic relationships with methanogens [30] [31]. These bacteria can degrade complex organic
compounds into simpler substrates, such as acetate and hydrogen, which the methanogens can utilize for
methane production. The abundance of these syntrophic bacteria highlights their crucial role in the efficient
functioning of the methane production stage. The presence of Atribacteria sp. (8.51%), Fermentimonas caenicola
(6.47%), and Pelotomaculum sp. (2.27%) suggests that fermentative bacteria also play a significant role in the
methane production process. These bacteria are likely involved in the fermentation of complex organic
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matter into simpler compounds that syntrophic bacteria and methanogens can utilize [41,42]. Other bacteria,
such as Aminicenantes sp. (1.66%), Pelobacter acetylenicus (1.51%), and Petrimonas mucosa (1.13%), are known to
be involved in the degradation of various organic compounds, further contributing to the overall efficiency
of the methane production process [43,44].
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Figures 3. Taxa relative abundance in species in methane-producing inoculum

3.3 Performance of hydrogen production stage

Table 2 summarizes the hydrogen production performance from various agro-industrial solid waste
samples. The hydrogen yield varied significantly among the samples, ranging from 0 to 28.46 mL H/g VS.
Sample 6 exhibited the highest hydrogen yield of 28.46 mL H>/g VS, followed by Sample 12 with 20.86 mL
H>/g VS and Sample 15 with 2.34 mL H>/g VS. The remaining samples showed negligible or no hydrogen
production, with yields below 2.10 mL Hz/g VS. The hydrogen concentration in the produced biogas also
varied considerably, ranging from 0% to 15.27%. Sample 6 had the highest hydrogen concentration of
15.27%, followed by Sample 12 with 11.06% and Sample 9 with 2.33%. The low hydrogen concentrations in
most samples indicate the presence of other gases, such as carbon dioxide, which can be attributed to the
activity of non-hydrogen-producing microorganisms [45]. The hydrogen production per ton of waste ranged
from 0 to 16.55 m?/ton, with Sample 6 showing the highest production of 16.55 m?3/ton, followed by Sample
12 with 15.99 m?/ton and Sample 15 with 1.96 m3/ton. The low hydrogen production in most samples can be
attributed to the low hydrogen yields and non-biodegradable components, such as lignin and cellulose,
limiting fermentable substrates' availability [46]. Figure 4 presents the time course of hydrogen yield from
the various agro-industrial solid waste samples. Samples 6 and 12 exhibited rapid hydrogen production,
reaching their maximum yields within 1 and 4 days, respectively. This rapid hydrogen production can be
attributed to readily fermentable substrates, such as sugars and carbohydrates, quickly consumed by
hydrogen-producing bacteria [12]. In contrast, Sample 15 showed a slower hydrogen production rate,
possibly due to more complex substrates requiring longer hydrolysis times [47]. The decomposition time for
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hydrogen production varied from 1 to 4 days, with most samples achieving complete decomposition within
2 days. The short decomposition times indicate the rapid activity of hydrogen-producing bacteria, such as
Clostridium sp. and Enterobacter sp., which are known to convert fermentable substrates into hydrogen [48]
efficiently. The hydrogen production performance varied significantly among the agro-industrial solid waste
samples, with Sample 6 and Sample 12 exhibiting the highest hydrogen yields, concentrations, and
production rates. The low hydrogen production in most samples can be attributed to the presence of non-
biodegradable components and the activity of non-hydrogen-producing microorganisms. The rapid
decomposition times in most samples highlight the potential for fast hydrogen production from readily
fermentable substrates. However, pretreatment methods may be necessary to improve the biodegradability
of complex substrates and enhance hydrogen production from these waste materials [49].
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Figures 4. Time crouse for yield hydrogen from various agro-industrial solid waste.

Table 3 presents the kinetic parameters for hydrogen production from various agro-industrial solid
waste samples using the modified Gompertz model. The model coefficients, including the hydrogen
production potential (Kh), predicted hydrogen yield, hydrogen production rate, and lag time, were
determined to evaluate the hydrogen production kinetics of each sample. The hydrogen production
potential (Kh) varied significantly among the samples, ranging from 0 to 0.6754 days. Sample 6 exhibited the
highest Kh value of 0.6754 days, followed by Sample 7 with 0.5274 days and Sample 4 with 0.5267 days. The
high Kh values in these samples indicate their potential for extended hydrogen production periods, which
can be attributed to the presence of slowly biodegradable substrates or the efficient activity of hydrogen-
producing bacteria [45]. The predicted hydrogen yield ranged from 0 to 326.9316 mL H:/g-VS, with Sample 6
showing the highest expected yield of 326.9316 mL Hz/g VS, followed by Sample 12 with 229.0055 mL H:/g-
VS and Sample 15 with 45.5818 mL H:/g-VS. These predicted hydrogen yields are consistent with the
experimental results presented in Table 2, confirming the accuracy of the modified Gompertz model in
describing the hydrogen production kinetics [50]. The hydrogen production rate varied from 0 to 9.7385 mL
H>/d, with Sample 12 exhibiting the highest production rate of 9.7385 mL Hz/d, followed by Sample 6 with
9.2789mL H>/d and Sample 15 with 2.8996 mL H>/d.
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The high hydrogen production rates in these samples can be attributed to readily fermentable
substrates, such as sugars and carbohydrates, which are rapidly consumed by hydrogen-producing bacteria
[12]. The lag time represents the initial adaptation period of the hydrogen-producing bacteria to the
substrate and environmental conditions. Most samples exhibited no lag time, indicating the rapid initiation
of hydrogen production. However, Samples 3, 5, and 1 showed lag times of 19.7097, 13.9578, and 8.5884
days, respectively, suggesting the presence of more complex substrates or the need for a more extended
adaptation period for the hydrogen-producing bacteria [51]. The coefficient of determination (R?) values
ranged from 0.000 to 0.9998, indicating a moderate to good fit of the modified Gompertz model to the
experimental data. The relatively low R? values in some samples may be attributed to the complexity of the
substrate composition and the presence of non-biodegradable components, which can affect the hydrogen
production kinetics [47]. The modified Gompertz model's kinetic analysis provided valuable insights into the
agro-industrial solid waste samples' hydrogen production potential, predicted yield, production rate, and
lag time. Samples 6, 12, and 15 exhibited the highest hydrogen production potential and predicted yields,
consistent with their experimental performance. The high hydrogen production rates in Samples 6, 12, and
15 highlight their potential for rapid hydrogen production from readily fermentable substrates. The kinetic
parameters obtained from this analysis can be used to optimize the design and operation of hydrogen
production systems using these waste materials.

Table 2. A summary of the study on hydrogen gas production from agro-industrial solid waste

e — Hydrogen yield Hydroge‘n Hydrog.en Decon‘1position
industrial solid waste (mL-H:/g-VS) concentration production time
(%) (m3/ton of waste) (Days)
Sample 1 0.00 0.21 0.00 1
Sample 2 0.15 0.89 0.02 2
Sample 3 0.00 0.05 0.00 1
Sample 4 0.00 0.20 0.00 1
Sample 5 0.00 0.05 0.00 1
Sample 6 28.46 15.27 16.55 1
Sample 7 0.00 0.15 0.00 3
Sample 8 0.00 0.27 0.00 3
Sample 9 2.10 2.33 0.28 1
Sample 10 0.04 0.48 0.00 1
Sample 11 0.00 0.27 0.00 1
Sample 12 20.86 11.06 15.99 4
Sample 13 0.04 0.44 0.00 1
Sample 14 0.14 0.42 0.01 1
Sample 15 2.34 2.29 1.96 1
Sample 16 0.00 0.00 0.00 -

Sample 17 0.02 0.40 0.00 3
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Table 3. Kinetic parameters for hydrogen production from agro-industrial solid waste using the modified
Gompertz model

Gompertz coefficients of Hydrogen stage

Agro-industrial - - - - Kn
solid waste Predicted hydrogen yield Hydrogen production rate Lag time Rsqr (days)
(ml-Hz/g VS) (ml-H2/d) (days) (R?)
Sample 1 0.2378 0.0000 8.5884 0.0000 0.4322
Sample 2 6.2869 1.3003 0.3493 0.9884 0.4925
Sample 3 0.1954 0.0000 19.7097 0.0000 0.4683
Sample 4 2.1446 0.329 0.0000 0.9966  0.5267
Sample 5 0.2683 0.0000 13.9578 0.0000 0.4978
Sample 6 326.9316 9.2789 0.0000 0.4357 0.6754
Sample 7 1.8781 0.2457 0.0000 0.9959  0.5274
Sample 8 2.3332 0.3179 0.2456 0.9997  0.4592
Sample 9 34.6487 2.9713 0.0000 0.9995 0.4728
Sample 10 5.6475 0.8613 0.0000 0.997  0.5222
Sample 11 4.8602 0.443 0.0000 0.999  0.4928
Sample 12 229.0055 9.7385 0.0000 0.7649  0.3838
Sample 13 5.6019 0.7602 0.0000 0.9974 0.5148
Sample 14 6.3411 0.7087 0.0000 0.9971  0.551
Sample 15 45.5818 2.8996 0.0000 0.9998 0.4334
Sample 16 0.0000 0.0000 0.0000 0.0000  0.0000
Sample 17 4.9685 0.7222 0.0000 0.9982  0.5419

