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Abstract: Forage grasses are vital for livestock nutrition and sustainability
but face challenges due to climate change and land degradation. This study aimed
to enhance the germination, growth, and nutritional quality of Mulato II grass by
utilizing Moringa oleifera leaf extract (MLE) as a priming agent. A Completely
Randomized Design (CRD) was employed, testing five treatments (unprimed
seeds, hydropriming, and MLE priming for 6, 12, and 18 hours), and each
treatment was replicated three times. Growth parameters, biomass, and
nutritional composition were analyzed statistically at a 5% significance level,
with post-hoc comparisons performed using Tukey’s Honestly Significant
Difference (HSD) test. MLE priming for 18 hours significantly (p<0.05)
enhanced performance, yielding the highest vigor index (5326.67), fresh
herbage yield (196.32 t/ha), and DM yield (57.70 t/ha). Nutritional analysis
revealed a significant difference (p < 0.0001) in ether extract (EE) content
(4.54%) with MLE priming for 12 hours, while crude protein content (16.76%)
and total nitrogen content (3.05%) were significantly higher with MLE priming
for 18 hours. Hydropriming and MLE priming for 18 hours also significantly
(p = 0.0137) achieved the highest final emergence percentage (FEP = 53.33%).
The findings show that MLE priming, especially when primed for 18 hours,
significantly enhances the growth and nutritional value of Mulato II grass. It is
recommended as a sustainable strategy for improving forage production, with
future studies focusing on long-term effects and cost-effective scaling.

Keywords: Hydroponic; MLE; Mulato II; nutritional component; priming agent

1. Introduction

Forage grasses are essential for livestock production because they
provide essential nutrients that enhance animal health, productivity, and the
livelihoods of millions of farmers worldwide. The world population currently
stands at 8.16 billion and is expected to continue growing in the coming years
[1]. As a result, the demand for livestock products will also increase. However,
there will be a reduction in land available for agricultural production due to
land conversion to residential and commercial spaces, which will affect the
forage supply chain in the future. In 2022, the global market for forage was
valued at USD 773.12 million, and it is projected to continue increasing to
US$131.0 billion by 2032 [2, 3]. Globally, 80% of the land, or 38 million km?, is
occupied or devoted to grazing and crops used for animal feed [4]. However,
the global forage supply is facing a significant decrease due to the effects of
traditional farming practices, such as pesticide pollution, land degradation,
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population growth, loss of biodiversity, and climate change [3]. In the Philippines, this issue of declining
forage supply is severe, with inconsistent forage availability threatening the sustainability of livestock
farming —a vital sector for food security and rural economies [5]. Forages are essential not only for livestock
nutrition but also for the overall health of the agricultural economy. They promote sustainable farming
practices and enhance food security [6].

Climate change was affecting all countries, exacerbating the crisis of forage supply in the market, and
impacting the livestock industry. These environmental stressors reduce forage quality and availability,
increase feed costs, and lower livestock productivity [7]. In light of these challenges, innovative strategies are
needed to enhance forage production, particularly in resource-limited environments. Michalk et al [8] pointed
out that land conversion is one of the reasons for the declining supply of forages. One of the strategies adopted
by some livestock farmers is the use of improved forage grass, which contains a high amount of essential
nutrients the animals need to grow, utilizing only a small portion of the land. However, farmers often face the
drawback of these improved forage grasses due to poor germination rates, which hampers the feed needed
for their animals. Mulato II is one of the forage grasses yet to be widely cultivated in the Philippines. This
three-way hybrid (Urochloa ruziziensis x Urochloa decumbens x Urochloa brizantha) is a yielding and nutritious
perennial forage grass suitable for both large and small ruminants, promoting increased beef and milk
production. According to the study by Bacorro et al [9], Mulato II contains 18.54-21.04% dry matter, 8.08-
12.86% crude protein, 53.36-63.73% neutral detergent fiber (NDF), 30.25-38.93% acid detergent fiber (ADF),
0.23-0.30% phosphorus, and 0.21-0.37% calcium.

Seed priming has emerged as a promising technique to improve germination, growth, and stress
resilience in various crops. Moringa oleifera, known for its rich content of growth-promoting compounds like
zeatin (a cytokinin), ascorbic acid, phenolic compounds, and other antioxidants, has gained attention as a
natural priming agent [10]. A study by Shrey et al. [11] has shown that moringa leaf extract can enhance
seedling vigor, root development, and biomass in crops such as maize, and improve the growth performance
of tomato and bell pepper. A similar result was obtained by Muneeba et al. [12], who found that moringa leaf
extract enhances wheat seedling growth and mitigates salinity stress, indicating its potential to improve crop
vigor and biomass in wheat. Studies have also demonstrated that moringa leaf extract can increase
photosynthetic activity [13], delay senescence [14], and improve nutrient uptake [15] in treated crops and
plants. Additionally, based on analysis conducted by Yasmeen et al. (2013), Moringa leaf extract contains
191.86 units of superoxide dismutase, 7.09 units of catalase, 21.99 units of peroxidase (IU/mg protein), 8.19 mg
g-1 total phenolics, 0.36 mmol g-1 ascorbic acid, and 1.40 mg g-1 total soluble protein.

Despite these promising results, the application of moringa leaf extract (MLE) in forage grass
production, particularly under hydroponic systems, remains underexplored. Previous studies have primarily
focused on staple crops, such as maize, rice, and wheat, as well as vegetables, with limited evidence on how
MLE affects the germination, growth, and nutritional composition of forage grasses. Furthermore, most
existing work has concentrated on soil-based cultivation, leaving a knowledge gap regarding its potential in
controlled, soilless systems, such as hydroponics, which are increasingly relevant in land- and resource-
constrained environments. This study aims to address this gap by investigating the effects of MLE as a priming
agent on the growth and nutritional value of hydroponically grown Mulato II grass—a promising but
underutilized forage species in the Philippines. By sustainably enhancing forage production, this study aligns
with several of the United Nations' Sustainable Development Goals (SDGs), including Zero Hunger (SDG 2),
Climate Action (SDG 13), and Life on Land (SDG 15). Enhancing forage availability fosters more resilient
livestock systems, mitigates the environmental footprint of feed production, and promotes sustainable land
use practices, ultimately contributing to global food security and environmental sustainability.
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2. Methodology
2.1 Site and Seed Selection

The study was conducted at the lower campus of Visayas State University in Baybay City, Leyte,
Philippines, which has a microclimate characterized by localized atmospheric conditions differing from the
surrounding climate. During the study, the average environmental conditions at the university were 28 °C
temperature, 85.5% relative humidity, and a photoperiod of 11.8 hours per day. Mulato II grass was used as
the forage material in this study. The seeds for this forage grass were procured from an online store through
the Shopee shopping application. This forage grass was selected because it represented a new, improved variety
that had never been tested under the conditions at Visayas State University, Baybay City, Leyte, Philippines.

2.2. Treatment Preparation

Moringa leaves were collected from the Department of Animal Science laboratory field. The leaves
were separated from the stalks and primary veins and then thoroughly washed under running water using a
strainer to remove insects and dirt. The cleaned leaves were extracted using a locally made hydraulic coconut
presser. The extract was filtered through cheesecloth to remove any remaining particulates. After filtration,
the Moringa leaf extract was stored overnight at 4°C in the Visayas State University, Baybay City, Leyte,
Philippines, Department of Agronomy Laboratory refrigerator, which maintained freezing temperatures.

Figure 1 Moringa leaf extraction.

2.3 Seed Priming

Seeds of Mulato II were subjected to priming at room temperature using a 1:10 diluted Moringa leaf
extract, following the method outlined in the study by Yasmeen et al. [16]. For uniformity, seeds were soaked
in 44 mL of diluted extract. The soaking durations were varied: 6, 12, and 18 hours, as described by Ranmeechai
et al [17]. In addition, hydropriming was performed for a 12-hour soaking duration for comparative analysis.
Some Mulato II seeds were included as control samples without priming. After the priming treatments, the
seeds were dried on a paper sheet at room temperature for 48 hours to restore them to their original weight.

2.4 Planting and Management

Both primed and unprimed Mulato II seeds were placed in a seedling tray for germination. The soil
media in the seedling tray consisted of a mixture of garden soil and vermicast. After 15 days, healthy seedlings
were selected and directly transplanted into plastic cups, each filled with coco peat, with one seedling per cup.
Seedlings were chosen based on uniformity in height, absence of visible damage, and normal leaf color after
15 days of germination. The cups were placed in a Styrofoam box containing 14 liters of nutrient solution with
a dilution rate of 2 mL per liter of water. The nutrient solution was enriched with essential macronutrients,
including carbon, phosphorus, iron, hydrogen, nitrogen, oxygen, sulfur, potassium, magnesium, and calcium,
which supported plant growth and development. Each Styrofoam box contained three plastic cups. These cups
were harvested after 30 days to evaluate shoot and root development, plant vigor, and the analysis of
nutritional components. The 30-day harvesting time was anchored on the standard forage evaluation intervals



ASEAN ]. Sci. Tech. Report. 2026, 29(2), €259077. 4of14

to capture early biomass accumulation and nutritional quality [18]. Regular monitoring ensured that the coco
peat remained moist until the roots made contact with the nutrient-rich water solution.

2.5 Seed Emergence

Seedling emergence was counted daily until the final emergence was reached. The formula from the
studies by Yasmeen et al. [16] and Vujosevi¢ et al. [19] was adopted to compute the emergence index (EI),
mean emergence time (MET), and final emergence percentage (FEP).

No.of emerged seeds No.of emerged seeds
Emergence Index = - e . 1)
Days of the first count Days of the final count
. Dn
Mean Emergence Time = Z0n) (2)

>n
where D represents the number of days from the emergence, and n is the number of seeds
that emerged on each respective day.

No.of emerged seeds 100 (3)

Final Emergence Percentage Number of soeds sown
2.6 Vigor Index and Growth Parameters Determination

After 30 days of emergence, plants per treatment were harvested to assess plant vigor and forage grass
quality parameters. Plant height, shoot length, and root length were measured from the tip to the base using
a ruler. Fresh and dry weights were determined using an analytical digital scale. Seed vigor was calculated
using the formula developed by Abdul-Baki and Alderson [20].

Vigor Index = (Shoot length + Root length) x Germination Percentage 4)

The number of leaves and tillers was recorded by counting them 30 days after transplanting. Fresh
herbage yield was determined by weighing the harvested parts at 30 days, while dry matter (DM) yield was
calculated by multiplying the fresh weight by the DM percentage.

DM yield = Fresh Weight x Dry Matter Percentage (5)

To facilitate comparison with standard agronomic studies, the yields recorded in grams per plant were
extrapolated to tons per hectare, allowing for a direct comparison with standard agronomic studies. The
extrapolation was based on the planting density equivalent to the hydroponic box area and then scaled up to
one hectare. This approach assumes uniform growth under field conditions. However, field validation is
required to confirm the applicability of the extrapolated hectare-level yields.

2.7 Chemical Analyses

Chemical assays involved collecting plant tissue samples from each treatment per replicate at 30 days.
The samples were sent to the Visayas State University Central Analytical Laboratory for analysis of their
nutrient content, including total nitrogen and available phosphorus. Other relevant parameters, including
crude protein (CP), ether extract (EE), neutral detergent fiber (NDF), and acid detergent fiber (ADF), were
analyzed at the Animal Nutrition Laboratory of the Department of Animal Science. Crude protein was
determined using the Kjeldahl method, ether extract by Soxhlet extraction, and NDF and ADF following the
procedure of Goering and Van Soest [21].

2.8 Research Design

The study was a one-factor experiment using a Completely Randomized Design (CRD). It involved
five treatments: unprimed seeds, hydropriming for 12 hours, Moringa leaf extract priming for 6 hours,
Moringa leaf extract priming for 12 hours, and Moringa leaf extract priming for 18 hours, with three replicates
for each treatment. For the germination phase, ten seeds of Mulato II were placed in a petri dish for each
replicate. After 15 days of germination, three healthy seedlings from each replicate were selected and
transferred to a prepared hydroponics set-up. The hydroponic system consisted of 15 Styrofoam boxes, each
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filled with a nutrient solution at a concentration of 2 mL/L of water. Each box held 3 cups filled with a cocopeat,
which served as the rooting medium for the Mulato II seedlings.
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(a) Set-up for germination (b) Set-up for growth performance

Figure 2 Experimental layouts of the study

2.9 Data Analysis

The data obtained from the study were analyzed using the analysis of variance (ANOVA) in a one-
factor Completely Randomized Design. The statistical analysis was performed using the PROC MIXED
procedure of SAS Enterprise Guide statistical software. Significant differences among treatment means were
declared at a 5% confidence level. A post hoc Test using Tukey's Honestly Significant Difference (HSD) test
for pairwise comparison was conducted to determine which treatment groups differed significantly.

3.Results and Discussion
3.1 Seed emergence of Mulato II grass primed with moringa leaf extract

The seed emergence of Mulato II grass varied among treatments, including unprimed seeds,
hydropriming, and priming with moringa leaf extract (MLE) for different durations. The emergence index (EI)
did not show significant differences across treatments (p = 0.1835), with values ranging from 131.22 for seeds
primed with MLE for 12 hours to 154.17 for hydropriming. The highest EI observed in hydropriming suggests
that this method slightly enhanced seed vigor compared to others. Similarly, the mean emergence time (MET)
showed no significant variation among treatments (p = 0.0751), remaining consistent between 12.15 and 12.75
days. These findings indicate that the speed of seed emergence was not notably affected by the treatments,
aligning with research indicating that priming often has a limited effect on MET when seed moisture is
uniformly maintained during germination [22].

Table 1. Seed emergence of Mulato II grass primed with moringa leaf extract

Emergence Mean Emergence Final Emergence
Treatments .
Index Time Percentage

Unprimed Seeds 152.20 12.27 50.00 2b
Hydropriming for 12 hours 154.17 12.15 53.332
Primed with Moringa leaf extract for 6 hours 144.20 12.58 50.00 a0
Primed with Moringa leaf extract for 12 hours 131.22 12.75 30.00®
Primed with Moringa leaf extract for 18 hours 150.98 12.28 53.332
Mean 146.55 12.40 47.33

CV (%) 7.98 2.03 15.43

p-value 0.1835 0.0751 0.0137

Means with the same letter are not significantly different at (P>0.05.
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However, significant differences were observed in the final emergence percentage (FEP), with a p-
value of 0.0137, demonstrating that treatments substantially impacted germination success. Hydropriming for
12 hours and MLE priming for 18 hours achieved the highest FEP (53.33%), which was statistically comparable
but significantly higher than the FEP of seeds primed with MLE for 12 hours (30.00%). Unprimed seeds and
seeds primed with MLE for 6 hours produced intermediate FEP values of 50.00%, which were statistically
comparable to those of both the highest- and lowest-performing treatments. The coefficient of variation (CV)
for FEP was 15.43%, indicating moderate variability in response to the treatments. The superior FEP observed
in hydropriming and MLE priming for 18 hours suggests that these treatments optimize seed hydration and
metabolic activation, enhancing germination rates. MLE priming for 18 hours, in particular, benefits from
bioactive compounds in Moringa, such as cytokinins, antioxidants, and vitamins, which improve seed vigor
and support robust germination [23]. On the other hand, the reduced FEP seen with MLE priming for 12 hours
(30.00%) may indicate insufficient uptake of these bioactive compounds or possible osmotic stress at this
duration. The intermediate performance of unprimed seeds and seeds primed with MLE for 6 hours highlights
the importance of optimizing priming duration to maximize the benefits of Moringa's bioactive properties.
These results highlight the effectiveness of seed priming, particularly with MLE for 18 hours, as a sustainable
and practical technique to enhance seed emergence in Mulato II grass. Hydropriming, while effective, lacks
the added advantage of Moringa's bioactive compounds, which contribute to improved seed vigor and
germination success. These findings are consistent with prior studies demonstrating that seed priming,
especially with natural growth enhancers like MLE, can significantly improve germination outcomes,
particularly under stress-prone environments [16].

3.2 Vigor Index of Mulato II grass primed with moringa leaf extract.

The vigor index of Mulato II grass was significantly influenced by seed priming treatments (p = 0.0114).
At the same time, shoot and root lengths showed no significant differences among treatments (p = 0.6134 and
p = 0.0810, respectively). For shoot length, values ranged from 56.60 cm for seeds primed with moringa leaf
extract (MLE) for 12 hours to 62.37 cm for MLE priming for 18 hours, with a mean of 59.39 cm across all
treatments. Root length varied more noticeably, with MLE priming for 18 hours producing the longest roots
(37.17 cm) and MLE priming for 12 hours producing the shortest (25.33 cm). Although these differences were
not statistically significant, the trends suggest that longer priming durations with MLE may enhance both
shoot and root growth, potentially contributing to higher overall vigor. The vigor index, a composite measure
of seedling quality, revealed significant differences among treatments. MLE priming for 18 hours resulted in
the highest vigor index (5326.67), significantly greater than the lowest value (2458.33) observed in seeds
primed with MLE for 12 hours. Unprimed seeds (4643.33), hydro-primed seeds (4822.67), and seeds primed
with MLE for 6 hours (4626.67) produced intermediate vigor index values that were statistically comparable
to both the highest and lowest-performing treatments.

Table 2. Vigor Index of Mulato II grass primed with moringa leaf extract
Shoot Length Root Length

Treatments (cm) (cm) Vigor Index

Unprimed Seeds 57.50 35.37 4643.33 0
Hydropriming for 12 hours 60.83 29.60 4822.67 b
Primed with Moringa leaf extract for 6 hours 59.67 32.87 4626.67
Primed with Moringa leaf extract for 12 hours 56.60 25.33 2458.33°
Primed with Moringa leaf extract for 18 hours 62.37 37.17 5326.672
Mean 59.39 32.07 4375.53
CV (%) 8.28 15.06 18.28
p-value 0.6134 0.0810 0.0114

Means with the same letter are not significantly different at (P>0.05.

The superior vigor index associated with MLE priming for 18 hours reflects the positive effects of
Moringa's bioactive compounds, including cytokinins, vitamins, and antioxidants, which promote seedling
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growth and enhance metabolic activity during germination. These properties stimulate cell division and
elongation, contributing to the development of longer shoots and roots and, ultimately, higher vigor [24]. The
relatively low vigor index observed in MLE priming for 12 hours may indicate suboptimal exposure to these
compounds, limiting their physiological benefits or potentially creating mild osmotic stress that inhibits
growth [25]. The intermediate vigor index values for unprimed, hydroprimed, and seeds primed with MLE
for 6 hours highlight the importance of optimizing priming duration and the priming agent. While
hydropriming can enhance seed hydration and activation of metabolic pathways, it lacks the additional
growth-promoting benefits of Moringa's phytonutrients [26]. Similarly, the performance of MLE priming for
6 hours suggests that even short exposure to Moringa can improve seed vigor, although not to the same extent
as longer durations. These findings emphasize the effectiveness of MLE priming for 18 hours in improving
seedling vigor, offering a practical and sustainable strategy for enhancing the establishment and productivity
of Mulato II grass. By leveraging the natural bioactive properties of Moringa, this technique provides a cost-
effective and environmentally friendly alternative to chemical seed treatments, making it particularly valuable
for resource-limited farming systems.

3.3 Average height of Mulato II grass primed with moringa leaf extract

The seed priming treatments affected the average height of Mulato II grass, with variations observed
across different measurement weeks. At the initial measurement, plant heights ranged from 10.37 cm (MLE
priming for 12 hours) to 14.43 cm (MLE priming for 6 hours), but the differences were not statistically
significant (p = 0.7790). Similar trends of no significant differences continued through the first (p = 0.4415),
second (p = 0.2829), third (p = 0.0893), and fourth weeks (p = 0.1446), indicating that while numerical
differences were observed, they were not statistically distinct. Despite the lack of statistical significance,
notable trends emerged. In the fourth week, seeds primed with MLE for 6 hours and 18 hours, respectively,
exhibited the tallest plants, averaging 52.77 cm and 52.43 cm. These heights were greater than those of plants
from hydroprimed seeds (48.47 cm) and unprimed seeds (41.30 cm). The lowest plant height at this stage was
recorded for seeds primed with MLE for 12 hours (40.70 cm). Similar trends were observed across earlier
weeks, with MLE priming for 6 hours consistently producing taller plants compared to other treatments.

Table 3. Average height (cm) of Mulato II grass primed with moringa leaf extract

Plant height (cm)
Treatment Weeks
Initial 18t 2nd 3 4t
Unprimed Seeds 11.17 14.43 17.70 30.17 41.30
Hydropriming  for 12 11.70 15.93 20.17 32.43 48.47
hours
Primed with Moringa leaf 14.43 20.50 26.53 43.33 52.77
extract for 6 hours
Primed with Moringa leaf 10.37 13.80 17.13 28.23 40.70
extract for 12 hours
Primed with Moringa leaf 11.70 16.87 22.00 38.57 52.43
extract for 18 hours
Mean 11.87 1631 20.71 3455 47.13
CV (%) 33.78 2771 26.22 18.96 14.56
p-value 0.7790 0.4415 0.2829 0.0893 0.1446

Means with the same letter are not significantly different at (P>0.05.

3.4 Average Number of Mulato II grass leaves primed with moringa leaf extract

The average number of leaves per plant in Mulato II grass was not significantly affected by seed
priming treatments across the observation period, as indicated by the high p-values (0.9327 to 0.6819). At the
initial stage, all treatments, except for seeds primed with moringa leaf extract (MLE) for 12 hours, exhibited
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the same number of leaves (2.0). The exception was MLE priming for 12 hours, which yielded an average of
3.0 leaves; however, this difference was not statistically significant. By the first week, the number of leaves
across treatments remained consistent, with a mean value of 3.0 leaves, regardless of the priming method.
Similarly, during the second and third weeks, all treatments reached an average of 4.0 leaves, indicating
uniform leaf production. By the fourth week, all treatments, except for MLE priming for 18 hours, maintained
this average, with MLE priming for 18 hours resulting in a slight but non-significant reduction to 3.0 leaves.
The uniformity in leaf number across treatments, including unprimed seeds, may be due to Mulato II grass's
inherent genetic growth potential, which might not be significantly altered by seed priming in the short term.

Table 4. Average number of Mulato II grass leaves primed with moringa leaf extract.

Number of Leaves

Treatment Weeks

Initial 1st 2nd 3rd 4th
Unprimed Seeds 2.0 3.0 4.0 4.0 4.0
Hydropriming  for 12 2.0 3.0 4.0 4.0 4.0
hours
Primed with Moringa leaf 20 40 40 40 40
extract for 6 hours
Primed with Moringa leaf 3.0 30 40 40 40
extract for 12 hours
Primed with Moringa leaf 20 3.00 40 3.0 40
extract for 18 hours
Mean 2.0 3.0 4.0 4.0 4.0
CV (%) 24.06 15.49 14.34 13.59 16.08
p-value 0.9327 0.6554 0.0886 0.2428 0.6819

Means with the same letter are not significantly different at (P>0.05.

3.5 Average Number of Mulato II grass tillers primed with moringa leaf extract

The number of tillers in Mulato II grass varied across treatments, with significant differences emerging
during the later weeks of observation. Initially and during the first and second weeks, there were no significant
differences among treatments (p = 0.5121 and p = 0.4516, respectively), with all treatments producing an
average of one tiller. This similarity suggests that the priming treatments had a minimal influence on the early
establishment phase of the grass, consistent with findings that priming effects are more pronounced as plants
transition to active growth stages [27]. By the third week, significant differences among treatments were
observed (p = 0.0470). Seeds primed with moringa leaf extract (MLE) for 6 and 18 hours produced three tillers,
which were statistically comparable and significantly higher than the one tiller produced by seeds primed
with MLE for 12 hours. Unprimed and hydro-primed seeds exhibited intermediate tiller numbers (two tillers
each), statistically comparable to those of the highest- and lowest-performing treatments. The differences
became more pronounced in the fourth week (p = 0.0023), where seeds primed with MLE for 18 hours
produced the highest number of tillers (five tillers), significantly outperforming all other treatments. Seeds
primed with MLE for 6 hours produced four tillers, statistically comparable to the 18-hour treatment but
significantly greater than those observed in both unprimed seeds and seeds primed with MLE for 12 hours.
Hydroprimed seeds produced three intermediate tillers and were statistically comparable to the other
treatments. The coefficient of variation (CV) for tiller counts decreased from the third to the fourth week
(35.34% to 18.98%), reflecting reduced variability as treatments exerted more pronounced effects on plant
growth. The superior performance of MLE priming for 18 hours can be attributed to the bioactive compounds
in Moringa, such as cytokinins, antioxidants, and nutrients, which enhance cell division, metabolic activity,
and overall plant vigor [28]. These compounds likely promote more robust root and shoot development,
facilitating better nutrient uptake and tillering. The intermediate performance of MLE priming for 6 hours
suggests that even shorter priming durations provide benefits, though optimal results are achieved with 18-
hour priming. Conversely, the reduced tiller counts observed with MLE priming for 12 hours may indicate
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suboptimal exposure to Moringa's bioactive compounds, which could cause osmotic stress or inadequate
physiological stimulation [29].

Table 5. Average number of Mulato II grass tillers primed with moringa leaf extract.

Number of Tillers
Treatment Weeks
Initial Ist 2nd 3rd 4th
Unprimed Seeds 0.0 1.0 1.0 2.0 2.0¢
Hydropriming  for 12 0.0 0.0 1.0 2.0 3.0
hours
Primed with Moringa leaf 0.0 1.0 1.0 304 40
extract for 6 hours
Primed with Moringa leaf 0.0 0.0 10 10v 20¢
extract for 12 hours
Primed with Moringa leaf 0.0 10 10 304 504
extract for 18 hours
Mean 1.0 1.0 2.0 4.0
CV (%) 36.07 24.21 35.34 18.98
p-value 0.5121 0.4516 0.0470 0.0023

Means with the same letter are not significantly different at (P>0.05.

These findings highlight the effectiveness of MLE priming, particularly for 18 hours, in improving the
vegetative growth of Mulato II grass. The increase in tiller production reflects enhanced plant vigor and
potential biomass, which are crucial for forage production. Hydropriming, while beneficial, lacked the
additional growth-promoting effects of MLE, reaffirming the role of bioactive compounds in optimizing plant
performance.

3.6 Herbage yield of Mulato II grass primed with moringa leaf extract

The herbage yield of Mulato II grass was significantly influenced by seed priming treatments, as
indicated by both fresh and dry yield data. For fresh herbage yield, seeds primed with moringa leaf extract
(MLE) for 18 hours produced the highest yield (196.32 t/ha), which was significantly greater than other
treatments but statistically comparable to seeds primed with MLE for 6 hours (164.39 t/ha). In contrast,
unprimed seeds had the lowest fresh herbage yield (78.95 t/ha). Hydropriming for 12 hours (115.44 t/ha) and
MLE priming for 12 hours (116.93 t/ha) resulted in intermediate yields comparable to each other but
significantly lower than those achieved with MLE priming for 6 and 18 hours. Similarly, for dry herbage yield,
MLE priming for 18 hours produced the highest yield (57.70 t/ha), significantly surpassing all other treatments
but comparable to MLE priming for 6 hours (45.35 t/ha). Unprimed seeds had the lowest dry yield (25.87 t/ha),
while hydropriming (31.03 t/ha) and MLE priming for 12 hours (31.77 t/ha) produced comparable yields that
were significantly lower than those of the MLE treatments for 6 and 18 hours. Statistical analysis revealed
significant differences among treatments, as evidenced by low p-values for fresh (p = 0.0013) and dry yield (p
=(0.0014). The superior performance of MLE priming for 18 hours can be attributed to the bioactive compounds
in Moringa, such as zeatin (a natural cytokinin), vitamins, minerals, and antioxidants, which enhance seed
metabolism, promote vigorous germination, and stimulate growth. The high yields observed in MLE-primed
seeds align with findings that cytokinin-rich treatments improve biomass accumulation by promoting cell
division and delaying senescence [30].

Interestingly, while MLE priming for 6 hours produced yields comparable to those of the 18-hour
treatment, the slightly lower yields suggest that a longer priming duration may optimize the absorption of
Moringa's bioactive compounds. Although beneficial in enhancing germination and hydration, hydropriming
produced significantly lower yields than those of MLE priming treatments, emphasizing the added value of
Moringa's phytonutrients [31]. Unprimed seeds consistently yielded the lowest biomass, underscoring the
critical role of priming in improving herbage productivity.
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Table 6. Herbage yield of Mulato II grass primed with moringa leaf extract.
Herbage Yield (tons/ha)

Treatments Frosh Dry
Unprimed Seeds 78.95¢ 25.87¢
Hydropriming for 12 hours 115.44 < 31.03bc
Primed with Moringa leaf extract for 6 hours 164.39 2 45.354b
Primed with Moringa leaf extract for 12 hours 116.93 be 31.77be
Primed with Moringa leaf extract for 18 hours 196.32 57.70
Mean 134.40 38.35
CV (%) 16.27 16.23
p-value 0.0013 0.0014

Means with the same letter are not significantly different at (P>0.05.

These findings suggest that MLE priming, particularly for 18 hours, is a highly effective and
sustainable strategy for enhancing both fresh and dry herbage yields of Mulato II grass. By leveraging the
natural growth-promoting properties of Moringa, this approach offers a cost-effective alternative to synthetic
inputs, particularly in tropical and subtropical regions where Moringa is abundant. The significant yield
improvements achieved through MLE priming make it a practical solution for addressing the dual challenges
of increasing forage production and promoting sustainable agriculture. The study emphasizes the potential of
MLE priming to optimize forage yield and quality, benefiting resource-constrained farmers while contributing
to sustainable livestock systems.

3.7 Nutritional component of Mulato II grass primed with moringa leaf extract.

The nutritional composition of Mulato II grass was influenced by seed priming treatments, with
significant differences observed in ether extract (EE) content (p < 0.0001), crude protein (CP) content (p <
0.0001), and total nitrogen (TN) content (p = 0.0001) but no significant effects on moisture content (MC), dry
matter (DM), organic matter (OM), ash, total phosphorus (TN), neutral detergent fiber (NDF), or acid
detergent fiber (ADF). The moisture content ranged from 66.21% in unprimed seeds to 72.95% in seeds hydro-
primed for 12 hours, with no statistically significant differences (p = 0.6494). Similarly, DM content varied from
27.05% (hydroprimed for 12 hours) to 33.79% (unprimed seeds), but remained statistically comparable among
treatments. Likewise, OM content consistently exceeded 95% across all treatments (p = 0.5801). Ash content
showed slight variations, ranging from 3.70% to 4.31%, but these differences were also not statistically
significant (p = 0.5801). Ether extract (EE) content, an indicator of the fat content in the grass, exhibited
significant differences among treatments. Seeds primed with moringa leaf extract (MLE) for 12 hours
produced grass with the highest EE content (4.54%), significantly higher than that of all other treatments.
Comparable EE values followed this in unprimed seeds (2.55%), hydroprimed seeds (2.73%), and seeds
primed with MLE for 18 hours (2.34%). The lowest EE content was observed in seeds primed with MLE for 6
hours (0.63%), which was significantly lower than in all other treatments. The significant improvement in EE
content following MLE priming for 12 hours can be attributed to the bioactive compounds in Moringa, such
as zeatin, antioxidants, and vitamins, which may enhance lipid synthesis and accumulation in plant tissues.
Similar findings have been reported by Nouman et al [25], highlighting the role of phytohormones in
improving nutritional quality. However, the reduced EE content observed with MLE priming for 6 hours
suggests that shorter priming durations may not allow sufficient uptake of these bioactive compounds,
limiting their impact on lipid metabolism. Hydropriming and unprimed seeds resulted in intermediate EE
content, indicating that while hydration enhances seed germination and subsequent growth, it lacks the
additional nutritional benefits Moringa's phytonutrients provide. Crude protein (CP) content exhibited
statistically significant differences across treatments (p < 0.0001), highlighting the impact of seed priming on
protein synthesis. The highest CP content (16.76%) was recorded in grass from seeds primed with moringa
leaf extract (MLE) for 18 hours, followed by 15.02% from the 6-hour priming treatment. Unprimed and
hydroprimed seeds yielded intermediate CP levels (14.67% and 14.50%, respectively), while MLE priming for
12 hours resulted in the lowest CP value (14.09%). These variations are also reflected in the total nitrogen (TN)
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content, which ranged from 2.56% to 3.05%. Notably, the TN content was highest in the 18-hour MLE priming
treatment, aligning with its elevated CP value. This suggests that extended exposure to MLE may enhance
nitrogen assimilation, likely through the synergistic action of Moringa's bioactive compounds such as
cytokinins and micronutrients [21].

Table 7. Nutritional component of Mulato II grass primed with moringa leaf extract

Nutritional Components

Treatments MC DM OM EE(%) Ash CP(%) TN TP NDF ADF
(%) (%) (%) (%) (%) (%) (%) (%)
Unprimed Seeds 6621 3379 9569  255° 431  1467°  2.67° 025 47.77 24.47
Hydropriming for ) oo 5705 9630 2730 370 1450 2640 024 46.55 33.52
12 hours
Primed with
Moringa leaf 7156 2844 9627  0.63c 373  1502° 2.73b 024 4723 27.96

extract for 6 hours
Primed with
Moringa leaf
extract for 12
hours

Primed with
Moringa leaf
extract for 18

72.21 27.79 96.08 4.544 3.92 14.09° 2.56" 0.22 4591 23.26

70.70 29.30 95.71 2.34° 4.29 16.762 3.052 0.23 47.86 23.49

hours

Mean 70.73 29.27 96.00 2.47 3.99 15.01 2.73 0.24 47.06 26.54
CV (%) 8.17 19.75 0.61 18.61 14.77 2.81 2.81 5.02 10.96 18.17
p-value 0.6494 0.6494  0.5801 <0.0001 0.5801 <0.0001 <0.0001 0.1077 0.9875 0.1171

Means with the same letter are not significantly different at (P>0.05)

Total phosphorus (TP), which is vital for energy transfer and root development, showed slight
fluctuations among treatments, ranging from 0.22% to 0.25%. Though these differences were not statistically
significant (p = 0.1077), the trend indicates a potential influence of MLE on phosphorus uptake or retention,
particularly in the 6-hour priming group. The neutral detergent fiber (NDF) and acid detergent fiber (ADF)
values showed no significant differences across treatments (p = 0.9875 and p = 0.1171, respectively). NDF
values ranged from 45.91% in seeds primed with Moringa leaf extract for 12 hours to 47.86% in seeds primed
for 18 hours. Similarly, ADF was lowest (23.26%) in seeds primed with Moringa leaf extract for 12 hours,
suggesting improved digestibility due to reduced lignin and cellulose content. These findings underscore the
potential of Moringa leaf extract to enhance forage quality for ruminants, particularly at optimal priming
durations. The results demonstrate that seed priming, particularly with MLE priming for 12 hours, notably
enhanced EE, while 18-hour priming maximized CP and TN levels. While other nutritional components, such
as MC, DM, OM, Ash, TP, NDF, and ADF, remained unaffected, the marked improvement in EE, CP, and TN
contents highlights the potential of MLE priming to enhance forage quality. The variation in optimal results
across different priming durations may be attributed to differences in the uptake and physiological utilization
of Moringa’s bioactive compounds, suggesting that shorter durations may favor certain metabolic pathways,
such as lipid synthesis. In contrast, longer durations are more effective in enhancing protein accumulation and
nitrogen assimilation. These findings emphasize the value of MLE priming as a sustainable and cost-effective
strategy for enhancing forage yield and quality, particularly in resource-constrained agricultural systems.

4. Conclusions

This study demonstrated the efficacy of MLE priming, particularly for 18 hours, in enhancing the
growth performance and nutritional quality of Mulato II grass. MLE priming significantly improved key
parameters, including vigor index, fresh and dry herbage yields, and final emergence percentage, compared
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to unprimed seeds and hydropriming. The bioactive compounds in MLE, such as cytokinins, antioxidants,
and vitamins, likely contributed to improved seed vigor, metabolic activity, and nutrient accumulation. While
hydropriming was effective, it lacked the added benefits of MLE’s phytonutrients. The study highlights the
potential of MLE priming as a sustainable and eco-friendly strategy for enhancing forage production in
controlled environments, such as hydroponics. Based on the results, MLE priming for 18 hours is
recommended for maximizing seed vigor, nutrient contents, and forage yield. Further research could
investigate other durations and concentrations to refine this practice. Field-based studies should be conducted
to validate the effectiveness of MLE priming under real-world conditions, including different environmental
stresses. To ensure widespread adoption, a detailed economic assessment of MLE extraction and application
should be performed, particularly in resource-limited farming systems. Future research should also
investigate the impact of MLE priming on plant growth and forage quality across multiple crop cycles to assess
its sustainability and productivity. The application of MLE priming could be extended to other forage crops
to evaluate its broader potential in improving livestock nutrition and sustainable agriculture. Additionally,
combining MLE priming with advanced hydroponic techniques and nutrient management strategies could
further enhance forage productivity and quality.
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Abstract: This research developed an improved biomass stove for dyeing
Krajood (Lepironia articulata) as a sustainable, appropriate technology for
small-scale industry applications. The new design features an integrated water
reserve tank, improved combustion chamber, heat shield, and robust support
structure while maintaining operational simplicity. Performance evaluation
revealed the improved stove reduced PM2.5 emissions at the operator position
by 72.25% (from 191+16 to 53+7 pug/m3, p=0.0002), decreased water boiling time
by 32.73% (from 55+6 to 37+3 minutes, p=0.0097), shortened dyeing time by
52.43% (from 1037 to 49+3 minutes, p=0.0006), and lowered ambient
temperature at the operator position by 46.45% (from 62.0+4.8°C to 33.2+1.7°C,
p=0.0003). These improvements collectively enabled a five-fold increase in
daily production capacity from 20 bundles (44 kg) to 100 bundles (220 kg) in
an 8-hour workday. Colorimetric analysis confirmed no significant differences
in Lab* values between traditionally and newly dyed Krajood at all
measurement positions (p>0.05), ensuring quality preservation despite the
process modifications. Economic assessment indicates the 71.4% higher initial
investment (12,000 vs. 7,000 THB) is rapidly offset by productivity gains. The
design exemplifies appropriate technology principles through its simplicity,
local material utilization, and alignment with existing production knowledge.
This improved stove addresses critical health and efficiency constraints in
traditional Krajood processing while preserving product quality, demonstrating
how targeted technological interventions can enhance traditional craft productivity
and worker wellbeing in rural communities.

Keywords: Biomass stove; krajood dyeing; appropriate technology; sustainable
development; particulate matter reduction

1. Introduction

Krajood (Lepironia articulata) is a sedge plant that grows in wetland
areas, characterized by its cylindrical green stems reaching heights of 1-2
meters. This plant possesses natural qualities of durability, flexibility, and
resilience that make it particularly suitable for creating woven products [1]. In
Thailand, especially in the central southern provinces of Nakhon Si
Thammarat and Phatthalung, communities have developed a cultural heritage
of transforming Krajood into various handicraft items, including bags, mats,
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baskets, fans, hats, and coasters. The economic significance of Krajood extends beyond preserving traditional
knowledge; it represents a primary source of income for communities in areas such as Thale Noi, Phanang
Tung, and Chai Buri districts in Phatthalung Province. These crafts embody local wisdom passed down
through multiple generations and contribute significantly to sustainable rural livelihoods [1]. The integration
of Krajood crafting into creative economic development initiatives has further enhanced its importance in
community-based production systems.

The transformation of Krajood into marketable products involves several processing steps, including
harvesting, selection by length and size, mud soaking to enhance durability, sun drying, pressing, dyeing for
aesthetic appeal, weaving, and final decoration. Among these processes, the dyeing step presents challenges
in traditional production systems. The conventional dyeing method employs local wisdom techniques that
utilize a rectangular container placed on brick supports referred to as a "Sao stove." This setup uses firewood
as a heat source, with limited control over combustion efficiency. The traditional method can typically
process only 20 bundles (approximately 44 kilograms) of Krajood within one working day (8 hours), creating
a production bottleneck. Additionally, this open-flame design exposes operators to significant heat stress
and particulate matter emissions, potentially compromising both health and working comfort. The
traditional Krajood dyeing system suffers from numerous inefficiencies, including limited production
capacity, prolonged boiling and dyeing times, high PM2.5 emissions that pose health risks, excessive heat
exposure for operators, substantial thermal energy loss to the environment, and inability to maintain water
temperature between dyeing batches, all of which reduce productivity and worker comfort.

Appropriate technology represents an approach to technological development that prioritizes
solutions aligned with the specific needs, resources, and context of users. According to Dezord et al. [2],
appropriate technology is characterized by design adaptations that suit user requirements while maintaining
low costs, easy maintenance, and accessibility through locally available resources. This concept extends
beyond mere technical functionality to encompass contextual suitability, sustainability, environmental
friendliness, and the ability to address real community problems [3]. The fundamental principles of
appropriate technology emphasize simplicity and sustainability. As noted by Lyman and Chung [4],
effective appropriate technology incorporates participatory design elements that enhance social impact
through direct engagement with community needs and capabilities. This approach ensures that
technological interventions remain relevant, adoptable, and maintainable within local contexts. In the
context of Krajood dyeing, appropriate technology must address the specific challenges faced by artisans
while respecting cultural practices and economic constraints. The development of improved biomass stoves
represents an opportunity to enhance productivity and working conditions without disrupting established
production knowledge or requiring prohibitive investments.

This research aims to develop an enhanced biomass stove system for dyeing Krajood that increases
work efficiency while adhering to appropriate technology principles. The specific design goals include
creation of a dyeing system with minimal complexity to facilitate ease of use and maintenance, development
of a configuration that reduces operator exposure to heat and harmful emissions, integration of a water reserve
system to minimize waiting time between dyeing batches, design of a combustion chamber that improves fuel
efficiency and heat transfer, implementation of features that maintain consistent dyeing quality compared to
traditional methods, utilization of locally available materials to enable local production and repair, and
ensuring affordability and economic viability within the context of small-scale Krajood production.

2. Materials and Methods

2.1 Design and construction of the new biomass stove

The traditional biomass stove for Krajood dyeing consists of a simple open fire stove (Figure 1a).
This traditional biomass stove was made of a concrete brick with a height of 27 cm that elevates the container
and creates a combustion space, and an open combustion area beneath the container for burning biomass
fuel (typically wood). The dyeing container is a rectangular metal steel with a size of 25 cm x 70 cm x 25 cm.
This traditional design represents local wisdom but suffers from several limitations, including heat loss,
smoke exposure, and limited production capacity, as noted by Zube [5] in studies of similar open-design
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biomass cooking systems. The improved biomass stove design (Figure 1b) incorporates several significant
modifications while maintaining operational simplicity in accordance with appropriate technology
principles [2]. Key design features include Integrated dyeing and water reserve containers: A corrosion-
resistant metal sheet container (65 cm width x 100 cm length x 35 cm height) divided into two sections —a 40
cm wide dyeing chamber and a 25 cm wide hot water reserve chamber. This design allows for continuous
operation by maintaining a supply of pre-heated water. Elevated support frame: A metal frame support
structure (65 cm width x 100 cm length x 50 cm height) constructed from welded metal bars, featuring four
corner posts extending 25 cm above the frame to secure the dyeing container and a 1.5 mm thick metal sheet
(65 cm width x 45 cm height) installed at the rear to shield operators from heat. The biomass stove is made of
1.2 mm steel, providing better thermal conductivity, reflection, and radiation properties than the simple
open fire stove [6-7] and is formed into a cylindrical container with a diameter of 58 cm and a height of 45
cm. The upper side wall opens a 40 cm wide and 15 cm high rectangular compartment to serve as a biomass
fuel feeder, and a plate is installed at the bottom of the compartment to help support the biomass fuel. Inside
the biomass stove, there is a steel frame reinforced with angle steel and round bars, and an expanded metal
grate to support the biomass fuel. It is 20 cm high from the bottom of the biomass stove. Improved
combustion chamber: A redesigned biomass stove positioned beneath the support frame, featuring
controlled air intake to enhance combustion efficiency similar to designs evaluated by Bentson et al. [8].
Biomass support system: An extended rack to support longer pieces of biomass fuel, preventing spillage and
enabling more effective fuel feeding. The new design prioritizes simplicity for ease of maintenance and
repair while addressing the core inefficiencies of the traditional system. All materials were selected based on
local availability to ensure sustainability and economic feasibility.

(b)

Figure 1. The design of a set of biomass stoves for krajood dyeing. (a) traditional biomass stove (b) improve
biomass stove

Figure 2. Dyeing of krajood using a biomass stove. (a) traditional stove (b) improve biomass stove

2.2 Experimental setup and testing procedures

The experimental evaluation followed a comparative methodology to assess performance
differences between the traditional and improved biomass stove designs. The testing procedures were
conducted under controlled conditions with the following protocol. Preparation of test materials: Three
bundles of Krajood, each weighing 2.2 kilograms (6.6 kilograms total), measured using a digital scale (CTS
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model DRC-15), 25 liters of water at ambient temperature for each dyeing test, and Standard dyeing agents
prepared according to traditional formulations. Testing sequence: Both stove types were prepared and
ignited with equivalent biomass fuel. Water was heated to the boiling point with measurements recorded
continuously, Krajood bundles were processed through complete dyeing cycles, and Dyed Krajood samples
were dried under standardized conditions for color evaluation. Replication: Tests were repeated three times
for each stove design to ensure statistical reliability, and environmental conditions (ambient temperature,
humidity) were recorded and maintained within a controlled range across all tests.