3.4 Performance of methane production stage

Table 4 summarizes the methane production performance from various agro-industrial solid waste
samples. The methane yield varied widely among the samples, ranging from 0 to 895.63 mL CHas/g VS.
Sample 3 exhibited the highest methane yield of 895.63 mL CHa/g VS, followed by Sample 5 with 835.73 mL
CHs/g VS and Sample 8 with 830.79 mL CHa/g VS. Samples 12 and 16 showed no methane production,
indicating the presence of inhibitory compounds or the absence of readily biodegradable substrates [5]. The
methane concentration in the produced biogas ranged from 8.16% to 76.68%, with most samples having
methane concentrations above 65%. Sample 9 had the highest methane concentration of 76.68%, followed by
Sample 6 at 73.93% and Sample 3 at 73.91%. The high methane concentrations in most samples indicate the
efficient conversion of organic substrates into methane by methanogenic archaea [52]. The methane
production per ton of waste varied significantly, ranging from 0 to 451.65 m?ton. Sample 15 showed the
highest methane production of 451.65 m3/ton, followed by Sample 6 with 429.23 m3/ton and Sample 8 with
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212.61 m3/ton. The high methane production in these samples can be attributed to readily biodegradable
substrates, such as carbohydrates and proteins, which are efficiently converted into methane during
anaerobic digestion [53]. Figure 5 presents the time course of methane production yield from the agro-
industrial solid waste samples. Most samples exhibited a rapid increase in methane yield during the first 10-
15 days of the digestion process, followed by a gradual plateau as the readily biodegradable substrates were
depleted. This pattern is consistent with the typical methane production kinetics observed in anaerobic
digestion systems [54]. Sample 9 showed a slower methane production rate than other samples, possibly due
to more complex substrates or the slow growth of methanogenic archaea [55]. The decomposition time for
methane production varied from 17 to 48 days, with most samples achieving complete decomposition within
25 days. Sample 9 had the longest decomposition time of 48 days, indicating the presence of slowly
biodegradable or recalcitrant substrates requires longer retention times for complete conversion [56]. The
shorter decomposition times observed in Samples 3, 5, and 8 suggest the presence of readily biodegradable
substrates and the efficient activity of methanogenic archaea [56]. The methane production performance
varied significantly among the agro-industrial solid waste samples, with Samples 3, 5, and 8 exhibiting the
highest methane yields, concentrations, and production rates. The high methane production in these samples
can be attributed to readily biodegradable substrates and the efficient activity of methanogenic archaea. The
rapid methane production rates observed in most samples highlight the potential for efficient methane
recovery from these waste materials. However, pretreatment methods may be necessary to enhance the
biodegradability of complex substrates and improve methane production from samples with lower yields [57].

=& Sample 1

100 = Samiple 2

_ 900,00 _o® = Sample 3
g 800.00 Sample 4
3" N @ Sample 5
§ AR == Sample 6
£ 600.00 = Samiple 7
:..‘: 500.00 =g Sanmple 8
g == Sample 9
g 400.00 =g Sample 10
2 300.00 == Sample 11
% 200,00 =g Sample 12
b ' === Sample 13
100.00 4 Sample 14
0.00 ;w',,-,a""",“””””””‘””””””””””””,”” Sample 15

1 357 911131517192123252729313335373941 4834547 Sample 16
Operations time (Days) = Sample 17

Figures 5. The time crouse methane production yield from agro-industrial solid waste
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Table 4. A summary of methane gas production from agro-industrial solid waste

- Samp‘ﬂes of' agro- Methane yield cox::l}::;?on plz:[:itlllljtliljn De-composition

industrial solid waste (mL-CH./g-VS) (%) (m¥/ton of waste) time (Days)
Sample 1 609.46 69.96 60.05 25
Sample 2 558.26 71.81 75.15 25
Sample 3 895.63 73.91 137.27 17
Sample 4 483.24 69.21 38.35 25
Sample 5 835.73 68.91 119.62 20
Sample 6 738.11 73.93 429.23 25
Sample 7 548.45 67.26 59.40 25
Sample 8 830.79 66.72 212.61 20
Sample 9 771.46 76.68 102.38 48
Sample 10 531.00 67.98 56.75 25
Sample 11 484.15 69.72 68.75 20
Sample 12 0.00 24.26 0.00 25
Sample 13 554.42 68.62 55.02 25
Sample 14 589.07 69.75 54.41 25
Sample 15 537.86 70.88 451.65 25
Sample 16 0.00 8.16 0.00 25
Sample 17 526.91 68.01 47.12 25

Table 5 presents the kinetic parameters for methane production from various agro-industrial solid
waste samples using the modified Gompertz model. The model coefficients, including the methane
production potential (Kh), predicted methane yield, methane production rate, and lag time, were
determined to evaluate the methane production kinetics of each sample. The methane production potential
(Kh) varied significantly among the samples, ranging from 0.0036 to 0.2782 days. Sample 3 exhibited the
highest Kh value of 0.2782 days, followed by Sample 7 with 0.2384 days and Sample 5 with 0.2165 days. The
high Kh values in these samples indicate their potential for extended methane production periods, which
can be attributed to the presence of slowly biodegradable substrates or the efficient activity of methanogenic
archaea [5]. The predicted methane yield ranged from 0 to 895.63 mL CH./g VS, with Sample 3 showing the
highest expected yield of 895.63mL CH./g VS, followed by Sample 5 with 835.73 mL CHa/g VS and Sample
8 with 830.79 mL CH,/g VS. These predicted methane yields are consistent with the experimental results
presented in Table 3, confirming the accuracy of the modified Gompertz model in describing the methane
production kinetics [58]. The methane production rate varied from 0.2763 to 111.8479mL CH./d, with Sample
17 exhibiting the highest production rate of 111.8479mL CH4/d, followed by Sample 7 with 111.3935 mL
CH4/d and Sample 4 with 110.0220 mL CH,/d. The high methane production rates in these samples can be
attributed to readily biodegradable substrates, such as carbohydrates and proteins, which are efficiently
converted into methane by methanogenic archaea [53]. The lag time represents the initial adaptation period
of the methanogenic archaea to the substrate and environmental conditions. Most samples exhibited lag
times close to 2 days, indicating a relatively short adaptation period. However, Samples 9, 12, and 6 showed
lag times of 21.3680, 8.5653, and 3.4864 days, respectively, suggesting the presence of readily biodegradable
substrates or the rapid adaptation of methanogenic archaea to these waste materials [59]. The coefficient of
determination (R?) values ranged from 0.4384 to 0.9987, indicating a relatively poor fit of the modified
Gompertz model to the experimental data. The low R? values may be attributed to the complexity of the
substrate composition, the presence of inhibitory compounds, or the variability in the microbial community
structure, which can affect the methane production kinetics [56]. The modified Gompertz model's kinetic
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analysis provided insights into the agro-industrial solid waste samples' methane production potential,
predicted yield, production rate, and lag time. Samples 3, 8, and 5 exhibited the highest methane production
potential, while Samples 17, 7, and 4 showed the highest predicted methane yields. The high methane
production rates in Samples 9, 12, and 6 highlight their potential for efficient methane recovery from these
waste materials.

Table 5. Kinetic parameters for methane production from agro-industrial solid waste using the modified Gompertz model

Gompertz coefficients of Methane stage

Agsl(')(;-iilnilvl;s;ttzial Predict;i;zethane Methane production rate ~ Lag time Rsqr  Kn(days)
( ml-CH/gVS) (ml-CH4/d) (days) (RY)
Sample 1 609.46 103.7757 2.1080 0.9947 0.2160
Sample 2 558.26 89.8765 2.5656 0.9936 0.2315
Sample 3 895.63 21.4057 0.0000 0.4384 0.2782
Sample 4 483.24 110.0220 1.7380 0.9934 0.2357
Sample 5 835.73 101.4742 2.8306 0.9987 0.2165
Sample 6 738.11 76.8701 3.4864 0.9952 0.1310
Sample 7 548.45 111.3935 1.8502 0.9932 0.2384
Sample 8 830.79 24.2655 0.0000 0.5854 0.2326
Sample 9 771.46 57.9625 21.3680 0.9893 0.0036
Sample 10 531.00 104.1500 1.6456 0.9936 0.1981
Sample 11 484.15 106.8100 2.5368 0.9936 0.2265
Sample 12 0.00 6.6126 8.5653 0.9648 0.0236
Sample 13 554.42 108.0634 1.8591 0.9903 0.2296
Sample 14 589.07 101.2926 2.0477 0.9907 0.2197
Sample 15 537.86 94.1521 2.2042 0.9936 0.2411
Sample 16 0.00 0.2763 1.3097 0.9973 0.0624
Sample 17 526.91 111.8479 1.5967 0.9923 0.2181

3.5 Overall biohythane production and process efficiency

Table 6 presents the overall biohythane production performance and process efficiency from various
agro-industrial solid waste samples. The biohythane yield, composition, production per ton of waste, and
decomposition time were evaluated to assess the feasibility and potential of these waste materials for
biohythane production. The biohythane yield varied significantly among the samples, ranging from 0 to
895.63 mL/g VS. Sample 3 exhibited the highest biohythane yield of 895.63 mL/g VS, followed by Sample 5
with 835.73 mL/g VS and Sample 8 with 830.79 mL/g VS. The high biohythane yields in these samples can be
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attributed to readily biodegradable substrates, such as carbohydrates and proteins, which are efficiently
converted into hydrogen and methane during the two-stage anaerobic digestion process [60]. The
composition of the produced biohythane varied among the samples, with hydrogen content ranging from
0.07% to 26.57%, methane content ranging from 16.99% to 67.85%, and carbon dioxide content ranging from
31.97% to 82.94%. Sample 6 exhibited the highest hydrogen content of 26.57%, followed by Sample 12 with
21.04% and Sample 9 with 6.55%. The high hydrogen content in these samples indicates the efficient activity
of hydrogen-producing bacteria and the presence of readily fermentable substrates (Sivagurunathan et al.,
2017). Sample 1 showed the highest methane content of 67.85%, followed by Sample 3 at 63.37% and Sample
5 at 60.75%, suggesting the efficient conversion of organic acids and hydrogen into methane by
methanogenic archaea [8]. The biohythane production per ton of waste ranged from 0 to 453.62 m?3/ton, with
Sample 15 exhibiting the highest production of 453.62 m?ton, followed by Sample 6 with 445.78 m3/ton and
Sample 8 with 212.61 m?/ton. The high biohythane production in these samples highlights their potential for
large-scale biohythane production and the significant energy recovery from these waste materials [46].

The decomposition time for the overall biohythane production process varied from 18 to 49 days,
with most samples achieving complete decomposition within 30 days. Sample 9 had the longest
decomposition time of 49 days, indicating the presence of slowly biodegradable substrates or the need for
process optimization to enhance the biohythane production efficiency [4]. Figure 6 illustrates the distribution
of biohythane potential from the agro-industrial solid waste samples. The figure reveals that a significant
portion of the samples (35%) exhibited biohythane yields between 500 and 750 mL/g VS, while 29% of the
samples had yields above 750 mL/g VS. This distribution highlights the high biohythane production
potential of the studied waste materials and the opportunity for their valorization through the two-stage
anaerobic digestion process [7]. The overall biohythane production performance and process efficiency
varied significantly among the agro-industrial solid waste samples. Samples 3, 5, and 8 exhibited the highest
biohythane yields and production per ton of waste, indicating their potential for biohythane large-scale
output. The composition of the produced biohythane varied, with some samples showing high hydrogen
content (Samples 6, 12, and 9) and others exhibiting high methane content (Samples 1, 3, and 5). The
decomposition time for most samples was within 30 days, suggesting the feasibility of the two-stage
anaerobic digestion process for biohythane production from these waste materials. The distribution of
biohythane potential highlights the significant opportunities for valorizing agro-industrial solid waste
through biohythane production and the need for further research to optimize the process efficiency and scale
up the technology.

3.6 Comparison with other studies and potential for scale-up

Table 7 compares the biohythane production performance of the agro-industrial and agricultural
waste materials investigated in this study with those reported in other studies. The main parameters for
comparison were the biohythane yield, hydrogen content, and methane content. The biohythane yields
obtained in this study for WAS from a frozen convenience food wastewater treatment plant (Sample 3,
895.63 mL/g VS), WAS from processed chicken wastewater treatment plant (Sample 5, 835.73 mL/g VS), and
WAS from municipal wastewater treatment plant (Sample 8, 830.79 mL/g VS) were significantly higher than
those reported for food waste (180.5 mL/g VS) [9], wheat straw (143.7 mL/g VS) [10], sugarcane bagasse
(165.2 mL/g VS) [4], dairy manure (120.8 mL/g VS) [61], and sewage sludge (98.6 mL/g VS) [62]. This
comparative analysis highlights the superior biohythane production potential of the studied waste materials
and their suitability for large-scale biohythane production.

The hydrogen content in the produced biohythane varied among the studies, with the expired
seasoning powder (Sample 6) from this study exhibiting the highest hydrogen content of 26.57%, followed
by sugarcane bagasse (22.4%) [4] and wheat straw (18.9%) [10]. The high hydrogen content in these waste
materials indicates their potential for producing hydrogen-rich biohythane, which can be used as a clean and
efficient fuel for various applications, such as electricity generation and transportation [8]. The methane
content in the produced biohythane ranged from 36.05% to 65.8%, with dairy manure (Yin et al.,, 2017) and
WAS from frozen convenience food wastewater treatment plant (Sample 3) from this study showing the
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highest methane contents of 65.8% and 63.37%, respectively. The high methane content in these waste
materials suggests their potential for producing methane-rich biohythane, which can be used as a substitute
for natural gas in various industrial and domestic applications [46]. The comparative analysis also reveals
the potential for scale-up and commercialization of biohythane production from the studied waste materials.
This study's high biohythane yields, hydrogen content, and methane content demonstrate the feasibility of
developing large-scale biohythane production plants using these waste materials as feedstock. The scale-up
of the technology can be achieved by optimizing the process parameters, such as substrate concentration,
inoculum ratio, and reactor design, to maximize the biohythane production efficiency and minimize the
operational costs [4]. Moreover, the successful implementation of biohythane production from agro-
industrial and agricultural waste materials can contribute to developing a circular bioeconomy, where waste
is valorized as a resource for renewable energy production (Suksong et al., 2017). Integrating biohythane
production with existing waste management infrastructure and renewable energy systems can provide
multiple benefits, such as reducing greenhouse gas emissions, enhancing energy security, and creating new
employment opportunities [60]. The comparative analysis with other studies highlights the superior
biohythane production potential of the agro-industrial and agricultural waste materials investigated in this study.

Table 6. Potential for biohythane production from agro-industrial solid waste

Samples of Biohythane yield = Biohythane composition Biohythane ..
agro- (mL/g-VS) (%) production Decon?posmon
industrial (m3/ton of waste) time
solid waste %H:  %CH:  %CO: (Days)
Sample 1 609.46 0.18 67.85 31.97 60.05 26
Sample 2 558.41 247 56.26 41.27 75.17 27
Sample 3 895.63 0.15 63.37 36.48 137.27 18
Sample 4 483.24 0.58 57.92 41.50 38.35 26
Sample 5 835.73 0.17 60.75 39.08 119.62 21
Sample 6 766.57 26.57 36.05 37.38 445.78 26
Sample 7 548.45 0.43 55.58 43.99 59.40 28
Sample 8 830.79 0.97 60.55 38.48 212.61 23
Sample 9 773.56 6.55 59.00 34.44 102.66 49
Sample 10 531.04 1.31 53.93 44.76 56.75 26
Sample 11 484.15 0.66 59.89 39.45 68.75 21
Sample 12 20.86 21.04 18.52 60.44 15.99 29
Sample 13 554.46 1.18 54.92 43.90 55.02 26
Sample 14 589.21 1.12 57.86 41.02 54.42 26
Sample 15 540.20 5.73 57.71 36.56 453.62 26
Sample 16 0.00 0.07 16.99 82.94 0.00 26

Sample 17 526.93 1.08 52.12 46.80 47.12 28




ASEAN ]. Sci. Tech. Report. 2024, 27(4), e253769. 18 of 23

Table 7. Comparison of biohythane production from agro-industrial and agricultural waste materials in

different studies
‘ Bioh.ythane L CHL
Waste Material yleld Content (%) Content (%) Reference
(mL/g VS)
Food waste 180.5 15.2 60.3 Liu et al. (2009) [9]
Wheat straw 143.7 18.9 55.6 Zhang et al. (2020) [10]
Sugarcane bagasse 165.2 224 52.1 Nguyen et al. (2017) [4]
Dairy manure 120.8 10.5 65.8 Yin et al. (2017) [61]
Sewage sludge 98.6 8.2 58.3 Wang et al. (2018) [62]
WAS from a frozen convenience
food wastewater treatment plant 895.63 0.15 63.37 This study
(sample 3)
WAS from a processed chicken
wastewater treatment plant 835.73 0.17 60.75 This study
(sample 5)
WAS from a municipal wastewater 830.79 0.97 6055 This study
treatment plant (Sample 8)
expired seasoning powder 766.57 26.57 36.05  This study
(Sample 6)
WAS from cleaning solution
product wastewater treatment 773.56 6.55 59.00 This study
plant (Sample 9)

Table 8 presents the techno-economic assessment of a scaled-up biohythane production plant using
agro-industrial solid waste as feedstock. The evaluation was performed based on the experimental results
obtained in this study and reasonable assumptions regarding the plant capacity, capital cost, operating cost,
and revenue from biohythane sales. The plant capacity was assumed to be 100 tons of waste/day, a realistic
scale for a commercial biohythane production facility [4]. The biohythane yield was estimated to be 500
m3/ton waste, which is an average value based on the high-yielding samples from this study, such as WAS
from a frozen convenience food wastewater treatment plant (Sample 3), WAS from a processed chicken
wastewater treatment plant (Sample 5), and WAS from municipal wastewater treatment plant (Sample 8).
With these assumptions, the estimated biohythane production is 50,000 m3/day, highlighting the potential
for large-scale biohythane production from agro-industrial solid waste. The capital cost of the biohythane
production plant was assumed to be 15 million USD, including land acquisition, reactor construction,
equipment installation, and infrastructure development [8]. The operating cost was estimated to be 0.2
USD/m? biohythane, which covers the expenses related to waste transportation, pretreatment, utilities, labor,
and maintenance [46]. The revenue from biohythane sales was assumed to be 0.6 USD/m3, based on the
current market prices of renewable energy and the potential use of biohythane as a substitute for natural gas
[60]. The payback period, which is the time required to recover the initial capital investment through the net
annual profits, was calculated to be approximately 2.05 years. This relatively short payback period indicates
the economic feasibility and attractiveness of scaled-up biohythane production from agro-industrial solid
waste [7]. The short payback period can be attributed to the high biohythane yield, the low operating cost,
and the significant revenue potential from biohythane sales. However, it should be noted that the techno-
economic assessment presented in Table 8 is based on assumptions and may vary depending on the specific
context, location, and market conditions of the biohythane production plant. Factors such as waste
availability, transportation costs, energy prices, and government incentives can significantly influence the
economic viability of the project [9]. Therefore, a more detailed and site-specific techno-economic analysis
should be conducted before a large-scale biohythane production plant is implemented. Moreover,
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successfully implementing scaled-up biohythane production from agro-industrial solid waste requires a
holistic approach that considers environmental, social, and policy aspects and technical and economic factors
[61]. Integrating biohythane production with existing waste management and renewable energy systems,
developing supportive policies and regulations, and engaging stakeholders is crucial for the long-term
sustainability and success of the project [10].