2.3 Measurement parameters and analytical methods

Particulate matter (PM2.5) concentrations were measured at the operator's position using a portable
particle counter (CEM model DT9881) in accordance with methodologies used by Bentson et al. [8] for
biomass combustion systems. Measurements were recorded at 15-minute intervals throughout the dyeing
process to capture variations during different operational phases. Thermal performance was evaluated
through multiple parameters:

1. Water boiling time: The time required to bring 20 liters of water from an ambient temperature
to boiling point (100°C) was measured using a digital timer.

2. Operator position temperature: Ambient temperature at the standard operator position (0.5
meters from the stove at a height of 1.5 meters) was measured using a Fluke 54-2B thermometer with a Fluke
80pk-22 probe as utilized in similar studies by Hafner et al. [9].

3. Dyeing time: The total processing time for completing the dyeing cycle for all three Krajood
bundles (6.6 kg) was recorded.

The color quality of dyed Krajood was analyzed using a colorimeter (Hunter Lab, Konica; Japan) to
measure L* a* b* color values [10]. Measurements were taken at three positions on each Krajood sample base
section (closest to the root), middle section, and end section (tip of the Krajood). This comprehensive color
analysis approach was used to determine whether the improved stove design maintained consistent dyeing
quality compared to the traditional method. Statistical analysis was performed using independent t-tests at a
significant level of 0.05. Production capacity was calculated based on the dyeing cycle time and the
maximum loading capacity of each stove design. This was extrapolated to determine the number of Krajood
bundles that could be processed in a standard 8-hour workday, providing practical data for economic
assessment of the technology. Cost-benefit analysis was conducted by comparing initial investment costs for
both stove designs, operational costs including fuel consumption and labor requirements, productivity
differences in terms of throughput capacity, and expected service life based on construction materials and
design. This economic assessment followed approaches recommended by Lyman and Chung [4] for
appropriate technology evaluation in community-based production systems.

3. Results and Discussion

3.1 Reduction in PM2.5 emissions

The comparative analysis of PM2.5 emissions between the traditional and improved biomass stoves
revealed significant differences in particulate matter concentrations at the operator position. As illustrated in
Figure 3, the improved biomass stove design produced substantially lower PM2.5 emissions (537 pg/m?)
compared to the traditional design (191+16 pg/m?). Statistical analysis confirmed that this 72.25% reduction
was significant at the p = 0.0002 level. The substantial decrease in PM2.5 emissions can be attributed to
several design improvements in the new stove. First, the improved combustion chamber incorporated
dedicated air intake channels that enhanced combustion efficiency. This finding aligns with research by
Bentson et al. [6], who demonstrated that forced jets of primary air in biomass cookstoves significantly
improved combustion completeness, thereby reducing particulate emissions. The presence of controlled
airflow into the combustion chamber of the improved design facilitated more complete burning of volatile
compounds that would otherwise contribute to PM2.5 formation. Second, the installation of a heat shield at
the operator's position in the improved design effectively redirected smoke and particulate flow away from
the user. This simple structural modification substantially reduced operator exposure to combustion
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byproducts. As noted by Hafner et al. [9], even modest modifications to stove structure can significantly alter
heat and emission pathways, resulting in improved operator safety without necessarily requiring complex
technological interventions. It is worth noting that while the improved design achieved a substantial
reduction in PM2.5 emissions, the measured concentration (53+7 pg/m?®) still exceeds the World Health
Organization's recommended 24-hour exposure limit of 15 ug/m?3 [11]. This suggests that while significant
improvements have been achieved, additional modifications, such as a chimney system or further
combustion optimization, might be warranted in future iterations to further reduce operator exposure to
particulate matter.

250
200 1
En p = 0.0002 1
w150
=
« 100
|
a L
50 1]
0
improve biomass stove tradition al biomass stove

Dyeing biomass stove set
Figure 3. Comparison of PM 2.5 levels from the krajood dyeing process (n = 3).

3.2 Decreased water boiling time

The time required to bring 20 liters of water to a boil showed marked improvement with the new
stove design. As shown in Figure 4, the improved biomass stove achieved boiling in 37+3 minutes compared
to 55+6 minutes for the traditional design. This 32.73% reduction in boiling time was statistically significant
(p = 0.0097). This decrease in water boiling time can be attributed to two primary design factors. First, the
combustion chamber walls in the improved design effectively contained and directed heat upward toward
the container, minimizing lateral heat loss to the surrounding environment. This improvement is due to the
superior thermal conduction, reflection, and radiation characteristics of the metal-steel combustion chamber
in the improved biomass stove compared to traditional biomass open-fire stoves [6-7]. Zube [5] identified
similar principles in improved cooking stove designs, noting that heat transfer efficiency is substantially
improved when combustion is contained within a defined chamber rather than in an open configuration.
Second, the elevated grate design in the improved stove facilitated better air circulation beneath the fuel,
promoting more complete combustion and higher flame temperatures. This design element creates what
Bentson et al. [8] describe as a "high-power combustion zone" where primary air mixes with fuel gases to
achieve more efficient burning. The result is more effective heat transfer to the dyeing container and,
consequently, faster water heating. The practical implication of this reduced boiling time is significant for
production workflow, as it reduces the initial setup time before dyeing can begin and increases the number
of dyeing cycles that can be completed in a workday.
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Figure 4. Comparison of the boiling time of water (n = 3).

3.3 Shortened dyeing time

The total time required to complete the dyeing process for three bundles of Krajood (6.6 kg) showed
the most dramatic improvement among all measured parameters. As presented in Figure 5, the improved
stove completed the dyeing process in 49+3 minutes, while the traditional stove required 103+7 minutes. This
represents a 52.43% reduction in processing time (p = 0.0006). The substantial time savings can be primarily
attributed to the integration of the hot water reserve tank in the improved design. This innovative feature
maintains a continuous supply of pre-heated water that can be immediately transferred to the dyeing
chamber when needed. In contrast, the traditional method requires operators to add ambient temperature
water when levels decrease, necessitating additional heating time before dyeing can resume. This finding
highlights how relatively simple design modifications can dramatically improve process efficiency when
applied with careful consideration of workflow bottlenecks. The principle aligns with appropriate
technology concepts described by Dezord et al. [2], where modest technological adaptations targeted at
specific workflow constraints can yield disproportionate productivity benefits. The practical implication of
this time reduction is substantial. Under an 8-hour workday scenario, the improved stove enables processing
of approximately 100 bundles (220 kg) of Krajood compared to just 20 bundles (44 kg) with the traditional
system—a five-fold increase in productivity.
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Figure 5. Comparison of dyeing time of krajood (n = 3).

3.4 Lower operating temperature

Ambient temperature measurements at the operator position revealed significant differences
between the two stove designs. As shown in Figure 6, the improved stove design maintained a substantially
lower temperature at the operator position (33.2+1.7°C) compared to the traditional stove (62.0+4.8°C). This
46.45% reduction in ambient temperature was statistically significant (p = 0.0003). The marked reduction in
operator-position temperature can be attributed primarily to the 1.5 mm thick metal heat shield installed at
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the rear of the improved stove design. This barrier effectively blocks direct thermal radiation from the
combustion chamber and redirects it away from the operator. This result is in good agreement with the
previous reports [9, 12, 6, 13]. Hafner et al. [9] observed similar benefits from heat shielding in improved
cooking stove designs, noting that strategic placement of simple barriers can significantly improve operator
comfort without compromising thermal efficiency. Liu et al. [12] discovered that installing a radiation shield
between the combustion chamber walls would effectively control the temperature outside the stove.
MacCarty and Bryden [6] reported that the shield can reduce the heat energy loss from the flame of a
biomass stove. Yunusa et al. [13] have reported that the use of a shield to reflect heat radiation prevents heat
radiation from being released to the outside. In contrast, the traditional brick support system creates an open
combustion area that allows heat to radiate freely in all directions, resulting in substantially higher
temperatures at the operator position. This unrestricted heat transfer not only creates uncomfortable
working conditions but also represents wasted thermal energy that could otherwise contribute to the dyeing
process. The lower operating temperature has important implications for both worker comfort and safety.
Extended exposure to high temperatures can contribute to heat stress and fatigue, particularly in tropical
environments where ambient temperatures are already elevated. The improved design creates more
tolerable working conditions that may contribute to sustained productivity over full workdays.
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Figure 6. Comparison of the krajood dyeing operating temperature (n = 3).

3.5 Color quality comparison

A critical requirement for any improved Krajood dyeing technology is the maintenance of product
quality. The color quality analysis aimed to determine whether the improved stove design affected the
dyeing outcomes compared to the traditional method. As presented in Table 1, comprehensive colorimetric
measurements (Lab* values) were taken at three positions on the Krajood (base, middle, and end). Statistical
analysis using independent t-tests revealed no significant differences in color values between Krajood dyed
using the traditional and improved stoves at any measurement position (all p-values > 0.05). This finding
confirms that the improved stove maintains dyeing quality while delivering substantial efficiency
improvements. The consistency in color outcomes despite the significant changes in processing time and
temperature profiles suggests that the critical dyeing parameters (temperature and dye concentration) were
effectively maintained in the improved system. Figure 7 provides a visual comparison of dyed Krajood
samples, further illustrating the comparable color outcomes between the two methods. This quality
preservation is particularly important for market acceptance of products made from Krajood dyed using the
improved technology. As Kaewpradit et al. [1] noted, consistent quality is essential for maintaining the
commercial value of traditional craft products when production processes are modified.
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Table 1. Comparison of L* a* b* values measured at different parts of Krajood (base, middle, and end) using
dyeing using a traditional biomass stove and dyeing using an improved biomass stove set (L* a* b*
values (mean of three positions on each Krajood sample base, middle, and end section)).

Biomass stove Mean S.D. t p value

L*_base Improve the biomass stove 35.14 0.77 1.046 0.326
Traditional biomass stove 34.65 0.69

a*_base Improve the biomass stove 32.30 2.88 -0.042 0.968
Traditional biomass stove 32.36 1.26

b*_base Improve the biomass stove 11.28 1.94 -0.493 0.642
Traditional biomass stove 11.74 0.80

L*_middle Improve the biomass stove 33.37 0.91 1.016 0.339
Traditional biomass stove 3291 0.42

a*_middle Improve the biomass stove 29.46 1.65 1.03 0.333
Traditional biomass stove 28.50 1.30

b*_middle Improve the biomass stove 9.75 1.36 1.302 0.229
Traditional biomass stove 8.91 0.50

L*_end Improve the biomass stove 33.60 0.18 0.876 0.429
Traditional biomass stove 33.02 1.47

a*_end Improve the biomass stove 29.09 1.17 -0.087 0.933
Traditional biomass stove 29.20 2.33

b*_end Improve the biomass stove 9.16 1.15 0.176 0.865
Traditional biomass stove 9.04 1.07

l
traditional improve traditional improve traditional improve
(a) (b) (©)

Figure 7. Comparison of colors obtained from the traditional biomass stove and the improved biomass stove
of dyeing krajood at base (a), middle (b) end (c) on the krajood threads.
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Figure 8. Krajood products are made from the improved biomass stove.

3.6 Economic viability

The economic analysis considered both the initial investment costs and operational benefits of the
improved stove design. The traditional biomass stove costs approximately 7,000 THB, while the improved
design costs 12,000 THB, representing a 71.4% increase in initial investment. However, this higher initial cost
must be considered against the five-fold increase in production capacity (from 20 to 100 bundles per day).
Assuming consistent market demand, this productivity improvement translates to significantly reduced
labor costs per unit of production. Although this assumption streamlines the model, it might not accurately
represent the dynamics of the actual market. The real economic results may be impacted by seasonal
variations, competition, and variations in customer demand. As a result, given these possible market
uncertainties, the anticipated profitability should be interpreted cautiously. Additionally, the more efficient
combustion in the improved design is likely to reduce fuel consumption per unit of output, though this was
not specifically quantified in the current study. A simple return-on-investment calculation indicates that the
5,000 THB additional investment could be recovered within a short operational period due to the substantial
productivity gains. This economic viability is essential for the adoption of appropriate technology in small-
scale industrial settings, as emphasized by Lyman and Chung [4]. Furthermore, the non-monetary benefits
of reduced PM2.5 exposure and improved working conditions represent additional value that may
contribute to long-term health benefits for operators, though these effects would require longitudinal studies
to quantify fully.

Table 2. Cost-benefit analysis of biomass stove technologies.

Parameter Traditional Stove Improved Stove Difference
Initial investment (THB) 7,000 12,000 +5,000
Daily production capacity (bundles) 20 100 +80
Daily production capacity (kg) 44 220 +176
Production increase factor - 5x -
Estimated daily revenue (THB)* 2,000 10,000 +8,000
Estimated payback period - <1 day -

*Assuming 100 THB profit per bundle

4. Conclusions

This research has successfully developed and evaluated an improved biomass stove for Krajood
dyeing that embodies the principles of sustainable appropriate technology. The new design maintains
operational simplicity while achieving substantial performance improvements across multiple parameters.
The most significant enhancements include a 72.25% reduction in PM2.5 emissions at the operator position, a
32.73% decrease in water boiling time, a 52.43% reduction in dyeing time, and a 46.45% lower operating
temperature. These improvements collectively enabled a five-fold increase in production capacity from 20 to
100 bundles (44 kg to 220 kg) per eight-hour workday. The improved stove design demonstrates how
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targeted modifications based on appropriate technology principles can simultaneously address health,
efficiency, and productivity concerns without compromising traditional product quality. The integration of a
water reserve tank, improved combustion chamber, and heat shield required only modest additional
investment while delivering significant operational benefits. Importantly, the colorimetric analysis
confirmed that the improved system maintained consistent dyeing quality, with no statistically significant
differences in Lab* values between the traditional and improved methods. For small-scale Krajood
processing enterprises, this technology offers particularly compelling advantages. The five-fold increase in
production capacity enables microenterprises to scale operations without proportional increases in labor or
workspace. This productivity enhancement strengthens their competitiveness in market environments
where traditional crafts face pressure from mass-produced alternatives. Additionally, the significant
reductions in ambient temperature and PM2.5 emissions create considerably healthier working conditions
for artisans, potentially reducing occupational health risks associated with long-term exposure to heat and
particulate matter. From a sustainability perspective, the improved stove represents a balanced approach to
technological advancement that respects local capabilities and resources. The design uses locally available
materials and maintains a level of simplicity that enables community-based production and maintenance.
While not quantified in this study, the improved combustion efficiency likely reduces biomass fuel
consumption per unit of output, contributing to resource conservation. Furthermore, by enhancing the
economic viability of traditional Krajood processing, the technology supports the preservation of cultural
heritage and sustainable livelihoods in rural communities. Future research directions should include long-
term durability assessment, precise quantification of fuel efficiency improvements, and exploration of
further PM2.5 reduction strategies such as chimney systems. The design principles demonstrated in this
study may also be transferable to other natural fiber dyeing processes with similar technological challenges.
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1. Introduction

Publisher’s Note: Plants that traditional communities have long utilized may possess
This article is published and  bioactive compounds that can be harnessed for modern applications [1].
distributed under the terms  [ndonesia possesses abundant biodiversity in the world, with thousands of plant
of the Thaksin University. species widely distributed across tropical rainforests [2], with approximately
7,500 of its 30,000 species recognized for their medicinal potential [3]. Timor
Island, Indonesia, has a dry soil structure, low rainfall intensity, and limited
water supply, which has led to biodiversity that differs from other regions of
Indonesia. One of the endemic plants on Timor Island is Sterculia quadrifida R.Br.
This plant is categorized as a tropical tree and belongs to the family Sterculiaceae
[4]. Sterculia quadrifida R.Br. exhibits various pharmacological properties and has
long been utilized in traditional medicine. The bark is the most frequently used
part by the local communities in East Nusa Tenggara for medicinal purposes,
such as treating hepatitis or liver disorders, fatigue, gastroenteritis, and
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rheumatoid arthritis [5]. Several products derived from the bark of Sterculia quadrifida R.Br have already been
marketed in local markets and national marketplaces, such as tea and instant health beverages. It has also
become one of the most sought-after plants for treating liver diseases.

Several studies have explored the roots, leaves, and seeds of Sterculia quadrifida R.Br, revealing a
wealth of distinctive compounds [6-9]. Among the plant parts, the fruits of Sterculia quadrifida R.Br are
particularly abundant each year, especially considering the dense distribution of trees on Timor Island [10].
However, these fruits are underutilized and are discarded seasonally. Research indicates that the seeds of
Sterculia quadrifida R.Br are rich in fatty acids, including palmitic acid, heptadecenoic acid, stearic acid, and
linoleic acid, which are vital components of many plant oils [11]. Additionally, bioactive compounds such as
flavonoids, alkaloids, tannins, and phenolic acid found in the seeds demonstrate strong biological activities
[7, 12]. The unique combination of fatty acids and bioactive compounds suggests that Sterculia quadrifida R.Br.
seeds have a significant potential as a new and valuable source of plant-based oils.

This review aims to provide a comprehensive review of the potential of Sterculia quadrifida R.Br,
particularly in terms of its utilization, bioactive compounds, and the prospects of its seed oil benefits. This
review summarizes and analyzes various studies related to this plant, given the growing interest in natural
and bioactive sources. A thorough review of Sterculia quadrifida R.Br can help identify new benefits and
utilization opportunities across various sectors, such as health, food, and industry. Additionally, this article
provides information about this plant in raising global awareness and understanding of this plant,
encouraging further research that could unlock new economic and scientific opportunities.

2. Distribution and Morphology of Sterculia quadrifida R.Br

Sterculia quadrifida R.Br. is a tropical tree found in various regions across Australia and Asia [13].
Originally, this plant spread from northern New South Wales to Queensland and extended to Western
Australia and parts of Indonesia (Figure 1). In Australia, this plant is known as the Peanut tree or Red
Kurrajong [5], in China known as Wu wali zi [6], while in Timor Island, Indonesia, it is known by the local
name Faloak [13, 14].

500 km

Figure 1. Map of the distribution of Sterculia quadrifida R.Br in Australia and Indonesia [15].

The ecology of Sterculia quadrifida R.Br. is characterized by its adaptability to a range of tropical and
subtropical environments. This tree often grows in association with other native species and typically grows
wildly in forest areas and can grow on rocky and drained soils [16]. Moreover, Sterculia quadrifida R.Br can
grow up to a height of 20 meters, with a sturdy trunk featuring rough bark and thick fibers (Figure 2a). The
fruiting season occurs annually between June to October. During this period, when the fruit is ripening, the
seeds are protected by the green skin, and after the period ends at the age of 3 to 4 months, the skin of the fruit
will turn orange, and the fruits split open, revealing black seeds that are elliptical in shape, typically containing
4-8 seeds per fruit. After 1-3 weeks, the skin of the fruits will turn brown, which indicates the seeds are old
(Figure 2b). The seeds of Sterculia quadrifida R.Br are approximately 10 mm in size and are edible, with a taste
resembling that of raw nuts [10].
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Figure 2. (a) Plant, and (b) Fruit and Seeds of Sterculia quadrifida R.Br.

Specific quantitative data regarding the annual fruit yield per tree is not available due to the limited
research focusing on the seeds of this tree. However, research indicates that on Timor Island, Indonesia, the
density of this plant is relatively high and widespread across various regions with differing densities [17].
Exploratory studies conducted in five districts on Timor Island revealed the distribution data of Sterculia
quadrifida R.Br as follows: the highest density was found in the Timor Tengah Selatan District area (14.16
trees/ha), followed by the Kupang District area (7.94 trees/ha), the Belu District area (6.25 trees/ha), Kupang
City (4.84 trees/ha), and the Timor Tengah Utara District area (1.4 trees/ha) (Figure 3). Given the high
distribution density of this tree, it is expected and estimated to produce a substantial quantity of fruit and
seeds from the Sterculia quadrifida R.Br plant each year.
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Figure 3. Map of Distribution of Sterculia quadrifida R.Br. Trees on Timor Island, Indonesia [17].

3. Utilization, Phytochemical Composition, and Bioactivity

3.1 Utilization of Sterculia quadrifida R.Br

Studying how indigenous and local communities use plants provides valuable insights into plant
species, cultural significance, medicinal properties, and potential economic value [18]. Sterculia quadrifida R.Br
has a history of traditional medicinal use in several regions where this species grows. In Australia, Aboriginal
communities use the leaves of Sterculia quadrifida R.Br to treat wounds, skin disorders, eye diseases, and mouth
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ulcers; the seeds are consumed, and the inner bark is used for weaving baskets and spinning ropes [14]. While
in Timor Island, Indonesia utilize the bark of Sterculia quadrifida R.Br. is utilized as a medicinal and nutritional
herbal drink to treat ailments such as liver disorders, digestive issues, fatigue, gastroenteritis, and rheumatoid
[5,19]. In addition, besides the bark, the root extracts of Sterculia quadrifida R.Br. have also been traditionally
used to treat diabetes and cancer [2]. The harvesting method practiced by the community involves slicing or
peeling the tree bark into specific sizes or dimensions before using it or boiling it (Figure 4). Generally, they
use clay pots to make a traditional herbal drink.

(b)

Figure 4. (a) Bark, and (b) Sliced bark of Sterculia quadrifida R.Br Tree

Every local society has its own way of utilizing the bark of Sterculia quadrifida R.Br as a herbal drink.
While most people use this bark without adding other ingredients, some have developed specific recipes to
cure diseases by combining it with additional ingredients such as turmeric, garlic, lemongrass, onion,
cinnamon, and sand ginger [19]. Traditionally, there are no specific guidelines for the dosage to boil Sterculia
quadrifida R.Br bark. Residents who consume it only boil it with water, and the remaining decoction will be
used again by adding water as needed, and this activity can be repeated up to 4 times, as long as the color of
the boiled water remains red.

3.2Phytochemical Composition of Sterculia quadrifida R.Br Seeds

Phytochemical investigations of Sterculia quadrifida R.Br. seeds have revealed the presence of diverse
classes of bioactive compounds that contribute to their pharmacological potential. Ethanol extract analyses
have identified major groups of secondary metabolites, including flavonoids, alkaloids, tannins, terpenoids,
phenolic acids, and phytosterols such as p-sitosterol [11]. These compounds play important roles in various
biological activities, including antioxidant, anticancer, antimicrobial, and antifungal effects. In particular,
flavonoids and phenolic acids act as strong antioxidants that help protect cells from oxidative stress, while
alkaloids and tannins exhibit antimicrobial properties through their ability to disrupt microbial cell
membranes and inhibit enzymatic activity. Furthermore, triterpenoids and sterols such as (3-sitosterol are
reported to have immunomodulatory, anti-inflammatory, and anticancer activities [6,11,20]. The coexistence
of these compounds highlights the pharmacological relevance of Sterculia quadrifida R.Br. seed extracts and
provides a chemical basis for their traditional use in medicine. The presence of such diverse phytochemicals
not only confirms the bioactivity of Sterculia quadrifida R.Br. seeds but also supports their potential as a novel
source of natural compounds for pharmaceutical, nutraceutical, and food industries. These findings suggest
that further exploration of seed phytochemistry, alongside biological assays, could open new opportunities
for the utilization and development of Sterculia quadrifida R Br. seed oil and its derivatives in modern applications.

3.3 Bioactivity Found in Sterculia quadrifida R.Br. Plant

Recent studies and research have increasingly focused on the potential health benefits and bioactive
compounds derived from the plant part of Sterculia quadrifida R.Br., and the studies show that all parts of this
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plant contain various bioactive compounds beneficial to health. Among them, the bark, root, leaf, and the
seeds of Sterculia quadrifida R.Br have been identified to contain flavonoids, alkaloids, tannins, and unsaturated
fatty acids [20]. These compounds exhibit various biological activities, including antioxidant [6,7], antifungal,
and anticancer properties [16,21,22]. Sterculia quadrifida R.Br, which has been used for centuries as a traditional
medicine in various regions, has attracted the attention of numerous researchers who have studied the
chemical compounds and pharmacological properties of this species. Several phytochemical studies have led
to the extraction and fractionation of various classes of compounds, including flavonoids, propanoids,
alkaloids, and terpenoids, from this plant [3]. The potential health benefits of this plant underscore its
importance, not only for the local population but also as a candidate for broader scientific exploration. Plants
can produce diverse bioactive compounds. The bioactive compounds in plants produce pharmacological or
toxicological effects on humans and animals [23]. Studies' results on Sterculia quadrifida R.Br seeds have
identified varieties of bioactive compounds that will benefit human health, such as antioxidants, antimicrobial,
antifungal, antitoxic, and anticancer (Table 1).

As a promising subject for broader scientific research, the potential health benefits of this plant
emphasize its importance not only for the local community but also for further research. Although research
on this plant is still limited to the local area, preliminary studies indicate that parts of this plant contain
beneficial compounds that, if further explored, could contribute not only to the pharmaceutical field but also
to the food and cosmetic fields. Reviewing the existing literature on the utilization and discovery of
bioactivities of this plant positions Sterculia quadrifida R.Br as a promising candidate for a sustainable source
of beneficial plants.

3.3.1 Antioxidant

Antioxidants are compounds that can protect body cells from damage caused by free radicals [35].
Free radicals are unstable molecules that can damage body cells, leading to various diseases and aging [36].
Antioxidants work by scavenging free radicals, thus preventing the damage they cause. The benefits of
antioxidants for human health are diverse. Some key benefits include protecting cells from oxidative damage,
reducing the risk of heart disease, combating the aging process, boosting the immune system, and even
reducing the risk of some types of cancer [37]. Antioxidants can be found in various foods, especially in fruits,
vegetables, grains, nuts, and spices [38]. Several bioactive compounds, including flavonoids, alkaloids,
steroids, terpenoids, tannins, and fatty acids, are where these bioactive compounds can contribute to the ability
of antioxidant activity [39]. Several research results have shown the presence of various secondary metabolites
that act as antioxidant agents in Sterculia quadrifida R.Br bark, root, leaf, and seeds, such as flavonoids, phenols,
and tannin content (Table 1). Flavonoids, phenols, and tannins also gain anti-inflammatory properties and
can support cognitive function and brain health, including protection against cardiovascular diseases and
some types of cancer [40]. Moreover, the extraction of Sterculia quadrifida R.Br has demonstrated strong
antioxidant properties based on ICso values. The bark showed very strong antioxidant activity with an ICso
value of 14.17+0.55 pg/mL, while the roots had an ICs0 value of 20.55+0.42 ug/mL [7]. The leaves and seeds
exhibited moderate antioxidant activity with ICso values of 52.59+0.75 ug/mL and 76.62+0.32 ug/mL,
respectively [7]. Some studies showed that the extract of new regrown stem bark and old regrown stem bark
exhibited potent antioxidant activity with ICso values of 2.51+0.03 and 3.43+0.12 pg/ml, respectively [41]. They
are classified as strong antioxidants. In the context of ICso values, the lower the ICso value, the stronger the
antioxidant ability of the substance. This indicates that the extract of Sterculia quadrifida R.Br. seeds can inhibit
the activity of free radicals. It can also prevent oxidative damage to cells with high effectiveness.
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3.3.2. Anticancer

Anticancer compounds can inhibit the growth of cancer cells, stimulate programmed cell death in
cancer cells, or disrupt critical processes in the cancer cell cycle. Cancer treatments, such as chemotherapy and
radiation, often lead to cytotoxic effects, which can harm healthy cells in addition to cancerous ones.
Anticytotoxic agents may help mitigate these adverse effects by neutralizing or reducing the damage inflicted
on normal tissues, thereby improving the overall efficacy and tolerability of cancer treatments. Moreover,
some compounds with anticytotoxic properties might have direct anti-cancer effects, as they can also help in
reducing oxidative stress and inflammation, which are commonly associated with cancer progression. Several
studies have shown extracts and fractions of Sterculia quadrifida R.Br to have cytotoxic activity [6][9][31][32].
Ethanol extracts from the stem bark of Sterculia quadrifida R.Br demonstrated the ability to inhibit the growth
of the T47D breast cancer cell line, with an ICso value of 32.45 pg/ml [3,30]. Additionally, another study found
that the ethyl acetate fraction from the bark of Sterculia quadrifida R.Br effectively inhibited the T47D breast
cancer cell line, with an ICso of 24.88 pg/ml and a selectivity index of 15.58. This ethyl acetate fraction was also
capable of inducing cell cycle arrest in the S phase, with a percentage of 27.43%, and promoting apoptosis at a
rate of 11.88% [9]. Some compounds that show various bioactivities found in Sterculia quadrifida R.Br. seeds
are sterculic acid, triterpenoid, and (-sitosterol. These compounds are also known for antioxidant, anti-
inflammatory, anticancer, antidiabetic, and cytotoxic activities [13]. This activity is often studied in the context
of the development of anticancer drugs or other therapies. Furthermore, Dibenzalacetone (2E, 4E)-1, 5-
diphenylpenta-2, 4-dien-1-one), a compound isolated from Sterculia quadrifida R.Br seeds, belongs to the group
of phenylpropanoid compounds, which have anticancer activity through apoptosis induction [10]. In another
study, isolation from the roots of Piper sarmentosum with cytotoxic activity against MDA-MB-231 breast cancer
cells identified two phenylpropanoid compounds, asaricin and isoasarone [42]. Moreover, flavonoids found
in the bark, root, leaf, and seeds of Sterculia quadrifida R.Br play a crucial role in inhibiting procarcinogen
activation, inhibiting cancer cell proliferation, selective cancer cell death through apoptosis, inhibiting
metastasis and angiogenesis, and activating immune responses to cancer cells [14]. Therefore, with the
discovery of anticancer compounds from Sterculia quadrifida R.Br. seeds, they have the potential for use in
cancer therapy. These compounds can serve as the basis for drug development or additional therapies. They
can also be consumed as preventive measures and included in a healthy diet to help protect the body from
cancer risks. Additionally, the utilization of antioxidant, anticancer, and antifungal activity from Sterculia
quadrifida R.Br plant part in food products can enhance the nutritional value and health of these products.
Anticancer-enriched food products can help strengthen the immune system and prevent diseases.

3.3.3 Antimicrobial

Sterculia quadrifida R.Br has been recognized for its antimicrobial properties, primarily attributed to
compounds extracted from the bark of this plant. Previous research has shown that the ethanol extract of
Sterculia quadrifida R.Br. bark has antimicrobial activity in gram-negative and gram-positive bacteria [43]. This
antimicrobial activity is generally linked to the presence of bioactive compounds such as flavonoids, tannins,
saponins, and alkaloids [44]. These phytochemicals are known to interfere with microbial cell membranes,
inhibit enzyme activity essential for microbial growth, and disrupt cellular processes, thus exerting their
antimicrobial effects. The analysis showed that the extract from Sterculia quadrifida R Br bark demonstrated the
effective inhibition of Staphylococcus aureus growth [13]. Another study reported that fractionation with 96%
ethanol extract using the preparative thin-layer chromatography method on bark of Sterculia quadrifida R.Br
exhibited strong antibacterial activity, with effective concentrations of 90.51 pg/ml against Bacillus subtilis,
80.12 pg/ml against Escherichia coli, and 77.87 pg/ml against Staphylococcus aureus [33]. The benefits of these
antimicrobial properties are significant in both the food industry and pharmacology. In the food sector,
Sterculia quadrifida R.Br extracts can be utilized as natural preservatives to extend shelf life and prevent
microbial contamination, thus enhancing food safety. In pharmacology, the antimicrobial compounds from
Sterculia quadrifida R.Br have potential applications in developing new antibiotics or antimicrobial agents,
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which is crucial given the rising concerns of antibiotic resistance. The ability to harness these natural
compounds can lead to more sustainable and effective treatments, reducing reliance on synthetic drugs and
mitigating the impact of resistant pathogens.

3.3.4 Antifungal

Compounds with antifungal activity are compounds that can inhibit the growth or kill fungi. They
can work through various mechanisms, including disrupting fungal cell membranes, inhibiting enzymes in
fungal metabolic processes, and disrupting fungal reproduction processes [45]. Sterculia quadrifida R.Br. seeds
have been found to contain various compounds with potential antifungal activity [16]. According to
phytochemical studies, flavonoid derivatives, phenolic acids, and triterpenoids are a group of main
compounds identified in plant parts such as leaves, seeds, and roots, which have biological activity and act as
antifungal, antimicrobial, antiparasitic, anti-inflammatory, or antioxidant and cytotoxic[46-48]. The compound
3-hydroxyoctadecanoic acid (CisHzsOs) or stearic acid is the main antifungal compound found in Sterculia
quadrifida R.Br. seeds. Analysis result of Sterculia quadrifida R.Br Seeds extraction with diethyl ether fractions
against the parasitic fungus Candida albicans showed inhibition of 44.33 mm and minimum inhibitory
concentration (MIC) of 30.34 pug m/1 [12]. This indicates that the diethyl ether fraction from Sterculia quadrifida
R.Br. seeds extract is capable of inhibiting the growth of Candida albicans fungus quite strongly, as evidenced
by the significant inhibition zone size. The larger the diameter of the zone, the stronger the inhibitory activity
of the tested compound against fungal growth. This suggests that at relatively low concentrations, the
compound can effectively inhibit the growth of the parasitic fungus. This testing provides indications that
Sterculia quadrifida R.Br. seeds contain compounds with significant antifungal activity, which may have
applications in the development of drugs or antimicrobial products. The other research found that 3-
hydroxyoctadecanoic acid (CisH3¢Os3) has been previously isolated from the extractive substance of Hypericum
lysimachioides var. lysimachioides flower. This species is one of the flora that grows in Turkey, which is widely
used as a medicine to heal wounds, antigastritis, antiseptic effect, and has anti-depressant, anti-cancer, and
antimicrobial activities [34].

4. Potential Oil in Sterculia quadrifida R.Br seed
4.1 Fatty Acids in the Seeds

Research has been conducted to evaluate the chemical composition of Sterculia quadrifida R.Br. seeds using
GC-MS analysis [11]. The results of the active compounds determination in Sterculia quadrifida R.Br. seeds
using ethanol extract chromatograms showed that there are several fatty acids identified in these seeds (Figure 5).

QOils rich in saturated and unsaturated fatty acids, including monounsaturated and polyunsaturated
fatty acids [49], have broad applications in the food, pharmaceutical, and cosmetic industries. Based on the
analysis of the identified fatty acids, the seeds of Sterculia quadrifida R.Br. have the potential to offer various
health benefits for humans. The fatty acid identified in Sterculia quadrifida R.Br. seeds using the GC-MS method
with ethanol extract shows that the most dominant compound found in its seeds is hexadecanoic acid.
Hexadecanoic acid is a saturated fatty acid commonly known as palmitic acid. Some other plants that contain
relatively high levels of palmitic acid include coconut (Cocos nucifera L), palm (Elaeis guineensis) [37], candlenut
(Aleurites moluccana) [50], peanut (Arachis hypogaea) [51], macadamia nut (Macadamia Integrifolia) [52], and
almond seed (Prunus dulcis) [53]. Palmitic acid has several biological activities, such as hypocholesterolemic,
nematicide, antioxidant, and pesticide [54]. Palmitic acid is also important and is often approached with
caution due to its association with increased levels of bad cholesterol or Low-Density Lipoprotein (LDL) when
consumed in excess. However, in balanced amounts, palmitic acid plays a vital role in the body, including as
an energy source and as a structural component of various lipids within cell membranes. The high and
dominant content of palmitic acid in Sterculia quadrifida R.Br. seeds indicates that these seeds contain a
significant amount of plant oil that can be extracted. This oil has potential for use in various industrial and
culinary applications. Additionally, the presence of palmitic acid provides stability and resistance to oxidation,
which is important for the long-term storage of the oil. The significant amount of palmitic acid also suggests
that this oil has good oxidative stability.
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Figure 5. Fatty Acids Identified in Sterculia quadrifida R.Br Seed [11].

Heptadecene-8-carbonic acid-(1) or heptadecanoic acid is the following dominant compound found
in Sterculia quadrifida R.Br. seeds. This compound, also known as margaric acid, is a saturated fatty acid with
17 carbon atoms that is commonly found in small amounts in some food sources, including grains, milk, and
meat [55]. This compound is integrated with other compounds to provide antioxidant, antibacterial, and
antiproliferative effects [56]. Research also shows that consuming odd-chain saturated fatty acids, such as
heptadecanoic acid, may play a role in supporting heart health [57]. Another fatty acid discovery was 9,12-
octadecadienoic acid, which is known as linoleic acid. Linoleic acid is an essential omega-6 fatty acid and the
most beneficial for health. This fatty acid is essential for the growth and development of children, as it cannot
be synthesized by the human body. It is also a major component of cell membranes and is important for
nervous system function [58]. Linoleic acid offers several benefits to the human body, including maintaining
lipid balance, regulating metabolism, and supporting optimal brain function, such as promoting brain
development. Additionally, research indicates that linoleic acid plays a crucial role in protecting pancreatic 3-
cells [59]. Pancreatic 3-cells are the type of cells responsible for producing insulin, a hormone that regulates
blood sugar levels in the body. In other words, this acid helps maintain the health and function of pancreatic
[3-cells, which is important in preventing or reducing the risk of diseases such as diabetes. Moreover, linoleic
acid reduces the risk of heart disease and contributes to metabolic health, making it highly valued in a healthy
diet [49,60]. Additionally, cis-vaccenic acid and methyl linoleic acid are unsaturated fatty acids, both
monounsaturated and polyunsaturated, that also offer health benefits. Cis-vaccenic acid is an omega-7 fatty
acid that helps improve heart health by lowering bad cholesterol or LDL and increasing good cholesterol or
High-Density Lipoprotein (HDL) [49,60]. Moreover, this omega-7 fatty acid contributes to skin and mucous
membrane integrity and has potential anti-inflammatory properties [61]. As a polyunsaturated fatty acid
(PUFA), methyl linoleic acid has antioxidant potential that can support immune function and prevent cellular
damage [62]. Another beneficial fatty acid found is octadecanoic acid, also known as stearic acid, which is
found in the extraction of Sterculia quadrifida R.Br seeds (Figure 5). Octadecanoic acid is a compound
containing an 18-carbon chain. It is classified as an omega-9 fatty acid [63], and consuming omega-9 fatty acids
can help lower LDL cholesterol levels in the blood, thus reducing the risk of heart disease [64]. Overall, the oil
produced from these fatty acids has significant potential health benefits, particularly due to its content of
polyunsaturated fatty acids like linoleic acid. The applications of this oil may include its use in functional
foods, dietary supplements, and cosmetic products that support skin health and overall bodily functions.
Thus, extracting oil from a source rich in such fatty acids can provide valuable contributions to enhancing
human health.
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4.2 Potential of the seed as a New Resource Supplying Oil

Plant oil is a key commodity in various food and non-food industries. Thus, identifying new plant oil
sources can reduce dependence on a few types of oils. Extracting oil from the underutilized seeds of Sterculia
quadrifida R.Br could provide a potential new source, offering health or nutritional benefits and economic
advantages to society now and in the future. The discovery of various interesting bioactive and phytochemical
compounds in Sterculia quadrifida R.Br. seeds by several researchers provides a deeper understanding of the
potential of these seeds. A review and summary of the bioactive compounds found in Sterculia quadrifida R.Br.
seeds is highly necessary, as this will provide valuable and useful information for obtaining high-quality oil
in optimal quantities. Thus, this review makes an important contribution to further exploration of the benefits
and potential of oil from these seeds, particularly in supporting broader industrial applications. Based on the
findings from research on the bioactive compounds in Sterculia quadrifida R Br. seeds, it has been demonstrated
that these seeds contain various beneficial fatty acid compounds that are of significant interest [3,7]. A
comprehensive analysis of the phytochemical composition indicates a substantial potential for extracting these
compounds, thereby unveiling the prospective discovery of a new type of vegetable oil. The fatty acid
components are particularly noteworthy, renowned for their promising properties across various industries,
ranging from foods to pharmaceuticals. Sterculia quadrifida R.Br. seeds have the potential to be extracted into
plant oil for several reasons (Figure 6).

High Lipid Content

Diverse and Healthy FA Content
(Omega-6, Omega-7, Omega-9)

Strong Antioxidant , Antifungal,
Antimicrobial Activity

Figure 6. Benefits of Sterculia quadrifida R.Br. Seed

Continued research and development efforts are essential to unlock their full potential, paving the
way for their integration into the food, pharmaceutical, and cosmetic industries. By leveraging the unique
properties of Sterculia quadrifida R.Br oil, it is possible to enhance the diversity and sustainability of plant oil
sources, contributing to improved health outcomes and economic resilience. Some of the potentials of Sterculia
quadrifida R.Br. seeds are explained as follows;

= High lipid Content; Sterculia quadrifida R.Br. seeds are proven and have a relatively high lipid
content [11]. Plant oil is obtained by extracting lipids from seeds, and seeds with high lipid content are a good
choice for extraction into plant oil. Oil extracted from Sterculia quadrifida R.Br. seeds can become a potential
source of new vegetable oil for the food, pharmaceutical, and cosmetic industries.

= Diverse, Healthy, and Beneficial Fatty Acid Content; Sterculia quadrifida R. Br seeds contain
various types of fatty acids, including saturated, monounsaturated, and polyunsaturated fatty acids [4,11,15].
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These fatty acids are the main components of plant oil and impart unique characteristics to the extracted oil.
Some fatty acids found in Sterculia quadrifida R.Br. seeds, such as linoleic acid (omega-6), cis-vaccenic acid
(omega-7), and octadecanoic acid (omega-9), are essential fatty acids required by the human body as the
human body cannot synthesize them on its own [64]. The presence of these essential fatty acids makes
vegetable oil extracted from Sterculia quadrifida R.Br. seeds nutritionally valuable.

* Potential Health Benefits: The fatty acids found in vegetable oil from Sterculia quadrifida R.Br
seeds, such as monounsaturated and polyunsaturated fatty acids, have been associated with various health
benefits, including maintaining heart health, skin health, pancreatic health, nervous system health, and brain
health [64][65]. In addition to fatty acids, oil from Sterculia quadrifida R.Br seeds may also contain other
bioactive compounds such as tocopherols (vitamin E) and phenolic compounds, which have antioxidant
activity and other health benefits [11,20,40].

* Benefit in food, pharmaceutical, and cosmetic Applications: Oil extracted from Sterculia quadrifida
R.Br seeds has great potential in various applications due to its unique physico-chemical properties. Sterculia
quadrifida R.Br. oil contains a beneficial profile of fatty acids, vitamins, and antioxidants that are important for
health, in addition to its unsaturated fatty acid content, which can support heart health and reduce the risk of
cardiovascular disease. For culinary applications, this oil can be used as cooking oil or food additives, and in
the cosmetic sector, antioxidant properties can help fight premature aging and protect the skin from damage
caused by free radicals.

With the combination of these factors, the fruiting season that occurs every year, and the availability
of fruit and seeds that have not been utilized, Sterculia quadrifida R.Br. seeds have the potential to be a valuable
source of plant oil. Overall, the oil extracted from these seeds has great potential for application in various
sectors, offering good health and economic benefits.

5. Conclusions

The bioactive components, including various fatty acids, exhibit antioxidant, anticancer, antimicrobial, and
antifungal activities found in every part of Sterculia quadrifida R.Br., potentially contributing to more
fundamental research on the utilization of this plant. The seeds of Sterculia quadrifida R.Br., rich in lipids, fatty
acids, and significant bioactive compounds, have the potential to be extracted into plant seed oil that is beneficial
for the food, health, and nutrition sectors. Further research is essential to fully characterize its bioactive
compounds, optimize extraction methods, and explore new ways to utilize its diverse applications. Thus,
Sterculia quadrifida R.Br. seed oil stands out as a promising natural resource for enhancing health and well-being,
and this plant, from all parts, has the opportunity to be studied and used as a natural antioxidant agent.
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Abstract: This study focused on the fabrication of multifunctional organic—
inorganic composites composed of mixed herbal extracts from mangosteen peel
(MP), pomelo peel (PP), and cucumber (CP) peel, biomass-derived activated
carbon (AC), and zinc oxide@ZnAl-layered double hydroxide (ZnO@ZnAl-LDH)
by a mechanochemical solid—solid process. The as-synthesized composites were
characterized using XRD, FT-IR, and zeta potential analyses, and their biological
activities were evaluated. The MP/PP/CP@AC/LDH composite exhibited
superior antioxidant performance, with ICsy values of 136.6 pug/mL for DPPH
radicals and 195.8 pug/mL for ABTS radicals, which were significantly lower than
those of single-extract or single-host systems. The enhanced radical-scavenging
behavior was attributed to the synergistic host-guest and guest—guest
interactions among ZnO, ZnAl-LDH, AC, and bioactive compounds. Moreover,
the composite demonstrated the pronounced antibacterial activity against
Staphylococcus aureus and partial inhibition toward Escherichia coli, owing to
reactive oxygen species (ROS) generation and membrane disruption. These
findings suggested that MP/PP/CP@AC/LDH was a promising multifunctional
herbal material for antioxidant and antimicrobial applications.