Table 8. Techno-economic assessment of scaled-up biohythane production from agro-industrial solid waste

Parameter Value Unit
Plant capacity 100 ton waste/day
Biohythane yield 500 md/ton waste
Biohythane production 50,000 m3/day
Capital cost 15 million USD
Operating cost 0.2 USD/m? biohythane
Revenue from biohythane sale 0.6 USD/m?
Payback period 2.05 years

4. Conclusions

This study investigated the valorization of agro-industrial solid waste for biohythane production
through a two-stage anaerobic digestion process. The results demonstrated the high potential of various
waste materials, such as WAS from frozen convenience food wastewater treatment plants, WAS from
processed chicken wastewater treatment plants, and WAS from municipal wastewater treatment plants for
biohythane production. The physicochemical characterization of the agro-industrial solid waste samples
revealed their diverse composition and suitability for anaerobic digestion. The high volatile solids content
and readily biodegradable components, such as carbohydrates and proteins, indicated the potential for
efficient biohythane production. The two-stage anaerobic digestion process, consisting of a hydrogen
production stage followed by a methane production stage, effectively converted the agro-industrial solid
waste into biohythane. The highest biohythane yields were obtained from WAS from a frozen convenience
food wastewater treatment plant (895.63 mL/g VS), WAS from a processed chicken wastewater treatment
plant (835.73 mL/g VS), and WAS from a municipal wastewater treatment plant (830.79 mL/g VS). The
modified Gompertz model's kinetic analysis provided valuable insights into the biohythane production
potential, predicted yield, production rate, and lag time of the agro-industrial solid waste samples. The
model coefficients can be used to optimize the design and operation of biohythane production systems. The
comparative analysis with other studies highlighted the superior biohythane production potential of the
agro-industrial solid waste investigated in this study. This study's high biohythane yields, hydrogen content,
and methane content demonstrate the feasibility of developing large-scale biohythane production plants
using these waste materials as feedstock. The techno-economic assessment of scaled-up biohythane
production from agro-industrial solid waste demonstrated this technology's economic feasibility and
attractiveness. The high biohythane yield, low operating cost, and significant revenue potential from
biohythane sales resulted in a relatively short payback period of approximately 2.05 years.
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1. Introduction

The sandy soil at Glagah Beach, located east of Congot Beach, shows that
Glagah Beach sand belongs to group S with a poor gradation classification and
contains few fines, with a percentage of soil that passes sieve no 200 of 0.058%.
The sampling location was on the coast, with the highest salinity level of 3.4%.
Sandy soil is a type of soil that is non-cohesive (cohesionless soil) [1]. Non-
cohesive soils, such as sandy soils, do not have the binding power among
particles [2]. According to [3], in the technical sense of the term, soil carrying
capacity is the ability of the soil to carry or resist settlement due to loading,
namely the shear resistance spread by the soil along its shear planes.

The magnitude of the shear-bearing capacity of a layer of soil is affected
by the soil cohesion value, the internal shear angle, the soil's unit weight, and
the soil's pore pressure [4]. Non-cohesive soil with loose granules and not dense
in high water conditions can act as a viscous liquid. Liquefaction transforms
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granular materials from solid to liquid due to increased pore water pressure and loss of effective stress [2].
When the soil is loose, and a loss of soil shear strength will accompany changes, this condition can cause
damage to civil structures, such as building collapse [5]. Soil stabilization is a soil engineering method that
aims to improve and maintain specific soil properties to meet technical requirements. Stabilization in sandy
soil is carried out to increase sand's bearing capacity and shear strength [6, 7]. In previous research, no one has
discussed the effect of salinity on stabilization tests with rice husk ash. This research aims to find out how
salinity affects soil strength after stabilization because the sample location is on the south coast of Yogyakarta.

2. Materials and Methods

Rice husk ash is formed through the carbonization of husks, and for optimal bonding, it requires an
additional step known as activation [6, 8]. Several factors, such as the activating agent and immersion time,
influence the chemical activation process. Adding the activating agent helps remove impurities and enhance
the absorbent quality. During the burning of rice husks, compounds like hemicellulose and cellulose are
converted into CO2 and H20. The resulting ash is whitish due to the burning process of rice husks. The primary
component of husk ash is silica, but it also contains other compounds, as shown in Table 1.

Table 1 Chemical components of rice husk ash

Components Percentage content (%)
SiO: 94,4
AlOs 0,61
Fe20s 0,03
CaO 0,83
MgO 1,21
K20 1,06
Na0 0,77
SOs -

Source: Folleto (2006)

Gypsum is calcium sulfate hydrate (CaSOs 2(H20)), a sulfate mineral found on the earth [9, 10].
Gypsum can enhance soil stability as it contains calcium, which binds organic matter and increases the water
seepage rate. Moreover, gypsum can be readily hydrated by rice husk ash, the residue from burning rice husk,
which has a high silicate element with a pozzolanic activity index of 87%, enhancing the permeability of the
soil mixture. In this research, 5% gypsum was added to all samples.

The sampling was at Congot Beach in Jangkaran Village, Temon District, Kulon Progo Regency. The
location for taking sand samples was at coordinates 7.9026197 110.0397730, with a sampling undisturbed depth
of 20 cm (about 7.87 in) from the surface. The sampling location can be seen in Figure 1.

Rice husk ash, on the other hand, was subjected to various percentages within the mix, specifically
5%, 10%, and 15% of the weight of sandy soil. These different ratios of rice husk ash were systematically
employed to investigate how they influenced the overall composition and performance of the soil mixture. By
varying the amount of rice husk ash, researchers aimed to understand the optimal ratio that would enhance
the desired properties and characteristics of the mix, ultimately contributing valuable insights for various
applications in construction [11, 12].

The soil stabilization process involved mixing the initial sand soil sample with a predetermined
percentage of gypsum and rice husk ash, with an initial water content of 6.12%. The rice husk ash was sifted
using a No. 50 sieve to achieve a finer particle size, facilitating the effective filling of pore cavities in sandy
soils. Adding gypsum and rice husk ash for each variation aims to achieve uniform mix content. The sand,
gypsum, and rice husk ash were combined based on calculated weights for each mixture percentage, followed
by aging in a sealed container for 3 days, 7 days, and 14 days (about 2 weeks). For each condition, 3 samples
of test objects were made, and then the average test results was taken. Figure 3 illustrates the mixing and
curing procedure.
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Figure 1 Congot Beach, in Jangkaran Village, Temon District, Kulon Progo Regency
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Figure 3 The mixing process for the sand soil stabilization experiment, a) the process of mixing the stabilizing
agent and b) Curing the specimen

The process of stabilization mixing, as depicted in Figure 3, was carried out using the water content
determined to be optimal through the Proctor test. The optimum water content (OMC) value was 26%.
Subsequently, the sample underwent a curing treatment at a room temperature of 25°C.

A direct shear test was conducted on sandy soils to determine the soil's cohesion value and shear angle
under study. The standard used in this direct shear test was SNI 03-3420-2016, "Method of Direct Shear
Strength Test of Unconsolidated and Undrained Soil" [13]. A direct shear test was carried out on each specimen
for each mixture percentage. Initially, the test object was molded into the ring, and then the weight of the ring
+ the test object was measured by pressing the ring into the test object, which can be seen in Figure 4. After
that, it should be assembled into the direct shear testing box and loaded [14].
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Figure 4 Direct shear test

3.Results and Discussion

3.1 Direct Shear

The analysis of the direct shear initial soil test results showed that the initial soil cohesion value was
0.029 kg/cm?, and the internal shear angle was 19.82°. Following curing for 3, 7, and 14 days (approximately 2
weeks), the results indicated an increase in cohesion and shear angle.

Based on Figure 5, the addition of varying levels of rice husk ash and gypsum has been shown to
increase the carrying capacity of the soil, as seen from the increase in the soil cohesion value. There was a slow
increase in the variation of the mixture of 5% rice husk ash + 5% gypsum, followed by the rise in the mix of
10% rice husk ash + 5% gypsum. However, the variation in the content of the mixture of 15% rice husk ash +
5% gypsum began to decrease, based on strength cohesion and shear angle test.

The increase in cohesion value observed in this context can be attributed to the cementation reaction
during the curing time. As the soil matures, a chemical reaction occurs between the calcium (Ca) present in
gypsum and the silicate (5iO2) and aluminum (Al20s) in rice husk ash. This reaction was graphically
represented, illustrating a noticeable surge in the soil's cohesion value post-curing time [11].

This reaction's significance lies in enhancing the soil's structural integrity. Calcium, silicate, and
aluminum combine to form stable compounds that effectively bind the soil particles, increasing cohesion. This
improved cohesion is vital for various applications, such as construction and geotechnical engineering, where
the strength and stability of the soil are critical factors. In summary, the cementation reaction between gypsum,
silicate, and aluminum in rice husk ash is pivotal in enhancing soil cohesion, making it a valuable process for
soil improvement and engineering. Regarding the testing after 14 days (about 2 weeks) of age, there may still
be an increase in the shear strength of the soil, but the humidity level will further decrease, causing cracks in
the sample and resulting in a decrease in strength when the sample becomes too brittle. This prompts a need
for further research to carry out tests with a longer curing age of 14 days (about 2 weeks) and determine the
brittle point of the sample.
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Figure 5 Graph of the effect of curing time on the cohesion value in the direct shear test

The percentage of added rice husk ash and gypsum significantly affected the increase in soil strength.
A large percentage of the mixture did not necessarily result in the highest growth in cohesion, as shown in the
percentage addition of 15% rice husk ash + 5% gypsum. This condition happened because the effect of the lime
(Ca) reaction on the silicate (5iO2) and aluminum (Al20s) content was insufficient to support the pozzolanic
reaction. Low calcium (Ca) gypsum levels made the bonds between granules not optimal [7].

The opposite occurred with the percentage of the mixture of 5% rice husk ash + 5% gypsum at different
levels. The mixture did not increase the highest cohesion value because the silicate (SiO2) and aluminum
(AI203) content in the rice husk ash was too low to react with lime in the gypsum.

The optimal mix level variation occurred at the percentage addition of 10% rice husk ash + 5% gypsum.
The balanced calcium, silicate, and aluminate content reacted well with a mixture of 10% rice husk ash and
5% gypsum. It was aged for 14 days (about two weeks) so that the contents in rice husk ash and gypsum could
bind soil particles better, and soil strength increased, as shown in Figure 6.

0 2 4 6 8 10 12 14
Curing time (Day)

—0—5% RHA + 5% Gypsum =—l—10% RHA + 5% Gypsum
—#—15% RHA + 5% Gypsum —— Inisial Soil

Figure 6 Graph of the effect of curing time on the internal shear angle in the direct shear test

Determining the amount of mixture percentage and the length of curing time was carried out using
the trial-and-error method with variations in the mixture percentage based on previous journals regarding
combinations of variations in mixing for stabilization [15][16]. A slow increase occurred in the variation of the
mixture of 5% rice husk ash + 5% gypsum, and then it increased in the variation of the mix of 10% rice husk
ash + 5% gypsum. However, the variation in the content of the mixture of 15% rice husk ash + 5% gypsum
began to decrease based on strength cohesion and shear angle test. It can be concluded that adding husk ash
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can increase the binding force between particles because in rice husks, SiO2 is 94.4%. The table of normal stress
and shear stress for each mixture in sandy soil is shown in Table 2 below.

Table 2 Table of average shear stress to normal stress on direct shear testing of native soil with the addition of

rice husk ash and gypsum

Shear Stress (kg/cm?)

Day Variation 0,25 0,50 1,00
Normally Stress (kg/cm?)
Initial Soil 0,097 0,188 0,370
3 Day Initial Soil + 5% RHA + 5% gypsum 0,182 0,305 0,565
Initial Soil + 10% RHA + 5% gypsum 0,084 0,266 0,461
Initial Soil + 15% RHA + 5% gypsum 0,123 0,253 0,539
Initial Soil 0,097 0,188 0,370
7 Day Initial Soil + 5% RHA + 5% gypsum 0,162 0,318 0,604
Initial Soil + 10% RHA + 5% gypsum 0,149 0,305 0,591
Initial Soil + 15% RHA + 5% gypsum 0,143 0,247 0,474
Initial Soil 0,097 0,188 0,370
14 Day Initial Soil + 5% RHA+ 5% gypsum 0,136 0,335 0,552
Initial Soil + 10% RHA + 5% gypsum 0,156 0,344 0,526
Initial Soil + 15% RHA + 5% gypsum 0,195 0,351 0,617

Figure 7 shows the normal stress relationship with the shear stress of the initial sandy soil and sandy
soil with a mixture of rice husk ash and gypsum at each curing time.
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Figure 7 Graph of the effect of curing time on the internal shear angle in the direct shear test

The data presented in Figure 7 highlights a notable trend in the normal stress versus shear stress of
various mixture combinations. Specifically, an increase is observed across all mixtures over time. However,
the most substantial increase is observed in the mixtures featuring 5% gypsum and 15% rice husk ash.

3.2 XRD and SEM Test Result
The samples in the XRD test were taken from the highest test results with a combination of the initial
soil + 15% RHA + 5% gypsum in curing for 14 days (about 2 weeks). This shows that the level of chemical bond
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performance has occurred optimally, resulting in the soil having the highest shear strength. Besides the
elemental composition, knowing the crystallinity of SiO2 is necessary because it is related to the synthesis
process. Crystallinity analysis was performed with an X-ray diffraction instrument. The following is a
diffractogram of the results analysis by X-ray diffraction shown in Figure 8.

Intensity (%)

Figure 8 XRD test result

The SiO: diffractogram from rice husk ash with peaks in the 2¢ range of 20 — 30° had low intensity,
indicating that the S5iO2 phase from rice husk ash was amorphous. Amorphous silica has an arrangement of
atoms and molecules in random and irregular patterns, making it more reactive than crystalline silica under
various conditions [10, 12]. Therefore, rice husk ash silica can be used as a source of silica in the synthesis of Y
nano zeolite [17].

Based on Figure 8 of the synthesized Y nano zeolite with variations in curing time, the crystallinity was
higher the longer the curing time. At 14 days (about 2 weeks) of curing time, the synthesized Y nano zeolite
had a high purity of 100%. The highest purity of Y nano zeolite was produced at 14 days (about 2 weeks) with
100% purity, but the resulting peak intensity was low. Therefore, there was a possibility of forming zeolite A
and zeolite Y from the cementation. The formation of nano zeolite A was due to the synthesis of zeolite Y,
which was very sensitive to pH; an increase in relatively high pH can cause the formation of zeolite A [12].

SEM characterized the surface morphology of the Y nano zeolite crystals formed. The SEM characterization
results of the Y nano zeolite at curing times of 7 and 14 days (approximately 2 weeks) are illustrated in Figure 9.

Figure 9 SEM test result 7- and 14-days curing, a) zoom 25000x, b) zoom 50000x

SEM characterization in Figure 9 showed the presence of cubic crystals for a curing time of 7 days and 14
days (approximately 2 weeks). At 7 days of curing, the size of the cubic crystals was smaller. It appeared more
homogeneous, while at 14 days (approximately 2 weeks) of curing, the size of the cubic crystals was more
significant and appeared slightly less homogeneous. This was also supported by the XRD results, where the



ASEAN ]. Sci. Tech. Report. 2024, 27(4), e252961. 8of9

crystallinity peak was lower at 7 days of curing time, and the particle size was smaller than 14 days
(approximately 2 weeks). The size of the cubic crystals at 7 days of curing was calculated using the Debye
Scherrer equation and ranged from 26 - 42 nm, while at 14 days (approximately 2 weeks) of curing, it ranged
from 20-95 nm [18].

4. Conclusions

The SEM characterization in Figure 9, at both 7 and 14 days (approximately 2 weeks) of curing time,
revealed the presence of cubic crystals. At 7 days of curing, the cubic crystals appeared smaller and more
homogeneous, whereas at 14 days (approximately 2 weeks), the crystals were more extensive and slightly less
homogeneous. These observations were consistent with the XRD results, indicating a lower crystallinity peak
at 7 days of curing and a smaller particle size than at 14 days (about 2 weeks). Calculations using the Debye-
Scherrer equation estimated the size of the cube crystals to range from 26 to 42 nm at 7 days of curing and 20
to 95 nm at 14 days (approximately 2 weeks) of curing. At 14 days (about 2 weeks) of curing time, the
synthesized Y nano zeolite exhibited a high purity of 100%. The highest purity of Y nano zeolite was achieved
at 14 days (about 2 weeks) of age with 100% purity, but the resulting peak intensity was low. Consequently,
there was a possibility of forming zeolite A and zeolite Y from SBU. The formation of nano zeolite A was
attributed to the synthesis of zeolite Y, which was highly sensitive to pH; a relatively high increase in pH can
lead to the formation of zeolite A. SEM characterization revealed the presence of cubic crystals at both 7 days
and 14 days (about 2 weeks) of curing time. At the 7-day curing time, the size of the cubic crystals was smaller
and more homogeneous, whereas at the 14-day curing time, the size of the cubic crystals was larger and
relatively more homogeneous. These observations corresponded to XRD results, which showed lower
crystallinity peaks at 7 days of curing and smaller particle sizes than at 14 days (about 2 weeks). The size of
the cubic crystals at 7 days of curing was estimated using the Debye Scherrer equation to be within the range
of 26 - 42 nm, while at 14 days of curing, it ranged from 20-95 nm.
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Abstract: In this work, we employed a device that utilizes Raspberry Pi 4, a
camcorder constituent, and a set of audio apparatus to provide real-time
assistance to patients during rehabilitation exercises. A person’s lifestyle and
physical activity explicitly influence their cerebral health. Exercise routines are
crucial for maintaining a proper hormone level and physical fitness. Therefore,
the workout routine must be constantly examined and adjusted if any changes
are needed. With the help of this device, patients may perform their exercises
without a physiotherapist. A physiotherapist can show how to perform the
exercises during the first few appointments; after that, the patient can utilize the
system to track their routines. This will prevent injuries caused by performing
exercises inaccurately when not under the guidance of a medical practitioner.
The device monitors how frequently a certain exercise is performed and guides
the patient in performing the exercises correctly, promoting quicker recovery.
The voice generated also helps the patients analyze and correct the exercises if
needed. When detecting a slump, an alarm is triggered to alert the individual.
We focused on human pose detection using the OpenCV and MediaPipe
libraries to capture and dissect in real-time accurately. OpenCV and MediaPipe
libraries were used to capture and detect poses accurately in real time.