Keywords: Herbal extract; Zinc oxide; ZnAl-layered double hydroxide; antioxidant;
antibacterial

1. Introduction

In Thailand, herbal remedies have for a long time played a significant
role in drug, healthy innovation, and healthcare and body-cleaning goods [1, 2],
especially, herbal extracts from mangosteen, pomelo, and cucumber, which are
known for their remarkable antibacterial, antioxidant, moisturizing and anti-
aging properties [3-6]. However, several active compounds are unstable organic
substances that are easily degraded upon exposure to light, oxygen and chemical
reactions, thereby reducing biological effectiveness [7]. Typically, the
application of herbal extract-based ingredients is preferred in the solid state,
because they are easy to use, cost-effective to store, and relatively stable [8]. To
address, many attempts have been made to encapsulate crude extracts by
surfactant [9] and inorganic host [10]. Furthermore, the antioxidant performance
remains steadily high over a long period [7, 9]. In particular, the incorporation
of herbal extract in activated carbon (AC) has received much interest as a host-
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guest material, as the results of its stable 3D carbonaceous structure, low toxicity, large surface area and H-
bonding active sites [11]. Moreover, AC also supports higher stability of organic compounds, and acts as an
efficient adsorbent of toxic species [12, 13]. Because most crude extracts show lower antibacterial effectiveness
than pure essential oil [14], their antibacterial function must be improved by mixing with another material
such as metal oxide and metal hydroxide [7, 15].

Zinc oxide (ZnO), a well-known metal oxide, is recognized as an efficient UV-light absorber and
antimicrobial agent [16]. Owing to its relatively low toxicity, ZnO particles have been a promising candidate
for use in medical devices and pharmaceutical formulations for controlling Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) infections [15, 17]. However, bulk ZnO particles obtained by using a co-
precipitation method exhibit lower biological activity due to the smaller surface area relative to ZnO
nanoparticles [17]. The formation of ZnO nanoparticles in/on an inorganic host has been intensively studied
because of the larger surface area, higher stability, and multifunctional merits. Layered double hydroxide
(LDH), a general formula of [M1-&Mx3*(OH)2]**(A™)xn-yH20, where M?* = divalent metal cation (Mg?*, Co¥,
Zn?*, Ni**), M3+ = trivalent metal cation (AI%, Fe%, Cr?*), A = interlayer anion (COs?,, NOs~, Cl7), has received
much attention as a host material due to large surface area, anion exchange and swelling capacities, as well as
optical, magnetic, antibacterial and catalytic properties [18]. However, LDH structures can be synthesized in
various forms by adjusting the types of M?*, M%, and A" species. Among them, ZnAl-LDH has been widely
utilized for its antibacterial and pharmacological activities [19]. In addition, the incorporation of ZnO particles
onto ZnAl-LDH can further tailor its antibacterial efficiency due to the co-functional effect [7].

The present research was focused on the utilization of AC and ZnAl-LDH solid materials for mixing
herbal extracts by a mechanochemical solid-solid reaction [20], which was a simple method for generating a
mixed herbal extract-powder based on an organic-inorganic host-guest composite. Many studies have
reported that the incorporation of herbal organic compounds can provide synergistic effects on biological
properties. However, the formation of such materials in the solid state still faces several challenges, including
complicated synthesis procedures and the use of toxic substances [8-11]. In this work, the waste peels of
mangosteen (Garcinia mangostana L.), pomelo (Citrus maxima), and cucumber (Cucumis sativus L.) were selected
to attain organic extracts because they are abundant throughout Thailand, and contain abundant bioactive
substances with strong antioxidant activity. The AC was developed from Krajood (Lepironia articulata Retz.
Domin) residue, which is a waste-to-wealth route. This study aims to create a valuable material for herbal
innovation with both efficient antioxidant and antibacterial activities.

2. Materials and Methods
2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs)2:6H20) and aluminum nitrate nonahydrate (AI(NOs)3-9H20) were
supported by Loba Chemie PVT. LTD. Gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2"-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid-diammonium salt (ABTS)) were obtained from Sigma Aldrich.
Folin-Ciocalteu reagent was obtained from Fisher Scientific. Ammonia (NHs, 98%) and phosphoric acid
(HsPOs, 98%) were purchased from Asia Pacific Specialty Chemicals LTD. All chemicals are AR-grade
substances that were used directly without any characterization.

2.2 Preparation of AC

The long lines of waste Krajood were cut into small pieces, washed several times with water, collected
and dried at 110 °C for 24 h, and finally carbonized at approximately 400 °C for 2 h. The black pieces were
spun until achieving fine powder through a 60 mesh-sieve, soaked in distilled water containing excess HsPOu
under vigorous shaking for 24 h. The resulting powder was washed several times until achieving the
supernatant pH ~ 7, separated with a thin white cloth, and dried at 110 °C for 24 h, finally calcined at 900 °C
for 2 h. The activated carbon derived from Krajood residue was obtained, which was abbreviated as AC.

2.3 Preparation of ZnO@ZnAl-LDH
Firstly, the aqueous bimetallic mixture was conducted by mixing the appropriate Zn(NOs)2 and
Al(NOs)s amount of molar ratio of 3:1, and the concentrated ammonia was slowly dropped until the pH
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reached 9.5 under strong magnetic stirring. The reactor was sealed with aluminium foil, and incubated at 80
°C for 24 h. After that, the precipitate was washed multiple times with DI water until obtaining the supernatant
pH ~ 7, then separated with centrifugation, and dried at 80 °C for 24 h. The product powder was abbreviated
as ZnO@ZnAl-LDH.

2.4 Preparation of herbal extracts

Each herbal peel (mangosteen, pomelo, or cucumber) was washed, cut into small pieces, and dried at
60 °C until its weight was constant. The extraction was soaked in 95% ethanol solvent at room temperature
under vigorous shaking for 3 h, and ultrasonicated at 40 kHz for 30 min. To obtain the crude extract, the
solution part was collected by a filter, and the mixed solvent was removed by evaporation and followed by
freeze-dry. The crude extract of mangosteen, pomelo, and cucumber peels was abbreviated as MP, PP, and
CP, respectively.

2.5 Preparation of organic-inorganic composites

The composites between organic (MP, PP, and/or CP) and inorganic (AC and/or ZnO@ZnAl-LDH)
species were prepared by the solid-solid reaction, which comprised herbal extract, AC and ZnO@ZnAl-LDH
with the weight ratio of 1:1:1. The reaction between 1 g extract and 1 g AC and/or 1 g ZnO@ZnAl-LDH in the
presence of 1 mL acetone was carried out by grinding in the mortar for 30 min. For the mixed-extract batches,
the total extract mass was 1.00 g, comprising 0.333 g mangosteen (MP), 0.333 g pomelo (PP), and 0.333 g
cucumber (CP) (1:1:1 w/w/w), was then mechanically combined with 1.00 g AC and 1.00 g ZnO@ZnAl-LDH
for 30 min, yielding composite powder.

2.6 Analysis of total phenolic content

Total phenolic contents of MP, PP, and CP extracts were analyzed by using the Folin-Ciocalteu
colorimetric process. The appropriate amount of 10 mg/mL extract solution and 1.0 mL of 10% (v/v) Folin-
Ciocalteu reagent were mixed under vortexing for 5 min, and then 1.6 mL of 7.5% (w/v) Na2COs solution was
added under vortexing for further 30 s, and allowed the reaction in the dark for 30 min at room temperature.
The absorbance of the resulting solution was measured at 725 nm to determine the total phenolic content (mg
GAE/g extract) by the relationship to the calibration curve of gallic acid.

2.7 Antioxidant activities

For DPPH, 1.0 mg of sample was mixed with 5.0 mL of DPPH solution (10 ppm in ethanol), vortexed
for 30 s, kept in the dark for 30 min, and read at 517 nm. For ABTS, the radicals were generated by mixing
ABTS (7 mM) with potassium persulfate (2.45 mM) at a 1:1 (v/v) ratio in water and keeping the mixture in the
dark for 16 h. Before use, the solution was diluted with ethanol to give an initial absorbance of 0.700 + 0.020
at734nm. Then 1.0 mg of sample was added, and the volume was brought to 5.0 mL with the ABTS** solution,
vortexed for 30 s, kept in the dark for 6 min, and read at 734 nm. Antioxidant activity (%) was calculated as
the following equation,

Antioxidant efficiency (%) = [(Ao— As)/ Ao] x100

where Ao is the control absorbance, and As is the sample absorbance. The half maximal inhibitory
concentration (ICs0) of antioxidant (png/mL) was also determined; all measurements were performed in
triplicate and reported as mean * SD.

2.8 Antibacterial activity

The antibacterial activities against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were
evaluated using the Plate Count Agar (PCA) assay based on cell viability. Initially, the bacteria were
precultured on the nutrient agar (NA) at 37 °C for 24 h, then suspended in 0.85% (w/v) NaCl solution, and
adjusted to a turbidity of 108 CFU/mL. Subsequently, 5% (v/v) inoculum was introduced into 50 mL of nutrient
broth (NB), followed by the addition of antibacterial samples. The inoculated cultures were incubated at 37 °C
with shaking at 150 rpm for 24 h, where the bacterial viability was assessed using the spread plate technique
on PCA at the serial dilutions ranging from 10~ to 107! in comparison with the untreated control. The
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experimental procedures for the preparation of precursors and their composites, as well as the biological
evaluations, are summarized in Scheme 1.

2.9 Characterization

X-ray diffraction (XRD) pattern was recorded in the 26 range of 5-70 ° by a PANalytical Empyrean
powder diffractometer. The FT-IR spectra were analyzed by attenuated total reflection-Fourier transform
infrared spectroscopy using a G8044A A-Agilent Technologies. Zeta potential of the product powder that was
dispersed in DI water at 25 °C was measured using a Zetasizer (Nano ZS, Malvern, Worcestershire, UK). The
absorption spectra of the herbal extract, and DPPH and ABTS radicals were investigated by a Shimadzu UV-
1700 Pharmaspec UV-VIS spectrophotometer.

Znzm AL 400°C, 2h

(molar ratio: 3:1) carbonization

+NH; (pH 9.5) H,PO,
E activation

900 °C, 2h
80°C,24h calcination
Incubation

a
Pomelo peel (PP)
Cucumber peel (CP)

Maceration

Ultrasonication

Evaporation/Freez-dye

ZnO@ZnAl-LDH

Biological
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Antibacterial
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Free radical scavenging

' O O'
. O
¢ o ° °

Antioxidant
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+ Antioxidant
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Scheme 1. Representation of preparation of herbal extracts, host materials, organic-inorganic composites, and
their biological activities

3. Results and Discussion
3.1 Characterization

The crystalline features of the inorganic hosts and their composites were investigated by the XRD
analysis, as depicted in Figure 1. The XRD pattern of AC (Figure 1a) displayed the broad diffraction peaks at
23.9 and 43.6° owing to the (002) and (101) reflections of a graphitic-like amorphous structure of activated
carbon [20]. For ZnAl-LDH (Figure 1b), the diffraction peaks were observed at 11.6, 22.9, 33.8, 38.9, 45.5, 59.9
and 61.4° corresponding to the reflections of (003), (006), (012), (015), (018), (110) and (113) of a brucite-like
LDH structure, respectively [8,10]. The basal spacing of the (003) plane was calculated to be 7.73 A, and after
subtracting the layer thickness (4.8 A), the interlayer distance was 2.93 A, which was consistent with the size
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of intercalated carbonate ions (CO3?") [18]. Additionally, the XRD peaks at 31.8, 34.5, 36.3, 47.5, 56.6, 62.9 and
68.0° were assigned to the (100), (002), (101), (102), (110), (103), and (112) planes of ZnO particles, respectively
[16,17], indicating the presence of ZnO on the outer surface of ZnAl-LDH. For the MP/PP/CP@AC/LDH
composite (Figure 1c), the XRD pattern displayed the reflections corresponding only to ZnAl-LDH and ZnO,
with no distinct peaks attributable to AC or the organic extracts due to their low crystallinity [7, 20]. However,
the presence of AC and herbal extracts in the composite was further described by later physicochemical

characteristics.
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Figure 1. X-ray diffraction patterns of (a) AC, (b) ZnO@ZnAl-LDH, and (c) MP/PP/CP@AC/LDH

To consider the powder colors of the precursors and their corresponding products, ZnO@ZnAl-LDH,
AC, and three plant extracts (MP, PP, and CP) showed distinct appearances, as seen in Figure 2. ZnO@ZnAl-
LDH appeared white because both Zn?" (41%) and Al** ions are optically inactive in the visible light region [7].
The black color of AC was attributed to its strong light absorption capacity, resulting in almost no light
reflection [20]. Meanwhile, the MP, PP, and CP extracts displayed dark brown, orange-brown, and yellow,
respectively, which could be ascribed to the variations in their types and concentrations of bioactive
compounds [18]. After the solid-state mixing of these precursors, the resulting composite powder of
MP@AC/LDH, PP@AC/LDH, CP@AC/LDH, and MP/PP/CP@AC/LDH exhibited visibly different colors based
on greenish-brown (Figure 2f), grayish-green (Figure 2g), yellowish-gray (Figure 2h), and brownish-green
(Figure 2i), respectively. The color change might have resulted from blending the physical and chemical merits
of white ZnO@ZnAIl-LDH, black AC, and yellow-to-brown herbal extracts, suggesting the successful
incorporation of AC, ZnO@ZnAl-LDH, and MP, PP, and/or CP in the composites [20].
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Figure 2. Physical properties of powders (a) ZnO@ZnAl-LDH, (b) AC, (c) MP, (d) PP, (e) CP, (f) MP@AC/LDH, (g)
PP@AC/LDH, (h) CP@AC/LDH, and (i) MP/PP/CP@AC/LDH

The FT-IR spectra were recorded to identify functional groups and confirm interactions among
ZnO@ZnAl-LDH, AC, and the representative MP/PP/CP extract mixture. In Figure 3a, the characteristic bands
attributed to M-O-M and/or M-O vibration modes appeared below 1000 cm, while the broad absorption
bands at 3286 and 1636 cm™ were assigned to O-H stretching and H-O-H bending vibration modes of
interlayer water, respectively [8, 19]. Additionally, the band at 1359 cm™ corresponded to interlayer carbonate
(COs%), confirming the successful formation of the LDH intercalated with CO32-[7, 18]. In the FT-IR spectrum
of AC (Figure 3b), the weak infrared bands at 1577 and 1027 cm™ were observed, assigning to C=C and C-O
vibration modes, in agreement with literature reports for activated carbon [13, 20]. For the
MP/PP/CP@AC/LDH composite (Figure 3c), the combination of FT-IR features from ZnO@ZnAl-LDH (3286,
1539, and 1086 cm™), AC (1577 and 1027 cm™?), and the plant extracts (2853-2962 cm™ for C-H, 1605 and 1442 cm™
for C=C aromatic/alkaloid rings, 1152-1280 cm™! for C-O-C/C-0, and 600-1000 cm" for C—H out-of-plane)
[1-2, 6]. The findings could further confirm that the bioactive organic compounds from the mixed extracts
were successfully immobilized onto AC/LDH surface [8, 10].
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Figure 3. FT-IR spectra (a) ZnO@ZnAl-LDH, (b) AC, and (c) MP/PP/CP@AC/LDH
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For further confirmation of the surface charge and interaction, the zeta potential of each sample was
measured, as illustrated in Figure 4. It was found that ZnO@ZnAl-LDH, AC, MP, PP, CP, MP@AC/LDH,
PP@AC/LDH, CP@AC/LDH and MP/PP/CP@AC/LDH exhibited the zeta potential values of +14.5, -28.2, —4.2,
-3.6, 2.9, -11.2, -9.1, 7.7 and -6.8 mV, respectively. By referring, ZnO@ZnAl-LDH displayed positively
charged surface because the LDH sheets were generated through the partial substitution of M?* ions with M3*
ions [8,10]. In contrast, AC exhibited the negative surface-charge, which was attributed to the presence of
functional groups such as hydroxyl (-OH) and carboxyl (-COOH) [20]. Regarding the composites, the zeta
potential values were negative and intermediate between those of the pure extracts and AC (namely, more
negative than the extracts but less negative than AC). The result might be due to the electrostatic interaction
between the negatively charged AC and extracts, and the positively charged ZnO@ZnAl-LDH, confirming the
integration of herbal extracts with both AC and ZnO@ZnAI-LDH in the composites [18, 20].
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Figure 4. Zeta potential of precursors and composites

Table 1. Total phenolic content and capacity for radical scavenging activities

Total phenolic DPPH radical ABTS radical ICso of radical scavenging
Material content scavenging scavenging (pg/mL)
(mg GAE/g extract) efficiency (%) efficiency (%) DPPH ABTS

ZnO@ZnAl-LDH - 6.8 +0.35 5.6 +0.42 - -
AC - 1.7+0.35 1.7 +0.40 - -
MP 83.6 97.4+1.79 87.3+0.76 475+0.65 61.0+0.44
PP 55.2 86.0 £ 1.62 82.6 £ 0.45 77.3+0.80 102.7 £ 0.72
cr 33.7 67.3+0.71 64.8 +£0.50 1155+0.86 143.3+1.21
MP@AC - 37.4+0.53 33.4+045 3489+1.40 387.7+1.50
PP@AC - 245+ 0.50 21.1£0.36 433.1+1.21 500.2+1.90
CP@AC - 15.3+0.50 13.8+0.46 503.7 +2.26 563.3+2.15
MP/PP/CP@AC - 43.7 £ 0.30 40.3 £ 0.55 283.5+1.35 3425+1.32
MP@LDH - 48.0 + 0.67 42,5+ 0.56 253.1+1.46 297.3+1.23
PP@LDH - 33.2+0.50 29.1+045 383.3+1.53 416.2+1.59
CP@LDH - 27.6 £ 0.65 23.3+0.56 408.7+1.73 462.3+1.76
MP/PP/CP@LDH - 52.4+0.62 46.1 £0.75 216.4+220 247.2+1.80
MP@AC/LDH - 53.2 +0.45 47.8 +0.80 196.4+2.10 235.6+1.52
PP@AC/LDH - 39.2+0.56 33.3+0.60 317.7+1.80 354.0+1.31
CP@AC/LDH - 349 +0.55 29.5+0.72 366.3+1.88 400.5+1.75
MP/PP/CP@AC/LDH - 62.4+0.79 57.3+0.35 136.6 £+ 0.96 195.8+1.36
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Figure 5. Inhibition efficiency of antioxidants for (a) DPPH radicals and (b) ABTS radicals in the dark.

3.2 Antioxidant activity

The antioxidant activities of various samples, including the herbal extracts (MP, PP, and CP), the host
materials (AC, and ZnO@ZnAl-LDH), the composites of extracts with AC (MP@AC, PP@AC, CP@AC, and
MP/PP/CP@AC), the composites of extracts with ZnO@ZnAl-LDH (MP@LDH, PP@LDH, CP@LDH, and
MP/PP/CP@LDH), and the composites of extracts with both AC and ZnO@ZnAl-LDH (MP@AC/LDH,
PP@AC/LDH, CP@AC/LDH, and MP/PP/CP@AC/LDH), were evaluated for scavenging DPPH and ABTS
radicals. In Figure 5 and Table 1, the host materials (AC and ZnO@ZnAl-LDH) exhibited very low DPPH and
ABTS radical scavenging efficiency (2-7%), suggesting poor antioxidant properties [4, 5]. Whereas all three
extracts exhibited relatively high antioxidant activities, indicating strong radical-scavenging potential. In
particular, MP showed the highest scavenging efficiencies with 97.4 + 1.79% for DPPH radicals and 87.3 +
0.76% for ABTS, compared with PP (86.0 + 1.62% for DPPH radicals and 82.6 + 0.45% for ABTS radicals) and
CP (67.3 £ 0.71% for DPPH radicals and 64.8 + 0.50% for ABTS radicals), which could be attributed to its higher
total phenolic content (Table 1) [3-6]. For the composites formed between the extracts and ZnO@ZnAl-LDH,
the DPPH radical scavenging profile ranged from 28 to 48% for DPPH radicals and 23 to 43% for ABTS radicals,
which were higher than those observed in the composites formed with AC alone (15 to 37% for DPPH radicals
and 14 to 33 for ABTS radicals). It could be explained by the advantageous properties of ZnO@ZnAl-LDH in
the presence of hydroxyl groups and ZnO particles, acting as the effective reducing agents relative to AC
[8,10]. Remarkably, by mixing the three extracts with a single host material, the antioxidant efficiencies
significantly improved relative to the composites containing only a single extract. The findings might be due
to the synergistic effects based on the host-guest and guest-guest interactions [21]. Furthermore, for the
extracts combined with both host materials (AC and ZnO@ZnAl-LDH), the as-prepared composites displayed
the higher antioxidant efficiency (44-52% for DPPH radicals and 40-46% for ABTS radicals) compared to those
containing only a single host. It could be attributed to the cooperative interactions among host-guest and host-
guest-host interactions, along with a more uniform distribution of the extracts on the surface of host materials
[22, 23]. Importantly, the composite comprising the three extracts and both host materials (MP/PP/CP@AC/LDH)
exhibited the highest scavenging inhibition of 62% for DPPH radicals and 57% for ABTS radicals, which might
result from the stronger host-guest and host-guest-host interactions [21, 22].
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Figure 6. ICs; values (concentrations required to achieve 50% inhibition efficiency) of the antioxidant samples
for (a) DPPH and (b) ABTS radicals.

The half inhibitory concentrations (ICs0) of DPPH and ABTS radicals for MP, PP, CP, MP@AC, PP@AC,
CP@AC, MP/PP/CP@AC, MP@LDH, PPeLDH, CP@LDH, MP/PP/CP@LDH, MP@AC/LDH, PP@AC/LDH,
CP@AC/LDH, and MP/PP/CP@AC/LDH are depicted in Figure 6 and listed in Table 1. The values ranged
from 48-504 and 61-563 pg/mL for DPPH and ABTS radical scavenging activities, respectively, depending on
the type of herbal extract, host material, and composite, as described above [1-2, 21-23]. Notably, DPPH

showed higher inhibition than ABTS because DPPH was more sensitive to hydrogen-donating antioxidants,
while ABTS involved both electron and hydrogen transfer, resulting in lower efficiency [24]. These findings
could be indicative that MP/PP/CP@AC/LDH exhibited superior antioxidant performance compared to other
herbal extracts such as Zingiber officinale extract (201.8 ng/mL) and its composite to LDH (349.2 pug/mL) [25],
and essential oil of Zingiber cassumunar (1059.9 nug/mL) [26] for inhibiting DPPH radicals. Besides, the as-
prepared composite exhibited the higher efficiency compared to Thai traditional herbal formulation, Ya-A
(1600 pg/mL) [27], and the isolate of SWUF16-4.1 (283 ng/mL) [28].

Table 2. Antibacterial efficacy of precursors and composites

Number of S. aureus viable cells Number of E. coli viable cells
Antibacterial agents (CFU/mL) (CFU/mL)
101 10-3 10- 101 103 10-
MP
PP
cP > 300 colony > 300 colony
AC
ZnO@ZnAl-LDH <30 colony not detected not detected
MP/PP/CP@AC/LDH not detected not detected not detected | >300 colony <30 colony <30 colony

3.3 Antibacterial activity

The antibacterial activity against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) of the
herbal extracts (MP, PP and CP), host materials (AC and ZnO@ZnAl-LDH), and the composite (MP/PP/CP@AC/LDH)
was evaluated using the plate count agar (PCA) method to determine the number of surviving bacterial
colonies, as shown in Table 2. The results revealed that ZnO@ZnAIl-LDH inhibited the growth of S. aureus
more effectively than the single extract (MP, PP, and CP) or the AC host material. Among all tested samples,
only ZnO@ZnAI-LDH precursor exhibited excellent antibacterial performance [15]. The antibacterial mechanism
of ZnO and/or ZnAl-LDH could be attributed to their ability to generate reactive oxygen species (ROS), such
as superoxide and hydroxyl radicals to damage bacterial cell membranes through lipid peroxidation.
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Consequently, the loss of some essential substances (sugars, DNA, and proteins) caused the reduction of the
bacteria’s ability to survive, leading to their death [19]. Interestingly, MP/PP/CP@AC/LDH exhibited the
highest antibacterial performance among all samples, which might be the result of the synergistic effect
involving multiple integrating-parts of ZnO, ZnAl-LDH, extracts and AC. These phenomena were bases on
the host—guest (between the host materials and extracts), guest-guest (among the different extracts), and host-
guest-guest interactions, which collectively enhanced the antibacterial efficiency [22, 23]. Most samples
exhibited no inhibitory effect against E. coli, showing dense bacterial growth (> 300 colonies). Only
MP/PP/CP@AC/LDH showed partial inhibition, reducing viable cells to fewer than 30 colonies at higher
concentrations. This limited efficacy was observed because E. coli possessed a more complex outer membrane
structure relative to S. aureus, reducing the material’s antibacterial penetration [3-5]. Therefore, the
incorporation of ZnO@ZnAl-LDH with the mixed plant extracts in the composite significantly improved the
antibacterial efficacy against S. aureus.

4. Conclusions

Organic-inorganic composite materials were successfully prepared by incorporating mangosteen peel
(MP), pomelo peel (PP), and cucumber peel (CP) extracts with activated carbon (AC) and ZnO@ZnAl-LDH as
host materials through a simple solid—solid method. The resulting MP/PP/CP@AC/LDH composite exhibited
the most efficient antioxidant performance with ICsy values of 136.6 ug/mL for DPPH and 195.8 ug/mL for
ABTS radicals, which were markedly lower than those of single-extract composites (253-563 pg/mL) or mixed-
extract systems containing a single host (216-342 pg/mL). This improvement was mainly attributed to the
synergistic effects among host-guest, guest-guest, and host—guest—guest interactions that enhanced the
electron- and hydrogen-transfer capabilities of the composite. In terms of antibacterial behavior, ZnO@ZnAl-
LDH and MP/PP/CP@AC/LDH effectively inhibited the growth of Staphylococcus aureus. In contrast, most
samples showed no inhibition toward Escherichia coli, only MP/PP/CP@AC/LDH displayed partial Escherichia
coli suppression, suggesting limited penetration through the Gram-negative bacterial membrane. The
incorporation of ZnO@ZnAl-LDH and multiple herbal extracts significantly enhanced both antioxidant and
antibacterial properties. These findings highlighted the potential of MP/PP/CP@AC/LDH composite as a
multifunctional herbal powder, possessing strong DPPH and ABTS radical scavenging capacity together with
antibacterial activity, particularly against Staphylococcus aureus, making it a promising candidate for further
development in herbal-based cosmetic, pharmaceutical, and hygienic applications.
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Abstract: This study aimed to develop processed food products incorporating
cricket powder by creating formulas that optimize both nutritional benefits and
consumer acceptability. The findings indicated that formulas incorporating
cricket powder at 0.33%, 1.20%, and 0.33% by weight were optimal for pork
sausages, grilled pork sausages, and pork meatballs, respectively. This aligned
with the results regarding color and textural qualities, where the majority of
scores were comparable to the control groups, while the water activity score was
relatively high, potentially influencing microbial growth in the food. The three
food products were rich in essential nutrients required by the body, including
macronutrients and micronutrients such as carbohydrates, proteins, fats,
vitamins B1 and B2, sodium, potassium, iron, and calcium. Furthermore, the
protein content in pork meatball and pork sausage products complied with the
Thai Community Product Standard (TCPS304/2555 and TCPS102/2555). The
nutritional value per serving provided energy of 170, 150, and 80 kilocalories for
grilled pork sausage, pressed sausage, and pork meatballs, respectively.
Furthermore, the cost-benefit analysis indicated that project expenses comprised
93.33% fixed costs and 6.67% variable costs. The returns from this project will be
beneficial over the following five years, as the NPV (38,790.29 USD) > 0, the BCR
(3.76) 20, and the IRR (31.80%) = 5% interest rate of the cost of capital. The cricket
protein serves as an alternative that can enhance the nutritional value of local
food products and represents a prudent investment of project funds to bolster
local community enterprises.

Keywords: Cricket powder; cricket processing; local food

1. Introduction

Despite crickets being economically viable insects with production potential and
alternative protein sources that could address future food security issues [1], the
majority of cricket farmers continue to experience elevated production costs and
inconsistent yields [2]. A significant number of farmers are pursuing cricket
farming as their primary vocation, leading to oversupply and diminished sales.
However, food expenses constitute 48.9% to 60% of total production costs [3],
resulting in financial losses and the eventual discontinuation of production.
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Consequently, one potential solution to these issues is the enhancement of cricket's value as an alternative
product, which can yield a market value tenfold greater [4], given that 100 g of cricket contains approximately
69% protein, whereas beef, pork, and chicken contain 43%, 29%, and 31% protein, respectively [5]. Cricket
powders contained high levels of protein (42.0 to 45.8% of dry matter) and fat (23.6 to 29.1% of dry matter) [6].
Moreover, edible insects may offer enhanced health advantages owing to their elevated concentrations of
vitamin B12, iron, zing, fiber, essential amino acids, omega-3 and omega-6 fatty acids, and antioxidants [7].
The predominant cricket products in Thailand consist of frozen crickets, crispy baked crickets, and fried
crickets [8]. Other processed cricket items are uncommon. Survey findings from farmers and small
entrepreneurs reveal a demand for the development of cricket-based products that incorporate a
straightforward production process and consist of a minimum of 60% cricket ingredients [9]. This strategy
seeks to optimize the utilization of cricket raw materials in significant volumes while satisfying consumer
preferences for product variety [10]. Additionally, it aims to enhance consumer acceptability of novel
products—specifically edible insect products—by highlighting safety certifications and nutritional labeling,
which have demonstrated an impact on purchasing decisions [11].

Finely comminuted products, including pork meatballs, pork sausages (Moo Yor), and grilled pork
sausages (Naem Nuong), are created by blending deboned meat with seasonings and ingredients using a bowl
cutter. This process results in emulsified meat, wherein the salt in the mixture facilitates fat extraction, enabling
the emulsified meat to maintain cohesion. Additionally, modified starch may be incorporated to reduce costs,
enhance texture, improve elasticity, and better retain moisture [12]. These pork-based products are popular
among the Thai population and are commonly prepared in a variety of formulas or enjoyed with fresh
vegetables by health-conscious consumers [13-15]. In response to growing interest in healthier and more
sustainable food options, crickets have emerged as a valuable source of alternative protein. Currently, they
are being utilized as a key ingredient in innovative food products [16]. This shift aligns with a broader trend
in health-focused food development, which emphasizes the integration of high-protein ingredients—
particularly cricket protein—into everyday items such as baked goods, mulffins, flakes, and cookies [17-18].

Sa Kaeo Province, situated in eastern Thailand, is a multicultural society known for its Vietnamese-
style Yuan cuisine, regional specialty dishes that both visitors and locals favor. The province holds significant
geographical importance as the biggest hub for Thai-Cambodian border trade within ASEAN. According to
the ASEAN Community Blueprint Plan (AEC blueprint), agriculture employs a substantial portion of the
population and contributes significantly to the provincial GPP of 13,515 million Thai baht (THB) in 2022 [19-
20]. Despite this economic contribution, the province experiences high levels of poverty, with Tapraya District
among the nine districts reporting the lowest average income at 77,033.58 THB per person per year in 2022
[21-22]. Historically, the Tapraya District, Sa Kaeo Province, has engaged external organizations to foster
diverse community economies, including organic agriculture and livestock, as well as the cultivation of
economic insects such as crickets; yet, a significant risk remains concerning market volatility, input costs, and
income instability [23-24]. The greater the risk associated with initiating a community business, the more
essential it becomes to assess this risk through financial performance evaluations such as break-even analysis.
A comprehensive cost-benefit analysis, alongside project cost-effectiveness indicators—including the Net
Present Value (NPV), the Benefit-Cost Ratio (BCR), and the Internal Rate of Return (IRR) —can be employed
to evaluate the efficiency of budget utilization and the socio-economic impact of the project. These tools are
particularly valuable in measuring how such initiatives contribute to enhancing the overall quality of life
within the community. Despite their importance, studies specifically examining cricket-based products
developed by Community Enterprise Groups remain limited [23-24]. Therefore, the objective of this study was
to examine the nutritional status and cost-benefit value of cricket protein supplementation. This aims to
enhance cricket's viability as a protein supplement. By addressing low-yield production issues, cricket-based
products can offer enhanced nutritional values, including potassium, protein, fat, sodium, carbohydrate,
sugar, and vitamin A, B1l, and B2, comprehensive nutritional information labels, and improved product
acceptance. Furthermore, the findings can evaluate the project's cost-effectiveness, encourage community
entrepreneurs, and facilitate more sustainable production and consumption models for local products.
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The objective of this study was to develop suitable formulas for processed food products
incorporating cricket powder as an ingredient. The study aimed to evaluate these products through consumer
acceptance testing, nutritional analysis, and sensory profile assessment conducted by trained panelists.
Additionally, the research sought to assess the economic viability of cricket-based food production through
cost-benefit analysis.

2. Materials and Methods
2.1 Production of Food Products Supplemented with Cricket Protein

1. Gryllus bimaculatus field crickets obtained from the Ta Praya Community Enterprise in Sa Kaeo
Province were utilized to generate cricket protein powder for incorporation into processed meat products
supplemented with cricket protein. The area of the cricket farm is located in the agriculture community with
the 1,800 m2 or 0.18 ha per one cultivation building with 35-45 days/crop. Water and commercial feed (21 %
of protein, 5 % of fiber, and 4 % of fat) were provided after the incubation period. For animal ethical
consideration, the research investigator (NT) was trained for an animal use license (U1-04867-2559) by the
National Research Council of Thailand. The preparation method for cricket protein powder was adapted from
Pansuntia et al. [18]. Seven kilograms of frozen crickets were thoroughly rinsed with clean water five to seven
times or until pristine, and thereafter cooked at high temperature in a steam basket for thirty minutes. The
roasted crickets were dehydrated in a hot-air oven (Series HT-D10P, Kitchen Mall Manufacturing, Thailand)
at 85-105°C for approximately 10 hours or until completely desiccated. After chilling, the crickets were
carefully pulverized, sieved through a 50-mesh filter (Test sieve, brand Endecotts, England), and then roasted
with lemongrass at 60-70°C for 15 minutes. This process yielded one kilogram of cricket protein powder for
the creation of food products supplemented with cricket protein.

2. The creation of food products supplemented with cricket protein was developed using formulas
and processing techniques adapted from Wongnai Media Company Limited [25-27] and Wangkawan et al.
[28], as illustrated in Table 1 and Figures 1-3, and implemented through the following procedures.

Table 1. Percentage by weight (% w/w) of processed food ingredients in each formula (F) and control (C).

Percent by weight of ingredients
Ingredients Pork sausages Grilled pork sausages Pork meatballs

C1.0 F1.1 F1.2 C2.0 F2.1 F2.2 C3.0 F 3.1 F 3.2
Pork loin 53.30 5330 | 53.30 | 4890 | 4890 | 48.90 66.58 | 66.58 | 66.58
Pork lard 26.65 26.32 26.20 24.45 23.25 22.81 - - -
Cricket powder - 0.33 0.45 - 1.20 1.64 - 0.33 0.45
Iodized refined salt 0.53 0.53 0.53 0.73 0.73 0.73 0.67 0.67 0.67
Seasoning powder - - - - - - 0.40 0.23 0.17
Tapioca flour 0.53 0.53 0.53 - - - 0.40 0.40 0.40
Pepper 2.66 2.66 2.66 1.22 1.22 1.22 0.40 0.40 0.40
Garlic - - - 9.78 9.78 9.78 0.40 0.40 0.40
Pure refined sugar - - - 0.49 0.49 0.49 1.20 1.04 0.98
Crushed ice 14.99 14.99 14.99 11.01 11.01 11.01 29.95 29.95 | 29.95
Baking powder 1.34 1.34 1.34 - - - - - -
Seasoning sauce - - - 3.42 3.42 3.42 - - -

Source: Adapted from Wongnai Media Company Limited [25-27] and Wangkawan et al. [28]

The preparation of cricket protein-supplemented pressed sausages involves the following steps:
Initially, pork loin and lard undergo fine grinding before being subjected to freezing for 45 minutes.
Concurrently, pre-measured dry ingredients —comprising seasoning salt, baking powder, tapioca flour, finely
ground black pepper, and cricket protein powder —are homogeneously combined in a mixing vessel, followed
by the incorporation of cold potable water. The mixture undergoes thorough agitation to ensure uniform
ingredient distribution. The chilled pork loin and lard are subsequently incorporated into the prepared
mixture and blended until achieving a homogeneous, cohesive consistency. The mixture is then subjected to a



ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260796. 40f16

secondary freezing period of approximately 15 minutes, after which it undergoes re-blending until attaining
a sticky, aerated texture while maintaining an optimal processing temperature range of 10-15°C. Pre-cleaned
banana leaves, lightly treated with vegetable oil, serve as the wrapping medium for the pork mixture, which
is then tightly rolled and hermetically sealed at both termini. The encased sausages are secured with binding
material and subjected to steam treatment in a steam basket positioned over vigorously boiling water for a
duration of 30—-45 minutes. Each packaged pressed sausage unit maintains a standardized net weight of 100 g.

The preparation of cricket protein-supplemented grilled pork sausages involves the following steps:
Initially, pork loin and lard undergo fine grinding before being subjected to freezing at approximately -18°C
for 45 minutes. Pre-measured dry ingredients (including seasoning salt, seasoning sauce, tapioca starch,
granulated sugar, cricket protein powder, accord powder, granulated pepper, and garlic) are combined in a
mixing vessel. The mixture undergoes thorough agitation, followed by the gradual incorporation of cold
potable water until complete ingredient integration is achieved. Subsequently, the chilled pork loin and lard
are incorporated into the prepared seasoning mixture using mechanical blending until a homogeneous,
cohesive consistency is obtained. The mixture is then subjected to extended freezing for approximately 3
hours, after which it undergoes secondary blending until achieving a sticky, aerated texture. Throughout the
blending process, the mixture temperature is maintained within the optimal range of 10-15°C through
continuous cooling. The processed mixture is then formed into uniform rounds and secured onto skewers for
grilling. The products undergo low-temperature grilling until achieving complete doneness, as determined by
internal temperature monitoring. Following the cooking process, the grilled sausages are packaged in
standardized units, with each package maintaining a net weight of 150 g.

The preparation of cricket protein-supplemented pork meatballs involves the following steps:
Initially, pork is sectioned into small pieces and subjected to freezing for 45 minutes or until the meat achieves
partial rigidity with visible ice crystal formation on the surface. The partially frozen pork then undergoes
mechanical grinding until it achieves a fine, uniform texture. Pre-measured dry ingredients (including
seasoned salt, tapioca flour, granulated sugar, ground pepper, garlic powder, and cricket protein powder) are
combined in a mixing vessel. The mixture undergoes thorough agitation, followed by the gradual
incorporation of cold potable water until complete homogenization is achieved. Subsequently, the ground
pork is incorporated into the prepared seasoning mixture through mechanical blending. Ice is gradually added
during the mixing process, and blending continues until a homogeneous, cohesive consistency is obtained.
The mixture is then subjected to freezing for approximately 30 minutes, after which it undergoes secondary
blending until it achieves optimal stickiness. Throughout all blending operations, the mixture temperature is
maintained within the range of 10-15°C through continuous cooling. For the cooking process, water is brought
to a rolling boil in a suitable vessel, then reduced to maintain a simmering temperature. The processed mixture
is formed into uniform spherical shapes and carefully introduced into the heated water until the meatballs
achieve buoyancy, indicating complete cooking. The cooked meatballs are subsequently removed and
immersed in cold water for 10-15 minutes to halt the cooking process. Following drainage, the products are
packaged in standardized units, with each package maintaining a net weight of 1,000 g. The research flow of
this study is shown in Figure 1.

2.2 Nutritional and Texture Profile Analysis

Product samples were obtained using a random sampling method, consisting of two packages of
pork meatballs with a total weight of 2,000 g, twenty packages of pressed Vietnamese sausage totaling 2,000
g, and fourteen packages of Vietnamese grilled pork sausage totaling 2,100 g. Comprehensive food
composition analysis and nutritional labeling assessment were carried out by the Foundation for Industrial
Development, National Food Institute, Thailand. The analytical procedures and methodologies applied for the
food analysis are presented in Table 2. The nutritional analysis data were utilized to calculate energy, sugar,
fat, and sodium values in accordance with nutrient content specifications per unit package, as stipulated in
Notification No. 446 of the Ministry of Public Health [29]. Reference unit content for these food products was
categorized according to the characteristics of analogous food products, including sausages, meatballs,
fermented pork, Vietnamese pork sausage (Mhoo-yor), and Bologna. Serving size determination and servings
per container calculations were based on the methodological framework established by the National Bureau



ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260796.

50f16

of Agricultural Commodity and Food Standards, utilizing Thailand's food consumption data from 2016 and
U.S. reference serving volume requirements [29].
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Figure 1 The steps of the research process

Table 2. Test methods for nutritional analysis of food products from cricket ingredients

Item Test methods References
Ash AOAC Official Method 920.153 [30]
Calcium In-house method T9152 based on AOAC Official Method 984.27 [30]
Calories from fat Methods of analysis for nutrition labeling, 1993, chapter 1,5 [31]
Cholesterol In- house method T992 based on the rapid determination of [32]
cholesterol in single and multicomponent prepared foods
Dietary fiber In-house method T995 based on AOAC Official Method 985.29 [30]
Iron In-house method T9152 based on AOAC Official Method 984.27 [30]
Moisture AOAC Official Method 950.46B [30]
Protein (N x 6.25) In-house method T927 based on AOAC Official Method 992. [30]
Potassium In-house method T9152 based on AOAC Official Method 984.27 [30]
Saturated fat In-house method T974 based on AOAC Official Method 996.06 [30]
Sodium In-house method T9152 based on AOAC Official Method 984.27 [30]
Total carbohydrate Methods of analysis for nutrition labeling, 1993, chapter 1,5 [32]
Total calories Methods of analysis for nutrition labeling, 1993, chapter 1,5 [32]
Total fat AOAC Official Method 945.38F [30]
Total sugars In-house method T997 based on AOAC Official Method 982.14 [30]
Vitamin A In-house method T969 based on AOAC Official Method 992.06 [30]
Vitamin B1 In-house method T970 based on AOAC Official Method 942.23 [30]
Vitamin B2 In-house method T971 based on AOAC Official Method 970.65 [30]

Texture Profile Analysis (TPA) of the products was conducted using a texture analyzer (Brookfield,
model CT3, S/N: BEL8749458_DK) equipped with a solid cylindrical probe (No. P/50). Product samples were
prepared in standardized 2 cm?® dimensions for analysis. The TPA measured multiple textural parameters,
including hardness, adhesiveness, springiness (rate of deformation recovery), and cohesiveness (degree of
product decomposition). Additional derived parameters were calculated as follows: gumminess, representing
the energy required for food breakdown to achieve a swallowable state, was determined using the formula
gumminess = hardness x cohesiveness; chewiness, indicating the total energy required for mastication, was
calculated as chewiness = hardness x springiness x cohesiveness [33]. Color analysis was performed using a



ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260796. 6 of 16

Hunter Lab colorimeter (Konica Minolta, model CR-400) to measure lightness (L*), redness (a*), and
yellowness (b*) values according to the CIE color space system. Water activity (aw) analysis was conducted to
determine the available water content within the products using a Water Activity Meter (LabSwift-AW
Novasina, model LabSwift-aw with battery, S/N: NOV1809006_DK). This parameter is critical for assessing
product stability and microbial safety [34-36].

2.3 Acceptance Testing of Cricket Protein-Supplemented Products

Consumer acceptance testing for pork meatballs, pressed pork sausages, and grilled pork sausages
supplemented with cricket protein was performed utilizing a Randomized Complete Block Design (RCBD)
and assessed via the 9-point hedonic scale (where 1 = extremely dislike, 5 = neutral, and 9 = extremely like)
[37]. The hedonic scale evaluated essential sensory characteristics, encompassing appearance, scent, flavor,
texture, mouthfeel, and overall attractiveness. Untrained panelists were enlisted to assess 100 sensory food
items, adhering to techniques outlined by Peryam and Pilgrim [38]. The gathered data were examined by
Analysis of Variance (ANOVA) to identify statistically significant variations in mean sensory ratings.
Duncan's New Multiple Range Test (DMRT) was utilized at a 95% confidence level (p < 0.05) to compare the
means of groups. Statistical analysis was conducted utilizing Statistix software, version 8.0 (FL, USA).