Keywords: Camcorder; OpenCV; Physiotherapy; Raspberry Pi 4; Real-time assistance;
Voice generation

1. Introduction

Due to the present development and popularity of Virtual and
Augmented Reality, human pose estimation technology is expanding quickly.
Numerous applications, such as human-computer interaction, activity detection,
motion analysis, augmented reality, sports and fitness, and robotics, have made
use of human posture estimation [1]. Multifarious therapeutic treatments are
accustomed in the medical specialty of physiotherapy to treat deformities,
diseases, and injuries. These methods include massage, heat therapy, exercise,
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and electrotherapy. In the process of recovering from serious injuries or surgeries, people typically turn to
physiotherapy, and they attend the sessions to get rid of the discomfort that limits their strength and
movement. Our goal is to incorporate the idea of human position estimates with physiotherapy. This simple-
to-create and simple-to-use gadget monitors a patient's movement as they carry out physiotherapy exercises.
Based on the input provided, the system considers the coordinates of a body part during an exercise and
counts the instances in which a certain movement is recorded [2]. According to medical data, there are just
0.59 physiotherapists for every 10,000 people in India [3]. There is a significant necessity for physiotherapists
in India. The thrust for assistance while carrying out therapies is the need of the hour and will be highly
appreciated. The need and urge for proper posture maintenance has also surged among people due to the rise
in cases of musculoskeletal problems [4]. During the pandemic in 2019, people had no choice but to work from
home and they suffered from postural problems [5]. People have suffered from numerous disorders [6]
because they have been forced to sit at their desks for long hours while working. The Raspberry Pi is as small
as a credit card and is an inexpensive single-board computer [7]. Its compact size and low power consumption
make it suitable for portable applications such as wearable devices for human pose estimation. The Raspberry
Piis equipped with a powerful GPU and CPU that can manage the image processing tasks required for human
posture evaluation. It is suitable for real-time applications since it can effectively process pictures or video
streams from cameras. The Raspberry Pi has a variety of connectivity choices, such as USB, Wi-Fi, and
Bluetooth, allowing integration with cameras, sensors, or other devices required for human posture estimation
jobs. With this versatility, unique setups can be made to meet certain pose estimation needs [8]. A 30 MP
camera was used and was instrumental in capturing high-resolution images and video streams for estimating
human pose. Due to the high quality of the images, it was straightforward to identify and analyze important
details and landmarks connected to human positions. Ground-truth validations [9] and recordings were done
in line and processed by the frameworks as mentioned earlier.

1.1 Related Work

This microscopic comprehension of contemporary contributors describes the recent developments in
the said area. Numerous individuals are ignorant of Therapeutic treatment since COVID-19 is under
lockdown. To address this issue, Yeo et al. developed a real-time posture sensor for mobile activity using the
Body Discovery package. The Flutter SDK and the Dart programming language were used to produce the
operation. They showed its utility by precisely recognizing the stoner's position [10]. Nishchal et al. proposed
a vision-based human fall detection system The Raspberry Pi and the YOLO algorithm, which defines a
computer vision system, are used in this exploration to develop a mortal fall discovery system. The input is a
real-time videotape captured by a camera. This technology has the potential to enhance the well-being of older
adults and individuals with disabilities by offering safety and security measures, thereby improving their
overall quality of life. To identify the human fall, they employed the YOLO method, Alpha-pose estimation,
and ST-CGN skeletal pose action recognition [11]. Gregory et al., on the other hand, focused on a new gamified
recovery system for those who have had total knee replacement surgery that uses a dereliction detector placed
on the knee. When a case detects activity, a one-of-a-kind, single-light, moveable, and extremely low-cost
detector with an Inertial Measurement Unit, IMU is mounted to the case's bottom leg to capture its exposure
in space in real-time [12]. By using the Raspberry and Pose Net models, Kosei et al. proposed a human posture
recognition system involving a single-board computer, and a posture recognition system was created. Their
approach uses the disguised Pose Net model to identify several important body parts from the camera module.
The proposed system may recognize six different postures and four different movement types [7]. The
proposed approach for assessing yoga positions utilizes disguise discovery to help individuals in tone-literacy
yoga. The system begins by relating a yoga disguise using a multi-part discovery from the PC camera. Later,
it calculates the variation in body angles. However, Maybel et al.'s system provides corrective feedback if the
difference exceeds a destined threshold [13]. Navjot et al. focused on the edge device grounded on the
Raspberry Pi, the Mini-Xception Deep Network, due to its superior computational effectiveness, allowing for
faster processing compared to other networks. This device has successfully achieved a 100-delicacy rate for
real-time face discovery, surpassing the delicacy reported in the state-of-the-art approaches using the FER
2013 dataset by reaching 68 delicacies [14]. By exercising a coral USB accelerator, Ryberg et al. successfully
linked and navigated toward a specified object, flaunting effective performance across all tested control
systems using the Raspberry Pi. This opens up possibilities for exploring the eventuality of real-time object
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identification in briskly-paced scripts [15]. Raspberry Pi-based sleep posture recognition system using an AloT
technique by Pei-Jarn. The study introduces an IoT-grounded sleep monitoring system that operates without
physical contact, exercising a Jeer Pi 4 Model B and RFID markers bedded in bed wastes. This low-cost and
energy-effective microsystem incorporates a Random Forest Bracket (RFC) to identify different sleep positions.
The sleep position data is also transmitted via Wi-Fi to a gar¢on database and displayed on a computer [16].

1.2 Paper Contribution
From the above-described literature works, it is observed that several papers discussed different
applications of human pose estimation using various algorithms and frameworks. There has been no such
work that presents real-time and quality physiotherapy assistance to patients. Further, lightweight technology
like Raspberry Pi wasn't being used for the processing of all the landmarks on the human body. With this
motivation, this paper proposes a system that uses body landmark detection frameworks: MediaPipe and
OpenCV to accurately capture the exercises being performed by the users and provide guidance.
The major contributions of the proposed work can be summed up as follows.
=  The frameworks were modified, and new models utilizing MediaPipe, OpenCV, and PyGame were
created and applied on live video streams as well as pre-captured video data.
= These models provide a count of the exercise and in addition to this, a proper system will guide the
users at home through audio and visual feedback.
=  This process was performed based on the average joint angles calculated and based on the matching
of these angles, filtering was done and output was given.

The remaining sections of the paper are organized as follows. Section 2 presents the description of the
datasets that are used in this paper. Section 3 presents the description and implementation of the proposed
methodology. Section 4 presents the comparative results and discussion between the methods used and other
existing frameworks. Section 5 summarizes the outcomes of the paper. It also mentions the proposed work's
limitations and potential future directions.

2. Description of Datasets

Datasets of participants performing various physiotherapy exercises related to spinal exaggeration
and cardiovascular fitness. The dataset included both recorded videos and real-time video streams captured
through the camera module.

= Uploading pre-recorded videos: Participants could upload previously recorded videos of themselves
performing the exercises.
* Live camera feed: Participants could opt to use the live camera feed from the camera module to
perform the exercises and have real-time feedback.
The two different kinds of data put to use for developing the models are described in sections 2.1 and 2.2.

2.1 Pre-recorded video data

The pre-recorded video data is sourced from the University of Idaho's Physical Rehabilitation
Movement Data (UI-PRMD) collection. This freely available dataset contains movements associated with
common exercises performed by patients in physical rehabilitation programmes. For data collection, ten
healthy volunteers repeated ten different physical therapy motions. Motion was captured using a Vicon optical
tracker and a Microsoft Kinect sensor, which provided the locations and angles of all full-body joints. This
dataset provides a solid foundation for the mathematical modeling of therapeutic movements and for creating
performance metrics to assess patient consistency in carrying out prescribed rehabilitation activities [17].
Using this professionally gathered dataset ensures the quality and reliability of our ground truth data.

2.2 Live-camera feed

Video capture option is enabled and the user's video is used to capture the various landmarks. This
is being done using a camera module that is connected to the Raspberry Pi directly for fast execution.

The details of five different users and the exercises being performed by them in the case of pre-
recorded videos are given in Table 1. The columns related to the data are 'User ID', 'Exercise Performed’, 'Area
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of issue', 'Duration of exercise', and 'Video'. The column "Exercise Performed' depicts the name of the exercise
the respective user is performing, and 'Area of issue' represents the region of the user's body or part that
requires physiotherapy assistance. The time spent by the user on any exercise is given in the column 'Duration

of exercise'. The column related to the video data is 'Video' which holds the videos of exercises of the user.

Table 1. Description of recorded video data.

User ID  Exercise Performed Area of Issue Duration of exercise Video

1001 = Partial Curl Spine, hip, neck = 73s userlpc.mp4
= Bridge Heart, knee, hip = 102s userlb.mp4
= Shoulder rolls Shoulder, heart = 83s userlsr.mp4
= Squats Spine, hip, knee = 31s userlsq.mp4
= Back extension Hip, spine = 40s userlbck.mp4

1002 = Push Ups Heart, upper arm = 17s user2pus.mp4
= Squats Spine, hip, knee = 35s user2sq.mp4
= Bird dog Spine, knee, hip = 42s user2bd.mp4
= Back extension Hip, spine = 33s user2bck.mp4
= Bridge Heart, knee, hip = 85s user2b.mp4

1003 = Shoulder Rolls Shoulder, heart = 95s user3sr.mp4
= Bridge Heart, knee, hip = 120s user3b.mp4
= Squats Spine, hip, knee = 80s user3sq.mp4
= Back extension Hip, spine = 6ls user3bck.mp4
* Cat-cow stretch Spine, shoulder = 72s user3cw.mp4

1004 * Partial Curl Spine, neck, hip = 26s userdpc.mp4
= Bird dog Spine, knee, hip = 33s userdbd.mp4
= Back extension Hip, spine = 18s userdbck.mp4
= Shoulder rolls Shoulder, heart = 21s userdsr.mp4
* Squats Spine, hip, knee * 13s userdsq.mp4

1005 = Bridge Heart, knee, hip = 36s userSb.mp4
= Shoulder rolls Shoulder, heart = 455 userSsr.mp4
= Cat-cow stretch Spine, shoulder = 28s userScw.mp4
* Bird dog * Spine, knee, hop = 60s * userSbd.mp4
= Push Ups * Heart, upper arm = 24s * user5pus.mp4

3. Description and Implementation of the Proposed Methodology

OpenCV was utilized for video capture, image processing, and visualization of results and MediaPipe
was used to detect the important body landmarks.