2.4 Cost-benefit Analysis

The research project has secured funding allocation and generated profit from sales at the local market,
OTOP fair, and university market. The study intends to assess economic impact via a benefit-cost analysis,
employing the ex-ante evaluation technique for an additional five years. This comprehensive evaluation
occurs during the project's execution, assessing the investment value through quantitative metrics such as the
NPV, the BCR, and the IRR. Data for the assessment is collected via participant interviews, utilizing tools
specifically created to analyze project cost-effectiveness [39], as illustrated in Egs. (1-3).

NPV = ¥ (Bt-Ct) (1+r)t 1)
BCR = ¥ Bt/(1+1)t/ Y. Ct/(1+r)t @)
IRR = ¥ (Bt-Ct)/(1+1)t = 0 3)

The equations encompass the variables t (project duration in years), Bt (project benefit in year t in baht
per annum), Ct (project research cost in year t in THB per annum), and r (discount rate in percentage).

The researcher protocol received approval from the Human Research Ethics Committee of Valaya
Alongkorn Rajabhat University under Royal Patronage, Pathum Thani Province, with COA No. 0041/2567 and
REC No. 0001/2567.

3.Results and Discussion
3.1 Texture Profile Analysis (TPA)

The development of three processed food products containing cricket protein powder—pork
sausages, grilled pork sausages, and pork meatballs (Figure 2) —was followed by a texture assessment using
the Texture Profile Analysis (TPA) method. The components of cricket powder ingredient were 51.65 % of
protein, 22.36 % fat, 16.58 % of fiber, 12.47 % of ash, 9.97 % of moisture, and 3.55 % of carbohydrate with the 3
months of shelf life and room temperature storage conditions. The results indicated that the chewiness of pork
sausages, grilled pork sausages, and pork meatballs did not significantly differ from the control groups (ns).
Products containing 0.33% cricket powder by weight (pork sausages and pork meatballs) and 1.20% (grilled
pork sausages) exhibited higher hardness, springiness, and gumminess compared to those with 0.45% and
1.64% cricket powder, respectively (Table 3), which is consistent with the findings of Samon and Jangchud
[40]. Additionally, increasing the concentration of cricket powder was found to significantly reduce the
hardness of the products.

The results showed that pork sausages containing 0.33% cricket powder by weight (Formula 1.1) and
grilled pork sausages containing 1.20% (Formula 2.1) exhibited significantly greater hardness and gumminess
than the other formulas (p < 0.01). Higher hardness indicates a firmer texture, while gumminess refers to the
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amount of force required to chew food until it is ready to swallow. Among all formulas, Formula 1.1 and
Formula 1.2—both containing lower levels of cricket powder —demonstrated a firmer and more compact
texture compared to the others. However, no significant differences (ns) were observed in cohesiveness
(ranging from 0.2447 to 0.3967) and springiness (11.6500-13.1000 mm) among the products, indicating similar
elastic properties. These findings are consistent with the study by Dholvitayakhun et al. [41], which found no
significant differences in cohesiveness (0.19-0.24) and springiness (8.91-10.15 mm) between microwave-
cooked pork loin and conventionally steamed pork loin. The creation of pork sausages and grilled pork
sausages (Table 1) includes pork loin and pork lard as the main ingredients, comprising 48.90-53.30% and
22.81-26.32% by weight, respectively. These are homogenously mixed with other components. Tapioca flour
is added as a thickener, filler, binder, or stabilizer in meat products [42]; salt facilitates emulsification of the
mixture [43]; and pepper and garlic are included to enhance flavor and aroma. Cricket powder is incorporated
as an alternative protein source to support the development of nutritious food products. In addition to
selecting appropriate ingredients, a critical step in the process is blending the emulsion at a temperature below
15°C [44], typically by whisking in the evening. It is not necessary to prepare a separate fat emulsion
beforehand; instead, the focus should be on maintaining the chopping and mixing temperature below 10°C.
The inclusion of 10% tapioca starch is considered appropriate for achieving desirable texture and overall
product quality [45]. This method aligns with the present study, which controlled the blending temperature
between 10°C and 15°C and incorporated ice at levels ranging from 11.01% to 14.99% by weight (Table 1). For
pork meatballs, the ingredients and production method are similar to those used for pork sausages and grilled
pork sausages; however, the primary component is pork loin, comprising 66.58% by weight. The formula
containing 0.33% cricket powder (Formula 3.1) exhibited no significant differences in hardness, cohesiveness,
or gumminess compared to the control groups (ns). This formula demonstrated a firm texture and similar
chewability to conventional pork meatballs. However, when the cricket powder content was increased to 5%,
significant reductions in hardness, springiness, gumminess, and chewiness were observed (p < 0.05). In other
words, higher concentrations of cricket powder negatively affected the texture, firmness, elasticity, and
internal binding properties of the product (Table 3). This indicates that each category of ingredient possesses
specific characteristics and functions that directly influence the properties of food and the final product.
According to Utaida [46], the use of pepper at concentrations of 0.2%, 0.3%, and 0.4%, and salt at 2.0%, 2.5%,
and 2.9%, increased the hardness and firmness of the texture as ingredient levels rose. However, no significant
differences were observed in brightness (L*) or red color values (a*), nor in consumer preferences regarding
color, aroma, taste, and overall acceptability. Therefore, the results of this TPA study confirm that ingredient
quantities affect the textural quality of the product. The formulas with the lowest amount of cricket powder
(Formulas 1.1, 2.1, and 3.1) were selected for nutritional analysis, as their sensory acceptance scores did not
significantly differ from the control groups. In contrast, formulas with higher concentrations of cricket powder
had significantly lower acceptance scores compared to the other experimental groups (Table 5). The results of
color measurement in food products containing cricket powder (Table 4) showed that grilled pork sausages
with 1.20% cricket powder by weight (Formula 2.1) exhibited brightness (L*), red (a*), and yellow (b*) values
that were not significantly different from those of the control groups (ns). However, when the concentration
of cricket powder increased to 1.64%, both a* and b* values increased significantly compared to the control
groups (p <0.05), indicating that cricket powder influences the color quality of the product. This finding aligns
with Gantner et al. [47], who reported that the color intensity of products increases with higher concentrations
of cricket powder, reflected in elevated a* and b* values and reduced L* values. These changes are attributed
to the brown color of the chitinous exoskeleton, a characteristic feature of insects [48-49]. Moreover, the
inclusion of animal fats in the product can contribute to a softer texture, enhance flavor, and increase the
brightness of the sausage [50]. Thus, color is a key characteristic that significantly influences consumer
preferences and product acceptance. In this study, pork sausages and pork meatballs in the control groups
exhibited the highest brightness values, which were significantly different from those of the experimental
groups containing 0.33% and 0.45% cricket powder, respectively (Table 4). These findings are consistent with
those of Wangkawa et al. [28], who reported L* values of 63.2 for pork yolks with silkworm pupae and 64.1
for the standard formula—values comparable to this study’s L* value of 67.90 in Formula 1.1 (Table 4).
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Therefore, the color quality of pork sausages, grilled pork sausages, and pork meatballs with the highest
consumer acceptance was observed in the formulas containing the lowest amount of cricket powder (Formulas
1.1, 2.1, and 3.1). These findings are consistent with the TPA results, where acceptance scores were similar to
those of the control groups, which did not contain cricket powder (Table 3). Regarding water activity (aw), the
highest values were found in the control groups. While pork sausages showed no significant difference in aw,
grilled pork sausages and pork meatballs containing cricket powder exhibited significantly lower aw values
compared to the control groups (p < 0.05). The formulas containing cricket powder had aw values ranging
from 0.901 to 0.916, which may influence microbial growth in food products (Table 4). Since aw is a critical
factor in microbial control, bacteria that cause foodborne illness typically cannot grow at aw levels below 0.85
[51-52]. Moreover, low aw ensures the microbiological stability of food products, as aw values below 0.6
significantly inhibit microbial growth [53]. However, the method of storage and packaging also affects food
quality. For example, storing pork meatballs in transparent vacuum packaging at 3 + 1°C results in less microbial
growth compared to LDPE packaging, with storage durations not exceeding 12 and 9 days, respectively [46].

Cricket Powder

Figure 2. Photographs of three processed food products containing cricket powder as an ingredient (pork
sausages, grilled pork sausages, and pork meatballs).

3.2 Acceptance Testing

The consumer sensory acceptance test results for cricket-based products at different levels, compared
to the control groups without cricket powder, showed that grilled pork sausages and pork meatballs
containing the lowest amounts of cricket powder—0.33% and 1.20% by weight (Formulas 2.1 and 3.1,
respectively) —received overall acceptance scores that were not significantly different from the control groups
(ns). In contrast, increasing the cricket powder content to 0.45% and 1.64% (Formulas 2.2 and 3.2) resulted in
significantly lower acceptance scores compared to the control groups (p < 0.05). Pork sausages containing
0.33% cricket powder (Formula 1.1) received the highest flavor acceptance among the experimental formulas.
However, their appearance, aroma, mouthfeel, and overall acceptability did not differ significantly from the
control groups. Consequently, products with the lowest levels of cricket powder —0.33% in pork sausages,
1.20% in grilled pork sausages, and 0.33% in pork meatballs —were deemed most acceptable by consumers
and selected for further food analysis, including nutritional labeling and consumer information (Table 5). In
addition to receiving the highest overall liking score, the selected formulas also exhibited physical and sensory
characteristics comparable to the control groups. Given that crickets are a valuable source of energy and
protein in the human diet, these findings support the suitability of cricket powder for the development of
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nutritious local food products. The inclusion of nutritional labeling further facilitates informed consumer choices
by highlighting beneficial nutrients while helping to limit the intake of undesirable or restricted nutrients [54].

Table 3. Texture profile analysis of food products in each formula (F)

Food Cricket Texture Profile Analysis (TPA)
ingredients | Hardness | Adhesiveness . Springiness | Gumminess | Chewiness
products . Cohesiveness
in formula (g) (m]) (mm) (g) (m])
Control 6,584.33b 0.4333b 0.3967a 12.6100a 1,949.90b 577.43a
Pork 1.1 (0.33%) 11,506.00a 1.0467a 0.3500a 13.1000a 2,795.93a 420.60b
1.2 (0.45%) 6,300.33b 1.1667a 0.2667a 12.6627a 1,632.47¢ 230.47¢
sausages
F-test ** ** ns ns o **
%CV 9.50 19.72 24.81 3.08 7.02 14.13
Control 3,026.91b 0.5800a 0.2610a 11.6500a 1,424.93b 207.06b
Grilled 2.1 (1.20%) 5,291.67a 0.1910b 0.2533a 12.5133a 2,252.53a 315.77a
pork 2.2 (1.64%) 2,903.29b 0.6067a 0.2447a 12.3133a 1,722.80b 193.20b
sausages F-test * * ns ns * >
%CV 17.70 33.64 14.90 5.02 12.78 14.00
Control 9,251.33a 0.0333b 0.5053ab 12.6293b 3,996.33a 661.47a
Pork 3.1 (0.33%) 8,566.00a 0.1667a 0.5633a 12.8867a 4,921.40a 575.49b
3.2 (0.45%) 5,955.00b 0.0333b 0.4800b 12.0980c 2,831.67b 336.69¢
meatballs
F_test *3% * NS 4% 3% *3%
%CV 6.08 74.23 7.14 0.72 13.72 6.79
Note: a, b, ¢ = significant different at p<0.05 with the same row, ns = non-significant (p>0.05) and
CV = Coefficient of Variation
Table 4. Results of color quality and water activity of food products in each formula
Cricket Color quality Water activity
Products 1.ngred1ents L* a* b aw
in formula
Control 69.350a 3.733c 14.703c 0.914a
Pork 1.1 (0.33%) 67.820b 4.212b 17.823a 0.908a
S;jsages 1.2 (0.45%) 56.903¢ 4.947a 15.143b 0.910a
F-test ** ** > ns
%CV 0.92 2.19 1.05 0.35
Control 69.923a 3.487b 14.377b 0.912a
Grilled 2.1 (1.20%) 70.635a 3.817ab 15.073ab 0.901b
pork 2.2 (1.64%) 67.880a 4.173a 15.483a 0.902b
sausages F-test Ns ns ns o
%CV 2.63 8.14 3.01 0.01
Control 76.463a 2.043c 11.990ab 0.916a
Pork 3.1 (0.33%) 74.673b 2.337b 12.100a 0.909b
or 3.2 (0.45%) 71.739¢ 3.009a 11.853b 0.908b
meatballs F-test i . . .
%CV 0.92 4.12 0.59 0.08

Note: a, b, ¢ = significant different at p<0.05 with the same row, ns = non-significant (p>0.05) and CV=
Coefficient of Variation

3.3 Nutritional Analysis

The formulas containing 0.33% cricket powder in pork sausages and pork meatballs (Formulas 1.1 and
3.1), and 1.20% in grilled pork sausages (Formula 2.1), were selected for nutritional analysis to provide
nutritional information for consumers (Table 2). The results revealed that, per 100 g serving, pork meatballs
contained the highest levels of dietary fiber, cholesterol, moisture, protein, and vitamin B1, followed by grilled
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pork sausages and pork sausages, respectively. Grilled pork sausages contained the highest levels of ash,
potassium, sodium, total calories, total sugars, and vitamin B1. In contrast, pork sausages were found to
contain the highest levels of calcium, iron, total carbohydrates, and total fat. Vitamin A was not detected in
any of the three products (Table 6). According to the nutritional information panels, a 50 g serving of grilled
pork sausages provided the highest energy content at 170 kilocalories, followed by pressed pork sausages at
150 kcal and pork meatballs at 80 kilocalories. The nutrient data were evaluated based on the Thai
Recommended Daily Intakes (% Thai RDI), calculated using a daily energy intake of 2,000 kilocalories, as
shown in Table 7. These values align with the Nutrient Reference Values (NRVs) established by the Codex
Alimentarius, which are based on the Daily Intake Reference Values (DIRVs) for a healthy population aged
19-50 years. The Thai RDIs are also set to ensure nutrient intake does not exceed the safe maximum consumption
levels (Upper Levels of Intake, ULs) for individuals aged 3 years and above with normal health status [29].

Table 5. Result of acceptance testing of food products in each formula

Cricket Acceptance testing
owder as
Products b an Appearance | Color | Aroma | Flavor | Texture | Mouthfeel Overa?l.
ingredient acceptability
Control 5.78 5.83a 6.43a 5.80b 5.87a 5.05a 5.87a
1.1 (0.33%) 5.61 5.43ab | 5.88ab | 6.37a 5.36b 5.16a 5.64a
Pork 1.2 (0.45%) 5.55 523b | 535b | 5.15c | 4.77c 4.69b 5.12b
sausages F-test ns * * 3% *3% R *
%CV 4.43 3.77 6.29 4.65 3.46 1.67 3.81
Control 6.21a 6.32a 6.70a 6.74a 6.08a 5.86a 6.07a
Grilled 2.1 (1.20%) 6.05ab 6.36a 6.64a 6.72a 5.68a 5.81a 6.21a
pork 2.2 (1.64%) 5.32b 5.43b 5.45b 3.69b 5.03b 4.99b 5.32b
sausages F-test ns ** i ** * * *
%CV 7.20 3.79 2.55 2.97 411 2.16 3.07
Control 5.92a 6.80a 5.94a 6.00a 5.69a 5.75a 5.87a
3.1 (0.33%) 5.68a 5.92b 5.79a 5.93a 5.46a 5.55a 5.77a
Pork 3.2 (0.45%) 4.93b 4.95¢ 4.87b 4.67b 4.49b 4.47b 4.72b
meatballs F-test ok % ok *% ok *3% *3%
%CV 4.36 2.76 2.65 2.55 3.68 2.51 2.77

Note: a, b, ¢ = significant different at p<0.05 (*), p<0.01 (**) with the same row, ns = non-significant (p>0.05)
and CV = Coefficient of Variation

Table 6. Result of food composition analysis of processed pork products with cricket ingredients

) Amount of food listed (per 100 g edible portion)
Items Units :
Pork sausages Grilled pork sausage Pork meatballs

Ash g 2.01 2.60 2.02
Calcium mg 59 17 25
Calories from fat kcal 215 261 58
Cholesterol mg 36 41 45
Dietary fiber mg 0.8 0.8 2.0
Iron (Fe) mg 0.99 0.56 0.45
Moisture g 55.36 49.19 70.89
Potassium (K) mg 237 292 230
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Table 6. Result of food composition analysis of processed pork products with cricket ingredients (Continue)

. Amount of food listed (per 100 g edible portion)
Items Units .
Pork sausages Grilled pork sausage Pork meatballs
Protein (N x 6.25) g 134 16.7 19.0
Saturated fat g 0.8 9.9 2.5
Sodium (Na) mg 445 647 511
Total carbohydrate g 53 2.5 25
Total calories kcal 290 338 144
Total fat g 23.9 29 6.5
Total sugars g ND 0.6 0.5
Vitamin A ug ND ND ND
Vitamin B1 mg 0.29 0.37 0.41
Vitamin B2 mg 0.02 0.03 0.01
Table 7. Nutritional information panels on food labels (per 50 g edible portion)
Items Units Pork sausages Grilled pork sausage Pork meatballs
This study| %Thai RDI |This study| %Thai RDI |This study|%Thai RDI
Amount per serving g 50 - 50 - 50 -
Total Energy kcal 150 - 170 - 80 -
Total fat g 12 18 15 23 3.5 5
Saturated fat g 4 20 5 25 1.5 8
Cholesterol mg 7 - 20 7 25 8
Protein g 7 - 8 - 10 -
Total carbohydrate g 3 1 1 0 1 0
Dietary fiber g 0 - 0 1 4
Sugars g 0 0 - 0 -
Sodium mg 220 11 320 16 260 13
Potassium mg 120 3 150 4 115 3
Vitamin A - - 0 - 0 - 0
Vitamin B1 - - 10 - 10 - 15
Vitamin B1 - - 0 - 0 - 0
Calcium - - 4 - 0 - <2
Iron - - 4 <2 - <2

Note: Percent Thai Recommended Daily Intakes (%Thai RDI) are based on a 2,000 kcal diet. Nutrition labeling
is provided for net weights of 100 g of pressed sausages (2 servings per container), 150 g of grilled pork
sausages (3 servings per container), and 100 g of pork meatballs (20 servings per container).

The results (Table 6) present the protein, fat, and carbohydrate content of the developed products in
comparison with the Thai Community Product Standards (TCPS) for pork meatballs (TCPS 304/2012; TISI,
2012) and pork sausages (TCPS 102/2012; TISI, 2012). The analysis indicated that the products met the required
protein content standard (> 13% by weight). However, the fat and carbohydrate contents exceeded the TCPS
limits, which specify that pork meatballs and pork sausages should contain no more than 6% and 25% fat by
weight, respectively, and that the carbohydrate content in both products should not exceed 2% by weight [47].
The developed cricket-based products, per 100 g serving, contained 13.4-19.0 g of protein, 6.5-23.9 g of total
fat, 2.5-5.3 g of total carbohydrates, and 2.01-2.60 g of ash (Table 6). These values are comparable to those
reported for pork sausages fortified with silkworm pupae, which contained 16.0% protein, 20.73% fat, and
3.19% ash—exceeding the nutritional value of conventional formulas that typically contain 15.2% protein,
16.0% fat, and 2.8% ash [28]. Similarly, pork sausages with Panang curry paste were found to contain 10.6 g of
protein, 7.8 g of fat, and 3.0 g of carbohydrates [56]. In another example, pork meatballs with 73% of fat by
weight replaced by pastry gel contained 17.16% protein, 6.23% fat, and 71.92% moisture [49]. For pork
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meatballs, the protein content is 19 g per 100 g of edible portion (Table 6), which is higher than that found in
blanched and fried meatball products across three levels of production—industrial, small business, and
retail —commonly available in local markets and supermarkets in Bangkok. According to Chan-Urai [50], the
protein content in comparable products is as follows: beef balls (13.8-16.1 g), pork balls (13.2-16.2 g), chicken
balls (10.0-15.9 g), shrimp balls (12.7-13.7 g), fish balls (14.9-16.5 g), and traditional Chinese pork balls (9.9-13.2 g)
per 100 g of edible portion. The ash, fat, carbohydrate, and moisture values of the developed pork meatballs
are comparable to those of other meatball products.

The results showed that the nutritional values per 50 g serving of pork sausages, grilled pork sausages,
and pork meatballs were 150 kcal, 170 kcal, and 80 kcal, respectively (Table 7). Grilled pork sausages had the
highest energy value, with fat contributing up to 130 kcal, which corresponds to the product’s total fat content
of 29 g per 100 g (Table 6). This high fat content can be attributed to the inclusion of 23.35% pork lard and
1.20% cricket powder by weight (Table 1). Regarding the cricket powder, the nutritional analysis showed that
the highest content was protein (50.84%), followed by fat (22.34%), fiber (16.58%), ash (12.47%), moisture
(10.80%), and carbohydrate (3.55%) [24]. This aligns with the findings of Montowska et al. [6], who reported
that cricket powder is rich in protein (42.0-45.8% of dry matter) and fat (23.6-29.1% of dry matter). These
results suggest that the type and proportion of ingredients —such as pork loin, pork lard, cricket powder, and
starch —affect the nutritional value of the final product. In the case of pork meatballs, the absence of both pork
lard and cricket powder (0.33%) contributes to their lower energy value of 80 kcal. This is lower than the
energy content of commercial pork meatballs, which range from 121 to 158 kcal [58]. Furthermore, the analysis
indicates that all three products contribute to daily macronutrient intake based on Thai Recommended Daily
Intake (Thai RDI) values, providing 220-320 mg of sodium (11-16%), 115-150 mg of potassium (3-4%), and
10% of the daily value for vitamin B1 per 50 g serving (Table 7). The nutritional values of the three products
align with the Thai Recommended Daily Intakes (% Thai RDI) for individuals over 6 years of age, based on a
2,000-kcal diet [29]. The recommended daily caloric intake is 2,600-2,800 kcal for adult males and 2,000-2,200
kcal for adult females [59]. Each product has a standardized serving size of 50 g, corresponding to %2 piece of
pork sausage, 1 piece of grilled pork sausage, and 5 pork meatballs (Table 7). These meat products are among
the most popular foods in Thailand. They can be consumed as snacks or used as ingredients in various one-
dish meals such as noodles, Thai papaya salad, spicy salads, and soups. According to consumption reports
(average per person per day), the intake of pork sausage (1.22 g) and pork ball (0.7 g) products in rural
provinces is approximately 8 to 10 times higher than in urban areas [58,60]. Notably, the developed pork
meatballs were found to contain 1.36 to 1.44 times more protein than those available on the market, while their
fat and carbohydrate contents were 4.29 and 6.56 times lower, respectively [50]. These findings suggest that
pork sausage, grilled pork sausage, and pork meatballs belong to the category of traditional Thai foods that
are widely consumed and have the potential to appeal to health-conscious consumers. As such, incorporating
cricket protein presents a promising way to enhance the nutritional profile of these popular local food products.

3.4 Cost-benefit Analysis

An analysis of the project to add value through the use of crickets in developing three processed food
products—pork sausages, grilled pork sausages, and pork meatballs—showed that fixed costs, including
machinery, kitchen equipment, and personal protective gear, accounted for 93.33% of the total investment
(Table 8). The remaining 6.67% consisted of variable costs, primarily raw materials. An economic evaluation
of the project's value over five years showed that the returns exceeded the initial investment. The project
demonstrated strong financial viability, with the NPV of 1,274,843 THB [(38,790.29 USD): 1USD=33.0880 THB
at March 5, 2025], the IRR of 31.80%, and the BCR of 3.76 (BCR Year 1 =0.94, Year2 = 1.42, Year 3 =1.97, Year
4 =255, Year 5 = 3.76). This means that for every 1 THB (0.03043 USD) invested, the return was 3.76 times the
cost. A return of 3.76 THB (0.11 USD) meets standard cost-effectiveness criteria, with the NPV > 0, the Benefit-
BCR > 0, and the IRR > exceeding the funding source’s interest rate (5%) [31]. Therefore, the evaluation
confirms the cost-effectiveness of allocating the project budget, aligning with the estimated return on
investment for cricket-based processed food products, which ranges from 27.45% to 69.26% [61]. This cost-
benefit analysis serves as a useful guideline for reducing production costs —particularly variable costs related
to raw materials—by fostering partnerships among key stakeholders, including cricket farmers, middlemen,
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and Small and Medium Enterprises (SMEs). In the long term, it is recommended that a Social Return on
Investment (SROI) assessment be conducted at the project’s conclusion to support the sustainable development of
Thai local foods incorporating cricket protein.

4. Conclusion

The development of suitable formulas incorporating cricket powder focused on creating pork
sausages, grilled pork sausages, and pork meatballs with specific proportions of the ingredient. The most
effective formulas contained 0.33%, 1.20%, and 0.33% cricket powder by weight, respectively. This finding is
supported by sensory evaluation results, which showed no significant differences in overall acceptance scores
compared to the control groups. Therefore, the formulas containing 0.33% cricket powder in pork sausages
and pork meatballs, and 1.20% in grilled pork sausages, achieved the highest levels of consumer acceptance.
Specifically, the protein content in pork meatballs (19.0 g/100 g) and pork sausages (13.4 g/100 g) meets the
requirements of the Thai Community Product Standard (TCPS). For the community enterprise group, 93.33%
of the project costs were fixed, while 6.67% were variable costs. The project yielded a return greater than the
initial investment, with the NPV of 38,790.29 USD, the IRR of 31.80%, and the BCR of 3.76. The development
of pork sausage, grilled pork sausage, and pork meatball products in this project demonstrates that cricket
protein is a viable alternative for enhancing the nutritional value of traditional Thai food products. Additionally, it
provides a practical solution to the issue of low-value cricket yields and offers valuable insights for promoting
community enterprises and supporting sustainable development.
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Abstract: Probiotic soy yogurt containing kale powder represents a promising
plant-based functional product suitable for lactose-intolerant individuals and
health-conscious consumers. This study aimed to develop and characterize soy-
based probiotic yogurts containing kale powder at concentrations of 0%, 1%, 3%,
and 5% (w/w). All formulations were standardized to an initial total soluble
solids (TSS) content of 15 °Brix and fermented at 43 +1 °C for 8 hours using a
commercial yogurt starter and probiotic culture. The yogurt containing 1% kale
powder exhibited the most desirable physicochemical and functional properties,
including favorable fermentation characteristics (pH 4.63, titratable acidity
0.75+0.03%), the highest viable lactic acid bacteria (LAB) count (8.37 +0.05 log
CFU/g), and optimal curd structure. Sensory evaluation using a 9-point hedonic
scale with thirty untrained panelists confirmed its highest overall acceptability
(7.93£0.74). Chemical composition analysis revealed slight variations among
formulations, with the 1% kale-containing yogurt showing relatively higher
levels of protein (3.49 g/100 g), dietary fiber (0.95 g/100 g), carbohydrate (10.6
g/100 g), energy (65.6 Cal/100 g), and vitamin Ki (4.94 ug/100 g), reflecting the
natural contribution of kale powder rather than fortification. During 21 days of
storage at 4+ 1 °C, the 1% kale-containing yogurt maintained probiotic viability
above 7.0 log CFU/g, consistent with internationally recognized efficacy criteria
for probiotic products. No yeast and mold growth was detected during storage.
These findings highlight, for the first time, the feasibility of formulating probiotic
soy yogurt containing kale powder with desirable product quality and functional
potential, aligning with current trends in plant-based fermented foods.

Keywords: Soy yogurt; probiotics; kale powder; plant-based dairy

1. Introduction

In recent years, global interest in plant-based functional foods has
grown substantially, driven by heightened consumer awareness of health
benefits, environmental sustainability, and ethical concerns associated with
animal-derived products. This dietary shift is widely acknowledged, with recent
academic literature highlighting the strong trend toward healthier and more
sustainable food options enriched with bioactive compounds, thereby
propelling significant market growth and innovation [1]. Among the various
innovations in this sector, plant-based dairy alternatives, such as yogurts made
from legumes, grains, and nuts, have become particularly prominent. These
products cater to populations with lactose intolerance, milk allergies, or those
adopting vegetarian or vegan lifestyles [2]. In the ASEAN region, where health-
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related non-communicable diseases and aging demographics are increasingly pressing issues, functional foods
have been emphasized for their potential to maintain wellness and delay disease onset [3].

Soy milk is widely acknowledged as a suitable base for developing plant-based yogurts due to its
high-quality protein, beneficial lipid profile, and ability to support microbial fermentation. It also provides a
lactose-free, cholesterol-free, and sustainable alternative to dairy milk, thus appealing to individuals with
lactose intolerance and those seeking heart-friendly diets [4]. Fermented soy-based products, including soy
yogurt, have been associated with health-promoting effects such as improved gut microbiota balance, reduced
blood cholesterol, and antioxidant activity [5-6]. Furthermore, soy yogurt is recognized as an effective carrier
for probiotic strains, promoting their survival through the gastrointestinal tract [7]. Despite these benefits,
plant-based yogurts made from soy often require formulation improvements to enhance their sensory and
textural characteristics and overall consumer acceptability.

An emerging formulation strategy is the enrichment of soy yogurt with functional vegetables such as
kale (Brassica oleracea L. var. acephala DC), a leafy green vegetable increasingly regarded as a superfood. Kale
is rich in essential nutrients, including fiber, vitamins, particularly Ki and p-carotene, minerals, and
biologically active phytochemicals like glucosinolates and flavonoids. These compounds offer antioxidative
and anti-inflammatory benefits and are associated with reduced risks of chronic diseases such as
cardiovascular disorders and cancer [8]. In Thailand, kale cultivation and consumption have been rising
steadily, especially among health-focused consumers, contributing to its growing incorporation into
smoothies, salads, and functional food products alongside the expansion of organic agriculture [9].

Although kale is recognized for its nutritional value and increasing popularity, it has not been
extensively studied for application in fermented plant-based food products. A review of contemporary
scientific literature reveals a notable absence of research exploring the integration of kale into probiotic soy
yogurt, indicating an opportunity for product innovation. Prior studies have examined the use of cereals,
legumes, and fruit-based powders in dairy and soy yogurts [10-11], but no peer-reviewed publications have
yet evaluated kale's inclusion in soy-based fermented systems. The high content of fiber and micronutrients
in kale makes it a compelling additive to enhance nutritional quality. However, its fibrous nature and pigmentation
could potentially alter yogurt texture and visual appeal if used in excessive amounts. Therefore, determining
the optimal fortification level is essential to maintain product quality while maximizing health benefits.

Given the growing demand for clean-label and functional plant-based fermented products,
particularly in Southeast Asia, where soy-based diets are culturally entrenched, this study aims to formulate
and evaluate probiotic soy yogurt containing kale powder at concentrations of 0%, 1%, 3%, and 5% (w/w). The
research evaluates fermentation performance, sensory quality, physicochemical and microbiological
properties, and chemical composition. Results from this work are expected to inform future development of
consumer-accepted, functionally improved, and value-added plant-based yogurts that align with health and
sustainability trends.

2. Materials and Methods

2.1 Preparation of Kale Powder and Soy Milk

Fresh kale leaves (1 kg) were thoroughly washed under running water to remove surface impurities
and then finely chopped. The chopped leaves were dehydrated in a convection oven at 60 + 1 °C until constant
weight was achieved. The dried leaves were subsequently ground using a high-speed blender and sieved
through a 425 pm mesh to obtain a uniform fine powder. The final yield of kale powder was approximately
65 g per kilogram of fresh leaves, corresponding to a drying yield of about 6.5% (w/w). The resulting kale
powder was stored in airtight zip-lock bags at 4 + 1 °C until further use. For soy milk preparation, split
soybeans (Glycine max (L.) Merr.) (1kg) were washed and soaked in potable water at ambient room
temperature for 6 hours. To reduce off-flavors and microbial load, the soaked beans were blanched in boiling
water for 2 minutes. The blanched beans were then blended with potable water at a 1:3 (w/w) ratio to form a
homogenized suspension. This suspension was filtered through a double-layered muslin cloth to extract soy
milk. The extracted soy milk was pasteurized at 85+ 1 °C for 15 minutes, followed by a second filtration using
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sterile muslin to remove any remaining solids. The prepared soy milk was cooled to room temperature and
stored at 4 +1 °C until further use.

2.2 Fermentation of Probiotic Soy Yogurt Containing Kale Powder

For the preparation of kale containing probiotic soy yogurt, soy milk was used as the fermentation
substrate, and its total soluble solids were adjusted to 15 °Brix by adding sucrose. All formulations were
thoroughly mixed to ensure homogeneity, pasteurized at 85 + 1 °C for 15 minutes, and then cooled to 45 +1 °C.
A commercial plain soy yogurt available in Thailand was used as the inoculum source to provide lactic acid
bacteria for soy milk fermentation. The yogurt starter, containing Lactobacillus bulgaricus, Streptococcus
thermophilus, Lactobacillus acidophilus, and Bifidobacterium animalis subsp. lactis, originally optimized for plant-
based fermentations, was added at 10% (w/w). Kale powder was incorporated at concentrations of 1%, 3%,
and 5% (w/w), while a control sample without kale (0%) was also prepared for comparison. The mixtures were
transferred into 200 mL sterile glass containers and incubated at 43 +1 °C for 8 hours until the pH reached 4.64.8,
which is considered suitable for set-style yogurt. The resulting yogurts were stored at 4 +1 °C until further
analysis.

2.3 Sensory evaluation

A sensory evaluation was conducted to assess the acceptability of probiotic soy yogurt samples
containing kale. Thirty untrained panelists participated in the evaluation, rating five sensory attributes: color,
odor, flavor, texture, and overall acceptability. A 9-point hedonic scale, ranging from 1 (dislike extremely) to
9 (like extremely), was used to quantify participants' preferences. The collected data were statistically analyzed
to identify consumer preferences and determine the most preferred formulation based on overall liking scores.
This human-subject study was conducted in accordance with the Declaration of Helsinki and the institutional
ethical guidelines of Mahamakut Buddhist University. Ethical approval was obtained under protocol number
COA-0056-2567(2024).

2.4 Evaluation of Shelf-Life Stability of Probiotic Soy Yogurt Containing Kale Powder

The shelf-life stability of both the control and the most acceptable kale-containing probiotic soy yogurt
formulations was assessed over a 21-day refrigerated storage period at 4 + 1 °C. All samples were stored in
tightly sealed transparent glass bottles wrapped with aluminum foil to protect them from light exposure and
placed in a dark refrigerated environment at 4 + 1 °C throughout the entire storage period. Samples were
collected and analyzed on days 0, 7, 14, and 21 to determine changes in physicochemical properties,
microbiological quality, and product stability during storage. This evaluation focused on monitoring potential
alterations in physicochemical parameters and microbiological quality during storage. Particular attention
was given to the enumeration of lactic acid bacteria and the detection of yeast and mold at regular intervals to
ensure microbial safety and product stability throughout the storage duration [12].

2.5 Textural profile analysis

After fermentation, all yogurt samples were refrigerated at 4 + 1 °C for 48 hours before texture analysis.
Before testing, each sample (approximately 50 mL) was gently transferred into a cylindrical plastic cup (50
mm diameter x 30 mm height) to obtain a uniform surface. A BRAVO Food Texture Analyzer (Model TA
Prime) was used to evaluate the texture characteristics following a modified procedure adapted from Cheng
et al. [13]. The analysis simulated the chewing action by performing a two-cycle compression test using a
cylindrical probe (TA4/1000) with a diameter of 36 mm. The test was conducted under the following settings:
pre-test speed at 1 mm/s, test speed at 1 mmy/s, post-test speed at 20 mm/s, and a compression distance of 25
mm. All measurements were carried out in triplicate, and the average values were reported. Texture profile
analysis included measurements of hardness, cohesiveness, springiness, and gumminess to assess the quality
and consistency of each yogurt formulation.

2.6 Physicochemical analysis

The pH of the yogurt samples was measured using a digital pH meter (Mettler Toledo, USA), and
total soluble solids (TSS) were determined using a digital refractometer (ATAGO MASTER-50-H, Japan).
Titratable acidity was expressed as a percentage of lactic acid according to the AOAC (2023) method [14].
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Color attributes (L*, a*, b*) were evaluated using a colorimeter (Konica Minolta CR-400, Japan) calibrated with
a standard white plate. Syneresis was determined by centrifuging 10 g of yogurt at 4,500 rpm for 10 min at
4 °C, and the separated liquid fraction was expressed as a percentage of the total sample weight. Water-
holding capacity (WHC) was measured by quantifying the retained fraction after centrifugation [15-16]. All
measurements were conducted in triplicate (n = 3), and results were expressed as mean + SD. The proximate
composition, including energy, protein, carbohydrate, total fat, dietary fiber, moisture, ash, and vitamin Kj,
was analyzed by an accredited laboratory following AOAC (2023) official methods. Beta-carotene was
analyzed instead of vitamin A because kale primarily contains carotenoids rather than preformed vitamin A
(retinol). The compound was quantified using high-performance liquid chromatography (HPLC) to represent
the measurable provitamin A fraction naturally present in plant-based ingredients, following validated
procedures performed by a certified private laboratory.

2.7 Microbiological determinations

The microbial analysis of kale-containing probiotic soy yogurt was performed following the
methodology adapted from Mehaya et al. [17]. Total bacterial count was determined using standard plate
count techniques. Lactic acid bacteria were enumerated by spread-plating on de Man, Rogosa, and Sharpe
(MRS) agar, followed by incubation at 37 +1 °C for 48 hours under anaerobic conditions. Yeasts and molds
were assessed on potato dextrose agar (PDA) and incubated at 30 +2 °C for 5 to 7 days. All microbial counts
were expressed as log colony-forming units per gram (log CFU/g).

2.8 Statistical Analysis

A completely randomized design (CRD) was employed to evaluate the physical, chemical, and
microbiological characteristics of the yogurt samples, while sensory evaluation followed a randomized
complete block design (RCBD) to account for panelist variability. All data are expressed as mean * standard
deviation (SD) based on three independent replicates. One-way analysis of variance (ANOVA) was performed
to determine significant differences among treatments, and mean separation was conducted using Duncan’s
multiple range test (DMRT) at a 95% confidence level (p < 0.05). Statistical analyses were performed using IBM
SPSS Statistics software, version 28 (IBM Corp., Armonk, NY, USA).

3.Results and Discussion
3.1 Fermentation Characteristics of Probiotic Soy Yogurt Containing Kale Powder

The effect of different kale powder concentrations on the fermentation performance and structural
development of probiotic soy yogurt was studied. Four treatments were prepared: a control sample (0% kale)
and three samples containing 1%, 3%, and 5% kale powder. Before fermentation, each formulation was
adjusted to 15 °Brix and inoculated with a commercially available probiotic culture. After incubating at
43 +1 °C for 8 hours, noticeable variations in fermentation dynamics and curd formation were recorded. The
quality of curd structure was observed to deteriorate progressively with increasing concentrations of kale.
While acceptable gel textures were retained in the control, 1%, and 3% formulations, the 5% kale yogurt
presented weak coagulation and a watery appearance. This decline in curd firmness at higher levels of kale
fortification may be linked to interactions between bioactive compounds in kale and the soy protein matrix
during acidification, potentially disrupting the aggregation and gelation of protein structures [18].

As presented in Figure 1, the pH values of all yogurt formulations consistently decreased during the
8-hour fermentation period, ultimately falling within the range of 4.63 to 4.80. Notably, the 1% kale-containing
sample exhibited the most substantial acidification, achieving the lowest final pH (4.63 +£0.03), which may
reflect enhanced lactic acid bacterial activity stimulated by moderate levels of kale addition. The acidification
process plays a vital role in curd formation, as casein begins to coagulate when the pH nears its isoelectric
point (approximately 4.6), promoting gel network development [10, 17]. In parallel with the reduction in pH,
titratable acidity steadily increased across all samples. During the 8-hour incubation period, lactic acid
contents ranged between 0.62% to 0.75%. The highest acidity was found in the 1% kale formulation
(0.75+0.03%), while the 5% kale sample recorded the lowest value (0.62 +0.02%). All measured values
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exceeded the minimum lactic acid content of 0.6%, as required by Thailand’s Ministry of Public Health under
Notification No. 353 [19] for fermented milk products.
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Figure 1. pH (—) and titratable acidity (-—) profiles of probiotic soy yogurt containing kale powder (0%, 1%, 3%,
and 5%) during 8 hours of fermentation at 43 +1 °C.

The TSS of the fermented soy yogurt samples ranged from 10.67 +0.58 to 12.33 +0.58 °Brix (Table 1).
A statistically significant increase in TSS was observed as the kale powder concentration increased from 0% to
5%. This trend is likely due to the addition of kale powder, which contains naturally occurring sugars, soluble
fibers, and other water-soluble phytochemicals. These components may have dissolved during heat treatment
and contributed to the higher TSS values observed following pasteurization and after fermentation [10, 20].
Although sugar consumption by fermenting microbes typically reduces TSS during yogurt production, the
enrichment with kale appears to have mitigated this reduction, particularly in the 5% formulation, which
retained the highest TSS after the 8-hour fermentation. Syneresis, an indicator of gel network stability, was
found to increase proportionally with higher kale inclusion. The yogurt containing 5% kale showed the
greatest syneresis value (39.17+1.04%) (Table 1), suggesting that elevated kale levels may weaken gel
integrity. It is generally acknowledged that soy-based yogurts exhibit more pronounced syneresis compared
to their dairy counterparts due to inherent differences in protein and lipid composition [21-22]. Conversely,
WHC demonstrated a declining pattern, ranging from 71.33 +1.25% in the control to 60.17 +0.76% in the 5%
kale sample. This decline suggests that increased kale content might interfere with the protein network
formation, thereby leading to greater whey separation. These findings align with results from Arab et al. [23],
which indicated that WHC in soy-based yogurts is influenced by fermentation dynamics, stabilizer use, and
the protein content of the formulation. Kale addition also significantly altered the color properties of the
yogurt. The visual appearance and color of the kale containing yogurt samples at four concentration levels are
shown in Figure 2. As the kale concentration increased, the lightness value (L*) decreased, indicating a darker
appearance. Simultaneously, the a* values shifted negatively, reflecting increased greenness, while b* values
progressively decreased, indicating reduced yellowness. These changes are largely attributed to pigments
such as chlorophylls and carotenoids inherent in kale, which not only affect product appearance but also offer
health-related benefits [10, 24]. The addition of kale powder may enhance the functional quality of soy yogurt
due to the presence of bioactive compounds such as vitamin K;, 3-carotene, lutein, and dietary fiber, which
are known to support antioxidant activity and digestive health [10, 24, 25]. Although the 1% addition used in
this study is relatively small, these components can still contribute to improving the nutritional and functional
properties of the product rather than providing direct health claims.

In terms of microbiological quality, all yogurt formulations maintained LAB counts above 7 log CFU/g
(approximately 107 CFU/g), which exceeds the minimum level generally recommended for probiotic foods to
ensure functional efficacy [25]. The 1% kale formulation recorded the highest LAB population (8.37 + 0.05 log
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CFU/g), possibly due to prebiotic support from moderate kale enrichment. This finding aligns with Kim et al.
[8], who demonstrated enhanced LAB survival in kale-based fermentations due to antioxidant-rich fibers, and
with Rashwan et al. [10], who reported stabilized probiotic viability in yogurts containing plant-based
bioactives. Additionally, no yeast and mold growth was detected in any sample, underscoring the
microbiological safety of all formulations. Collectively, the soy yogurt containing 1% kale demonstrated the
most desirable combination of quality traits, including strong gel structure, minimal syneresis, enhanced LAB
viability, and improved color, making it the most favorable option among the variants tested.

% Kale

0% Kale (Control)

Figure 2. Visual appearance and color of probiotic soy yogurt containing kale powder (0%, 1%, 3%, and 5%)
at 8 hours of fermentation at 43 + 1 °C.

Table 1. Physicochemical properties of probiotic soy yogurt containing different levels of kale powder after

fermentation
Properties (;Zr;zl) 1% Kale 3% Kale 5% Kale

Physical:
TSS ("Brix) 10.67£0.58  10.83+0.2%  11.50+0.502 12.33 + 0.582
Syneresis (%) 28.83+2.02c  31.16 +1.04¢ 35.17 £ 0.76P 39.17 + 1.042
Water-Holding Capacity (WHC, %) 71.33+£1.25¢  68.17 £ 1.04° 65.10 + 1.00¢ 60.17+ 0.764
Color L* 78.83+0.51=  70.48 £0.71v 59.22 + 1.00¢ 52.41 +0.744

a* -1.71+0.042  -3.64 +0.06° -4.57 +0.12¢ -4.72 +0.074

b* 17.32+0.85¢  15.83+0.87>  14.37 + 0.65 12.33 +0.89¢
Microbiology:
Total Bacteria (log CFU/g) 8.30 +0.02b 8.42 + 0.06° 8.23 +0.05> 7.11 +0.08¢
Lactic Acid Bacteria (log CFU/g) 8.28 £ 0.03 2 8.37 £ 0.05 8.19 £ 0.08> 7.05 £ 0.07¢
Yeast and Mold (log CFU/g) ND ND ND ND

Note: Values are presented as mean + SD (n = 3). Different superscript letters in the same row indicate
significant differences (p < 0.05), ND indicates not detected, while ns indicates non-significant differences (p >
0.05), as determined by one-way ANOVA.

3.2 Textural Attributes of Probiotic Soy Yogurt Containing Kale Powder

Texture Profile Analysis (TPA) demonstrated that the inclusion of kale powder had a dose-dependent
impact on the structural attributes of probiotic soy yogurt (Table 2). The control sample (0% kale) exhibited
the highest hardness (2.39 £ 0.05 N), cohesiveness (0.51 +0.07), and gumminess (2.72 +0.08 N), with moderate
springiness (0.18+0.04s). When 1% kale was added, hardness decreased slightly to 2.25+0.02N, and
cohesiveness remained statistically unchanged (0.49 +0.05). Interestingly, springiness significantly increased
to 0.27+0.07s (p < 0.05), while gumminess was maintained (2.66 +0.06 N), indicating that moderate kale
supplementation preserved gel integrity and even improved the elastic recovery of the matrix. However,
higher concentrations of kale (3% and 5%) severely compromised the yogurt's textural parameters. Hardness
dropped sharply to 0.40 +0.03 N and 0.32 + 0.02 N, respectively, and gumminess was reduced to 0.00 N in both
cases. Cohesiveness and springiness were also dramatically reduced, with values approaching zero, signifying
an almost complete breakdown of the gel structure. The total loss of springiness (0.00 +0.00 s) particularly
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reflects the absence of elasticity, a key factor in yogurt mouthfeel. This complete loss of springiness and
gumminess clearly indicates a gel failure or non-gelling structure rather than merely a compromised texture.
These formulations were therefore considered unsuccessful products in terms of textural integrity, as the
excessive kale content disrupted the protein—polysaccharide network formation and reduced water-binding
capacity, leading to weak or non-existent gel matrices. This phenomenon is consistent with the inherently
weaker gelation ability of plant proteins compared with casein micelles in dairy systems [28]. These results
align with previous findings that low levels of dietary fiber may enhance yogurt structure, whereas excessive
fiber can disrupt the formation of a stable protein network [26-27]. The degradation observed at higher levels
of kale is likely due to the interference of insoluble fibers with protein—protein interactions and competition
for water within the matrix, impairing both casein and soy protein gelation. In plant-based yogurt systems,
where the gel structure is inherently weaker than in dairy-based counterparts due to the absence of casein
micelles, such interference becomes more pronounced and often leads to gel collapse [28].

Therefore, the findings suggest that a 1% kale addition level provides an optimal balance by enhancing
the functional and quality attributes of the yogurt without compromising its texture. In contrast, higher
concentrations (23%) negatively affect the physical structure of the yogurt, highlighting the importance of
precise formulation when incorporating plant-based ingredients into functional food systems.

Table 2. Texture profile analysis (TPA) results of probiotic soy yogurt containing kale powder

Text fil lysi
exture proti’e analysts Hardness (N)  Cohesiveness (-)  Springiness (s) = Gumminess (N)

(TPA)
Control (0% Kale) 2.39+0.052 0.51 +0.072 0.18 +£ 0.04" 2.72+0.082
1% Kale 2.25+0.020 0.49 + 0.052 0.27 £0.072 2.66 +£0.06°
3% Kale 0.40 + 0.03¢ 0.03 £0.020 0.00 £ 0.00¢ 0.00 £ 0.00°
5% Kale 0.32 + 0.02¢ 0.01 + 0.00° 0.00 + 0.00¢ 0.00 + 0.00°

Note: Values are presented as mean + SD. Different superscript letters within the same column indicate
significant differences (p < 0.05), as determined by one-way ANOVA.

3.3 Sensory Acceptability of Probiotic Soy Yogurt Containing Kale Powder

The impact of kale powder supplementation on the sensory attributes of probiotic soy yogurt was
assessed using a 9-point hedonic scale with 30 untrained panelists evaluating color, odor, flavor, texture, and
overall liking (Table 3). The yogurt sample containing 1% kale powder received the highest overall
acceptability score (7.93 + 0.74), which was significantly higher than the control (7.43 +1.04; p < 0.05), indicating
enhanced consumer preference at this fortification level. The 1% kale sample also achieved favorable scores
across all other sensory attributes, including flavor (7.57 £ 0.94) and texture (7.33 £1.06), suggesting that low-
dose kale incorporation may contribute to a well-balanced mouthfeel and a pleasant vegetal note without
compromising product quality. These findings align with prior studies reporting that moderate inclusion of
green vegetable powders can improve consumer perception in plant-based and dairy matrices by subtly
enhancing flavor complexity and functional appeal [29]. The mild enrichment may also have influenced
perceived creaminess and color uniformity due to kale’s chlorophyll and fiber content, which has been
associated with a smoother texture and more vibrant appearance in fermented products [30-31]. In contrast,
higher fortification levels (3% and 5%) resulted in significantly lower scores across all sensory parameters,
with the 5% kale yogurt receiving the lowest overall liking score (5.63 +0.72). Panelist feedback indicated that
these samples exhibited unpleasant bitterness, off-flavors, and an overly dark green coloration, which
negatively affected consumer acceptance. These undesirable attributes are likely due to elevated
concentrations of chlorophylls, phenolic compounds, and insoluble fibers, which are known to contribute to
sensory imbalances when used excessively in food formulations [32-33]. Overall, the results indicate that
incorporating 1% kale powder provides the most favorable formulation, improving sensory characteristics
and overall product acceptability. This finding supports its potential application in developing plant-based
yogurt alternatives that are both palatable and suitable for consumers seeking dairy-free options.
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Table 3. Sensory evaluation scores of kale-containing probiotic soy yogurt samples
11 liki
Treatments Color Odor Flavor Texture Overall liking
score
Control (0% Kale) 7.27 +0.78 7.23+0.822 7.50+1.01 7.27 £1.082 7.43 +1.04"
1% Kale 7.43 +1.55 7.26 +0.982 7.57 £0.942 7.33+1.062 7.93+0.742
3% Kale 6.60 +1.22° 6.07 +1.25> 6.50 +1.07° 6.73 +1.11" 6.87 +0.63 ¢
5% Kale 5.93 + 1.36¢ 4.40 +1.00¢ 510+0.92¢ 547 £0.82¢ 5.63 +£0.72¢

Note: Values are presented as mean + SD (n =30). Different superscript letters within the same column indicate
significant differences (p < 0.05), as determined by one-way ANOVA.

3.4 Chemical Composition of Probiotic Soy Yogurt Containing Kale Powder

The chemical components of the two most consumer-preferred formulations of control (0% kale) and
1% kale-containing soy yogurt were compared to evaluate the functional impact of kale supplementation
(Table 4). The yogurt containing kale powder exhibited modest yet meaningful improvements in several key
nutritional metrics. Energy content increased by approximately 6.3% (65.6 vs. 61.7 Cal/100 g), coinciding with
slight rises in protein (3.49 vs. 3.24 g/100 g), total fat (1.03 vs. 0.88 g/100 g), and total carbohydrate (10.6 vs.
10.2 g/100 g). These enhancements are consistent with the compositional attributes of kale, which is rich in
macronutrients and phytochemicals. Dietary fiber content also improved in the 1% kale yogurt (0.95 vs.
0.81g/100 g), which aligns with kale’s established role as a dietary fiber source. Notably, vitamin K;
(phylloquinone) levels increased significantly, from 0.68 to 4.94 ug/100 g (approximately sevenfold),
highlighting kale’s potential as a concentrated source of phylloquinone, a nutrient important for blood
coagulation and bone health [34]. However, this amount is still below 10% of the Thai Recommended Daily
Intake (RDI) for vitamin K (60 pg/day) as specified in the Thailand Ministry of Public Health Notification No.
445 (B.E. 2566) and reflects a functional improvement in formulation. Although beta-carotene (provitamin A)
was not detected under the analytical conditions used, previous research has identified kale as a valuable
source of carotenoids, including f-carotene and lutein [35]. The relatively low vitamin K; level compared with
the theoretical content in kale powder may be due to its susceptibility to degradation by heat, light, and oxygen
during drying, pasteurization, and fermentation processes. Oxidative reactions and dilution within the yogurt
matrix could also contribute to further losses during storage. To improve vitamin K; retention in future
studies, researchers may consider using higher kale concentrations, applying gentle drying methods such as
freeze-drying, protecting the product from light and oxidation, incorporating microencapsulation techniques,
or adding natural antioxidants before incorporation. While the addition of 1% kale powder improved the
nutritional profile, particularly in dietary fiber and vitamin K;, the quantity used in this study does not meet
the minimum thresholds for nutrient fortification or enrichment claims according to the Thailand Ministry of
Public Health Notification No. 445 (B.E. 2566). A slight increase in ash content (0.43 vs. 0.40 g/100 g) and a
minor reduction in moisture (84.5% vs. 85.3%) were also observed, suggesting a more nutrient-dense matrix
in the kale-added sample. These trends are in line with previous findings that reported compositional
improvements in soy-based fermented products following the addition of green vegetable powders [36]. The
results confirm that incorporating 1% kale powder into soy yogurt can enhance its chemical composition and
functional properties, particularly in protein, dietary fiber, and vitamin K; content, without compromising
sensory attributes. This formulation presents a promising plant-based functional product for consumers
seeking improved product quality and functional potential in non-dairy alternatives.
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Table 4. Chemical composition of probiotic soy yogurt with and without kale powder

Parameters Control Soy Yogurt with
(0% Kale) 1% Kale
Energy (Cal/100g) 61.7 65.6
Protein (g/100g) 3.24 3.49
Total Carbohydrate (g/100g) 10.2 10.6
Total Fat (g/100g) 0.88 1.03
Moisture (g/100g) 85.3 84.5
Ash (g/100g) 0.40 0.43
Total Dietary Fiber (g/100g) 0.81 0.95
Vitamin Ki (ug/100g) 0.68 4.94
Vitamin A (Beta-carotene) (ug/100g) ND ND

Note: ND = Not detected.

3.5 Storage Stability of Probiotic Soy Yogurt Containing Kale Powder

The shelf-life characteristics of probiotic soy yogurt containing 1% kale powder were evaluated over
21 days, focusing on key physicochemical and microbiological parameters. The storage stability of both control
(0% kale) and 1% kale-containing probiotic soy yogurts was monitored on days 0, 7, 14, and 21 under
refrigerated conditions (4 + 1 °C) to assess changes in their physicochemical and microbiological properties.
In both formulations, the pH gradually decreased throughout storage, indicating post-acidification caused by
the residual metabolic activity of LAB. The control sample decreased from 4.68 + 0.01 (Day 0) to 4.47 + 0.05
(Day 21), whereas the 1% kale-containing yogurt showed a slightly greater reduction, from 4.64 + 0.02 to 4.39
+0.02 (Table 5). Titratable acidity increased significantly (p < 0.05) in both formulations, from 0.67% to 0.93%
for the control and from 0.72% to 1.05% for the kale yogurt, which is consistent with continued LAB
fermentation during refrigerated storage [7, 37]. Syneresis (%) decreased steadily in both yogurts, from 28.85
*+ 1.29% to 25.02 + 2.24% in the control and 31.53 + 0.62% to 25.30 + 0.33% in the kale yogurt, suggesting
improved serum retention and gel stability over time. The improvement observed in the kale formulation may
be attributed to the WHC of kale fiber and its contribution to the stabilization of the protein—polysaccharide
network [23, 38]. WHC and color parameters remained stable (p > 0.05) in both samples, with only a slight
reduction in lightness (L) observed in the 1% kale yogurt, likely due to partial oxidation of chlorophyll
pigments. Microbiologically, both formulations maintained high probiotic viability throughout the 21-day
storage period. Total bacterial counts in the control yogurt decreased slightly from 8.25 log CFU/g (Day 0) to
7.21 log CFU/g (Day 21) (data not shown), while the 1% kale containing yogurt retained 8.32 log CFU/g to 7.41
log CFU/g. Likewise, LAB counts showed minimal reductions, decreasing from 8.21 to 7.14 log CFU/g in the
control and from 8.31 to 7.37 log CFU/g in the 1% kale yogurt, indicating that kale addition contributed to
better microbial protection, possibly due to its prebiotic fibers and antioxidant compounds [8, 38].
Microbiologically, both formulations maintained viable counts of lactic acid bacteria (LAB) exceeding 7 log
CFU/g, which meets the requirement for probiotic foods as specified by the Thailand Ministry of Public Health
Notification No. 346 (B.E. 2555). According to the accompanying Thai FDA guidelines, probiotic-containing
foods are recommended to contain at least 10¢ CFU/g (6 log CFU/g) of viable microorganisms throughout the
shelf life to ensure functional efficacy. No yeast and mold growth was detected in any samples, confirming
the microbiological safety of the products during storage. Overall, both yogurt formulations exhibited stable
physicochemical and microbiological properties during refrigerated storage. The addition of 1% kale slightly
improved LAB survivability and gel consistency, indicating that kale fortification can serve as a functional
strategy to enhance probiotic stability and product quality in soy-based yogurts during cold storage [7, 8, 38].
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4. Conclusions

This study demonstrated the successful development of probiotic soy yogurt containing kale powder,
confirming its potential as a functional, plant-based fermented product. Among the tested formulations, the
yogurt containing 1% kale powder exhibited the most desirable characteristics, including optimal
fermentation performance, improved texture, high sensory acceptability, and favorable chemical composition,
particularly in protein, dietary fiber, and vitamin K;. This formulation also maintained probiotic viability
above 7 log CFU/g throughout 21 days of refrigerated storage, with no detectable yeast and mold, indicating
good microbiological safety and shelf-life stability. In contrast, higher kale concentrations (3% and 5%)
negatively affected gel structure, taste, and overall product quality, likely due to interference of excessive fiber
with the protein network. These findings highlight the feasibility of incorporating low levels of kale powder
to enhance the functional quality of soy yogurt without compromising its sensory and structural integrity.
Further research is recommended to explore the use of stabilizers or fiber modification techniques to improve
product quality and consumer acceptance of plant-based yogurt products.
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Abstract: White corn is the most important substitute staple in periods of rice
shortage. Currently, there is an increasing global trend toward reducing
dependence on synthetic fertilizers. The increasing demand for organic produce
among health-conscious consumers is driving the adoption of sustainable
agricultural practices, including the use of organic fertilizers and bio-fertilizers
to meet plant nutrient needs. A field experiment was conducted to evaluate the
effectiveness of bio-fertilizer added to chicken manure in terms of growth, yield,
and physicochemical characteristics of corn. The study used a Randomized
Complete Block Design (RCBD) consisting of five treatments with three
replications each, and data were collected on the growth, yield, and
physicochemical parameters of corn. Data were analyzed using Analysis of
Variance (ANOVA) in RCBD, and Comparisons among means were performed
using Duncan Multiple Range Test (DMRT) to determine the specific significant
differences among treatments. One-half the recommended rate of Azospirillum
combined with half the recommended rate of Mykovam® at half the amount of
chicken manure was comparable to using the full-recommended inorganic
fertilizer in terms of plant height, days to silking, ear height, and average length
of ears. Moreover, the same treatment combination significantly affected all
growth and yield parameters, except for plant stand and average number of ears,
which were comparable to using the full-recommended rate of chicken manure.
The overall results of this study suggest that combining bio-fertilizer with
organic amendments, like chicken manure, using only half the recommended
rate, can effectively enhance corn production.

Keywords: Bio-fertilizer; organic fertilizer; chemical fertilizer; sustainable agricultural
practices, bio-enhancer

1. Introduction

Corn (Zea mays L.) ranks as the second most important crop in the
Philippines after rice, with around 1.8 million Filipino farmers or one third of
the farming population relying on it as their primary source of income. White
corn serves as the main alternative staple during times of rice shortage,
particularly for those living in rural communities [1]. It is known to be a rich
source of vitamins A, B, and E, as well as various essential minerals. Corn
production in the Philippines, harvest area, and yield per hectare increased by
11%, 7.2%, and 3.5%, respectively, in 2019 compared with 2018. In Central
Visayas, Cebu had the widest area dedicated to corn cultivation, making up
55.2% of the region’s total, and emerged as the top corn producer in 2018,
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contributing 54.63% to the region’s overall corn production [2]. Chemical fertilizers have been used for
decades to increase crop yield. However, the extensive use of chemical fertilizers has also led to environmental
challenges, including water pollution and soil degradation [3]. Farmers employ alternative and economical
techniques to make food production more sustainable, including crop rotation, biological pest management,
composts, and organic fertilizers, which contribute to reducing negative environmental impacts. Currently,
there is an increasing global trend toward reducing dependence on synthetic fertilizers, driven by
environmental concerns, rising costs, and the pursuit of sustainable agriculture. Additionally, the growing
demand from health-conscious consumers for organically produced crops has sparked greater interest in foliar
feeding, the use of organic fertilizers, and the use of bio-fertilizers as effective alternatives to meet plants'
nutritional needs during the growing season [4].

Bio-fertilizers (microbial inoculants) and organic materials such as chicken manure are cost-effective
nutrient sources that can act as alternatives to chemical fertilizers and enhance crop production in low-input
farming systems. Application of organic amendments like chicken manure increases soil organic carbon and
stimulates microbial activity, which provides N and P to the soil [3]. Microbial inoculants, on the other hand,
are agricultural enhancements that utilize beneficial microbes to improve both plant and soil health. These are
used to enhance plant nutrition and can also support plant growth by stimulating the production of plant
hormones. Azospirillum is a microbial-based fertilizer that makes use of nitrogen-fixing microbial inoculants,
which have been shown to effectively improve root development and lead to higher crop yields [5].
Azospirillum forms an associative symbiotic relationship with many plants, especially those that utilize the C4
dicarboxylic acid pathway of photosynthesis (Hatch and Slack pathway), as it thrives and fixes nitrogen using
organic acid salts like malic and aspartic acids [21]. On the other hand, Mykovam® is a soil-based bio-fertilizer
containing spores. According to Dr. Jocelyn T. Zarate of UPLB BIOTECH, these fungi, when inoculated to
seedlings, will infect the roots, help absorb water and nutrients, particularly phosphorus, and prevent root
infection by pathogens. Moreover, they boost the plant’s ability to handle stress, such as drought or soil
diseases [16]. Furthermore, they are involved in interactions with plant roots, either symbiotically or as free-
living, improving plant nutrient uptake, bolstering crop production, and improving soil quality [6].

However, under field conditions, studies are still very limited. A study on determining the
comparative performance of Azospirillum, Mykovam® on Chicken manure in terms of plant growth, yield, and
physicochemical characteristics is deemed necessary, especially towards full organic white corn production.

2. Methodology

2.1 Location

The study was conducted at Barangay Cagay, experimental area of Cebu Technological University-
Barili Campus, from the months of November 2024 to February 2025, situated at approximately 10° 8' North,
123° 32' East in the island of Cebu and located approximately 8.5 kilometers away from the market proper.
Elevation at these coordinates is estimated at 145.2 meters or 475.4 feet above mean sea level. The soils vary in
color from dark brown to yellowish brown, becoming hard when dry but plastic and sticky when wet. They
have a high clay content (46-70%) and a water-holding capacity greater than 40%. Chemically, these soils have
an alkaline pH of 7.83.

2.2 Experimental Design and Treatment
A single-factor experiment having five treatments replicated three times, arranged in a Randomized

Complete Block Design (RCBD) was used in the study. Since both Azospirillum and Mykovam® do not provide
nutrients to plants but instead allow more efficient utilization of available nutrients, the sole application of
both bio-inoculants was not considered, but instead used with chicken manure. The following were the
treatments of the study.

T1- Full Recommended Rate Inorganic Fertilizer (120 N- 60 P20s — 60 K20)

T2- Azospirillum + Half-Recommended Rate (RR) Chicken Manure

T3- Mykovam® + Half- Recommended Rate Chicken Manure



ASEAN ]. Sci. Tech. Report. 2026, 29(2), €260397. 30f10

T4- Half-Recommended Rate Azospirillum + Half-Recommended Rate Mykovam® +Half-
Recommended Rate Chicken Manure
T5- Full Recommended Rate Chicken Manure (20 tons/ha)

Figure 1. Location of the study within Cebu Technological University-Barili Campus

2.3 Land Preparation

The experiment was set up in a 100 m? land, which was divided into three major blocks. The area was
plowed twice and harrowed once before furrowing. Rocks and residues were removed. Furrows were established
75 cm apart across the plots. Each treatment plot measured 5 meters in length and 3 meters in width, with a
one-meter space allocated between blocks and replications to facilitate data collection and regular inspection.

2.4 Inputs, Treatments, and Application

Farm supplies such as urea (46-0-0) and complete fertilizer (14-14-14) were acquired from an Agrivet
supplier in Barili, Cebu City. White Corn IPB var. 6 used in the study was purchased from a reliable seed
farmer in Barili, Cebu City. Chicken manure was sourced from the Department of Animal Science of the Cebu
Technological University- Barili Campus, while Azospirillum and Mykovam® were purchased online. Basal
application of chicken manure was done 1 week before sowing at 20 tons per hectare. The application of
synthetic fertilizer was based on the recommended rate of 120kg N, 60kg P, and 60kg K per hectare.
Mykovam® was applied at the rate of 10 g per hill, and Azospirillum was applied by coating 3 kilograms of
corn seeds with a 200-gram pack of BIO-N. The amounts of fertilizers and bio-fertilizers were reduced by half
the recommended rate, depending on the treatments of the study.

2.5 Seed Planting and Hilling-up

White Corn IPB var. 6 seeds were soaked in coconut water for twenty-four (24) hours to improve
germination rate and were directly planted with a row spacing of 75cm and plant spacing of 25 cm. Hilling
up, on the other hand, was performed at 30 DAP.

2.6 Care and Maintenance of Experimental Plants

Watering was done at three days interval, one week after germination. Weeding was done just before
thinning and fertilizer application. Constant check-ups and regular monitoring were done to monitor pest and
disease infestation.

2.7 Data Gathered
2.7.1 Agronomic Characteristics of Corn
e Plant height (cm) was determined by measuring from the base of the plant to the base of the
tassel using a measuring tape.
e Days to silking were obtained by counting the number of days of silk emergence after planting.
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e Ear height (cm) was measured at the maturity stage; it was measured from the ground to the
base of the ear.

e The Plant Stand was done by counting the number of live plants in a row per treatment.

e The number of Ears was determined by counting the total number of ears of the plants within
the row per treatment.

e Fresh Weight of Ears with Husk (kg) was measured by weighing the total ears taken from the
plants within the row per treatment.

e Average Length of Ears (cm) was measured by getting the total length of ears without husks
divided by ten.

e The average weight of unshelled ears (g) was measured by weighing all the total sample ears
without husks, divided by ten per treatment.

e The average weight of shelled ears (g) was measured by weighing all the total sample grains
divided by ten per treatment.

e Total yield (kg). The total yield with 18% moisture content was computed using this formula:

SW(g) x 55,000 x (100—MC)

Total Yield (t/ha) = (100-18) (1000,000)

Where:
SW = shelled weight (g)
55,000 = assumed plant population per hectare (constant)
MC = actual harvest moisture
18 = standard moisture basis used
1,000,000 = conversion factor from grams to metric tons

2.7.2 Physicochemical characteristics of Corn

o Total Soluble Solid (TSS). Twenty (20) grams of kernels were blended and homogenized with
100 mL of distilled water. TSS in Brix% was measured using a hand-held refractometer (model
HI-96801 manufactured by Hanna Instruments Ltd.) calibrated with distilled water by placing
1-3 drops of juice on the instrument's prism and taking the reading.

o Titratable Acidity (TA). Five mL of corn juice was taken, and homogenized samples prepared
from TSS were diluted with 45 mL of distilled water. The 50 mL extract (aliquot) was measured
and put into an Erlenmeyer flask and a beaker, and 2 drops of 1% phenolphthalein indicator
were added. This was titrated with 0.1% NaOH until a pale pink color was achieved using a
Cordial 1642TF Glass burette.

2.8 Statistical Analysis

Analysis of variance (ANOVA) for a randomized complete block design (RCBD) was used to analyze
any significant difference in all the parameters gathered. Comparisons among means were done using Duncan
Multiple Range Test (DMRT) to determine the specific significant differences among treatments.

3. Results and Discussion
3.1 Agronomic Characteristics

The agronomic characteristics of corn, such as plant height, days to silking, and ear height, as affected
by Azospirillum and Mykovam® Biofertilizers and chicken manure, are shown in Table 1. Treatment applied
with half the amount of Azospirillum combined with half the rate of Mykovam® at half the amount of chicken
manure has a plant height mean of 218.93, which is statistically comparable with treatment applied with
inorganic fertilizer (225.10 cm) and Azospirillum combined with half the amount of chicken manure (213.47
cm). These treatments showed to be significantly different compared to treatments with Mykovam® combined
with half the amount of chicken manure and chicken manure alone. These results are similar to those obtained
in [3] that the application of biofertilizer on poultry manure significantly produced taller plants compared to
the control poultry manure alone. Furthermore, the inoculation of maize with biofertilizers had a beneficial
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effect on the plant growth due to the stimulation of root development and the supply of combined nitrogen.
The symbiotic association of microorganisms with plant roots is one of the most enhanced biological activities
in the soil. Soil microorganisms that colonize the rhizosphere assist plants in the uptake of phosphorus,
potassium, and nitrogen from the soil [7]. Similar to the study of Rotor [14] that inoculation of maize with
Azospirillum bacteria (Bio-N) contributed to an increase in plant vigour. Plants were taller with the inoculation
of Azospirillum. Similarly, [15] found that biofertilizers have a positive effect on the plant height and other
agronomic characteristics.

In mean differences of the days to silking, treatment applied with chicken manure alone has a
significant difference among all the treatments. In mean differences of the ear height, treatment applied with
inorganic fertilizer has the highest mean of 130.03 cm, which is statistically comparable with using half the
recommended rate of Azospirillum combined with half the recommended rate of Mykovam® at half the amount
of chicken manure (124.30 cm), but showed to be significantly different compared to other treatments. On the
other hand, treatment applied with chicken manure alone has the significantly shortest mean ear height of
108.50 cm. The positive effects of bio-fertilizer and poultry manure on plant growth, as observed in this study,
have also been reported by some workers (Abdullahi et al. 2013) using various organic amendments. They
observed that inoculated plants grown with organic amendments produced plants with higher growth
characteristics than uninoculated ones. Positive growth response of inoculated plants could be due to the
provision of nutrients, especially nitrogen and growth-promoting hormones by Azospirillum, and enhanced
uptake of phosphorus and other nutrients due to mycorrhizal colonization. Enhanced nutrient availability
could also be attributed to the decomposition of organic manure or the transformation of inorganic substances
to an available form by microorganisms [3]. Moreover, the study conducted by Chen et al. (2024) also
supported this, highlighting that microorganisms such as bacteria, fungi, and actinomycetes help decompose
complex organic substances into simpler forms that plants can readily absorb. For instance, studies have
shown that greater microbial diversity is closely associated with increased rates of organic matter
decomposition, resulting in quicker nutrient release and enhanced soil quality [8].

Table 1. Agronomic characteristics of corn as affected by the integration of biofertilizer on chicken manure
application to corn.

Treatment Plant Height (cm) Days to Silking Ear Height (cm)
Full RR Inorganic Fertilizer 225.102 51.63° 130.03 2
Azospirillum + %2 RR Chicken 213.47% 51.63° 118.73 be
Manure
Mykovam® + %2 RR Chicken 200.30¢ 51.87°b 114.33 «
Manure
15 RR Azospirillum + 2 RR 218.93 ab 51.77® 124.30
Mykovam® + %2 RR Chicken
Manure
Full RR Chicken Manure 187.97 4 5240 a 108.50
CV (%) 2.32 0.33 2.74

3.1 Plant Stand, number of ears, and fresh weight of ears with husk

Table 2a presents the yield and yield components of corn as affected by the application of biofertilizers
and chicken manure. Table 2a shows that there is a significant difference in the fresh weight of ears with husk
among all the treatments. Treatment applied with inorganic fertilizer had the highest mean fresh weight of
ears with husk of 4.96 kg, followed by half the recommended rate of Azospirillum and Mykovam® at half the
amount of chicken manure, with the mean of 4.14 kg. On the other hand, treatment applied with chicken
manure alone has the significantly lowest mean of fresh weight of ears with husk of 2.90 kg. The results are
consistent with those of Cleyet-Marel [9], who found that inoculation of plants with plant growth-promoting
rhizobacteria at the early stage of development made a positive impact on biomass through direct effect on
root growth, production, and production of phytohormones by bacteria, mineral enhancement uptake, and
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transfer of nitrogen to the plant. Similar findings were reported in [10], stating that nitrogen-fixing
microorganisms such as Azospirillum and beneficial fungi like Mykovam®, commonly found in biofertilizers,
can enhance plant growth and yield. They achieve this by capturing atmospheric nitrogen and solubilizing
soil phosphate, making it more accessible to plants. Additionally, they produce growth-promoting hormones
like IAA (Indole-3-acetic acid), cytokinins, gibberellins, and auxins, which significantly contribute to improved
plant development and productivity. Moreover, numerous studies, including Fadlalla [11], have
demonstrated that combining biofertilizers with organic amendments can enhance the availability and uptake
of plant nutrients, leading to improved crop yields.

Table 2a. Yield and yield components of corn as affected by the integration of biofertilizer on chicken manure
application to corn.

Fresh Weight of Ears with

Treatment Plant Stand Number of Ears Husk (kg)

Full RR Inorganic Fertilizer 24.67 23.67 4.96 =
Azospirillum + 2 RR Chicken 24.00 23.33 3.63 ¢
Manure

Mykovam®+ %2 RR Chicken 24.00 23.33 3.444
Manure

12 RR Azospirillum + 2 RR 24.33 24.00 4140
Mykovam® + %2 RR Chicken

Manure

Full RR Chicken Manure 24.67 23.00 290
CV (%) 1.50 2.19 2.26

3.2 Average weight of unshelled ears, average weight of shelled ears, average length of ears, and total yield

Table 2b shows that there is a significant difference in the average weight of unshelled ears and the
average weight of shelled ears, among all the treatments. Treatment applied with half the amount of
Azospirillum combined with half of the recommended rate of Mykovam® at half the amount of chicken manure
has the average weight of unshelled ears mean of 179.30 g, and inorganic fertilizer has the highest mean of
203.06 g. On the other hand, treatment applied with chicken manure alone has the lowest mean of average
weight of unshelled ears with 118.98 g. In the mean differences of the average of shelled ears, the highest
average of shelled ears was recorded on corn in inorganic fertilizer with 170.64 g, followed by Azospirillum
combined with Mykovam® at half the amount of chicken manure with 148.42 g. On the other hand, according
to Pascual [5], the combined application of BIO-N and VAMRI with only half of the recommended fertilizer
rate consistently produced optimal outcomes in ear dry weight without husk, average ear diameter, and kernel
dry weight—showing results comparable to the full-recommended rate of inorganic fertilizer. Moreover, the
study by Haserirad [12] and Rokhzadi [13] showed that inoculation of biofertilizers containing Azotobacter
and Azospirillum increased plant height, number of leaves per plant, and corn weight compared to those
without biofertilizer. Furthermore, Amba [6] stated that the mixed application of Mykovam® and inorganic
fertilizer gave the heaviest corncobs. The increase in the average weight of both unshelled and shelled ears
was attributed to enhanced traits like the number of leaves, ear length, and plant height, which ultimately led
to greater assimilate production.
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Figure 2. Comparing the corn yield using full chicken manure with the yield from a combination of Azospirillum
and Mykovam® applied alongside half the usual amount of chicken manure.

Table 2b. Yield and yield components of corn as affected by biofertilizer on chicken manure application to corn.

Ave. weigh Ave. weight of
ve. weight of ve. weight o Ave.Length  Total yield

Treatment unshelled ears shelled ears of Ears (cm) (kg)
(g) (g)

Full RR Inorganic Fertilizer 203.062 170.64 2 14.05 2 8.04 2
Azospirillum + % RR Chicken Manure 145.82 < 118.93 ¢ 12.25 be 5.83¢
Mykovam® + %2 RR Chicken Manure 138.68 © 116.47 11.62 o 5.52
Y2 RR Azospirillum + Y2 RR b b b b
Mykovam® + % RR Chicken Manure 17930 14842 1310 710
Full RR Chicken Manure 118.98 94,98 d 10.80 ¢ 4714d

CV (%) 3.94 4.19 4.78 3.94

In terms of average ear length, the treatment using half the recommended rate of Azospirillum
combined with 50% of the recommended rate of Mykovam® and half the amount of chicken manure recorded
a mean ear length of 13.10 cm. This result was statistically comparable to the treatment with inorganic fertilizer
(14.05 cm) and the treatment combining Azospirillum with half the amount of chicken manure (12.25 cm). On
the other hand, treatment applied with chicken manure alone has the significantly lowest ear height mean of
10.80 cm. Pascual [5] observed similar results, which showed that using BIO-N and VAMRI together with just
half of the recommended fertilizer rate was comparable with treatment applied with the full-recommended
rate of inorganic fertilizer in terms of average length of ears. Bakry [17] stated that triple treatment of
combinations of Micronutrients, Chicken Manure, and Rhizobium Inoculation achieved a considerably greater
increase, which reached 53.80, 29.10, 29.93, 31.14, and 42.27 % for length, ear diameter, ear weight, raw
number/ear, and grain number/raw over the control treatment, respectively. The improvements in the
examined ear characteristics resulting from the applied treatments may be attributed to their ability to release
plant growth-promoting substances, which likely enhanced plant growth and increased the uptake of water
and nutrients from the soil. Differences in treatment means of total yield showed significant differences at
a0.05. The highest total yield was recorded on corn in inorganic fertilizer with 8.04 kg, followed by Azospirillum
combined with Mykovam® at half the amount of chicken manure with 7.10 kg. However, treatment applied
with chicken manure alone has the significantly lowest total yield of 4.71 kg. These findings are consistent
with those reported by Purwani [18] that the treatment using 50% of the recommended NPK rate combined
with bio-fertilizer resulted in a higher maize yield compared to the treatment with 100% of the recommended
NPK rate. Mahato and Neupane [19] reported similar results, demonstrating that the combined use of chemical
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fertilizers and biofertilizers produced higher corn yields compared to using chemical fertilizers alone, thereby
lowering the required amount of chemical fertilizers during cultivation. Zarabi [20] stated that the application
of organic fertilizer enhances water use efficiency, improves photosynthesis, and promotes plant growth and
development. Furthermore, Rattin [22] reported that the improvement in growth parameters was linked to the
activity of arbuscular mycorrhizal fungi and other microorganisms, which enhanced plant biomass and
phosphorus content. Additionally, Javier [23] noted that the microorganisms in biofertilizers help develop a
strong root system, enhancing the plant’s ability to absorb nutrients, which in turn promotes better plant
growth and higher biomass production.

3.3 Total Soluble Solid and Titratable Acidity

Table 3 indicates that the total soluble solids of corn in Azospirillum combined with Mykovam® at half
the amount of chicken manure showed significantly different results compared to other treatments, especially
in the treatment applied with chicken manure alone. Treatment applied with inorganic fertilizer had the
highest total soluble solids (2.13), followed by Azospirillum combined with Mykovam® at half the amount of
chicken manure (1.93). In contrast, the chicken manure treatment has the significantly lowest total soluble
solids (1.67). Mahdi [24] also reported similar findings, indicating that the application of mixed bio-fertilizer
significantly enhanced the levels of starch, protein, and dry matter. Whereas, Azotobacter spp. T2 fertilizer
was most effective in enhancing potassium availability (339 mg/kg) and total sugar content (0.507%), showing
clear differences from other biofertilizers. Meanwhile, Azospirillum spp. T1 treatment led to the highest
increase in total soluble solids (6.763%), significantly outperforming the other treatments. This is consistent
with other studies showing that mineral nutrients—particularly sulfur and nitrogen from ammonium sulfate—
enhance the photosynthetic activity of chloroplasts, facilitate the transport of photosynthates through the
phloem to sink tissues, and ultimately improve fruit quality and yield, which is linked to higher sugar content [25].

Table 3. Physicochemical characteristics of corn as affected by the integration of biofertilizer on chicken
manure application to corn.

Treatment Total Soluble Solid (TSS) Titratable Acidity (TA).

Full RR Inorganic Fertilizer 213 1.01a
Azospirillum + %2 RR Chicken Manure 1.83 ¢ 0.73 ¢
Mykovam® + %2 RR Chicken Manure 1.80 0.75¢
Y5 RR Azospirillum + %2 RR Mykovam® + 1.93° 0.86 b
%2 RR Chicken Manure

Full RR Chicken Manure 1.67 4 0.69 c

CV (%) 1.82 4.99

In titratable acidity, differences in treatment means showed significant differences at a0.05. Treatment
applied with inorganic fertilizer has the highest titratable acidity with 1.01, followed by Azospirillum combined
with Mykovam® at half the amount of chicken manure with 0.86. On the other hand, treatment applied with
chicken manure alone has the lowest titratable acidity with 0.69. According to Bhattacharjee [26], bio-fertilizers
such as plant growth-promoting rhizobacteria (PGPR) promote plant growth through various mechanisms,
typically by solubilizing phosphorus, enhancing nutrient uptake, or producing plant growth hormones.
Moreover, Di-ammonium Phosphate (DAP) often leads to higher acid accumulation, which can influence the flavor
and shelf life of corn varieties. The phosphorus supplied by DAP fertilizers can stimulate the synthesis of
organic acids in plants, potentially increasing acidity in specific tissues, including fruits or kernels like corn [27].

4. Conclusions

Based on the results, the use of integration of biofertilizers on chicken manure significantly improved
the growth, yield, and physicochemical characteristics of corn. Under the CTU-Barili Cebu Condition, the
application of Azospirillum and Mykovam® singly or in combination with chicken manure at half the
recommended rate is generally more effective than using chicken manure alone at the full recommended rate
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for the production of corn. This also indicates that using a combination of biofertilizer on chicken manure has
greater potential to reduce reliance on inorganic fertilizers in corn production.
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Abstract: Early root vegetative stages of corn are critical in transitioning to

the independent phase, wherein roots support development and improved
nutrient uptake that may influence yield. Thus, the study assessed the root
development of different corn varieties at the vegetative 4 (V4) stage and its
relationship to yield, and to evaluate its performance under alkaline soil using
a Randomized Complete Block Design. Data on root morphological traits were
measured at the V4 stage, while yield parameters were assessed after harvest.
Data were analyzed using ANOVA in RCBD, and the relationship between
early root growth and yield was assessed using Pearson's correlation. The
results showed that varieties TCT 476A and TCT 1868 significantly
outperformed, producing higher yields across parameters, with computed
yields of 9.23 t/ha and 9.27 t/ha, respectively, while CGUARD VII-002 exhibited
reduced performance, having significantly lower yield. Results demonstrated
that differences in yield performance among varieties can be attributed to
genotype-environment interactions. Moreover, root morphological traits at the
V4 stage showed no significant differences, indicating that all varieties exhibit
comparable root morphological characteristics at this stage. However, root
morphological traits at the V4 stage revealed no significant linear relationship
with yield and yield components, suggesting that the early vegetative stage is
not a reliable predictor of yield. The findings highlight that the V4 stage
primarily supports establishment rather than yield formation, and fertilizer
application strategies must align with efficient nutrient demand to optimize
yield. Further research on later stages of root development is suggested to
corroborate the preliminary findings.

Keywords: V4 stage; corn; alkaline soil, root morphological traits, yield performance

1. Introduction

Corn (Zea mays L.), a member of the Poaceae family, is the most widely
produced and consumed cereal globally, with multiple uses primarily for feed
and food crops [1]. According to the USDA (United States Department of
Agriculture), worldwide corn production in 2024 was 1.23 billion metric tons,
with the United States, China, and Brazil being the top-producing countries
[2]. In the Philippines, corn is considered the second most important crop after
rice [3], with a production decrease of 0.3% from 2.533 to 2.526 metric tons in
the third quarter of 2024. In Cebu, corn is a vital component of the rural

ASEAN ]. Sci. Tech. Report. 2026, 29(2), €259735.

https://doi.org/10.55164/ajstr.v29i2.259735


mailto:jamioelvira28@gmail.com

ASEAN ]. Sci. Tech. Report. 2026, 29(2), e259735. 20f8

community, with the white corn variety predominantly grown for human consumption, underscoring its
significance to the local diet and economy [4]. The diverse uses of corn, including its significant role in human
consumption, industrial purposes, and livestock feed, solidify it as a fundamental commodity that plays a
vital role in global food security [5]. Environmental condition plays a significant role in crop production.
Abiotic stresses are one of the constraints that substantially limit corn production growth and development
[6]. According to the study of [7], maize grown in saline-alkaline soil can experience a yield reduction of 20-
46% and inhibit root penetration. In alkaline soil conditions, the utilization of essential nutrients by plants is
limited due to decreased solubility. The edaphic condition in Barili, Cebu, Philippines, exhibits an alkaline pH
above 7.5 and a CaCO3 content greater than 70%, resulting from a limestone parent material, as reported by
[8].

The root system sustains plant life by anchoring in the ground and serving as a storage organ,
absorbing and translocating water and nutrients from the soil, which are the primary fuel for plant
productivity. Reports from [9] highlighted that root growth is little influenced by external pH in the range of
5.0-7.5. Abiotic stress factors may influence the growth and development of crops at any stage. In corn, the
critical growth phase occurs during the vegetative stages of V4, V6, and V8, during which plants can take up
nutrients and water that directly influence the crop yield, according to [10]. Notably, the V4 stage marks the
onset of rapid dry matter accumulation, during which available resources directly influence biomass and
reproductive potential. At this phase, the plant shifts from relying on seed reserves to actively absorbing
nutrients through the newly developed nodal roots. This process initiates stalk elongation, which establishes
the structural and physiological foundation necessary for succeeding growth and optimal yield formation [11,
12]. This is supported by [13], which states that the root-to-shoot ratio of cereal crops is significantly affected
by plant age, being higher during the vegetative growth stage (21-40 days of growth period), indicating that
more photosynthetic products are translocated to the roots and decrease during the reproductive or grain-
filling stage. At this stage, the mesocotyl root plays a crucial role below the soil, which is accompanied later
by nodal roots [14]. The mesocotyl is described as a structure similar to the stem in young maize seedlings that
links the first true leaves and the seed. Its primary role is to facilitate the development of the shoot from the
soil surface by securing the seedling as it emerges, allowing it to begin photosynthesis, which permits the plant
to access light and establish itself more efficiently. Additionally, mesocotyl roots exhibit a distinct response to
abiotic stress [15]. Meanwhile, nodal roots serve as the foundation of the whole root system, making the uptake
of water and nutrients efficient.

These root systems are essential for the better transition in order to achieve optimal development and
productivity of crops, ensuring they can prosper in diverse soil conditions. However, the majority of previous
studies have focused on shoot development, while only a few have assessed the yield by examining root
systems. Therefore, this study aims to evaluate the development of roots at the vegetative 4 (V4) stage of
different corn varieties and their relationship with yield, and to evaluate varieties that potentially performed
well under alkaline soil conditions. It is hypothesized that enhanced root development at the V4 stage will
lead to increased dry matter accumulation and yield.

2. Materials and Methods
2.1 Experimental Site

The study was conducted at Cebu Technological University — Barili Campus, Barili, Cebu, Philippines,
located at coordinates 10°07°53” N, 123°32’45” E from September 2024 to January 2025. The soil in the area is
classified as alkaline with a pH above 7.5.

2.2 Land Preparation and Planting of Corn

The land area was plowed twice to eliminate weeds and harrowed to provide enough soil aeration
and drainage. A basal application was made before planting to provide the optimum nutrients required by
the seeds during germination. During planting, seeds were soaked with water to hasten germination by
providing enough moisture to break their dormancy. The planting distance used in the study was 75 cm x 25
cm, with two seeds per hill.
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2.3 Fertilization

The split fertilizer application was used in the study. The first fertilizer application was made ten days
after planting, using a complete fertilizer. After one month, a mixture of complete and urea fertilizers was
applied, and the final application was made during the flag leaf stage using urea and potash.

2.4 Collection of roots

Root samples were obtained through destructive sampling using a shovel by carefully extracting the
roots from the soil during the V4 stage (four leaves with a visible collar were present) at a depth of 20 cm and
a diameter of 40 cm around the stem, providing an overall root biomass per unit volume of soil following the
methods of [16]. The gathered roots were rinsed under running water to eliminate any excess soil. After
cleansing, root length, root diameter, and fresh weight were measured. Subsequently, the root samples were
dried in an oven at 70°C until a constant weight was reached, and the root dry weight was obtained.