3.1. Mediapipe Framework

The posture estimating abilities of the MediaPipe framework can be used to detect exercises. The
shoulders, elbows, wrists, hips, knees, and ankles are just a few of the body joints that may be estimated using
the MediaPipe Pose model in 2D. Exercise patterns and motions can be identified by tracking the spatial
correlations and movements of these key points throughout time. This framework can be used to represent
several elements of a perceptual pipeline graphically, such as model inference, media processing algorithms,
and data conversions [18]. The values from all the modalities are optimally merged during the pipeline
process. Also using the improved MediaPipe framework the Z value of the joint point is corrected for the
human tilt angle through statistics and a better accuracy in the curves could be generated [19]. Various inbuilt
attributes were used to detect the landmarks for body parts, such as the nose, wrists, elbows, and shoulders.
These landmarks' locations are then employed for additional computations and analysis, like calculating joint
angles and counting [20].
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3.2. OpenCV

OpenCV provides a real-time optimized Computer Vision library, tools, and hardware. By simply
adding z dimension to the prediction in 3D pose estimation, it is possible to convert a 2D image into a 3D
image, which aids in the correct prediction of the spatial placement of a depicted item [21].

3.3. Preprocessing

The recorded videos were processed using OpenCV [22] for uploaded videos. Frames from the videos
were extracted, and the resolution was standardized to 640x480 pixels to ensure consistent input size for
subsequent processing steps. Image enhancement techniques were also applied to improve the quality and
reduce frame noise. OpenCV was utilized for the live camera feed to capture and preprocess the video frames
in real-time [23]. The frames were resized and enhanced for optimal processing.

MediaPipe and OpenCV were combined to process the chosen video stream. Both submitted films and live
camera feeds may be processed without issues due to the integration.

3.4. Landmark Detection

The pose estimation algorithm detected and localized key body landmarks, such as joints and key
points, using the trained model. These landmarks were crucial for analyzing the participants' body postures
during the exercises. OpenCV was utilized to visualize the estimated poses and landmarks on the frames [24].
The detected landmarks were overlaid onto the frames using OpenCV's drawing functions. This provided
real-time visual feedback to the participants, enabling them to observe and adjust their body postures during
the exercises. Metrics such as joint angles and distances between specific body parts were calculated based on
the detected landmarks [25]. These metrics provided objective measurements for evaluating the correctness
and effectiveness of the performed exercises.

If the average joint angle is below the threshold (indicating the start of an exercise), increment the
exercise count accordingly. When the angle exceeds the threshold (indicating the completion of an exercise),
the current count is displayed, and the auditory feedback is activated. The Raspberry Pi board was configured
using a VNC server with the help of the VNC Viewer application. A headless operation through VNC was
deployed to access the Raspberry Pi's desktop remotely. Python code files and video datasets were internally
stored on a 16 GB SD card. The implementation flow of the system design is shown in Figure 1.

Web
Camera

- Capture Videos Preprocess Video » App'gr'ggqr;g'rip'pe
Synthetic
Data

4

4

If(Joint Angles
Fall within Desired
Thresholds)

Classified as
Incorrect

Compare Joint Angles with . Calculate Joint Angles and | Detect Body
Thresholds Define Posture Thresholds Keypoints

Display Output in
Screen and Play
Voice in Speaker

Figure 1. Conceptual working flow implementation of the physiotherapy exercise analysis.

The process starts by using the data already stored in the memory (or) by capturing the user's live
video data. The data preprocessing is done to standardize the resolution and reduce noise in the frames. The
proposed human pose estimation frameworks are then applied, and the body landmarks are detected. The
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average joint angles of the input data are calculated and compared with the prescribed angles (threshold
levels). If these angles lie within the range, output is presented- the voice output through the speakers and
count on the monitor display. If the algorithm cannot detect any landmarks, then the video is considered
incorrect. Steps for an automated exercise counting algorithm using OpenCV and Mediapipe for real-time
tracking are given in Algorithm 1.

Algorithm 1. Automated exercise counting algorithm using OpenCV and Mediapipe for real-time tracking.

Steps

Input: Video stream or recorded video file containing human poses

Output: Displayed video frames with annotated landmarks and exercise count, Text-to-speech
announcements, and corrections

1: Start

2: Initialize the video capture to obtain the input video stream or load the recorded video
3: Create an instance of the pose estimation model using MediaPipe

4: while frames available in the video do

5: Read the next frame from the video

6: Resize the frame to a standardized size

7: Process into pose estimation model and obtain landmarks
8: Extract specific landmarks - wrists, shoulders, waist

9: Calculate the average joint angle (j)

10: if j < threshold value then

11: exercise_count «— 1

12: else if exercise_count < 1 AND j > threshold value
13: exercise_count « exercise_count + 1

14: else

15: exercise_count «— 0

16: Display video frame with landmarks and update count

17: if exercise_count reaches a specific milestone (e.g. 10,20) then
18: Use text-to-speech to announce the milestone

19: end while

20: end

The algorithm is implemented to monitor exercise repetitions and joint angles using MediaPipe's pose
estimation model. It starts by initializing the video capture and creating a pose estimation model. The
algorithm then iterates through each video frame, resizing it for consistent processing. The pose estimation
model extracts landmarks such as wrists, shoulders, and waist. The video frame is displayed with the extracted
landmarks and the exercise count is updated accordingly. If the exercise count reaches a specific milestone
(e.g., 10, 20), a text-to-speech feature can be used to announce the milestone.

This algorithm provides a framework for real-time exercise monitoring and feedback based on joint
angle analysis. It can be customized with specific threshold values and milestones based on the desired
exercise goals. By incorporating pose estimation techniques and utilizing MediaPipe, the algorithm offers a
robust solution for exercise tracking and performance evaluation. The average joint angle can be calculated
using equation (1).

y=22 12 1)

n

where y= average joint angle calculated; xi = joint angle in the i repetition of the exercise; n = number of

repetitions of exercise performed by the user
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The sum of the angles at a particular joint is calculated and divided by the number of times the exercise
is performed, resulting in a quantitative measure of the average joint movement or position observed during
the exercise. This is a useful metric to evaluate the consistency and effectiveness of the exercise performance.

While many existing systems use basic angle thresholds to count exercise repetitions, our designed
system integrates real-time visual and audio feedback mechanisms, which is a significant improvement. With
the help of this, users may adjust their posture in real time and receive quick feedback on how they are
performing their exercises. This is very important in physiotherapy settings, where precise motions are
essential for successful recovery outcomes. In contrast to the simple counting methods available on many
websites, our system uses newly developed and revised body landmark recognition models from MediaPipe
and OpenCV. These modifications provide more reliable and precise position estimation, improving the
feedback's accuracy and usefulness. Our system counts repetitions and stands out as a useful resource for
physiotherapists and patients who need dependable, in-the-moment exercise execution advice because of its
comprehensive approach.

3.5. Real-time Feedback Mechanism

This real-time feedback loop is essential for physiotherapy to be effective, where precise motions are
required for recovery. OpenCV's drawing functions are employed to overlay important spots and skeleton
lines onto video frames to provide visual feedback. When the system determines that the participant's posture
is improper, it highlights the exact joints or body regions that require modification. This is accomplished by
altering the color of the landmarks or adding extra markers, such as arrows or bounding boxes, around the
areas that require rectification. The monitor's real-time display allows participants to see their posture
instantly and make any needed modifications. Audio warnings give participants quick audio feedback when
their posture deviates from the proper form or when an activity repeat is tallied. The Raspberry Pi board uses
a simple Python audio module to create these alarms. This is accomplished using the pygame library, which
is well-known for its simple use for playing sound files. Pre-recorded audio messages or tones are broadcast
over Raspberry Pi-connected speakers to assist the participant. For example, if the participant's joint angles go
outside the allowed range, an alarm may sound, suggesting that they should adjust their posture.

4. Results and Discussion

The total count of the exercise being done during the live video or live camera session is displayed.
The joint angles are calculated by considering the positions of relevant body joints in the captured 3D space
[26]. For each exercise, joint angles are extracted at relevant time intervals (e.g., at the starting position, during
the downward motion, at the lowest point, during the upward motion, and at the ending position). The
average joint angle is calculated by summing up the joint angles for each exercise and dividing by the total
count. The actual ground truth data was matched with the detected count. Here, in total, five counts are
considered. The prescribed average joint angles in five types of spinal exercise are given in Table 2. And, the
prescribed average joint angles in five types of cardiovascular exercises are given in Table 3.

Table 2. Prescribed average joint angles in five types of spinal exercise.