2.5 Experimental design and Treatments

The experiment was laid out in a Randomized Complete Block Design (RCBD) with a land area of
approximately 100 m?, divided into three blocks to separate each replication. Each block contained three rows
with twenty plants per row. Three different corn varieties were used: CGUARD VII-002 (Variety 1), TCT 476 A
(Variety 2), and TCT 1868 (Variety 3). Each variety was replicated three times, and a total of ten (10) samples
were collected for each variety per replication.

2.6 Data Collection
2.6.1. Root Parameters

Length of mesocotyl (cm). The length of the mesocotyl was carefully measured from the root base
to the tip using a digital caliper at the V4 stage.

Diameter of mesocotyl (cm). It was taken at the midpoint of the mesocotyl, as this point provides
a representative measure of the overall thickness of the structure.

Length of nodal root (cm). The measurement was taken from the base of the node to its tip using
a digital caliper.

Diameter of nodal root (cm). The measurement was taken at the midpoint along the root axis using
a digital caliper to ensure consistency.

Fresh weight (g). The fresh weight was carefully measured immediately after cleaning, using a
digital weighing scale to ensure accuracy.

Dry weight (g). It was obtained after drying the samples in an oven.

2.6.2. Yield Parameters
Weight of ears (g). All harvested ears in each plot were weighed using a digital weighing scale.
Ear length (cm). The measurement was taken from the base of the ear to the tip using a ruler.
Ear diameter (cm). The measurement was taken at the midpoint of the ears using a ruler.
Weight of kernels (g). All the threshed kernels in every ear in a plot were weighed using a digital
weighing scale.
Grain moisture content (%). Grain samples were placed in a calibrated grain moisture meter to
record moisture content.
Computed yield (t/ha). It was calculated using the formula below:

shelled weight(g) x 55,000 x (100 — MC)
(100 — 18) x (1,000,000)

Computed Yield =

Where:
55,000 = plant population per hectare
MC = actual harvest moisture
18 = standard moisture basis used
1,000,000 = grams to metric tons conversion
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2.7 Statistical Analysis

The data was analyzed using the analysis of variance (ANOVA) in RCBD, and further tests were done
using Tukey's Honestly Significant Difference (Tukey’s HSD) for significant differences between treatment
means using Statistical Tool for Agricultural Research (STAR) software.

To evaluate the linear association between root development and corn yield across all treatments,
Pearson’s correlation coefficient was measured using SPSS (Ver. 25).

r Interpretation
>0.70 Very strong positive correlation
0.40 to 0.69 Strong positive correlation
0.30 to 0.39 Moderate to strong correlation
0.20 to 0.29 Weak positive correlation
0.01 to 0.19 No relationship
-0.01 to -0.19 No relationship
-0.20 to -0.29 Weak negative correlation
-0.30 to -0.39 Moderate negative correlation
-0.40 to -0.69 Strong negative correlation
<-0.70 Very strong negative correlation

3. Results and Discussion

3.1 Yield and yield components of different corn varieties

The performance of three different corn varieties—CGUARD VII-002 (Varl), TCT 476A (Var2), and
TCT 1868 (Var3)—was evaluated based on yield and yield component traits. Statistical analysis (Table 1)
revealed that TCT 476A and TCT 1868 produced significantly higher yields across all measured parameters,
with computed yields of 9.23 t/ha and 9.27 t/ha, respectively. In contrast, CGUARD VII-002 exhibited reduced
performance in alkaline soil, showing a significantly lower yield compared to TCT 476A and TCT 1868.

Table 1. Analysis of variance for yield traits of different corn varieties.

. Ear weight  Earlength  Ear diameter = Weight of Moisture Computed
Variety

(g) (cm) (cm) Kernels (g) Content (%) yield (t/ha)
1. CGUARD 132.91v 14.10v 4.35> 111.01° 15.000 5.88p
VII-002
2. TCT 476A 223.952 17.502 4.852 186.162 20.762 9.23q
3. TCT 1868 225.802 17.852 4.892 186.772 21.09 9.272
Mean 194.22 16.49 4.70 161.31 18.95 8.12
Cv (%) 5.56 2.74 0.73 8.69 7.22 4.45

This means that the columns with the different letters are significantly different from each other at a 5% level
of significance in Tukey’s Honest Significant Difference (HSD) Test.

The differences in yield performance among the three different corn varieties can be attributed to
genotype-environment interactions, wherein not all varieties exhibit similar performance under abiotic
conditions. This is further supported by the findings of [17], which showed that certain corn varieties
consistently outperformed others under varied irrigation and moisture conditions, demonstrating their
adaptability. Additionally, the yield performance of three different corn varieties under alkaline soil
conditions aligns with the findings of [18], which indicated significant differences in morpho-physiological
traits of corn hybrids under Claveria conditions. Moreover, TCT 476A and TCT 1868 showed remarkable yield
performance under alkaline soil. This may be due to their improved nutrient uptake and root adaptability.
These findings align with [19], who found that corn varieties applied with ammonium fertilizers in alkaline
soils show significant differences in yield traits. In particular, high-performing genotypes demonstrate better
nitrogen absorption and greater physiological resilience. These findings highlight the genetic variability
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among different corn varieties and emphasize the importance of selecting suitable varieties to optimize
productivity under alkaline soil conditions.

3.2 Root morphological traits of different corn varieties at the V4 stage

Table 2 shows the statistical analysis of root traits in maize at the V4 stage. The findings revealed no
significant differences among varieties across all the measured parameters. The results suggest that all
varieties exhibited comparable root morphological characteristics at the V4 stage, indicating similar responses
under the given growing conditions. Similar results were reported by [20], who state that early vegetative
stages showed conserved root morphology across different genotypes.

Table 2. Analysis of variance for root morphological traits of different maize varieties during the V4 stage

Mesocotyl Nodal root

. Mesocotyl . Nodal root . Root fresh Root dry
Variety length (cm) diameter length (cm) diameter weight (g)  weight (g)
(cm) (cm)
1. CGUARD 46.19 0.44 177.42 0.24 0.62 0.18
VII-002
2. TCT 476A 40.90 0.51 196.12 0.24 0.60 0.18
3. TCT 1868 42.80 0.31 175.84 0.08 0.50 0.17
Mean 43.29 0.42 183.13 0.19 0.57 0.18
Co (%) 33.22 31.36 6.73 68.85 13.87 14.19

Early-stage assessments are incapable of detecting genotypic differences under stress conditions,
indicating that varietal divergence becomes more evident in later stages. According to the findings of [21],
abiotic stress tolerance influences significant morphological differences in root traits as plants mature. This is
further supported by the results of [22], suggesting that root morphology changes over time, highlighting its
relevant differences at a later growth stage. It implies that the genetic differences of corn varieties do not
influence root morphological traits during the early vegetative stage under alkaline soil, reinforcing the
importance of evaluating root morphological traits beyond the early vegetative stages to fully understand the
tolerance of different corn varieties.

3.3 Relationship between mesocotyl root traits and yield parameters of corn

The influence of mesocotyl root traits, specifically diameter and length, during the early vegetative
(V4) stage on corn yield parameters was assessed. Results found that mesocotyl root diameter showed no
significant relationship with any measured yield traits, including ear weight, ear length, ear diameter, kernel
weight, computed yield, or grain moisture content. The correlation coefficients (r) values range from —0.103 to
0.077, indicating that mesocotyl thickness does not affect yield parameters. This conforms with the findings of
Zhan [23], who reported that mesocotyl and root thickness primarily contribute to early seedling
establishment rather than final yield outcomes. Likewise, mesocotyl root length showed no significant
correlations with yield components, with r-values ranging from -0.122 to —0.068. This indicates that variations
in mesocotyl elongation do not directly influence ear development, kernel weight, or grain moisture during
the V4 stage. Furthermore, previous studies corroborate these findings, indicating that mesocotyl elongation
is more critical for seedling emergence, particularly under deep sowing or compacted soil conditions, than for
yield formation [24, 25]. Overall, mesocotyl development at the V4 stage is not a reliable predictor of yield.
Instead, root characteristics, including length density, branching, and nutrient uptake efficiency, may be more
reliable indicators of productivity, particularly under stress such as drought or nutrient limitations.

3.4 Relationship between nodal root traits and yield parameters of corn

Correlation analysis between nodal root diameter and yield-related parameters showed no significant
relationships, with correlation coefficients ranging from -0.031 to -0.183. Similarly, nodal root length at the V4
stage showed correlation coefficient values between -0.050 and -0.134, which indicates that variations in nodal
root length and diameter do not directly affect yield performance under the studied conditions in corn. The
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findings confirm that nodal root diameter during the early vegetative (V4) stage does not have a significant
linear relationship with yield or morphological traits. While roots are essential for water and nutrient uptake,
the minimal correlations observed suggest that variation in nodal root diameter does not directly impact yield
performance. This observation aligns with previous findings indicating that root structural traits are more
important under stress adaptation, such as during drought or low nitrogen conditions, than under optimal
growth environments [26].

3.5 Relationship between root biomass and yield parameters of corn

The relationship between root fresh and dry weight and various yield-related traits in corn was
evaluated to determine the influence of root biomass at the early vegetative stage (V4) on yield-related
performance. Root fresh weight did not exhibit a significant relationship with six yield parameters: ear weight,
ear length, ear diameter, kernel weight, and computed yield. The correlation coefficients (r) ranged from -0.164
to -0.062, indicating no associations. Similarly, root dry weight showed no significant relationships with yield
parameters, with r values ranging from -0.019 to -0.102. Generally, root fresh and dry weight showed no linear
associations with corn yield parameters. While root biomass indicates early plant vigor, it does not directly
predict final yield at the V4 stage. Instead, root functional traits, including root length density, nutrient uptake
efficiency, and stress-responsive architecture, are likely more critical for determining yield outcomes under
environmental stress, as supported by previous research [24, 25].

4. Conclusions

Corn varieties, TCT 476A and TCT 1868, significantly outperformed, having higher yields across all
the measured parameters, implying that these varieties are suitable for cultivation in alkaline conditions.
Furthermore, all root morphological traits of different corn varieties at the V4 stage show no significant
differences, reinforcing the importance of assessing root morphological traits beyond early vegetative stages.
On the other hand, root morphological traits at the V4 stage show no significant linear relationship with yield
and yield components, suggesting that yield outcomes cannot be reliably predicted at this stage. In relation to
this, fertilizer application during the V4 stage has minimal benefits, as it does not significantly influence the
final yield. Thus, it is strongly advised to evaluate root development in later stages, and fertilizer application
strategies should be well-timed as nutrient demand increases during the early reproductive stage. To optimize
nutrient efficiency and improve yield outcomes, nutrient assimilation analysis will provide valuable insights
into nutrient utilization and uptake dynamics.
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Abstract: Abaca (Musa textilis Née) is a natural fiber-producing plant that is
endemic to the Philippines. It is primarily grown for its fibers in textile and
industrial applications. Currently, five locally described Abaca cultivars are
grown in Aklan: Tabukanon, Bisaya, Agbayanon, Negro, and Totoo. Limited
information exists, and no in-depth research has been conducted on the yield of
these Abaca cultivars. The study investigated the fiber yield performance of
Abaca cultivars in Aklan using a linear mixed-effects model (LMM) and Tukey’s
HSD method at a 5% level to determine differences between cultivars. Findings
highlighted highly significant differences among cultivars in terms of tuxy
weight, extracted fiber weight, dry weight, moisture content, fiber length, and
fiber count. Findings revealed that significant differences were observed in the
inner layers of tuxy, extracted fibers, moisture content, and fiber length, while
in the outer layers, significant differences were observed only in dry weight and
fiber count. Moreover, no significant differences were observed in the tuxy
weight, extracted fiber, moisture content, and fiber length for the outer layers,
whereas extracted fiber and dry weight were significantly different for the inner
layers. The study highlighted that Bisaya and Tabukanon exhibited high inner
fiber yield and tuxy weight but have shorter fiber lengths and potential for
commercial production. In contrast, the Totoo cultivar produced a high fiber
count; however, it had lower tensile strength, shorter length, and lower dry
weight. Among all cultivars, Negro exhibited significantly longer fibers (both
layers), and Agbayanon had moderate fiber characteristics, which are desirable
for industrial applications.

Keywords: Abaca; fiber; manila hemp; textile

1. Introduction

Abaca (Musa textilis Née) is a native plant thriving in the Philippines. It
is mainly cultivated for its fibers for textile and industrial applications. Due to
its export value, the Philippines is the top exporter of Abaca fibers, supplying
85% of global demand and ranking as a top crop dollar earner. Its fiber is
considered the strongest among natural fibers due to its high durability and
tensile strength, and is primarily used for ropes, cords, marine cordage, and
reinforcing materials [1, 2]. Additionally, Abaca is widely used in specialty
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papers, non-woven products, pulp production, and other specialized products, both locally and
internationally [3]. Despite its economic significance, this fiber crop faces several challenges, including poor
fiber yield, limited varietal information, limited research on fiber yield, and limited adoption of other
technologies, resulting in an overall decline in production. The demand for Abaca fiber is expected to grow
due to global demand in the pulp, paper, and fiber industries [4, 5].

Fiber characterization of locally described Abaca fiber yield is vital for optimizing and increasing
production to meet the global demand for Abaca fiber. According to Research and Markets [6], the global
Abaca fiber market is expected to grow at a CAGR of 15.2% from 2025 to 2030, driven by the government's
push for the adoption of natural fibers as substitutes for hazardous synthetic fibers. The Abaca plant has
emerged as an important material to address environmental concerns, such as forest conservation, and to
attract other industries because of its potential properties and increasing demand locally and internationally.
There is a need for Abaca cultivars with desirable agronomic traits and quality attributes to meet the increasing
demand for high-quality fiber in the international market [5]. However, there is limited information on the
fiber yield of Abaca cultivars, which is rarely discussed in research and literature, especially for unregistered cultivars.

Several varieties and hybrids exist in the Philippines, and as many as 200 Abaca cultivars thrive in the
Philippines, which has not yet been fully explored. Studies have shown that these varieties exhibit different
morphological and fiber yield performance [7], and there are only three registered varieties under the National
Seed Industry Council (NSIC), including Inosa, Abuab, and Tangongon. Aklan is the top abaca-producing
province in the Western Visayas Region and one of the leading Abaca-producing provinces in the Philippines.
There are five locally described Abaca cultivars identified in Aklan: Bisaya, Agbayanon, Tabukanon, Negro, and
Totoo. However, no in-depth research has been conducted on fiber yield performance. Exploring the fiber yield
of these unregistered cultivars can provide valuable insights and reveal superior fiber traits that can be
introduced to the market, contributing to fiber productivity, boosting the Abaca industry, and advancing
scientific research.

Evaluating the fiber yield of these Abaca cultivars and comparing them with other varieties will
provide new insights into the fiber yield in the Abaca industry. Hence, this study aimed to provide
comprehensive information to assess the fiber yield characteristics of Abaca cultivars, which are crucial for
improving production, enhancing economic viability, and optimizing their use. This study aimed to evaluate
and identify specific fiber yield traits, including tuxy weight, extracted fibers, fiber yield, dry weight, moisture
content, fiber length, and fiber number, for the five cultivars used in the Province of Aklan. The generated
information will be valuable to all farmers, breeders, stakeholders, and industries to optimize the yield
performance of this Abaca to meet the high demand for high-quality fiber in the global market.

2. Materials and Methods

The study employed an observational comparative study with inferential analysis to determine,
assess, and evaluate the fiber yield traits of Abaca fibers extracted from different cultivars in the province of
Aklan. It was carried out in the municipality of Libacao, where fibers from the Bisaya, Agbayanon, Tabukanon,
and Negro (Figure 1a — d) cultivars were collected and extracted, as these cultivars were grown in the Eastern
Aklan (1st District) of the Province of Aklan. Meanwhile, the Totoo (Figure 1e) cultivar was exclusively grown
in the municipality of Makato in Western Aklan (2nd District). Figure 2 shows the site of the study.

2.1 Harvesting and Sample Collection

Fibers were gathered from ten (10) samples of each cultivar at every sampling location to obtain a
representative yield per cultivar-location combination. The fiber yields of the Abaca cultivars from the ten
samples were averaged to represent each cultivar in that location. Tuxying was conducted in separating
several layers of the leaf sheaths (outer layer and inner layer) by inserting a tuxy-knife between the layers.
This was followed by manual hand stripping to extract all the fibers from the tuxies [8-10]. Moreover, PhilFIDA
provided all the modified Abaca stripping knives (MASK) used in the study to the farmers. All extracted fibers
were separately sun-dried per plant/cultivar to remove moisture and prevent fungal growth.
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Figure 1. Aklan Abaca cultivars: (a) Bisaya, (b) Agbayanon, (c) Tabukanon, (d) Negro, and (e) Totoo.

2.2 Agroclimatic Conditions

Data on agroclimatic conditions in Makato and Libacao, Aklan, including soil, climate, and
topography, were gathered from various government agencies and legitimate sources. Climate data, including
rainfall, humidity, and temperature, were sourced from the Philippine Atmospheric, Geophysical,
and Astronomical Services Administration (PAGASA), Global Historical Weather and Climate Data to
determine annual rainfall, humidity, and average temperature during data collection. Soil data, including soil
type, were obtained from the Bureau of Soil and Water Management. Furthermore, the National Mapping and
Resource Information Authority (NAMRIA) obtained the land cover and topography.

2.3 Tuxy and Fresh Weight

The outer and inner layers of the leaf sheath were immediately separated to gather the weight using
a digital weighing scale (kg). The tuxy (inner and outer) was weighed three times, and the average was used
to ensure data accuracy. In terms of fiber weight, after stripping the fibers and removing non-fibrous material,
the freshly extracted fibers were immediately weighed using a digital weighing scale, recorded three times,
and the average was calculated to ensure uniformity and minimize human error and variation.

2.4 Dry Weight

This was measured and weighed using a digital weighing scale in grams (g). It was calibrated before
the measurement session with a precision of at least 0.01 g. The fibers were measured and labeled separately,
and the procedure was repeated three times by the same observer to ensure data accuracy and minimize inter-
observer variability. The average dry weight of the repeated readings was used in the analysis.

2.5 Moisture content
This was measured after the fresh weight and dry weight of the sample plants were recorded using
the digital weighing scale in grams (g). To compute the moisture content percentage, the formula below was used:

Moisture Content (%) = Lresh Wetght = Pry Weight) , 4o, 1)

Fresh Weight

2.6 Fiber Length

Ten (10) representatives with the longest air-dried fibers in each cultivar were measured using a meter
roll in centimeters. Visual inspections were carefully conducted to ensure that the fibers were not stretched or
tangled. Upon measuring, the fibers were carefully straightened to avoid curling. At least two people
conducted the process to ensure data accuracy by holding and carefully aligning the fiber. Data on fiber length
were carefully tabulated for each cultivar.
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Figure 2. Study site.

2.7 Number of Fibers

The fibers extracted were manually counted to determine the fiber count or total number of fibers
produced per cultivar. The fibers were carefully separated to ensure their accuracy. This process was repeated
three times for each batch, and the average fiber count was recorded to reduce human error.

2.8 Statistical Tool Analysis

The data were analyzed using R statistical software (version 4.4.3, R Core Team, 2023), and the study
employed a linear mixed-effects model (LMM) to handle the variability in data and unbalanced designs, where
some cultivars are absent in specific locations. In the model, location was included as a random effect to
account for variability across sampling sites, while cultivars were treated as fixed effects to assess differences
in fiber characteristics. This modeling choice reflects the study’s focus on the fixed effects of Abaca cultivars
rather than on comparing specific locations. Although some cultivars were limited to fewer locations, recent
literature supports the inclusion of random effects with fewer than five levels when the grouping variables
serve as a nuisance factor rather than a primary target of inference [11]. Tests of fixed effects were performed
using Satterthwaite’s approximation for denominator degrees of freedom. For models with very small degrees
of freedom (DenDF < 3), a parametric bootstrap test with 1000 simulations was conducted to validate the
significance of the fixed effect. In cases where the bootstrap test disagreed with the F-test result, inference was
based on the bootstrap p-value.

3.Results and Discussion

3.1 Agroclimatic Conditions

According to the Global Historical Weather and Climate Data and the Philippine Atmospheric,
Geophysical and Astronomical Services Administration (PAGASA), the municipality of Libacao has an
average monthly rainfall of 243.85 mm, a temperature of 28.35°C, and a humidity of 79.54%. Meanwhile, the
Municipality of Makato has an average monthly rainfall of 166.77 mm, a temperature of 29.98°C, and a
humidity of 84.09% [12]. Studies show that Abaca ideally thrives in areas with temperatures of 22 °C to 28 °C
[13], high relative humidity (78-85%) and evenly distributed rainfall [9]. In terms of soil, Makato and Libacao
have clay loam soils according to the BSWM, with Libacao having alimodian clay and san manuel clay loam.
On the other hand, Makato has alimodian clay loam, makato clay, and buang clay. Abaca thrives in loamy
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soils, as they provide proper drainage and ideal moisture retention, which are vital for the roots and growth
and development of the Abaca plant [14]. Meanwhile, the vegetative cover data provided by NAMRIA shows
that the majority of the land area of Makato is classified as perennial crops (62.18%), whereas the majority of
the vegetative cover of Libacao has 41.88% brush/shrub land. Abaca is a shade-loving plant that thrives well
under shady conditions. Several studies have shown that it is widely intercropped with other perennial crops,
such as fruit trees and timber, but still produces a high fiber yield [15-17]. Additionally, topography shows
that both municipalities have gentle to moderate terrain (8-8%). According to PhilFIDA, Abaca is grown in
areas with sloping, rolling, hilly, or mountainous terrain, as it provides proper drainage and reduces the risk
of waterlogging. Overall, the municipality of Makato has a suitable climate and vegetative cover favorable to
Abaca fiber production. Meanwhile, Libacao’s climate and vegetative cover are slightly lower than Makato's,
but they still have good potential for Abaca cultivation.

3.2 Fiber Characteristics of Abaca Cultivars in Aklan

The study presents the fiber yield characteristics of the five Abaca cultivars. Findings revealed
significant variation in fiber characteristics across all cultivars. There were significant differences in tuxy
weight, extracted fiber weight, moisture content, fiber length, and fiber count on the inner layer of all cultivars.
In the outer layer, only fiber dry weight and fiber number differed significantly, but not tuxy weight, extracted
fiber weight, moisture content, or fiber length. No significant differences across the outer layer of cultivars
were observed for any fiber morphology measured (fiber weight, moisture content, and fiber length). The
results of the linear mixed-effects model (LMM) ANOVA for the fiber characteristics of Abaca cultivars are
presented in Table 1. The estimated marginal means (EMMs), which account for random effects, are shown in
Table 2. Pairwise comparisons of fiber characteristics among Abaca cultivars are summarized in Table 3.

3.3 Tuxy Weight

The results indicate significant differences in tuxy weight for the inner layer, F (4, 6) =104.97, p <0.001,
whereas the outer layer showed no significant differences, F(4, 6) = 1.70, p = 0.267 (Table 1). Tuxy weight
varied across cultivars, ranging from 1.44 to 3.54 in the outer layer and 1.53 to 6.28 in the inner layer (Figure 3a).
Among the cultivars, Totoo exhibited the heaviest tuxy weight in the outer layer (M = 3.54, 95% CI [2.55, 4.71])
but had the lightest tuxy weight in the inner layer (M = 1.53, 95% CI [1.24, 1.88]) as presented in Table 2. For
the inner layer tuxy weight, Agbayanon exhibited significantly lighter values than Tabukanon (MD = -2.86, SE
= 0.28) and Negro (MD = -2.22, SE = 0.44), but was heavier than Totoo (MD = 1.88, SE = 0.27). Tabukanon
demonstrated significantly heavier weights than Totoo (MD = 4.74, SE = 0.27), Agbayanon (MD =2.86, SE = 0.28),
and Bisaya (MD = 2.06, SE = 0.27). Additionally, Negro was significantly heavier than Totoo (MD = 4.11, SE =
0.27), as shown in Table 3.

Totoo exhibited lighter tuxy weight in the inner layer, which may be due to genetic differences and
could indicate lower fiber yield. The inner layer of all cultivars weighs more than the outer layer, except for
the Totoo cultivar, contributing to the significant variation in tuxy weight across all cultivars. The inner layer
consists of secondary fibers and pulpy material, resulting in a heavier weight, while the outer layers contain
primary fibers, resulting in a lower, finer density[18, 8]. Moreover, cultivars (Tabukanon, Negro, and Bisaya)
have higher inner tuxy weight, which can be optimized for pulp production and used for paper, bank notes,
tea bags, and other applications [19-21]. There is an increasing demand for pulp production, underscoring the
urgent need to increase fiber yield. There is an urgent need to increase fiber production [22]. The demand for
Abaca pulp across several industries is rapidly increasing and expanding, and it contributes 70 to 80% of the
total income in these industries, highlighting its importance to economic growth [23]. Furthermore, Abaca
pulp has a substantial addressable market, as the global Abaca pulp market is anticipated to expand at a
compound annual growth rate of 13.9% between 2024 and 2030, amounting to USD 1.0 billion by 2030,
according to Grandview Research [24]. In comparison, other NSIC varieties also produce more pulp, such as
Inosa, and were recommended for pulp and paper production [22].



ASEAN ]. Sci. Tech. Report. 2026, 29(2), e259173. 6 of 15

Table 1. ANOVA Results for Fiber Characteristics of Abaca Cultivars Using Linear Mixed-Effects Model (LMM).

p-

Characteristics Fixed Sum Mean NumDF DenDF F p-value  value
Effects Square  Square value
(PB)
Tuxy Weight
Outer Layer Cultivars 6.00 1.50 4 6 1.70  0.267
Inner Layer Cultivars 31.86 7.96 4 6 104.97 p<0.001 **
Extracted Fiber
Weight
Outer Layer Cultivars 1.71 0.43 4 4.94 3.81  0.088
Inner Layer Cultivars 8.99 2.25 4 5.33 15.56  0.004 **
Fiber Yield
Recovery
Outer Layer Cultivars 0.25 0.06 4 6 9.06 0.010*
Inner Layer Cultivars 0.17 0.04 4 4.84 516  0.053
Fiber Dry Weight
Outer Layer Cultivars 0.11 0.03 4 2 53.83 0.018* 0.051
Inner Layer Cultivars 0.07 0.02 4 6 0.66 0.640
Moisture Content
Outer Layer Cultivars 0.06 0.01 4 2 1.58  0.423 0.572
Inner Layer Cultivars 0.10 0.03 4 6 6.40  0.023*
Length of Fiber
Outer Layer Cultivars 6270 1567.50 4 6 3.05 0.108 0.027
Inner Layer Cultivars 11145 2786.20 4 2 27.05 0.036*
Number of Fiber
Outer Layer Cultivars 5939908 1484977 4 6 36.12  p<0.001 **
Inner Layer Cultivars 14112901 3528225 4 6 65.75 p<0.001 **

*Significant at 5% level. **Significant at 1% level. NumDf= Numerator Degrees of freedom; DenDf =
Denominator Degrees of freedom. F-tests were performed using Satterthwaite’s method to approximate
Dendf. For models with DenDF<3, parametric bootstrap (PB) tests with 1000 simulations were additionally
performed to validate fixed-effect significance. Random effect (Location) was included as a random
intercept in all models; variance estimates were small but retained for model validity.

3.4 Extracted Fiber

Findings revealed that the extracted fiber weight in the outer layer was similar across Abaca cultivars
(F (4, 4.94) = 3.81, p = 0.088). However, significant differences were observed in the inner layer F (4, 5.33) =
15.56, p = 0.004, as shown in Table 1. Moreover, Table 2 presents that extracted fiber weight ranged from 0.21
to 1.35 in the outer layer and the inner layer, with Tabukanon garnering the highest extracted fiber (2.63 kg),
followed by Bisaya (2.11 kg), Negro (2.01 kg), Agbayanon (0.75 kg), and Totoo (0.26 kg) having least weight
(Figure 3b). The pairwise comparisons in Table 3 confirm that Totoo weighed significantly less than Tabukanon
(MD =2.37, SE=0.39) and Bisaya (MD =1.84, SE = 0.32). The study highlighted that the outer layer is relatively
uniform across all cultivars, whereas the inner layer shows significant differences. Generally, cultivars such as
Tabukanon and Bisaya contain heavier fibers, which attract farmers and industries to commercial fiber
production due to a per-kilo payment structure, in addition to grading and classification, which influence the
profitability of Abaca farmers [25]. In a previous study, most of the cultivars used in the Province of Aklan
were Tabukanon and Bisaya, as these cultivars produce more suckers and fiber [26]. It has an economic and
industrial impact that is key to profitability in fiber-processing industries. Meanwhile, Totoo exhibited
relatively low extracted fiber yields, which may contain a high density of non-fibrous materials and result in
biomass loss [15].
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Figure 3. Fiber yield characteristics of the five Abaca cultivars: (a) tuxy weight, (b) extracted fiber, (c) fiber
yield recovery, (d) fiber dry weight, (e) moisture content, (f) length of fibers, and (g) number of fibers.
Statistical analysis was conducted with a Linear Mixed-Effects Model (LMM) with F-tests being
performed using method of Satterthwaite for approximating the denominator degrees of freedom.
Different superscript letters indicate significant difference among cultivars
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3.5 Fiber Yield Recovery

Significant differences were observed among cultivars for the outer layer (p = 0.010% F -value = 9.06)
as shown in Table 1. This study result implies that different Abaca cultivars can produce different percentages
of fiber from the outer layer, which is relevant in identifying Abaca cultivars that produce a high yield. In
contrast, the inner layer did not yield significant differences in fiber at the 5% level (F(4, 4.84) =5.16, p = 0.053).
The estimated marginal means (Table 2) reveal that fiber yield varied from 0.15 to 0.49 in the outer layer and
0.18 to 0.50 in the inner layer, with Totoo consistently showing the lowest yield (M = 0.15, 95% CI [0.08, 0.29])
in the outer layer and (M = 0.18, 95% CI [0.07, 0.26]) in the inner layer. In contrast, Bisaya had the highest fiber
yield (M =0.49, 95% CI [0.40, 0.58] in the outer layer and (M = 0.50, 95% CI [0.39, 0.60]) in the inner layer (Figure 3c).
Table 3's pairwise comparison further confirms that Bisaya exhibited significantly higher fiber than Agbayanon
(MD =-0.34, SE = 0.08), and Totoo exhibited significantly lower outer fiber yield than Bisaya (MD = 0.34, SE =
0.07) and other cultivars. Hence, the study indicates that cultivars Bisaya and Tabukanon are the best choices
for fiber production due to their higher fiber yield potential, which encourages farmers to cultivate them and
optimize vyields, thereby increasing their profitability. Several factors affect fiber yield, including
environmental factors (wind, drought, location, temperature, and rainfall), nutrient availability, and water
availability [16]. Studies have shown that the Abaca thrives in high humidity, less sunlight, and wind [9], thus
producing more fiber yield. Some studies reported that the location of the Abaca greatly impacts the fiber
yield. For instance, Abaca planted in hilly areas produced lower fiber yields and lower fiber quality
[27]. Moreover, intercropping (coconut, coffee, mango, cacao, and bamboo) greatly benefits Abaca plants and
farmers by providing shading and protection from the sun and strong winds, thereby enhancing fiber yield
and farmers' income [8; 14]. Most Abaca plantations were also intercropped with leguminous trees (nitrogen-
fixing plants), which enhanced fiber yield. Studies have shown that planting legumes significantly affects the
overall vigor of the Abaca plant by producing longer, wider pseudostems with wider leaves, thus increasing
fiber yield [1].

3.6 Fiber Dry Weight

LMM ANOVA (Table 1) revealed that, in terms of dry weight, fiber significantly differs in the outer
layer across Abaca cultivars (F (4, 2) = 53.83, p = 0.018), while the inner layer displayed similar dry weight (F
(4,6)=0.66, p=0.640). The outer layer demonstrated a significant difference (p = 0.018*), and the corresponding
F-value (53.83) indicated significant differences between the cultivars in outer layer fiber dry weight. This
could be important for fiber processing as dry weight affects handling and quality. In contrast, the inner layer
of all cultivars did not have significance at all (p = 0.640); likewise, the F-value (0.66) is very low. Agbayanon
was the lightest cultivar in the outer layer (M = -0.01, 95% CI [0.3, 0.27]), while Bisaya was the heaviest (M =
0.30, 95% CI [0.40, 0.58]). In the inner layer, Tabukanon was the lightest (M = 0.25, 95% CI [-0.27, 0.51]), and
Negro was the heaviest (M = 0.46, 95% CI [0.26, 0.59]) as presented in Table 2. A pairwise comparison of outer-
layer fiber dry weight revealed that Agbayanon had significantly lower values than Bisaya (MD = -0.31, SE =
0.02). According to the data, Totoo obtained the maximum value of inner layer fiber dry weight (0.44g), while
Agbayanon obtained the minimum value (0.35g). In the outer layer, the highest fiber dry weight was found in
Bisaya (0.30g), and the lowest in Agbayanon (0.10g) (Figure 3d). Abaca fibers contain polymers such as
hemicelluloses, cellulose, and lignin, which contribute to a high crystalline index (265%) [28] and also affect
the total weight of the Abaca fiber. Moreover, Abaca cultivars can yield highly extracted fiber but also
experience significant biomass loss during sun drying, which greatly affects dry weight. A study found that
15% to 30% shrinkage was observed after drying [15]. Other studies showed that 48 tons of biomass waste
were produced for every ton of dry fiber [15;29]. Proper drying is vital for removing moisture from fibers and
greatly affects fiber quality [30]. Moreover, dried fibers have an economic impact on farmers, as traders prefer
properly dried Abaca fibers for several reasons. The high moisture content of the fibers can easily deteriorate
and grow mold and mildew, thereby degrading fiber quality [4]. Likewise, the payment scheme for Abaca
fibers is per kilo; thus, traders avoid paying the water weight rather than the actual fiber weight [25].
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3.7 Moisture Content

Moisture content across Abaca cultivars was similar in the outer layer, F (4, 2) = 1.58, p = 0.423, but
significantly differed in the inner layer, F (4, 6) = 6.40, p = 0.023 (Table 1). Regarding the outer layer, the study
found no significant effect of cultivar (p = 0.423), indicating that moisture content in the outer fiber layer is
relatively similar across cultivars. However, in the inner layer, the difference is significant (p = 0.023),
demonstrating that the moisture content is different between cultivars. The F-value (6.40) indicates that
genetic determinants might be involved in moisture retention of the inner fibers and may have implications
on drying and storage properties. Table 2 shows the estimated marginal means (EMMs) for moisture content,
which ranged from 0.76 to 0.96 in the outer layer and from 0.70 to 0.96 in the inner layer (Figure 3e). These
cultivars have almost identical moisture content in the outer and inner layers, except for Totoo, which has the
lowest inner-layer moisture content (0.70%). Moreover, further testing (Table 3) indicates that Tabukanon had
significantly higher inner-layer moisture content than Totoo (MD = 0.26, SE = 0.06). High moisture content in
Abaca fibers significantly affects the mechanical performance of composite materials due to their hydrophilic
nature, which allows them to absorb more moisture from the environment and thereby affects the overall
performance of Abaca fiber composites [31]. Abaca is highly saturated with water and has high initial moisture
uptake [9]. According to other studies [32,33], Abaca's pseudostems comprise 93% - 96% water and 1.3-5%
fiber. Hence, the present findings aligned with other studies showing that extracted fibers from different
cultivars exhibited varying levels of moisture. Additionally, a study shows that the moisture content of newly
harvested Abaca fibers can be reduced to 8% after 2-3 hours of sun exposure under summer heat conditions
[34]. The present study indicates that the inner layer of Totoo (70%) may dry faster than Tabukanon (96%) and
is less prone to microbial damage and fiber deterioration, such as mold. In contrast, Tabukanon may take longer
to dry to the recommended 8% moisture content for safe storage and processing.

3.8 Fiber Length

Fiber length was significantly different in the inner layer, F (4, 2) =27.05, p = 0.036, but not in the outer
layer, F (4, 6) = 3.05, p = 0.108, as shown in Table 1. The only other variable for which a significant difference
was detected (p = 0.036%) was the inner layer, indicating differences in inner fiber lengths between cultivars. A
high F-value (27.05) indicates that cultivar selection may be essential for obtaining longer inner-layer fibers ,
which might be preferred in some industrial applications (Milosevic et al., 2022). Fiber length also varied
significantly, ranging from 158 cm to 227 cm in the outer layer and 195 cm to 306 cm in the inner layer (Figure
3f). Negro had the longest fibers among cultivars, both in the outer layer (M =227 cm, 95% CI [182, 274]) and
the inner layer (M = 306 cm, 95% CI [285, 327]), followed by Agbayanon (M =279 cm, 95% CI [263, 293]), Totoo
(M =243 cm, 95% CI [233, 256]), Bisaya (M = 227 cm, 95% CI [216, 238]) and Tabukanon (M =195 cm, 95% CI
[179, 256]) has the shortest as shown in Table 2. The fibers in the inner layer are generally longer, and the
longest fibers are produced by Negro in both layers, while Bisaya (outer) and Tabukanon (inner) have the
shortest. Moreover, the pairwise comparison further confirmed that Tabukanon consistently produced shorter
fibers in the inner layer compared to Negro (MD =-111.0, SE = 13.3) and Agbayanon (MD =-83.8, SE =10.1), as
presented in Table 3. As a result, Negro fibers are considerably longer than those of Bisaya and Tabukanon. On
the other hand, Agbayanon fibers are much longer than Tabukanon fibers. Abaca can reach up to 7.5 meters in
height, with an average monthly increment of 14 cm [9; 16]. Hence, plant height may also directly influence
fiber length and can be attributed to some factors (physiological and genetic). Generally, as the height of the
Abaca plant increases, the leaf sheath elongates, thereby increasing fiber length. Several studies concluded
that plant height significantly influences fiber elongation [35]. A previous study reported that among cultivars,
Negro is the tallest plant (5 — 6 m), while Tabukanon (3 -3.5 m) and Bisaya are the shortest (4 m)[26]. Typical fiber
length ranges from 1.5 to 3.5 meters, depending on the cultivar. In comparison, the fiber length of Abaca
cultivars in Aklan was shorter than in other studies [2; 36]. The length of Abaca fibers is pivotal in grading
and classifying fiber grades. As mentioned, Abaca fibers are not homogeneous and vary according to cultivars,
growth , and development. The minimum requirements for normal grades are no less than 60 cm, while the
residual grade is less than 60 cm according to the Philippine National Standards for grading and classifying
Abaca fibers. However, some studies reported that fiber strength and abrasion resistance decline at the initial
feet of the fiber top portion, although longer fiber length can be beneficial for other industrial applications [37].
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Table 2. Estimated Marginal Means (EMMs) for Fiber Characteristics of Abaca Cultivars.
Outer Layer Inner Layer
Characteristics 95% CI 95% CI
EMM  SE Lower Upper EMM  SE Lower  Upper
Bound Bound Bound Bound
Tuxy Weight
Agbayanon 1.44 0.74 0.11 2.81 3.42 0.22 3.03 3.82
Bisaya 2.75 0.54 1.68 3.74 421 0.16 3.90 451
Negro 1.92 1.37 0.09 3.89 5.64 0.40 5.10 6.22
Tabukanon 2.35 0.74 1.03 3.73 6.28 0.22 5.89 6.68
Totoo 3.54 0.54 2.55 4.71 1.53 0.16 1.24 1.88
Extracted Fiber weight
Agbayanon 0.21 0.31 -0.27 0.71 0.75 0.31 0.21 1.30
Bisaya 1.35 0.23 0.97 1.71 211 0.23 1.67 2.51
Negro 0.65 0.46 -0.02 1.39 2.01 0.54 1.27 2.81
Tabukanon 0.90 0.31 0.42 1.39 2.63 0.31 2.09 3.18
Totoo 0.55 0.23 0.196 0.96 0.26 0.23 -0.14 0.74
Fiber Yield
Agbayanon 0.15 0.06 0.03 0.27 0.22 0.08 0.09 0.35
Bisaya 0.49 0.05 0.40 0.58 0.50 0.06 0.39 0.60
Negro 0.42 0.12 0.26 0.59 0.34 0.13 0.16 0.54
Tabukanon 0.39 0.06 0.27 0.51 0.42 0.08 0.29 0.55
Totoo 0.15 0.05 0.07 0.26 0.18 0.06 0.08 0.29
Fiber Dry Weight
Agbayanon 0.01 0.13 -0.04 0.03 0.35 0.13 0.11 0.58
Bisaya 0.30 0.13 0.28 0.33 0.29 0.09 0.10 0.46
Negro 0.04 0.13 -0.01 0.08 0.46 0.24 0.14 0.80
Tabukanon 0.11 0.13 0.08 0.15 0.25 0.13 0.02 0.48
Totoo 0.24 0.13 0.22 0.27 0.44 0.09 0.27 0.65
Moisture Content
Agbayanon 0.96 0.10 0.80 1.08 0.90 0.05 0.81 0.99
Bisaya 0.76 0.08 0.65 0.86 0.88 0.04 0.80 0.94
Negro 0.92 0.13 0.71 1.10 0.92 0.09 0.80 1.05
Tabukanon 0.91 0.10 0.73 1.03 0.96 0.05 0.87 1.05
Totoo 0.93 0.08 0.83 1.05 0.70 0.04 0.64 0.78
Length of Fiber
Agbayanon 188 17.7 156 221 279 13.5 263 293
Bisaya 158 13.1 133 182 227 11.8 216 238
Negro 227 329 182 274 306 16.0 285 327
Tabukanon 165 17.7 133 198 195 13.5 179 210
Totoo 208 13.1 184 236 243 11.8 233 256
Number of Fiber
Agbayanon 1072 158 786 1369 1667 181 1340 2007
Bisaya 948 117 719 1163 1440 134 1177 1685
Negro 958 295 561 1382 1195 337 742 1679
Tabukanon 504 158 219 800 1029 181 704 1367
Totoo 2466 117 2254 2719 3865 134 3622 4154

SE= standard error; CI= confidence interval. EMM confidence intervals were computed using parametric

bootstraps with 1000 simulations to improve the reliability of the estimates.
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Table 3. Pairwise Comparisons of Fiber Characteristics of Abaca Cultivars.

Inner Layer Inner Layer Outer Layer
Cultivars Tuxy Weight Extracted Fiber Fiber Yield
(kg) Weight (kg) (%)
i j- Estimate = SE  Estimate SE  Estimate  SE
(MD) (MD) (MD)
Agbayanon  Bisaya -0.80 0.27 -1.35 0.38 -0.34 0.08
Negro -2.22% 0.44 -1.26 0.58 -0.27 0.13
Tabukanon -2.86*  0.28 -1.88 0.38 -0.24 0.08
Totoo 1.88* 027 0.49 0.39 -0.01 0.08
Bisaya Negro -1.43 0.43 0.09 0.58 0.07 0.13
Tabukanon -2.06*  0.27 -0.53 0.38 0.10 0.08
Totoo 2.68*  0.23 1.84* 032 0.34 ** 0.07
Negro Tabukanon -0.63 0.44 -0.62 0.58 0.03 0.13
Totoo 411* 043 1.75 0.59 0.27 0.13
Tabukanon Totoo 4.74* 027 2.37*  0.39 0.24 0.08
Inner Layer Inner Layer
Cultivars Moistul}"e Length of I}*"iber Outer Laye.r Inner Laye-r
Number of Fiber Number of Fiber
Content (%) (cm)
i j- Estimate Estimate Estimate Estimate
(MD) St (MD) SE (MD) SE (MD) SE
Agbayanon Bisaya 0.02 0.06 51.3 10.5 123.67 197 227 225
Negro -0.02 0.10 -27.2 13.3 114.00 321 472 366
Tabukanon -0.06 0.06 83.8 * 10.1 568.00 203 638 232
Totoo 0.20 0.06 35.3 17.9  -1394.33* 197  -2198** 225
Bisaya Negro -0.04 0.10 -78.5 13.5 -9.67 317 245 362
Tabukanon -0.09 0.06 32.5 10.5 444.33 197 411 225
Totoo 0.17 0.05 -16.0 16.7  -1518.00* 166  -2426** 189
Negro Tabukanon -0.04 0.10 111.0* 133 454.00 321 166 366
Totoo 0.21 0.10 62.5 199 -1508.33* 317  -2670** 362
Tabukanon Totoo 0.26* 0.06 -48.5 179  -1962.33* 197  -2836** 225

Cultivars i and j denote the two Abaca cultivars being compared. MD=Mean difference; SE=standard error.
*Significant at 5% level. **Significant at 1%. The Tukey’s HSD method was used for post-hoc pairwise
comparisons to control for family-wise error rates.

3.9 Number of Fibers

Fiber count differed significantly among Abaca cultivars both in the outer layer, F (4, 6) = 36.12, p
<0.001, and inner layer, F (4, 6) = 65.75, p <0.001 (Table 1). There was a highly significant difference (p <0.001)
among cultivars in the outer layer. The F-value was very high (36.12). The high sum of squares (5,939,908)
indicates that cultivar choice significantly influenced fiber production potential. The inner layer was also
observed to have a highly significant difference (p < 0.001), with a higher F-value (65.75). That means genetic
variation influences the inner layer's fiber count even more heavily than the outer layers. The exceptionally
large sum square (14,112,901) supports the idea that choosing a cultivar makes a huge contribution to fiber
content.