Physiotherapy Exercise Name Prescribed Average Joint Angle (for 5 counts)

Cat-cow Stretch =  Spine flexion: 38.5°
*  Spine extension: 27.8°
* Knee flexion: 5.6°
*  Shoulder protraction: 14.9°
*  Shoulder retraction: 14.8°

Partial Curl =  Spine flexion: 32.9°
* Hip extension: 16.86°
Bird dog * Spine extension: 10.6°

* Hip extension: 16.88°
= Shoulder flexion: 20°
=  Knee flexion: 11.2°
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Squats =  Ankle dorsiflexion: 31°
* Hip flexion: 81°
*  Spine extension: 2.2°
= Knee flexion: 90°
Back extension * Facetjoint: 2.2°
»  Sacroiliac joint: 0.6°
* Hipjoint: 83.5°
*  Shoulder joint: 1.7°

Table 3. Prescribed average joint angles in five types of cardiovascular exercises.

Physiotherapy Exercise Name Prescribed Average Joint Angle (for 5 counts)
Push Ups =  Shoulder protraction: 11.5°
*  Shoulder retraction: 15.5°
= Elbow flexion: 118.7°
= Elbow extension: 1.7°

=  Spine: 0°(neutral position)
Bridge *  Ankle dorsiflexion: 12.2°

*  Ankle plantar-flexion: 5.4°

=  Knee flexion: 89°

= Knee extension: 1.7°

=  Spinal extension: 22.4°

* Hip flexion: 41°

* Hip extension: 0.8°
Shoulder Rolls = Shoulder abduction: 33.5°

= Shoulder internal rotation: 25.9°

= Shoulder external rotation: 26°

By calculating the average joint angles, insights are gained into the form, technique, and alignment of
the body, and the correctness of a pose is evaluated. When joint angles deviate from the prescribed range, it
may be a sign of incorrect form or compensatory movements, which might lead to injuries or lessen the
efficiency of the exercise. This method accurately tracked key body landmarks in varying lighting conditions
or during complex body poses. Certainly, there is a limitation when an occlusion occurs during an exercise.
Real-time feedback and guidance are provided to users, facilitating proper form and technique. The back
extension exercise is shown in Figure 2.

Figure 2. Back extension exercise being performed.
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All the exercises and their respective joint angles are shown in the following figures in the form of
graphs. The exercises related to the spine are shown in Figures 3 to 7. All the joint angles involved while
performing the Cat-cow stretch exercise are shown in Figure 3. The parts involved in this exercise are the
spine, shoulder, and knee. This figure shows the subplots for five iterations of the exercise. All angles in these
subplots are in degrees.

. . [ . .
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(e)

Figure 3. Different kinds of angles are involved in the cat-cow stretch exercise.

Degree of Shoulder Retraction Angle
&

All the joint angles involved in the partial curl exercise are shown in Figure 4. The parts involved are
the hip and spine. This figure shows the subplots for five iterations of the exercise. All angles in the subplots
are in degrees. All the joint angles involved in the bird-dog exercise are shown in Figure 5. The parts involved
are the spine, knee, and shoulder. This figure shows the subplots for five iterations of the exercise. All angles
in the subplots are in degrees.
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Figure 4. Different kinds of angles involved in the partial curl stretch exercise.
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Figure 5. Different kinds of angles are involved in bird dog exercise.

Degree of Knee Flexion Angle

[
=
[

Degree of Shoulder Flexion Angl
o

The angles related to the cardiovascular exercises are shown in Figures 6 and 7. All the joint angles
involved in the push-up exercise are shown in Figure 6. The parts involved are the shoulder and elbow. This
figure shows the subplots for five iterations of the exercise. All angles in the subplots are in degrees. All the
joint angles involved in the bridge exercise are shown in Figure 7. The parts involved are the knee, ankle,
spine, and hip. This figure shows the subplots for five iterations of the exercise. All angles in the subplots are
in degrees.
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Figure 6. Different kinds of angles are involved in push-up exercises.
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In addition to tracking exercise repetitions, our system offers instant feedback on how well each action
is performed. Joint angles are calculated and compared to predetermined criteria to do this. For instance, the
system determines the angle at which the torso and upper arm form during a shoulder raise exercise. The
device instantly gives the user visual and audio feedback if the angle goes outside of the advised range,
assisting them in correcting their form.

The comparison between OpenPose and OpenCV is given in Table 4. This table shows how an
OpenCV framework is superior to the OpenPose framework regarding flexibility, integration, and
performance. The obtained accuracy while the users performed spinal exercises is shown in Figure 8. From
this figure, the accuracy obtained for the back extension physiotherapy exercise is the maximum compared to
other spinal exercises. The accuracy obtained is 93.2% for back extension, 85.6% for squats, 85% for a bird dog,
90% for partial curl, and 89.5% for cat-cow stretch exercises, respectively.

Table 4. Comparison between OpenPose and OpenCV.

OpenPose OpenCV
* OpenPose is built on deep learning models. It = OpenCV is a comprehensive computer vision
employs intricate neural network topologies, like library that provides a wide range of pre-built

multi-stage convolutional networks, to find and

i ) functions and algorithms for various tasks,
localize human key points.

including pose estimation. In comparison to

OpenPose, it provides a simpler and more user-

friendly APL
= It may require additional effort and expertise to = With its diverse set of functions and algorithms,
adapt it to specific use cases. it offers more flexibility and easier integration.

* Computationally intensive, it requires substantial = Less resource-intensive compared to the deep
processing power, memory, and high-end GPU. learning models used in OpenPose, often
optimized for efficient execution on various

hardware platforms.

= Limited flexibility and customization. The = OpenCV and Mediapipe provide flexibility in

customization of the network architecture might terms of customization, adjusting parameters,
be challenging. and adding more computer vision algorithms if
necessary.
93.2
94.00
92.00
8 9
__ 90.00
NS
< 88.00
> 8 85,
@ 86.00
3 84.00
Q
< 82.00
80.00
Cat-cow Partial Curl Bird Dog Squats Back
Stretch Extension

Exercise Performed

Figure 8. Obtained accuracy while the users performed spinal exercises.
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The obtained accuracy while the users performed cardiovascular exercises is shown in Figure 9. This
figure shows that the accuracy obtained for the push-up physiotherapy exercise is the maximum when
compared to other cardiovascular exercises. The accuracy obtained is 96.5% for push-ups, 88% for bridge, and
85.98% for shoulder roll exercises, respectively.

100.00

95.00

88.00

90.00 85.80

85.00

Accuracy (%)

80.00
Push-ups Bridge Shoulder Rolls

Exercise Performed

Figure 9. Obtained accuracy while the users performed cardiovascular exercises.

5. Conclusions

In this study, a system was developed to estimate human postures utilizing OpenCV and MediaPipe.
The system's tracking and detection capabilities were thoroughly evaluated to assess its accuracy in accurately
identifying human stances. The successful monitoring of important human body landmarks achieved real-
time, highly accurate human pose estimation. OpenCV and MediaPipe offered several advantages over. The
system showed superior accuracy and robustness, making it a favorable choice for physiotherapy-related
tasks. Also, the voice acknowledgment makes the system more user-friendly. Additionally, the user's ability
to choose between live camera feeds and video uploads increased the usefulness and scenario adaptability of
the system. This system can also be used for fitness monitoring, rehabilitation exercises, and sports
performance analysis. We can also incorporate a gesture recognition system here.

5.1. Ethical Considerations

The research was conducted following ethical standards, which guaranteed participant informed
permission and upheld the privacy and confidentiality of their data. The study was carried out under all
applicable laws and ethical guidelines.

5.2. Limitations

The project focuses on a specific set of physiotherapy exercises. However, numerous other exercises
and movement patterns could benefit rehabilitation or fitness. The scope of the project may not cover all
possible exercises. Moreover, although the UI-PRMD dataset provided a solid foundation, its generalizability
to all physiotherapy exercises and patient demographics may be limited. Environmental factors such as
lighting conditions, background clutter, and camera angles may affect the system's accuracy. Adverse
conditions or distractions in the surroundings could impact the accuracy of joint angle calculations and
exercise detection. Future iterations should address these limitations by integrating adaptive algorithms and
enhancing dataset diversity to improve overall effectiveness in clinical and home-based physiotherapy
settings.

5.3. Future Scope

This work can be extended further using the newly developed frameworks like AlphaPose and
EfficientPose. The purpose of the AlphaPose [27, 28] framework is to provide precise joint localization and
detailed pose information. It employs deep learning models and advanced algorithms to achieve highly
accurate pose estimation results. Also, it can handle challenging pose estimation scenarios, including
occlusions and complex poses. EfficientPose [29, 30] is a pose estimation framework known for its efficient
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and lightweight architecture. It is developed to offer a decent balance between speed and precision. For
applications where real-time performance and minimal computational demands are essential, the
EfficientPose framework is more suitable.
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drawn.Authors should discuss the results and how they can be interpreted from previous studies and the
working hypotheses. The findings and their implications should be discussed in the broadest context possible.
Future research directions may also be highlighted.

3.1. Subsection
3.1.1. Subsubsection

3.2. Figures, Tables, and Schemes
All figures and tables should be cited in the main text as Figure 1, Table 1, etc.
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Figure 1. This is a figure. Schemes follow the same formatting.

Table 1. This is a table. Tables should be placed in the main text near the first time they are cited.

Title 1 Title 2 Title 3
entry 1 data data
entry 2 data data !

! Table may have a footer.

3.3. Formatting of Mathematical Components

This is example 1 of an equation:

a=1, @D

The text following an equation need not be a new paragraph.Please punctuate equations as regular text.
This is example 2 of an equation:

a-b+c+d+e+f+g+h+i+j+k+l+m+n+o+p+q+r+s+t+u (2)

The text following an equation need not be a new paragraph. Please punctuate equations as regular text.
The text continues here.



4. Conclusions

Concisely restate the hypothesis and most important findings. Summarize the significant findings,
contributions to existing knowledge, and limitations. What are the future directions? Conclusions MUST be
well stated, linked to original research question & limited to supporting results.
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