Findings revealed that the number of fibers varied widely across cultivars. Tabukanon produced the
fewest fibers, with an average of 504 fibers (95% CI [219, 800]) in the outer layer and 1029 fibers (95% CI [704,
1367]) in the inner layer. In contrast, Totoo had the largest fiber count, averaging 2466 fibers (95% CI [3622,
4154]) in the outer layer and 3865 fibers (95% CI [2254, 2719]) in the inner layer (Table 2 and Figure 3g). Thus,
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Totoo has the highest number of fibers in both layers, while Tabakanon has the lowest. This result contrasts with
the findings on fiber yield, where Tabukanon shows the highest extracted fiber yield while Totoo shows the
lowest, this is primarily due to the diameter of the Tofoo fiber extracted, which ranged from 0.10 — 0.20 (EF
fiber grade), whereas Tabukanon fibers ranged from 0.20-0.50 (S2), resulting in a greater number of fibers
extracted from Totoo.

Fiber grades, quality, and fiber counts sometimes vary depending on the extraction process, leaf
sheaths, and stripping knives used. Other studies confirmed that knife serrations greatly influenced the Abaca
fiber [38]. The Philippine National Standard for fiber grading and classification indicates that thinner fibers
(smaller strand sizes) produce excellent fiber grades (excellent soft) compared to other fibers with larger
strands [18]. Cultivars producing smaller fiber sizes yield higher fiber counts and excellent fiber grade, which
will generate more income for the farmer [9]. Hence, the study indicates that Tabukanon may produce a higher
fiber yield; however, Totoo produces excellent-quality fiber, generating higher prices and income for the
farmers. Further tests confirmed that Totoo displayed a significantly lower number of fibers in the outer layer
compared to Tabukanon (MD = -1962.33, SE = 197), Bisaya (MD =-1518.00, SE = 166), Totoo (MD =-1508.33, SE
=317), and Agbayanon (MD = -1394.33, SE = 197). Similarly, the inner layer fiber count of Totoo significantly
differed from the other Abaca cultivars, with mean differences as follows: Tabukanon (MD = -2836, SE = 197),
Negro (MD =-2670, SE =362), Bisaya (MD =-2426, SE =189), and Agbayanon (MD =-2198, SE =225) as presented
in Table 3. In addition, Totoo has many more fibers than other cultivars. Tabukanon, on the other hand, has
much less fiber than most cultivars.

Statistical Considerations and Limitations

The study acknowledged that certain tests had low degrees of freedom due to the limited number of
replicates, which could affect the validity of the F-statistics. Linear Mixed-Effects Models (LMM) with
Satterthwaite’s approximation were used to address this issue and supplemented with parametric bootstrap
validation for models with low DenDF. Moreover, results demonstrate consistent trends in fiber yield traits
among cultivars and are cautiously interpreted. Future studies with larger sample sizes are recommended to
replicate the findings in multiple locations, thereby enhancing statistical power and strengthening and
confirming the results and trends.

4. Conclusions

The study investigated the fiber characteristics of Abaca cultivars in Aklan. Findings highlighted
highly significant differences among cultivars in terms of tuxy weight, extracted fiber weight, dry weight,
moisture content, fiber length, and fiber count. In terms of the fiber yield traits, findings revealed that
significant differences were observed in the inner layers of tuxy, extracted fibers, moisture content, and fiber
length, while, for the outer layers, significant differences were observed only in dry weight and fiber count.
Moreover, no significant differences were observed in the tuxy weight, extracted fiber, moisture content, and
fiber length for the outer layers, whereas extracted fiber and dry weight were significantly different for the
inner layers. The study highlighted that Bisaya and Tabukanon exhibited high inner fiber yield and tuxy weight
but have shorter fiber lengths and potential for commercial production. While Totoo produced a high fiber
count, it showed the lowest performance among all fiber characteristics. Among all cultivars, Negro exhibited
significantly longer fibers (both layers), and Agbayanon had moderate fiber characteristics, which are desirable
for industrial applications. The results of the study provide valuable information for stakeholders, farmers,
breeders, and researchers, and are used in industrial applications, breeding programs, further research, policy
development, and to optimize fiber production.
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Abstract: This Bibliometric analysis evaluates research on sustainable livestock
systems, emphasizing plant and soil health, and examining the major trends in
publications and partnerships. Analyzing 104 published articles from 2013 to
2024, the study reveals a significant increase in publication trends since 2016,
peaking in 2021. An average of 5.8 authors per article reflects a strong inclination
toward collaborative research—significantly higher than the 1.4-1.6 average in
social sciences and humanities, and more aligned with biomedical and
environmental sciences, where five or more authors are common. Despite this,
co-authorship networks remain fragmented, lacking interdisciplinary
collaborations essential for holistic solutions. The United States leads as a central
research hub, maintaining collaborations with China and Brazil, though
geographic and language clustering affect partnerships. Most studies were
published by prestigious journals such as Science of the Total Environment (7
articles), Journal of Environmental Management (5), and Agriculture
Ecosystems and Environment (9), with the majority available as open access. The
study underscores the crucial role of open access in disseminating knowledge
and fostering sustainable agricultural practices worldwide. It highlights the
importance of incentivizing interdisciplinary research and fostering
international collaboration. Establishing platforms for knowledge sharing,
funding applied research, implementing supportive policy frameworks,
investing in stakeholder training, and creating monitoring systems are essential
actions. These will ensure effective and adaptive initiatives to bridge
collaboration gaps and address challenges in sustainable livestock systems.
These efforts contribute to resilient livestock systems, climate mitigation,
biodiversity enhancement, and foster global collaboration —core elements of
SDGs 2, 13, 15, and 17.

Keywords: Sustainable livestock systems; soil health; plant biodiversity; grazing
management; environmental sustainability.

1. Introduction

Sustainable livestock systems have garnered significant attention in
recent years due to their important part in promoting environmental
sustainability, improving soil health, and enhancing plant biodiversity. These
systems aim to balance agricultural productivity with ecological integrity by
mitigating the negative impacts of conventional livestock farming, such as
biodiversity loss, soil degradation, pollution, and greenhouse gas emissions.
Numerous studies have demonstrated that sustainable practices like rotational
grazing reduce stocking rates and improve pasture management, thereby
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enhancing soil health, nutrient cycling, and encouraging diverse vegetations, making them a vital component
of resilient agricultural landscapes [1,2].

The link between livestock management and soil health is particularly significant to support the
growing need for sustainable food systems. Livestock contribute to these systems by providing manure, a
critical source of natural fertilizer, and serving as draft animals to boost productivity in regions with low
mechanization. However, overgrazing, improper land use, and poor soil management have been the reason
the concerning soil erosion and nutrient depletion in many agricultural regions. Researchers have explored
innovative grazing strategies that can increase productivity without compromising soil health [3,4]. For
instance, rotational grazing has improved soil aeration and prevented soil compaction, resulting in healthier
soil that supports diverse vegetation [5]. Recent bibliometric reviews also highlight the role of technology and
ecological restoration in improving soil processes under sustainable grazing regimes [8,10]. Plant Biodiversity
supports sustainable livestock systems through ecosystem functions such as nutrient cycling, water retention,
and pest control. Studies highlight that integrating diverse forage species within grazing systems increases
resilience against drought, diseases, and other environmental stressors [6,7]. The interconnectedness of
livestock management and plant health is thus a key area of study in order to advance sustainable agricultural
practices. Moreover, sector-wide collaboration among livestock stakeholders has been shown to drive
innovation and improve biodiversity outcomes in grazing landscapes [13].

Despite the growing number of studies focusing on sustainable livestock systems, a persistent gap in
interdisciplinary and international collaboration remains. Co-authorship networks are fragmented, which
usually focus only on specific subject areas. The lack of international and interdisciplinary collaborations limits
the development of comprehensive solutions to complex issues faced by sustainable livestock systems.
Bibliometric analyses of agrifood transitions and SDG-related research emphasize the importance of cross-
disciplinary partnerships to address these gaps [9,12]. Strengthening these networks is essential for fostering
innovation and achieving sustainability targets. Recent bibliometric reviews of plant-based feeds and forage
research from 2013 to 2024 further reinforce this gap, revealing fragmented co-authorship networks and
limited collaboration between major contributors such as the United States and China. Thematic trends
emphasize forage quality, crop resilience, and interdisciplinary integration across agriculture, environmental
science, and animal production. Institutions like Lanzhou University and the USDA Agricultural Research
Service emerged as key drivers of innovation, highlighting the importance of robust infrastructure and
international partnerships to accelerate progress in sustainable livestock systems [21]. To address these
limitations, this study introduces a novel analytical framework that integrates bibliometric mapping with
thematic evolution analysis, offering deeper insights into interdisciplinary linkages and emerging research frontiers.

This study will provide an in-depth analysis of sustainable livestock systems research from 2013 to
2024. It identifies key contributors, research clusters, and emerging topics related to soil and plant health
within sustainable livestock systems. By mapping the evolution of research in this area, this study provides a
more integrated approach to sustainable livestock research. This study’s findings can guide future research
efforts and policy decisions to enhance environmental, economic, and social outcomes in sustainable
agriculture. Recent bibliometric studies suggest that fostering interdisciplinary collaboration is essential for
holistic sustainability planning in livestock systems [11,14]. Aligned with the United Nations Sustainable
Development Goals (SDGs), this study contributes to several key global targets. It supports SDG 2: Zero
Hunger by promoting sustainable food production systems and resilient agricultural practices that enhance
soil and plant health. It advances SDG 15: Life on Land through the conservation of biodiversity and the
sustainable use of terrestrial ecosystems, particularly in grazing landscapes. By addressing climate-resilient
livestock practices and reducing environmental degradation, the study aligns with SDG 13: Climate Action.
Finally, by emphasizing the importance of interdisciplinary and international research collaborations, it
contributes to SDG 17: Partnerships for the Goals, fostering innovation and integrated approaches to
sustainability planning.

The study aims to systematically analyze bibliometric patterns in sustainable livestock systems.
Specifically, the study seeks to identify citation trends, highlighting influential works and emerging research
trajectories. Additionally, it aims to map co-authorship networks, identifying key contributors and
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collaborative relationships that shape the field. Another critical focus is the exploration of significant
keywords, particularly those related to soil health, plant biodiversity, and grazing management, to uncover
thematic concentrations within existing literature. Furthermore, the research examines the distribution of
articles based on dimensions such as study type, authorship patterns, and source journals, providing insight
into the structural characteristics of scholarly output. By addressing these objectives, the study contributes to
a deeper understanding of research impact, collaboration dynamics, and thematic evolution within the
domain of sustainable livestock systems.

2. Materials and Methods

The bibliometric analysis was conducted using peer-reviewed academic publications focused on
sustainable livestock systems. The study aimed to identify patterns in authorship, keyword co-occurrence,
institutional contributions, and thematic clusters. Articles were sourced exclusively from the Scopus database,
selected for its comprehensive indexing of high-impact journals across agricultural and environmental
sciences. While Scopus offers extensive coverage, its indexing bias toward English-language and high-impact
journals may underrepresent regional or non-English contributions. This could influence geographic
collaboration patterns and thematic diversity observed in the results. It is acknowledged that reliance on a
single database may have excluded relevant literature indexed in other platforms such as Web of Science and
Dimensions. Future studies should consider multi-database triangulation to enhance comprehensiveness and
reduce selection bias.

Search strings were developed through a structured process combining preliminary scoping reviews
of existing literature, expert consultation to refine thematic focus, and application of Boolean logic using
ChatGPT to assist in generating and refining initial keyword combinations based on thematic relevance and
co-occurrence patterns observed in prior studies. The final Boolean search strings were manually reviewed
and adjusted to ensure precision and reproducibility. The search was conducted on July 12, 2024, using the
Boolean combinations applied to titles, abstracts, and keywords: “sustainable livestock systems” AND “soil
health” AND “plant biodiversity”, “grazing management” OR “rotational grazing” AND “sustainable
agriculture”, “soil conservation” AND “pasture management” AND “biodiversity” OR “ecosystem services”,
“sustainable livestock systems” AND “carbon sequestration” AND “environmental sustainability” and
“regenerative agriculture” OR “organic farming” AND “rangeland management” AND “soil erosion”.

A total of 104 articles were filtered after applying criteria to focus on articles ranging from 2013 to
2024, in the English language, and within the subject areas of Agricultural and Biological Sciences and
Environmental Sciences. This final count reflects the saturation point at which thematic patterns and co-
authorship networks stabilized, ensuring both relevance and analytical depth. To validate the search strategy,
a manual screening of titles and abstracts was performed to ensure relevance and consistency with the study’s
objectives. The filtered articles were exported in CSV format and analyzed using VOSviewer version 1.6.20
(October, 2023). This software was selected for its effectiveness in visualizing complex data, robust capability
in mapping co-authorship networks, keyword occurrences, and identifying research clusters, thereby
providing a comprehensive overview of the research landscape and thematic evolution within the field of
sustainable livestock systems.

3.Results and Discussion

The result section consists of two subchapters; the first one describes the VOSviewer computations,
and the second part is about the ratio of documents per year, per year by source, by author, by affiliation, by
country/territory, by type, by funding sponsors, and by subject area.

3.1 Result of VOSviewer computations

3.1.1 Co-Authorship Analysis

The co-authorship analysis (Figures 1- 3) highlights researchers such as Dong Shikui, Richard Teague,
and Sarah E. MacDonald, whose contributions were thematically distinct - focusing on soil health, plant
biodiversity, and grazing management- but largely isolated. This fragmentation suggests that comprehensive
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solutions to sustainable livestock challenges may be constrained by limited interdisciplinary collaboration.
Temporal analysis from 2019 to 2023 shows that Richard Teague maintained a consistent focus on adaptive
grazing and ecosystem services, while Dong Shikui expanded into broader ecological and land-use dynamics.
These shifts highlight the importance of continuous engagement and the need for the emergence of new
collaborators in the field. However, the lack of interconnected networks raises concerns about knowledge and
the synthesis of ideas. Fragmented co-authorship networks limit innovation and the development of scalable
solutions for soil degradation, biodiversity loss, and sustainable grazing. Strengthening interdisciplinary ties
is essential for advancing holistic livestock sustainability. As emphasized by Mittal and Bansal, cross-
disciplinary collaboration is essential for holistic sustainability approaches, enabling the integration of
ecological, technological, and social dimensions [14].
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Figure 3. VOSviewer Density Visualization of Co-Authorship

3.1.2 Co-Authorship between countries

The network of research collaborations through co-authorship between countries in Figures 4, 5 & 6
has shown that the United States dominates plant-based feed and forage research, with strong connections to
countries like China and Brazil forming central nodes in the global research landscape. While other countries
like Australia and the United Kingdom are influenced by geography and language, forming clusters. Many
other nations exhibit sparse connections, indicating limited international collaboration and
underrepresentation in global research efforts. The changing temporal overlay from 2019 to 2024 shows that
the nature of collaboration was still evolving. Recent articles show activity from countries Brazil and Spain,
while earlier collaborations involved China, Germany, and the United Kingdom. This significantly suggests
that clusters with the same geographical distributions, language, and historical identity have recognized
contributions to the field, but also highlights the limited cross-cluster engagement. Limited international
collaboration may result in regionally siloed policies and missed opportunities for knowledge transfer. For
example, adaptive grazing techniques developed in the US may not be easily adopted in Southeast Asia
without collaborative validation and localized adaptation. Encouraging more inclusive and diverse co-
authorship networks could enhance the sharing of knowledge and innovation, leading to comprehensive
solutions for soil degradation, biodiversity loss, and sustainable grazing practices. Strengthening global
research connectivity is essential for designing adaptable livestock systems across diverse agroecological zones.

unice@Bates

Figure 4. VOSviewer Network Visualizations of countries



ASEAN ]. Sci. Tech. Report. 2026, 29(2), €259393. 6 of 17

T E——

uniteg states

M vosviewer
o8 ao8a  z:0 oz some

Figure 5. VOSviewer Overlay Visualization of countries

Figure 6. VOSviewer Density Visualization of countries

3.1.3 Keywords Co-occurrence

The density visualization of keywords co-occurrence in Figure 9 reveals that “grazing management”
is the most prominent word, frequently co-occurring with “ecosystem services” and “biodiversity.” This
pattern reflects the dominant research focus on land use practices, pasture systems, and livestock—
environment interactions. While “grazing management” anchors productivity-focused studies—such as
pasture rotation, stocking rates, and land use optimization— “ecosystem services” bridges ecological and
agricultural domains, and “biodiversity” reflects conservation-oriented themes. Overlay visualizations
(Figures 8 and 11) show a temporal shift: earlier studies emphasized grazing practices, while recent ones focus
on biodiversity. “Ecosystem services” consistently links these themes, reinforcing its role as a conceptual
bridge. Their positioning in the visualization suggests more peripheral thematic roles, often linked to
ecological outcomes or broader sustainability frameworks rather than direct agricultural interventions. This
fragmentation underscores the need for interdisciplinary research to bridge conceptual and methodological
gaps. Integrated policy frameworks that align grazing practices with biodiversity and ecosystem service goals
are essential. Embedding ecological indicators—such as nutrient cycling, water regulation, and carbon
sequestration —into livestock planning can help balance productivity with long-term sustainability.
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The VOSviewer Network Visualization (Figure 7) further illustrates this convergence. Studies by Dey
et al. [15], Kumar et al. [16], and Rao et al. [17] demonstrate the dual economic and ecological benefits of forage
alternatives, multifunctional legumes, and the LivestockPlus framework—each integrating grazing
management with ecosystem service enhancement. Recent bibliometric clusters also reflect emerging
interdisciplinary themes. Kibria et al. [18] link cereal-based agriculture in South Asia to greenhouse gas
emissions and biodiversity concerns, while Bo et al. [19] show how mixed cropping systems improve forage
quality and plant-soil health. Attia et al. [20] explore phytogenic feed additives as sustainable inputs that
support livestock health and indirectly enhance ecosystem services. To translate these insights into practice,
policymakers and funding agencies should support interdisciplinary research clusters that explicitly link
agronomic practices with ecological outcomes. This could include joint calls for proposals across agriculture
and environment ministries, or the development of livestock sustainability frameworks that embed ecosystem
service metrics. Such approaches would enable climate-resilient, biodiversity-enhancing livestock systems
aligned with global sustainability goals.
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3.1.4 Author Keywords

The three highlighted clusters of keywords are “grazing management”, “biodiversity”, and
“ecosystem service”. The string of colors connecting these keywords in the VOSviewer Network Visualization
(Figure 10) illustrates their co-occurrence and thematic prominence, with yellow areas indicating the high
relevance and frequency of the two keywords (Figure 12). The central positioning of the keyword “ecosystem
service” indicates that it conceptually bridges the connection between the two keywords, forming a
relationship. This suggests that most of the studies evaluate how grazing management practices influence
“ecosystem services” that eventually affect “biodiversity”. The strength of these connections emphasizes the
degree of association in research contexts, which indicates the strong interdisciplinary nature of these themes.
The Overlay Visualization (Figure 11) reveals that “grazing management” was associated with earlier studies,
while “biodiversity” is linked to recent ones. “Ecosystem services” consistently bridge this temporal and
thematic gap, highlighting the evolving focus on grazing practices and their impacts on “biodiversity” and
ecosystem processes. This also highlights the evolving integration of ecological and agricultural research,
where ecosystem services serve as a mediating framework to connect land use practices with conservation
outcomes. These insights have direct implications for sustainable livestock policy and management.
Integrating ecosystem service metrics into grazing policies enables decision-makers to assess trade-offs
between productivity and ecological resilience. For example, pasture strategies that enhance soil health and
water retention can simultaneously support biodiversity goals. Embedding such indicators into land use
zoning, livestock incentive schemes, and biodiversity monitoring frameworks can ensure agricultural
interventions align with broader sustainability targets. This integration is critical for advancing sustainability
science, enabling researchers and policymakers to co-design interventions that balance agronomic
performance with long-term ecosystem integrity.
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3.2 Ratio of documents per year, per year by source, by author, by affiliation, by country/territory, by type,
by funding sponsors, and by subject area

3.2.1 Documents per year

The publication trends for articles focusing on sustainable livestock systems have shown significant
fluctuations over the years, as shown in Figure 13. Initial output was low, with only two (2) articles in 2013
and 2015, which doubled to four (4) by 2014. There was a substantial increase in 2016, with the number of
articles reaching 11. For the year 2017-2018, the number of publications remained at 8 per year, indicating a
sustained scholarly interest. In 2019, the number of articles slightly declined to 7 and gradually rebounded to
11 by 2020. CY 2021 marked the peak of publication with 14 publications, the highest recorded in the dataset.
From 2023 to the present, the number of articles has stabilized at 13 per year.

Documents by year

16

14

Documents
oo

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

Figure 13. Ratio of documents per year

3.2.2 Documents per year by source

Figure 14 shows that from 2013 to 2024, the Top 5 Publishers of articles related to sustainable livestock
management have been consistent in their contributions to the field. Top of the list was “Agriculture
Ecosystems and Environment, having a total of 9 contributions. Followed by “Science of the Total
Environment” with 7 publications. The “Journal of Environmental Management” and “Rangeland Ecology
and Management” have 5 articles each, and lastly, “Geoderma” has 4 published articles throughout the years.
This distribution highlights the sustained engagement of key environmental science journals in advancing
research on sustainable livestock systems. The steady output across these sources suggests a stable and
interdisciplinary interest in the topic, with each journal contributing to different facets of ecological, soil, and
rangeland management.

Documents per year by source

Compare the document counts for up to 10 sources. Compare sources and view CiteScore, SR, and SNIP data

4
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Documents
L)
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Figure 14. Ratio of documents per year by source
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3.2.3 Documents by author

Here are the top 15 authors who published related articles on sustainable livestock systems, as shown
in Figure 15. Note that while the dataset includes 15 authors, Figure 15 only displays the top 10 based on
document count. The Top leading author was Sollenberger, L.E., with 4 publications focusing on sustainable
grazing systems and forage management. Following Sollenberger, L.E.,, was Teague, R., also with 4
publications, renowned for the studies of holistic management practices and their impact on soil health and
livestock sustainability. With 3 publications, the line was followed by Dong, S., whose articles contribute to
the livestock production and environmental interactions in pastoral systems, Fonte, S.J., with a focus on soil
fertility, sustainable agriculture practices, and integration of livestock systems, and McDonald, S.E., who
focuses on biodiversity and sustainable livestock systems. The remaining authors such as Ashworth, A.J.
(nutrient management and environmental impact of livestock farming), Byck, P. (sustainable livestock
practices and socio-economic aspects of livestock systems), Engle, D.M. (grassland management and its role
in sustainable livestock production), Farias, G.D. (innovative farming techniques and their applications in
livestock systems), Franzluebbers, A.]. (soil health, carbon sequestration and sustainable grazing system), Fu,
B. (landscape ecology and sustainable land use practices involving livestock’s), Fuhlendorf, S.D. (rangeland
ecology and sustainable management of grazing lands), Gao, J. (land management and environmental impacts
of livestock farming), Haney, R.L. (soil health assessment and the role of livestock in sustainable agriculture),
Hovick, T.J. (wildlife-livestock interactions and ecosystem management) composes the top 15 with 2
publications each. The average of 5.8 authors per article in this dataset reflects a moderate level of collaboration
in sustainable livestock systems research. This figure is notably higher than typical averages in social sciences
and humanities (1.4-1.6 authors per publication), and more aligned with collaborative norms in environmental
and biomedical sciences, where multi-authorship is common. These disciplinary patterns are consistent with
science-wide author metrics reported by loannidis et al. [22].

Documents by author

Compare the document counts for up to 15 authors.
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Figure 15. Ratio of documents by author

3.2.4 Documents by affiliation

From 2013 to 2024, numerous institutions have made notable contributions in the researches in
sustainable livestock systems. The Top 10 known contributors are shown in Figure 16 with their document
counts. It shows that the USDA Agricultural Research Service has published a total of 9 research documents
showing their strong commitment to advancing agricultural practices and sustainability. It was followed
closely by Texas A&M AgriLife Research with 8 publications and the United States Department of Agriculture,
which contributed 6 documents, highlighting their active participation and support in sustainable agriculture.
Other notable institutions were NSW Department of Primary Industries (5 articles), Colorado State University
(5), Wageningen University and Research (4), Oklahoma State University (4), University of Florida (4), Texas
A&M University (4), and Lanzhou University (4). Note that while the dataset includes more affiliations, Figure
16 highlights only the top 10 based on document count. This distribution reflects a diverse and international
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research landscape, with institutions from North America, Europe, Asia, and Oceania actively shaping the
discourse on sustainable livestock systems.

Documents by affiliation

Compare the document counts for up to 15 affiliations.

USDA Agricultural Research Service I
Texas A&M AgriLife Research I
United States Department of Agriculwre .
NSW Department of Primary Industries [
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Texas A%&M University [
I——

Lanzhou University

Documents

Figure 16. Ratio of documents by affiliation

3.2.5 Documents by country

Various countries have contributed significantly in researches on sustainable livestock systems. As
shown in Figure 17, the United States, as the highest contributors had published 51 documents, followed by
China with 14 published documents. These underscore their commitments to advancing sustainable
agriculture practices amidst the rapid agricultural development. Brazil (11) and the United Kingdom (10) also
share their dedication to sustainable agricultural research and integration of such in the vast livestock
industries. Both Australia and Germany had contributed 8 documents each, showcasing their innovative
practices and policy-driven approaches. Other countries also take part in contributing, such as Spain (6
documents), Argentina (4), the Netherlands (4), and lastly Colombia (3), which is still emerging. Note that
Figure 17 highlights only the top countries based on document count. This illustrates the global commitment
to sustainable livestock practices and is significant in addressing global agricultural sustainability concerns
across diverse ecological and socio-economic contexts.

Documents by country or territory

Compare the document counts for up to 15 countries/territories.
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Figure 17. Ratio of documents by country

3.2.6 Documents by type

All documents used in this bibliometric analysis was 100% research articles with a varying range of
formats, reflecting diverse methodological approaches and findings as shown in Figure 18. This uniformity in
document type reflects a strong emphasis on the empirical and theoretical contributions within the field of
sustainable livestock systems. The majority of these research papers were original research papers written to
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present new data, insights from experiments, field studies, and modeling approaches that explore the
ecological, agronomic, and socio-economic dimensions of livestock sustainability. These studies often
investigate topics such as grazing management, soil health, biodiversity impacts, carbon sequestration, and
integrated farming systems. While the dataset is composed entirely of articles, it is important to note that some
of these also include review-type content, which forms a significant part of the literature.

Documents by type

Artide (100.09%)

Figure 18. Ratio of documents by type

3.2.7 Documents by subject area

The articles published from 2013 to 2024 relative to sustainable livestock systems span an array of
subject areas, reflecting the interdisciplinary nature of the field. The most prominent subject area, as shown in
Figure 19, is Agricultural and Biological Sciences with 71 published documents, followed by Environmental
Science with 70 contributions. Together, these two areas dominate the research landscape, highlighting the
critical role of sustainable practices in agriculture and their impact on environmental aspects. Most studies in
these areas focus on soil health, biodiversity, ecosystem services, and innovative farming systems. The Social
Sciences, with 9 documents, emphasize the socio-economic aspects of sustainable livestock systems. These
studies explore community engagement, farmers' behavior and acceptability, community engagement and
policy implications. It illustrates the importance of social dynamics in the adoption and long-term success of
sustainability interventions. The field of Biochemistry, Genetics, and Molecular Biology has also published 8
documents that explore the genetic and molecular mechanisms that influence livestock health and
productivity, including the development of new disease-resistant varieties. Various areas such as
Neuroscience (4 documents), Decision Science (3 documents), Energy (3 documents), Veterinary Science (2
documents), Computer Science (1 document) Earth and Planetary Sciences (1 document), Economics, and
Finance (1 document) and Multidisciplinary (1 document) shows that researches in sustainable livestock
systems does not only confine to a single discipline rather it also intersects with fields like data analysis, earth
sciences, economic sustainability, and integrated multidisciplinary approaches.
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Figure 19. Ratio of documents by subject area

3.2.8 Documents by funding sources

Various funding sponsors have played a very important role in the advancement of research on
sustainable livestock systems. As shown in Figure 20, the U.S. Department of Agriculture (USDA) leads the
list with 14 funded documents, reflecting its strong commitment to promoting sustainable agricultural
practices, ecological stewardship, and innovation in livestock management. This leadership is consistent with
the USDA'’s long-standing support for integrated farming systems and climate-resilient agriculture. It was
followed by the National Natural Science Foundation of China with 8 documents, highlighting China’s
growing investment in sustainable land use and livestock-environment interactions. The National Institute of
Food and Agriculture has funded 7 documents emphasizing the improvement of food production systems
while maintaining ecological balance. The Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) in Brazil contributed 5 documents in advancements of academic research and the sustainability of
the livestock system. Other significant contributors include the Agricultural Research Service with 4
documents, Bundesministerium fiir Bildung und Forschung (Federal Ministry of Education and Research)
with 4 documents. China’s Ministry of Science and Technology and the National Key Research and
Development Program have also contributed 4 documents each, showcasing their comprehensive research
efforts. This funding landscape reveals a strong international commitment to sustainable livestock systems,
with support spanning North America, Asia, South America, and Europe. It also underscores the importance
of multi-level collaboration —from national agencies to academic institutions.
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4. Conclusions

This Bibliometric analysis focuses on several critical aspects of sustainable livestock research. The
analysis shows that the co-authorship network is fragmented, where authors prefer to work alone within
specific subject areas such as soil health, plant biodiversity, and grazing management. This lack of
interdisciplinary collaborations has become a challenge in the development of a holistic solution to complex
issues faced by sustainable livestock systems. As shown in Figure 15, the average of 5.8 authors per article is
indicative of moderate collaboration, is significantly higher than the 1.4-1.6 average in social sciences and
humanities, and is more aligned with biomedical and environmental sciences, where five or more authors are
common. Notably, the involvement of other authors continues to decline while their focus shifted. However,
between 2019 and 2023, there was a notable increase in active participation, indicating renewed interest in
collaborative and thematic expansion. Geographically, the United States remains a central hub of research,
maintaining strong collaborations with countries like China and Brazil. However, geography and language
clustering also affect these collaborations, with countries such as the United Kingdom and Australia forming
confined clusters. This pattern is visualized in Figure 16, which shows author affiliations and geographic
clustering, highlighting the need for cross-regional integration. The keyword analysis highlights the top 3 used
keywords, which are “grazing management”, biodiversity”, and “ecosystem service”. These three keywords,
although interconnected, also suggest three different foci. Grazing management is tied to agricultural and
land-use practices, biodiversity to ecological diversity and conservation, while ecosystem services are linked
to the sustainable benefits of the ecosystem to humans. Figures 9 and 11 show that “ecosystem services” bridge
the temporal and thematic gap between earlier grazing-focused studies and more recent biodiversity research.
This convergence underscores the importance of interdisciplinary approaches that integrate ecological
indicators into livestock planning. The dominance of "grazing management" underscores its crucial role in
maintaining soil health, ensuring pasture productivity, and supporting livestock welfare. Effective grazing
management helps mitigate overgrazing, soil erosion, and biodiversity loss, which are essential for sustainable
agriculture. This focus also reflects the need to adapt livestock systems to climate change, emphasizing
innovative techniques like rotational grazing and holistic management. These findings align with the subject
area distribution in Figure 19, where Agricultural and Biological Sciences and Environmental Science
dominate the literature. The top contributor in the field was the “Agriculture Ecosystems and Environment”
with 9 contributions, followed by publishers such as “Science of Total Environment”, “Journal of
Environmental Management”, Rangeland Ecology and Management”, and “Geoderma”. These publishers
showed consistency in their contributions over the years. Prominent authors include Sollenberger, L.E.,
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Teague, R., Dong, S, Fonte, S.J. McDonald, S.E., Ashwort, A.J.,, Byck, P., Engle, D.M,, Farias, G.D., Franzluebbers,
AlJ., Fu, B, Fuhlendorf, S.D., Gao, J., Haney, R.L., and Hovick, T.J., affiliated with institutions such as United
States Department of Agriculture (USDA) Agricultural Research Service, Texas A&M AgriLife, United States
Department of Agriculture (USDA), showing a strong commitment to advancing agricultural practices and
sustainability. Overall, this analysis underscores the critical need for a collaborative and integrated approach
to sustainable livestock systems research. Policymakers and funding agencies can take several specific actions
to address the gaps in collaboration and research focus in sustainable livestock systems. Firstly, policymakers
and funding agencies should incentivize interdisciplinary research by establishing grant programs that
reward collaboration among researchers from diverse fields such as agriculture, ecology, economics, and
social sciences, fostering comprehensive approaches to sustainability challenges. Promoting international
partnerships by developing funding schemes that encourage cross-border research, particularly between
countries with different geographical and cultural backgrounds, can enhance global knowledge exchange and
innovation. Moreover, allocating funding to studies exploring the interconnectedness of emerging keywords
like "grazing management,” "biodiversity," and "ecosystem services, as identified in Figures 9 and 11. Support
for knowledge-sharing platforms—such as international conferences, workshops, and online forums - can
foster dialogue and co-creation of solutions. Practical research on farming techniques, tools, and technologies
should be prioritized to ensure real-world impact. In addition, investment in education and training programs
for farmers, researchers, and policymakers is essential to raise awareness about the importance of sustainable
agriculture and provide the necessary skills and knowledge to implement effective practices. Establishing
systems to monitor and evaluate the impact of funded projects and policies will ensure the effectiveness of
initiatives and allow for adjustments based on feedback and results. By taking these actions, the funding
agencies and policymakers can bridge the gaps in collaboration and research focus, leading to more integrated
and effective solutions for sustainable livestock systems.
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Abstract: The study revealed the prevailing conditions of agri-fishery
practices and value-added production in Barangays Marupangdan and
Astorga in Daram, Samar. Findings indicated that Barangay Marupangdan
remained dependent on traditional crop and fish harvests with minimal post-
harvest technology, no value-added processing, and limited market access,
resulting in low profit margins. Overproduction of hawol-hawol (Bali
Sardinella) and vegetables led to waste due to the absence of storage,
processing, and market linkages. In contrast, Barangay Astorga demonstrated
active value addition through products galunggong-based fish balls,
significantly increasing income per unit sold. Porter’s Value Chain analysis
showed that Astorga's community benefited from interventions by DTI and
LGU Daram in providing equipment, packaging materials, and access to trade
fairs. However, both barangays still lacked essential post-harvest facilities, ICT
integration, and formal marketing strategies. Women in both communities
actively participated in agri-fishery production, but their associations in
Marupangdan remained unregistered, limiting support opportunities. Farmers
and fisherfolk expressed willingness to adopt technology and undergo
training, showing potential for scaling up productivity. The study highlighted
the importance of institutional aid and local government support in
capacitating communities to develop sustainable agri-fishery value chains.
With targeted interventions, Marupangdan could replicate Astorga’s best
practices to enhance food security, income, and community resilience.

Keywords: Agri-fishery production and management; value addition; porter’s
value chain; market access; sustainable agriculture

1. Introduction

Asia bears a major share of global hunger. In 2018, 513.9 million Asians
were undernourished —over 60% of the world’s hungry. Although this number
declined to 384.5 million by 2023, the region still accounts for more than half of
the global undernourished population [1]. A contributing factor to this
persistent hunger is the high proportion of income that low-income households
in Asia allocate to food. For instance, households in the Philippines spend
approximately 41.9% of their income on food [2]. This substantial expenditure
leaves limited resources for other essential needs, making these households
particularly vulnerable to fluctuations in food prices. As a result, they are
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significantly impacted by higher and more volatile food prices, which have hindered progress in reducing
poverty across the region. With Asia becoming increasingly urbanized and prosperous, upward pressure on
food prices is expected to persist. If food supply fails to keep pace with rising demand and agricultural
productivity challenges are not addressed, food security will likely remain a persistent concern both globally
and regionally. This could potentially threaten Asia’s long-term economic growth [3]. Addressing hunger in
Asia necessitates not only increasing food production but also implementing policies that enhance food
affordability and accessibility for the poor. Without such measures, the region's progress in reducing poverty
and hunger may remain stagnant. The community must harness innovation, marketing, and the
commercialization of agri-aqua raw materials to create value-added products.

The Cooperative Development Authority [4] reported that among 9,432 cooperatives, only four are
engaged in agriculture and three in fisheries. This suggests either a lack of interest in these sectors or a
failure to report cooperative activities, which highlights gaps in engagement with agriculture and fisheries at
the cooperative level. Policymakers must address several critical challenges to support community
development. First, revitalizing growth in agricultural productivity is essential, especially in the face of
climate change. Second, Asia’s 350 million small farmers—typically working on less than two hectares—
must be integrated into modern food value chains. Third, persistent malnutrition among preschool children
has long-term consequences on human capital. Livelihood is essential for survival, as it fuels the daily lives
of people. Agriculture remains a major source of livelihood globally, but fewer people —particularly in rural
areas—are engaging in farming activities. This trend threatens the sustainability of food security. Sustainable
strategies such as the intensification of agri-aqua production and livelihood have shown promise. Utilizing
local resources for livelihood purposes can stimulate the national economy. However, despite the
availability of rich natural resources, many communities lack the knowledge or infrastructure to process and
utilize them effectively [5]. Many areas still rely on traditional farming methods, despite the availability of
advanced agricultural technologies that could boost productivity and streamline marketing. A study [6]
emphasized that natural resources are underutilized. Revisiting their potential through development
projects could enhance agri-aqua entrepreneurial activities. Government extension programs, especially
when partnered with private companies, play a significant role in supporting vulnerable groups such as
barangay associations, women, and the unemployed [7]. Common challenges include a lack of knowledge,
capital, and agricultural inputs, as highlighted by World Vision.

Projects focused on farming and fishing education, scientific practices, and entrepreneurial training
can empower communities. Teaching value addition —through product creation, branding, packaging, and
marketing—enhances income and sustainability. Successful value addition requires access to training,
resources, market linkages, and an environment that supports innovation and entrepreneurship. Cultural
authenticity and sustainable practices are also crucial. An author [8] noted that marketing is a major
challenge for value-added products. Poor farmers often lack the knowledge to market their products
effectively, leading them to sell raw materials at low prices. Training in branding, quality assessment,
retailing, and sustainable production is essential to improve profitability and market competitiveness.
Barangay Marupangdan and Barangay Astorga are two coastal communities situated in the municipality of
Daram, Samar, Philippines. As of the 2020 Census, Marupangdan had a population of 573 individuals,
comprising approximately 1.38% of Daram’s total population, while Astorga had a population of 1,849,
representing about 4.44% of the municipality’s populace [9]. Both barangays are located at low elevations—
Marupangdan at 16.1 meters and Astorga at 12 meters above sea level —making them naturally suited for
agri-fishery activities. The main sources of livelihood in these communities include farming and small-scale
fishing, which are typical economic activities across the municipality of Daram. However, these sectors face
numerous challenges, particularly the degradation of marine resources due to overfishing and illegal
practices, which threaten the long-term viability of fishing as a livelihood [4].

Poverty remains a persistent issue in the area. In 2003, Daram registered a poverty incidence of
77.96%, which gradually declined to 38.80% by 2021. Despite this improvement, poverty levels in the
municipality continue to exceed the national average, indicating that a significant proportion of residents in
Marupangdan and Astorga still experience economic hardship (10]. In response, various development
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interventions have been implemented to improve the quality of life in these barangays. Programs like the
“SAVE-FAITH” initiative have promoted transformative governance, sustainable agriculture and fishery
practices, and better access to health, nutrition, and livelihood opportunities [4]. These efforts aim to
empower local communities by building their capacity for value addition, entrepreneurship, and sustainable
resource management. This research contributes to agricultural development by promoting the use of
technologies like the “three sisters” intercropping system. The goal is to help communities transition from
poverty to productivity by establishing viable agribusinesses.

Agri-fishery practices play a vital role in achieving community sustainability. They help maintain
environmental balance, ensure food security, create jobs, and generate income. This can improve living
standards and contribute significantly to poverty reduction. To conduct a value chain analysis of the agri-
science sector to assess and optimize the journey of products from production to market through stakeholder
collaboration and value chain mapping. To identify bottlenecks and opportunities for value addition and
commercialization within the agri-fishery value chain, thereby providing comprehensive insights into the
agri-fishery ecosystem.

2. Materials and Methods

2.1 Research Design

This study employed a qualitative-descriptive research design, specifically utilizing Value Chain
Analysis (VCA) and Focus Group Discussions (FGDs) to explore the agri-fishery production, processing, and
marketing practices of local communities. This design enabled a comprehensive understanding of the value
chain and the identification of gaps and opportunities for value addition and commercialization. It was
particularly suited for contextualizing local knowledge, practices, and perspectives in agricultural
development [11]. This is a qualitative study with descriptive elements; no statistical tests were performed.
Quantitative estimates provided are illustrative and not inferential. This study utilized Porter’s Value Chain
Analysis (1985) to examine the sequence of value-adding activities in the local agri-fishery enterprises of
Barangay Astorga (galunggong fish balls). The framework guided the identification of both primary
activities (inbound logistics, operations, outbound logistics, marketing and sales, and service) and support
activities (infrastructure, human resources, technology, and procurement). Data gathered from interviews,
focus group discussions, and field observations were categorized according to these value chain
components. The analysis focused on: Identifying gaps and inefficiencies in each stage of the chain, Mapping
cost and profit contributions, and Assessing the institutional and technical support available to producers.

2.2 Participants and Sampling Technique

The participants consisted of members from the Farmers Association and Women’s Association in
Barangay Marupangdan and Barangay Astorga in Daram. A purposive sampling technique was employed
to select individuals actively involved in agricultural and fishery activities. 30 participants, including
farmers, fisherfolk, and women, were selected based on their involvement in farming and small-scale
fishing. Selection was also guided by their availability and willingness to participate in the FGDs. A total of
30 participants were selected to ensure diversity across livelihood sectors (farming, fishing, and processing)
and gender representation. This size allowed for in-depth discussions while maintaining manageability
during FGDs.

Table 1. Demographic Profile

Variable Frequency Percentage
Gender (Male/Female) 14/16 47% / 53%
Age Range 25-60 years —
. Farmers (18), Fisherfolk (7), Women Entrepreneurs
Occupation ®) —

Barangay Marupangdan (15), Astorga (15) —
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2.3 Research Instrument

The primary research instruments were semi-structured FGD guides and value chain mapping tools.
The FGD guide included open-ended questions focused on current agricultural practices, challenges in
production and marketing, and opportunities for value addition. The value chain mapping tool helped
identify key stages in the agri-fishery value chain and determine bottlenecks and inefficiencies across the system.

2.4 Data Gathering Procedure

The research team first sought permission and support from the Local Government Unit (LGU) of
Daram, followed by coordination with community associations. An initial orientation was conducted to
explain the purpose and scope of the study. Two FGDs were conducted: the first focused on identifying
current practices and challenges, and the second on exploring strategies for value addition and marketing.
All sessions were facilitated by trained moderators and documented through note-taking and audio
recordings (with consent).

2.5 Data Analysis Procedure

Data collected from FGDs were transcribed and subjected to thematic analysis, identifying recurring
themes, issues, and insights. Concurrently, Value Chain Analysis was conducted by mapping the stages
from production to market, highlighting areas for improvement, and recommending potential interventions.
Findings were cross-referenced with existing literature and used to inform the next phase of project
implementation.

2.6 Data Validation
To ensure credibility, triangulation was achieved through multiple FGDs and cross-validation with
LGU records. Member checking was conducted by sharing summaries of findings with participants for verification.

2.7 Ethical Considerations

The study adhered to ethical research standards from Samar State University, namely the
Institutional Human Research Ethics Committee (IHREC). Informed consent was obtained from all
participants, who were assured of the confidentiality and anonymity of their responses. Participation was
voluntary, and participants were informed of their right to withdraw at any point without consequence. The
research team also ensured that no physical or psychological harm was posed to participants throughout the
process. Ethical clearance was sought from the appropriate institutional review board before data collection.

3.Results and Discussion
3.1 Value Chain Framework of Barangay Marupangdan, Daram, Samar

3.1.1 Community Production and Marketing Practices

Figure 1 presents the current value chain analysis of the existing agri-fishery resources in Barangay
Marupangdan, Daram, Samar. Based on data gathered from community participants, several key
characteristics and gaps were identified throughout the value chain. There is an absence of value-adding
activities that could enhance the productivity and marketability of raw products. The community currently
does not use any agri-fishery technology during production and lacks fabricated tools for post-harvest
processing or value addition. Although a potential Post-Harvest and Processing Facility (PHPF) exists, it
remains non-functional and requires substantial repair. Marketing of agricultural and fishery produce is
limited to nearby localities such as Catbalogan and selected municipalities, restricting profitability.
Transportation costs are high, limiting return on investment. Furthermore, participants reported no
Information, Education, and Communication (IEC) activities from government agencies to enhance local
capacity. Surplus harvests often go to waste due to a lack of market access, though some overripe produce is
recycled into organic fertilizer.
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Figure 1. Value Chain Framework of Barangay Marupangdan

3.1.2 Implications for Value Chain Efficiency

The lack of value-adding activities and market linkages reflects inefficiency across the value chain.
As supported by prior studies [12], value addition and the integration of technology can significantly
improve income stability and market competitiveness. The limited use of ICT and logistics support
constrains producers’ access to broader markets, while the absence of pre-harvest contractors weakens
production continuity. A comparison with Barangay Astorga reveals the potential benefits of community-led
processing and digital marketing. Their success illustrates that integrating value-added strategies within
Marupangdan can improve profitability and reduce post-harvest losses.

3.2 Value Chain Analysis for Galunggong in Barangay Astorga
3.2.1 Results: Application of Porter’s Value Chain Analysis

Figure 2 illustrates the value chain analysis for Galunggong (Round Scad) Fish Balls using Porter’s
framework. The analysis evaluates both primary activities (inbound logistics, operations, marketing, sales,
and service) and support activities (infrastructure, technology, and human resource management). In
Barangay Astorga, galunggong is converted into fish balls, increasing total product value from £100.00 to
P250.00 per kilo. Table 2 presents the cost-benefit analysis, excluding labor costs, which are governed by
member participation stipulations. These figures highlight the profitability potential of value-added
processing. However, without technological support, product standardization, and reliable logistics,
sustainability remains uncertain. Support activities, such as infrastructure and technology, are critical gaps
in both barangays. Porter’s framework underscores that improving these areas would enhance efficiency,
quality, and market access. Astorga’s adoption of community-led processing demonstrates how local value
chains can evolve toward self-sustaining enterprises. Replicating these practices in Marupangdan, alongside
institutional support (DTL, LGU, and DA), can bridge the gap between production and profitability.

Table 2. Simplified Cost-Benefit Analysis

Raw
. Processing Packaging Transport Selling Value
Product Material Cost Cost Cost Total Cost Price/kg Added
Cost
Galunggong
£100. £50. £20. £30. £200. £250. P150.
(GG) Fish Balls 100.00 50.00 20.00 30.00 200.00 250.00 150.00

Note: Value added refers to the difference between the selling price and the raw material cost, reflecting the
economic value created through processing rather than net profit. Labor costs are excluded in accordance
with association-based participation stipulations.
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Figure 2. Value Chain Framework of Barangay Astorga

3.3 Community Human Resource Management

In Barangay Marupangdan, the Barangay Farmers Association is the only formally registered
organization. The Women’s Association is pending DOLE registration. Farming and fishing are primarily
male-led, though women contribute significantly when available. The Farmers Association president
oversees logistics and marketing. Meanwhile, Astorga’s registered association engages in value-added
processing supported by DTI and the LGU. The organizational gap between the two barangays indicates
differing stages of institutional readiness. Astorga’s formalization and external support networks have
enabled sustained production. Marupangdan’s informal structures, while participatory, require technical
and administrative strengthening to access similar benefits. Strengthening women’s involvement in
processing could enhance social inclusion and community capacity.

3.4 Agri-Fishery Production Management

Barangay Marupangdan produces squash, corn, and bottle gourd, with squash sold at P20/kg and
bottle gourd at P15/kg. Transport cost per sack (P50) and lack of proper packaging limit profits. Marine
resources include hawol-hawol (Bali sardine) and galunggong, with seasonal surpluses leading to waste.
Farmers have requested training on organic hybrid seeds and post-harvest processing. These findings
highlight inefficiencies caused by logistical constraints and a lack of value-adding practices. As noted in
related literature [15], rural communities benefit economically when post-harvest losses are minimized and
value-addition is introduced. Improved infrastructure and access to hybrid seeds can enhance productivity
and resilience.

3.5 Agri-Fishery Technology

Farmers and fishers lack access to mechanized tools, ICT applications, or post-harvest equipment.
Production remains manual, relying on traditional techniques. Neighboring Astorga has acquired equipment and
packaging tools from DTI and LGU Daram. Technology adoption is essential for production efficiency and
quality assurance. Consistent with [16], limited awareness and cost barriers hinder technology use. Investment in
training and machinery is a prerequisite for modernizing the agri-fishery systems in Marupangdan.
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3.6 Value-Added Agri-Fishery Food Production and Processing

Marupangdan has not yet implemented structured value-adding activities. Astorga, however, has
established production of Galunggong Fish Balls, sold at P50 per 200-gram pack, respectively. The contrast
between the two barangays shows the transformative effect of training and capital support. Processed
products typically yield greater profit margins compared to raw materials, supporting the strategic
transition toward value-added forms of entrepreneurship.

Similar findings were reported by Mustacisa, who demonstrated that participatory, science-based
interventions in root crop production significantly improved yields and enhanced value creation at the
community level, reinforcing the role of localized innovation in strengthening agri-fishery value chains [19].

3.7 Product Advertisement and Marketing

Barangay Marupangdan lacks formal marketing initiatives. No advertisement or government
support currently exists. Astorga, by contrast, benefits from DTI and LGU-led promotion during trade fairs
and social media campaigns. Effective marketing and communication are essential for sustaining agri-fishery
enterprises [17,18]. Establishing digital presence, market linkages, and promotional materials can empower
local producers to access wider markets and stabilize income. This study was limited to two barangays in
Daram, Samar; thus, findings may not represent all coastal communities in the region. The cost analysis
excluded labor and indirect expenses. Future research should include longitudinal data and broader
geographic coverage.

4. Conclusions

This study revealed the critical gaps and opportunities in the agri-fishery value chain of Barangay
Marupangdan and Barangay Astorga, highlighting the communities’ strong reliance on farming and fishing
as primary livelihoods. Despite the abundance of natural resources and initial steps toward value-added
production—such galunggong fish balls—there remains limited access to agri-fishery technologies, post-
harvest facilities, and effective marketing strategies. Value chain analysis showed that most agricultural and
fishery products are sold as raw goods, significantly limiting income potential for local producers. The lack
of processing centers, packaging technology, and entrepreneurial skills further constrains these communities
from fully capitalizing on value addition. However, the research also uncovered a high level of community
interest and willingness to adopt innovative practices, particularly among women and local associations.
The findings underscore the need for targeted interventions such as technology provision, skills training,
product development support, and improved market linkages. Strengthening institutional support from
LGUs, DTI, DA, Bureau of Fisheries and Aquatic Resources (BFAR), and other stakeholders is crucial to
building sustainable agrifishery enterprises. The development of inclusive and localized value chain
strategies can help transform subsistence farming and fishing into viable economic activities. This shift has
the potential to improve food security, generate income, and contribute to poverty reduction in rural coastal
communities
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Abstract: Ozone is a sustainable oxidant with applications in water treatment,
air purification, and food sterilisation. Dielectric barrier discharge (DBD)
reactors are attractive for ozone generation because of their simplicity and
scalability. Performance depends on both plasma processes and power supply
characteristics. This research examined single-, two-, and three-cell dielectric
tubes DBD reactor operated under varying voltages and frequencies to assess
ozone yield and energy efficiency. FTIR spectroscopy confirmed ozone as the
main product and enabled extended quantification beyond portable ozone
detector saturation through calibration with detector readings (R? = 0.9997).
Reactor scaling-up enhanced ozone generation, with the three-cell reactor
achieving 11946 ppm and 17.25 g/h at 40 kVppand 100 Hz, for discharge voltage
and frequency, respectively. However, ozone concentrations from the two- and
three-cell reactors were nearly identical across the SEI (Specific Energy Input)
range due to high-voltage power supply (HVPS) limitations rather than reactor
design. Efficiency analysis revealed two perspectives, based on discharge
power, the ozone production efficiency (OPE) peaked at 396 g/kWh in a two-cell
configuration at low SEI but declined at higher SEI owing to non-productive
energy losses. Conversely, the overall ozone production efficiency (OOPE),
referenced to system input power, increased with SOEI (specific overall energy
input), with the two-cell reactor outperforming (16.0-22.3 g/kWh). These
findings highlight the combined influence of plasma on ozone generation,
offering guidance for scaling DBD reactors in industrial applications.

Keywords: Ozone generation; nonthermal plasma; dielectric barrier discharge;
FTIR spectroscopy; ozone production efficiency

1. Introduction

Ozone (O;) is a colourless gas consisting of three oxygen atoms and
characterised by a sharp, irritating odour [1]. Its physical and chemical properties
are summarised in Table 1. Ozone is regarded as a strong oxidising agent [2],
possessing an oxidation potential of 2.07 V [3] and exhibiting significantly lower
stability than ambient oxygen, decomposing rapidly to oxygen in both air and
water [4].
combined with high oxidising potential, makes ozone particularly advantageous
for applications. In the food industry, it is used to inactivate microorganisms [5]
and extend product shelf life [6], including vegetables, fruits [7], meat, and grain
products [6]. As well as in drinking water treatment, ozone removes taste and

This rapid decomposition, which leaves no harmful residues,
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odour compounds (for example, geosmin and 2-methylisoborneol (MIB) by combining direct oxidation with
ozone and indirect oxidation by hydroxyl (OH) radicals [8]. Ozone is also employed to enhance air quality
through the removal of volatile organic compounds (VOCs), which pose direct risks to the eyes and the
respiratory system [9].

Table 1. Physical and chemical properties of ozone.

Property Value Ref
Molecular weight (g/mol) 48 [1, 10]
Gaseous density (kg/m?) @ 0 °C and 1 atm 2.1415 [11]
Solid density @ -195.75 °C (kg/m?) 1728 [1]
Melting point (°C) -1925+£0.4 [1,11, 12]
Boiling point (°C) -111.9+0.3 [1,11,12]
Half-life in air (min) 20 -1524 [1]
Half-life in water (min) 10 -80 [1]
Dielectric constant at -183 °C 4.74 [1, 11]

A range of techniques has been developed for the generation of ozone, including vacuum ultraviolet
(VUV) [13], electron-beam processes [14], water electrolysis [15], and electrical discharge plasmas such as
Corona Discharge [16] and Dielectric Barrier Discharge (DBD) [17]. Among these, electrical discharge plasma
remains the only practical approach capable of producing the quantities of ozone required for large-scale
applications [18].

DBD is widely recognised as a non-thermal plasma (NTP) technique for ozone generation, an
important oxidising agent with diverse industrial applications [19]. In this method, a high voltage AC
(Alternating current) or pulsed DC (Direct current) is applied across a gas restricted between two electrodes
separated by a dielectric barrier [20]. The resulting discharge produces reactive oxygen species (e.g., O), which
subsequently interact with molecular oxygen to form ozone. DBD offers diverse advantages compared to other
reactor types, including high efficiency, relatively low operating cost, and straightforward scalability, making
it a desirable reactor design for ozone generation. Consequently, many researchers have investigated methods
and operating strategies to produce high concentrations of ozone with low energy consumption to achieve
greater efficiency. Xie Linjie et al. [21] studied the use of a coaxial DBD reactor with water as both the high-
voltage and ground electrodes. The water electrodes effectively controlled the gas temperature, keeping the
rotational temperature near ambient (305-308 K), which favoured ozone synthesis. As a result, the reactor
achieved high ozone generation efficiency and stable long-term performance (6000 ppm ozone, which was
maintained for 400 min). Sun Shukai et al. [22] developed a needle—plate DBD ozone generator with a magnetic
field and showed that the field increased discharge power up to 23.9% and ozone concentration up to 35.4%.
The findings suggested that magnetic fields enhanced ozone generation but did not improve the efficiency in
this reactor design. Most studies emphasized the ozone production mechanisms at the laboratory scale, while
fewer works focus on the effect of increased parallel DBD cell of a scale-up system.

The objective of this research is to investigate ozone generation in non-thermal plasma dielectric
barrier discharge (NTP-DBD) reactors with different levels of DBD cell scaling, represented by single, two,
and three-cell configurations. In this design, each “cell” corresponds to one dielectric tube discharge unit, and
increasing the number of cells increases the effective discharge volume and surface area available for plasma
reactions. To extend the high ozone concentration measure range, the study focused on quantifying ozone
formation and byproducts using FTIR spectroscopy calibrated with an electrochemical-based ozone analyser.
Moreover, evaluating the effects of applied voltage, frequency, and reactor scaling on ozone concentration and
production rate, and assessing energy efficiency through both discharge-based ozone production efficiency
(OPE) and system-based overall ozone production efficiency (OOPE). In addition, the work aimed to provide
insights that support the optimisation and scale-up of multi-cell DBD reactors for practical environmental and
industrial applications.
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2. Materials and Methods

This research investigated how the number of reactor cells affects the electrical characteristics, ozone
concentration, and ozone production efficiency in a DBD-NTP system. To evaluate the effect of system scaling,
the reactor was operated in three configurations comprising one, two, and three cells, respectively, while the
experimental arrangement for ozone generation is illustrated in Figure 1. The reactor was constructed from
stainless steel and incorporates three borosilicate glass tubes as a dielectric barrier, each with an outer diameter
of 63 mm, a glass tube thickness of 2 mm, and a length of 50 cm, which resulted in a discharge gap of 1.15 mm.
The capacitance of the DBD reactors was measured by a Hioki LCR impedance analyser (model IM 3570). The
measured values were 392.6 pF, 839.1 pF, and 1140.2 pF for the one, two, and three cells, respectively. The
square-wave signal was generated using a digital storage oscilloscope (DSO) (KEYSIGHT, model DSOX1204G)
and subsequently amplified using a high-voltage power supply (HVPS) (Trek 20/20C-HS) to generate plasma
discharge. The discharge voltage was adjusted to 24, 30, and 40 kVyp at frequencies of 50 Hz and 100 Hz. The
electrical signals' instantaneous voltage and current were continuously monitored with the DSO to
characterise the discharge behaviour. Additionally, the power consumption of the HVPS was also captured
via a power meter. The feed gas consisted of air and oxygen, where the oxygen was supplied by an oxygen
concentrator (purity is 93 %Vol.£3). Before entering the reactor, the gases were cooled and dehumidified to
improve the stability of the discharge and enhance ozone generation efficiency [23, 24]. This step was
particularly important, as water vapour can promote the formation of undesirable nitrogen oxides (NOx)
through the generation of OH radicals originating from water molecules [25].

Oxygen concentrator HVPS Oscilloscope
Power meter

HV —
LA
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1
i i » Vent
I
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Gas cooler - v
& dryer | |
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compressor 3 N FTIR
1 ‘ I Ozone
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| ]
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Water
reservoir

»| Pump

Figure 1. The schematic diagram of multi-cell DBD-NTP ozone generation.

The gas flow was controlled at 12 LPM with a flow meter (SMC, model: PF2A750 — F02 - 27) before
entering the reactor. Moreover, the operating temperature of the reactor was regulated by a water-cooling
system to prevent overheating of the reactor. This cooling system comprised a water reservoir and a pump,
which circulated cooling water around the outer electrodes of the reactor.

UV absorption spectroscopy at 254 nm, based on the Beer-Lambert law, is a common approach [26]
for ozone concentration measurement, though it can be affected by cross-interference, saturation at high
concentrations, and sensitivity to temperature, pressure, and optical losses. Electrochemical sensing provides
a simpler alternative by generating an electrical signal from ozone’s reaction with an electrolyte [27], but this
method is limited by electrolyte degradation and a restricted detection range. In this research, ozone
concentration was initially monitored using an ozone analyser (SKZ, model: 1050-Os). Due to the analyser’s
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measurement limit of 5000 ppm, a Fourier Transform Infrared Spectroscopy (FTIR) instrument (Bruker
INVENIO R) was employed for higher concentrations. A calibration curve was established by plotting
analyser readings against the integrated absorbance of ozone obtained from FTIR spectra, followed by linear
regression to derive the calibration equation. This calibration enabled reliable quantification of ozone beyond
the analyser’s detection limit, allowing accurate measurement under varying operating conditions and reactor
configurations. The ozone production efficiency (OPE, g/kWh), defined in Eq. (1), represents the efficiency of
ozone generation based on the discharge power. The overall ozone production efficiency (OOPE, g/kWh),
given in Eq. (2), accounts for the proportion of ozone generated relative to the total input energy, including
the contribution from the HVPS.

OPR
OPE = x 1000 1)
D
_ OPR
00PE = ——>x 1000 @)

Where OPR is the ozone production rate (g/h), which describes how much ozone is produced per unit time
and can be calculated using Eq. (3). Pp is the discharge power (W) calculated from Eq. (4) [28]. Pm (W)
represents the total power consumed by the HVPS as measured directly with a power meter.

OPR = Cp, X Q@ x 60 (3)
Where Cy, is ozone concentration (g/L), and Q is the gas flow rate (LPM)
T
Py=f xf I(t) x V(t)dt (4)
0

Which I(t) and V(t) are the current and voltage signals, respectively. f is the frequency (Hz) and T is the period
of discharge.

The Lissajous diagram of the DBD ozone generator requires both the reactor voltage and the
corresponding charge. In the conventional approach, a measurement capacitor is connected in series with the
reactor, and the charge (Q) is determined from the voltage across this capacitor multiplied by its capacitance.
However, the addition of a measurement capacitor can increase the overall capacitance of the reactor, thereby
altering its electrical characteristics. To avoid this effect, a virtual measurement capacitor was introduced, and
the charge was reconstructed by integrating the measured discharge current. As the oscilloscope provides
discrete data points, numerical integration was applied, and the accumulated charge is expressed as eq. (5) [29].

N
QW = ) 1(t) At ©)
i=1

Where I (ti) is the discharge current at time (ti), At is the data sampling interval, and N is the number of samples.
The energy consumption and the formation of reactive species in the discharge process were directly

related to the specific energy input (SEI, J/L), which was calculated as shown in Eq. 6 [30]. Furthermore, the

total energy supplied by the HVPS, expressed as the specific overall energy input (SOEL J/L), is defined in Eq. (7).

Pp
SEI = e 60 (6)

Pn

50E1=6X60 7)
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3. Results and Discussion

3.1 Electrical behaviours
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Figure 2. Discharge voltage and discharge current waveform.

Figure 2 demonstrates the discharge voltage and discharge current waveform of one, two, and three
DBD cells when applying a discharge voltage at 40kVpp 100 Hz. The discharge voltage waveform indicated a
difference when increasing the number of DBD cells. For the single-cell configuration, the discharge voltage
shows a slightly skewed square wave as the result of the limited slew rate of the HVPS (800 V/pus) and the
substantial capacitance of the DBD reactor. On the other hand, the 2 and 3-cell configuration indicated a
significantly lower gradient of voltage waveform during both positive and negative phases. This phenomenon
is due mainly to the capacitive load characteristic of the DBD reactor, whose capacitance of the reactor
increased with the number of DBD (borosilicate glass) and affected the charge and discharge characteristics.
In the case of the configuration with three DBD cells, the maximum voltage attained was lower than that
observed with one or two DBD cells. This discrepancy is attributed to insufficient time for complete reactor
charging, which consequently led to a reduction in discharge power. A detailed analysis of this effect will be
presented in a subsequent section. The current waveform was steep and narrow in the single-cell case, whereas
the two- and three-cell configurations exhibit broader waveforms with peak amplitudes half as high. The peak
current reaches approximately 60 mA, which was the peak current limited (clipped) by the HVPS. Moreover,
the current waveforms show a more leading phase characteristic as the number of cells increases. The ability
of the HVPS to deliver high voltage is constrained by its slew rate, which for the Trek 20/20C-HS is limited to
800 V/us, which means it requires at least 50 ps to drive the output stage to 40kV. The high capacitance of our
proposed DBD reactor imposed a significant capacitive load, preventing the HVPS from supplying current
rapidly enough to effectively charge it in a finite period.

The dielectric properties of the DBD reactors were further evaluated using Lissajous diagrams, which
provided insight into the capacitive behaviour of the multi-cell DBD. As shown in Figure 3, the slope of the
charge-voltage (Q-V) curve, corresponding to dQ/dV [31], indicated the dielectric capacitance of the reactor.
Linear fitting of each curve revealed capacitance values of 471.1 pF, 998.39 pF, and 1219.2 pF for the one, two,
and three cell configurations, respectively. These values increased proportionally with the number of cells and
indicated good agreement with the measurement values obtained from the LCR meter. In addition, the
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enclosed area of each Lissajous parallelogram represents the energy dissipated per cycle of discharge. It is
evident that the area becomes larger with the addition of more cells, reflecting higher discharge power and
increased energy deposition into the plasma
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60000 7
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20000
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-30
-20000
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-80000
Discharge voltage (kV,,,)

Figure 3. Lissajous diagram of multi-cell DBD at 40kVpp and 100 Hz.

3.2 Ozone formation and quantification
Ozone is produced from oxygen dissociation mechanisms (R1) and (R2), followed by three-body
recombination to ozone (R3) [32].

e+0,>e+0°P+0°P (R1)
e+0,->e+03%*P+0"'D (R2)
0+0,+M-0;+M (R3)

Which M is the third body that removes excess energy, e.g., O, Oz, or N2.

Figure 4 presents the FTIR spectra obtained during ozone generation with a three-cell DBD
configuration operated at different applied voltages (24, 30, and 40 kVypp) at a fixed frequency of 100 Hz and
utilising air+O2 at 12 LPM. The spectra revealed the main gaseous products formed in the discharge
corresponding to the ozone band. Besides, minimising other absorption is byproduct NOx species from
nitrogen in air, such as nitrous oxide (N20), dinitrogen pentoxide (N20s), and carbon dioxide (COz2). The
absorption bands for these gases are summarised in Table 2. At 24 kVyp, the ozone absorbance was relatively
weak, indicating limited generation efficiency at lower discharge power. Increasing the voltage to 30 kVpp
resulted in a significant rise in the absorbance, and at 40 kVypp, the ozone peak became dominant. This
confirmed the strong dependence of ozone formation on the discharge intensity. This trend was consistent
with higher applied voltages enhancing the electron energy distribution, thereby promoting more effective
oxygen dissociation and subsequent ozone formation.

Table 2. Reference infrared absorption bands of ozone and related species.

Species Band/cm! Ref
Os 1050, 2100 [33]
N0 1300, 2211, 2237
N20s 1247,1720 [34]

CO2 2360, 2340
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Figure 4. FTIR spectra of ozone generation at 3 cells configuration.

The NOx species originated from N2 in the air feed, with pathways such as N20 formed via (R4) — (R5) and
N20s formed via (R6) — (R9) [34].

Nj +0, > N0 + 0 (R4)
NO, + Ny > N,O + 0 (R5)
N +0, - NO+0 (R6)
N02+03—)N03+02 (R8)
NO, + NO3 + M — N,Os (R9)
2500
y =615.17x-63.923 .
2000 = R2 = 09997 '
£ 1500 | -
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o =)
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0 I I I I
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Figure 5. Calibration curve for ozone concentration.
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The ozone analyser (SKZ1050) alone was unable to measure concentrations exceeding 5000 ppm-vol. FTIR
spectroscopy was calibrated with the ozone analyser to extend quantification beyond this range. The
calibration curve was established by correlating the ozone analyser readings with the integrated area under
the ozone absorption curve obtained from FTIR spectra. As illustrated in Figure 5, this calibration produced a
strong linear relationship, expressed as y = 615.17x — 63.923 with a coefficient of determination (R?) of 0.9997.
During the experiments, the discharge power of the reactor was incrementally adjusted, and data from both
the ozone analyser and FTIR were collected simultaneously. The data's linearity confirms this approach'’s
reliability, demonstrating that FTIR can be utilised to accurately quantify ozone concentrations once the ozone
analyser’s detection range exceeds the measurement range of SKZ1050.
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Figure 6. Compares the ozone concentrations produced for one, two, and three cells.

Figure 6 demonstrates the comparison of the ozone concentrations produced under four different
operating conditions (24—40 kVpp at 50-100 Hz) for one, two, and three cell configurations. The results
demonstrated that ozone concentrations increased with the number of cells. Increasing the number of cells
from one to three significantly enhanced ozone generation across all condition voltages and frequencies. This
can be explained by the fact that the larger effective discharge volume and surface area are provided by
increasing the dielectric tubes, which promoted a greater number of micro discharges per cycle. As a result, a
larger fraction of the input energy was converted into plasma reactions, leading to higher ozone
concentrations. In addition, at 24 kVpp and 50 Hz, the ozone concentrations were approximately 1100 ppm,
3100 ppm, and 3500 ppm for one, two, and three cell configurations, respectively. When the frequency was
increased to 100 Hz while maintaining the same voltage (24 kVypp), ozone production increased, reaching
approximately 2200 ppm, 5150 ppm, and 6700 ppm for one, two, and three cells, respectively. A similar
increasing trend was observed at higher discharge voltages. At both 30 kVyp (50 Hz) and 40 kVpp (100 Hz),
ozone production rose further across all cell configurations, demonstrating that both applied voltage and
operating frequency have a significant effect on ozone generation [7]. The highest ozone concentration was
obtained at 40 kVpp, 100 Hz in the three-cell configuration, highlighting the combined benefit of higher voltage,
higher frequency, and reactor scaling.

Figure 7(a). reveals the variation in the concentration of ozone with SEIL. The ozone concentration rose
linearly with SEI in all reactor configurations. The three-cell setup produced the highest concentration,
reaching 11946 ppm-vol at 627 J/L, while the single cell configuration only generated ozone below 6000 ppm
compared to the same conditions. However, the concentrations obtained with the two- and three-cell reactors
were nearly identical within the same SEI range. This similarity was attributed to the HVPS's inability to
provide enough power to fully charge the three-cell setup, caused by the high reactor’s capacitance. Figure
7(b). showed a similar trend, with the ozone production rate increasing gradually with SEL. The three-cell
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setup achieved a maximum production rate of 17.25 g/h. This demonstrated how increasing the number of
discharge cells increased not only the effective discharge volume but also enhanced the ozone generation.
Contrasting with the linear increase in ozone concentration, the ozone production efficiency decreased with
increasing SEI, as shown in Figure 7(c). At low SEI below 100 J/L, the three-cell reactor achieved approximately
305 g/kWh. At higher SEI (340 - 630 J/L), OPE dropped significantly and remained around 140 g/kWh for all
configurations. This was caused by an increasing amount of input energy to the reactor, dissipated as heat and
other non-productive processes at higher discharge powers. Although the multi-cell systems maintain
improving on the single-cell configuration, the relative advantage is reduced at high SEI. A different trend
showed when the overall ozone production efficiency (g/kWh) was calculated based on the system input
power shown in Figure 7(d). During the SOEI range, the two-cell reactor consistently produced the highest
OOPE (16.0—22.3 g/kWh), followed by the three-cell reactor (14.6—22.6 g/kWh) and the single-cell reactor
(6.6—13.9 g/kWh). This behaviour indicated the correlation between wall-plug efficiency and HVPS operating
conditions. At low input power, the supply exhibited lower conversion efficiency and power factor. As SOEI
increased, relative electrical losses decreased, and apparent efficiency improved. The three-cell's slightly lower
OOPE when compared to two cells was due to the significantly greater capacitive load, which utilised the
HVPS over its current/slew-rate limits (as indicated by broadened current pulses and softened voltage slopes),
introducing additional supply losses and preventing full utilisation of the extra discharge capacity. OOPE
provides a realistic measure of the energy cost of ozone generation from the end-user’s perspective, while OPE
(discharge-based) only reflects the intrinsic plasma efficiency of the reactor.
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Figure 7. The Ozone production as a function of specific energy input, expressed in terms of (a) concentration
(ppm), (b) ozone production rate (g/h), (c) ozone production efficiency based on discharge power
(g/kwh), and (d) overall ozone production efficiency based on HVPS power (g/kwh).

The limits of the HVPS under various capacitive loads are presented in Figure 8, where each curve
corresponds to a different load's capacitance. The shaded area indicated the discharge voltage and frequency
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window utilised in this research, thereby additionally ensuring that all experimental operating points were
located within stable supply conditions. The one-cell (471 pF), two-cell (998 pF), and three-cell (1219 pF)
reactors' capacitances were all found in this region, demonstrating that the HVPS could drive each
configuration at the given frequencies. Increasing the number of cells expanded the discharge volume and
raised the energy input. However, this did not transfer into an improvement in ozone concentration, OPR, or
OPE. In contrast, when efficiency is assessed from the perspective of the actual power drawn from the wall
socket, the OOPE improved consistently with each additional cell.
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Figure 8. Operational frequency range of HVPS under different capacitive loads and DBD Cell Configurations
(Adapted from Advanced Energy).

4. Conclusions

This research has demonstrated that scaling DBD reactors from one to three cells significantly
enhances ozone generation by increasing the effective discharge volume and effective surface area. However,
the merits of increasing reactor capacity were limited by the output capacity of the HVPS. The observed
reduction of discharge voltage slope was restricted by the slew rate of the HVPS, while the broadened current
pulses resulted from the current clipping function of the HVPS. Energy efficiency analysis revealed two
complementary perspectives. OPE, referenced to discharge power, was highest at low SEI. On the other hand,
OOPE, which accounts for HVPS performance, provided a more realistic measure of system efficiency and
real ozone production cost. In this respect, the two-cell reactor achieved the most favourable balance between
ozone yield and power utilisation, while the three-cell configuration was restricted by the limitations of the
HVPS. In summary, ozone generation efficiency in DBD reactors was governed by both plasma processes and
HVPS performance. While reactor scaling enhances ozone yield, system-level efficiency was maximised when
the power supply could operate efficiently under the corresponding electrical load. These findings provided
valuable guidance for developing energy-efficient ozone generators for practical applications in water
treatment, air purification, and food sterilisation. Future work should focus on applying multi-cell DBD
reactors in practical fields such as water and wastewater treatment, air purification, and food sterilisation,
where high ozone yields are required. The results also provide valuable guidance for engineers who wish to
scale up ozone generators for industrial applications, enabling more sustainable and energy-efficient processes.
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Abstract: This study demonstrates the development and application of an eco-
friendly Nile tilapia (Oreochromis niloticus) feed formulation incorporating
chitosan extracted from white shrimp shells. The extraction process yielded
purified chitosan through ultrasonic deproteinization, acid demineralization,
and alkaline deacetylation, confirmed by FTIR spectrophotometry. Three
experimental feed formulations containing varying chitosan levels (10%, 15%,
and 20%) were prepared and evaluated through proximate analysis. Formula 2
(15% chitosan) was identified as optimal, meeting standard nutritional
requirements for aquafeeds while maximizing protein content and minimizing
ash levels. A 14-week growth trial using the optimal feed showed that tilapia
exhibited healthy growth performance, with an average weight of 14.90 g, length
of 10.05 cm, and a survival rate of 77.50%. Water quality parameters remained
within acceptable ranges, confirming the environmental compatibility of the
feed. These results align with previous findings that chitosan supplementation
enhances feed conversion and growth in aquaculture species. This work
underscores the value of converting shrimp shell waste into a functional feed
additive, offering a sustainable solution for improving aquafeed quality and
promoting circular economy practices in aquaculture. By integrating waste
valorization and local feed production, this research contributes to safer, more
sustainable fish farming while reducing reliance on chemical additives. The
approach supports both environmental stewardship and community livelihood
development in regions where aquaculture is an essential economic sector.

Keywords: Tilapia; chitosan; white shrimp; pellet feed

1. Introduction

Animal feed plays a vital role in supporting livestock health, growth,
reproduction, and milk production. Typically sourced from plant and animal
materials, these feeds provide varying nutritional profiles. In recent years,
chemical additives have been widely incorporated into feed formulations to
boost productivity. However, prolonged use of such additives can lead to
harmful residues in animal products, posing significant risks to consumers. This
has led to increased interest in natural, environmentally friendly alternatives
that promote both animal health and consumer safety. One promising approach
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involves utilizing naturally derived compounds to enhance feed efficiency and overall productivity. For
example, the outer shells and heads of crustaceans, particularly shrimp, are commonly ground and added to
animal feed. Beyond their nutritional value, shrimp shells offer greater potential due to their rich content of
chitin and chitosan, two biopolymers with diverse functional applications. Chitin is a fibrous, structural
carbohydrate structurally similar to cellulose, but distinguished by the presence of a nitrogen-containing
acetylamino group (-NHCOCH:;) at the C-2 position of the glucose monomer, which gives it distinctive
reactivity. The chemical formula of its monomer is CsHi3NOs. Chitosan, derived from chitin via alkaline
deacetylation, is a copolymer consisting of anhydro-N-acetyl-D-glucosamine and anhydro-D-glucosamine
(commonly known as glucosamine, CsH11NOy). This process modifies the structure of chitin, especially the
nitrogen-based functional groups. While chitosan is insoluble in water, it dissolves readily in organic acids. Its
solutions are viscous, transparent, and exhibit non-Newtonian behavior. Chitosan can naturally form flexible,
plastic-like films and be processed into various forms, including membranes, gels, beads, fibers, colloids, and coatings.

Thanks to its unique physicochemical and biological properties, biocompatibility, non-toxicity, and
biodegradability, chitin and chitosan are regarded as safe and versatile materials. They are widely used in
agriculture, food technology, water treatment, separation processes, medicine, pharmaceuticals, and
cosmetics. Chitin is naturally found in shrimp shells, crab carapaces, squid pens, mollusk shells, and the cell
walls of certain fungi [1]. Chitosan is a white, odorless biopolymer that is biodegradable and exhibits low
toxicity, with an LDs in rats of approximately 16 g/kg body weight, comparable to common table salt or sugar
[2-4]. In aquaculture, chitosan has been applied in various roles, including water purification, flocculation of
suspended solids, waste adsorption, and bacterial control [5, 6]. It has also been used to manage phytoplankton
in aquaculture ponds [7], stimulate immune responses in aquatic species [8, 9], control drug and vaccine
release [10], and enhance stress resistance and survival in post-larval white shrimp [11]. Given these beneficial
properties, the present study aims to develop an eco-friendly aquafeed by chemically extracting chitosan from
shrimp shells and incorporating it into a high-quality, sustainable feed formulation. This initiative also seeks
to transfer knowledge to local aquaculture communities, supporting the development of environmentally
responsible practices and sustainable livelihoods.

2. Materials and Methods
2.1 Extraction of chitin and chitosan from Pacific white shrimp shells

First, selected white shrimp shells are thoroughly washed with clean water and sun-dried for two
days. Once completely dry, the shells, approximately 12 kilograms, are weighed and subjected to
deproteinization to remove residual proteins. This is carried out by soaking the shells in water using an
ultrasonic cleaner operating at 30 kHz and 80 °C for 12 hours. This step is repeated twice more to ensure
complete deproteinization. After ultrasonic treatment, the shrimp shells are washed again, then sun-dried for
an additional two days. The resulting shells should appear cleaner and lighter in color. The dried shells are
then coarsely ground to increase their surface area for the subsequent chemical treatments that remove
impurities and minerals. Next, the ground shrimp shells are soaked in a 4% hydrochloric acid (HCl) solution
for four days to eliminate residual minerals and contaminants. After soaking, the shells are thoroughly washed
with clean water and filtered through a fine cloth until the rinse water is neutral. The cleaned shells are then
sun-dried for another two days, yielding approximately 7 kilograms of dried material. The dried shells (7 kg)
are then finely ground using an electric blender to produce a light brownish powder known as purified chitin.
The purified chitin is weighed to calculate the yield percentage using the following formula:

Yield (%) = (Final weight of ground shrimp shells x 100) / Initial weight of shrimp shells

To convert the purified chitin into chitosan, the chitin powder is stirred in a 40% sodium hydroxide
(NaOH) solution using a heated magnetic stirrer at 100 °C for four hours. This step removes the N-acetyl
groups through deacetylation. After heating, the mixture is allowed to cool to room temperature
(approximately 30-40 °C) for 30-40 minutes, and the deacetylation step is repeated once more to ensure
completeness. The resulting mixture is filtered to separate the solid product from the NaOH solution. The
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solid chitosan is then soaked and rinsed repeatedly with clean water until a neutral pH is reached, followed
by filtration through a sintered crucible to remove residual solution. Finally, the chitosan powder is air-dried
in a well-ventilated area for two days, producing a light brown purified chitosan powder ready for use in Nile
tilapia feed formulations.

2.2 Formulation of Nile tilapia feed using chitosan extracted from Pacific white shrimp shells

The study focused on developing and testing feed formulations for Nile tilapia using chitosan
extracted from white shrimp shells. The prepared ingredients were thoroughly mixed in a designated
container, and clean water was added to achieve the desired consistency, maintaining a water-to-feed ratio of
14 liters per 10 kilograms of feed mixture. The moistened mixture was then processed through an animal feed
pelletizer. The resulting pellets were sun-dried outdoors for one day and subsequently packed in suitable
storage bags for later use. Three experimental feed formulations were initially developed to identify the
optimal chitosan-based feed for Nile tilapia. All three formulations contained the same base ingredients: fish
meal, duck eggs, ground broken rice, soybean meal, brewer’s grains, distillery by-products, rice bran, ground
corn, lead tree leaves (Leucaena leucocephala), water hyacinth, vegetable oil, and chitosan derived from shrimp
shells. The only difference among the three formulations was the proportion of chitosan relative to the total feed:

Formula 1: 10% chitosan, 90% other ingredients

Formula 2: 15% chitosan, 85% other ingredients
Formula 3: 20% chitosan, 80% other ingredients

All three formulations will undergo proximate analysis to determine their protein, fat, fiber, ash, and
moisture contents. These results will then be compared to select the single most suitable formulation, which
will be used in further studies to assess its impact on the growth performance of Nile tilapia.

2.3 Growth performance testing of Nile tilapia fed with experimental diets

Before the feeding trial began, Nile tilapia fingerlings were obtained from a private farm. The fish had
an average total length of approximately 6 centimeters (measured from head to tail). To allow the fingerlings
to acclimate to the experimental conditions, they were kept in a holding pond and fed a commercial pellet feed
for seven days. After the acclimation period, the fish were randomly sampled to measure their initial length
and weight. They were then stocked into experimental cement tanks measuring 100 x 100 centimeters, each
filled with water to a depth of 30 centimeters, at a stocking density of 50 fish per tank. The fish were fed the
experimental diets twice daily (morning and evening) at a feeding rate of 3% of their body weight per feeding.
Tank maintenance involved weekly partial water changes by draining half of the old water and refilling with
clean water to maintain the original water level. Aeration was provided throughout the trial to ensure
adequate dissolved oxygen levels. Growth performance data, including fish length, body weight, and survival
rate (%), were recorded regularly to evaluate the effects of the feed formulations on the growth of Nile tilapia.

2.4 Water quality monitoring during the growth performance study of Nile tilapia

Water quality parameters were monitored weekly using standard methods. The parameters measured
included temperature (electrometric method) [12], pH (electrometric method) [12], dissolved oxygen
(membrane-electrode method) [12], nitrate as nitrogen (colorimetric brucine method) [13], and phosphate as
phosphorus (ascorbic acid method) [14].

2.5 Statistical analysis
Data were statistically analyzed using analysis of variance (ANOVA), and mean differences were
compared using Duncan’s Multiple Range Test (DMRT) with the aid of statistical software.

3.Results and Discussion
3.1 Extraction of chitosan from white shrimp shells using a chemical method

The extraction of chitosan from white shrimp shells begins with 12 kilograms of raw, unpurified
shrimp shells as the starting material. In the initial step, chitin is extracted from the shells and obtained as a
light brown powder (Figure 1). This chitin is then converted into chitosan through a deacetylation reaction,
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which removes the N-acetyl groups from the chitin molecules, resulting in purified chitosan in the form of a
light brown powder in 58.33 % yield (Figure 1). The chemical equation for the deacetylation of chitin is
presented in Figure 2.

H OH H OH
Ho Ho /
0 0 40% NaOH
HO B0
H g H g A
H H

NHCOCH; NHCOCH;3 NHCOCH;

Figure 2. Deacetylation of chitin to chitosan using NaOH

3.2 Characterization of chitin and chitosan from white shrimp shells

The conversion of functional groups during the deacetylation of chitin was verified by confirming the
transformation of N-acetyl groups into amino groups in chitosan. Functional group analysis was conducted
using FTIR spectroscopy to characterize the chitin and chitosan extracted from white shrimp shells. The
resulting spectra were compared with a standard chitosan reference. The FTIR spectra of chitin and chitosan
from the shrimp shell samples are presented in Figures 3-5. As shown in Figure 3, the FTIR spectrum of chitin
extracted from white shrimp shells exhibits a carbonyl (C=O) functional group characteristic of the amide
molecule at a wavenumber of 1664 cm™!. Additionally, an N-H bending vibration of the amide group appears
around 1554 cm™. The FTIR spectrum for chitosan from the same shrimp shell sample is presented in Figure
4. Figure 4 shows that the FTIR spectrum of chitosan derived from white shrimp shells displays a similar
pattern to that of chitin, with an N-H bending vibration of the amine group observed at approximately
1589 cm™. However, the C=O stretching vibration decreases significantly, confirming the success of the
deacetylation process. This peak closely matches the spectrum of the standard chitosan shown in Figure 5.
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3.3 Identification of the optimal chitosan-based feed formulation from white shrimp shells

The optimal chitosan-based feed formulation for Nile tilapia includes the following ingredients: fish
meal, duck eggs, ground broken rice, soybean meal, brewer’s grains, distillery by-products, rice bran, ground
corn, Leucaena leaves, water hyacinth, vegetable oil, and chitosan extracted from white shrimp shells. The
experiment tested three variations of this base formula by adjusting the proportion of chitosan relative to the

other feed components. The feed mixtures were as follows:

Formula 1: 10% chitosan and 90% other ingredients (fish meal, duck eggs, ground broken rice, soybean meal,
brewer’s grains, distillery by-products, rice bran, ground corn, Leucaena leaves, water hyacinth, and vegetable oil)

Formula 2: 15% chitosan and 85% other ingredients (same as above)
Formula 3: 20% chitosan and 80% other ingredients (same as above)
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These three formulations were analyzed using a proximate analysis instrument to determine their
protein, fat, fiber, moisture, and ash contents. The results are presented in Table 1.

Table 1. Standard requirements and proximate composition of the three chitosan-based feed formulations

Composition Star}dard St.alfdard Formula 1 Formula 2 Formula 3
(%) Maximum Minimum
Protein 42 30 30.05 31.67 31.85
Fat 6 3 3.06 3.04 3.04
Fiber 6 5 4.60 5.07 5.04
Moisture 12 - 11.54 11.49 11.48
Ash - - 15.25 10.81 11.90

Note: The standard feed quality criteria are based on the Animal Feed Quality Control Act B.E. 2558 [15].

The results show that the protein content in Formulas 2 and 3 did not differ significantly and both fell
within the standard range for aquafeeds [15]. Formula 1 had the lowest protein content at 30.05%. The fat
content was similar across all three formulations. The fiber content was highest in Formula 2, followed by
Formula 3 and then Formula 1. In contrast, the ash content was highest in Formula 1, followed by Formula 3,
with Formula 2 having the lowest ash content. The moisture content was comparable across all three
formulations. Based on the proximate analysis and in reference to the standard feed quality requirements,
which specify minimum protein and fat levels and maximum fiber and moisture levels, Formula 2 was
identified as the most suitable formulation. This feed will be used in further trials to evaluate its effects on the
growth performance of Nile tilapia. The composition of the optimal chitosan-based feed formulation is as
follows:

Fish meal — 10% by weight

Duck eggs — 10% by weight

Ground broken rice — 10% by weight
Soybean meal — 10% by weight
Brewer’s grains — 5% by weight
Distillery by-products — 5% by weight
Rice bran — 10% by weight

Ground corn — 10% by weight
Leucaena leaves — 5% by weight

Water hyacinth — 5% by weight
Vegetable oil — 5% by weight
Chitosan from white shrimp shells — 15% by weight

34 Application of the optimal chitosan-based feed formulation from white shrimp shells to growth performance testing

3.4.1 Fish growth in terms of weight, length, and survival rate (%)

In this trial, Nile tilapia were fed the optimal chitosan-based feed formulation derived from white
shrimp shells for a rearing period of 14 weeks. Throughout the experiment, all fish remained healthy, exhibited
normal behavior, and showed no visible external deformities. Figure 6 presents the feed used and the general
appearance of the fish at the end of the trial. By the conclusion of the experiment, the tilapia showed an average
survival rate of 77.50% and demonstrated steady increases in both weight and length over time. The average
final weight and length were 14.90 grams and 10.05 centimeters, respectively. Detailed results for fish weight
and length are summarized in Table 2.
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Figure 6. The experimental feed and the general appearance of the fish at the end of the trial

These findings are consistent with the reports by Wu (2020) and Rangkuti et al. (2025), who observed
that tilapia fed chitosan-supplemented diets exhibited improved feed conversion ratios (FCR) and greater
body weight compared to fish fed conventional diets. [16,17]. Similarly, Harikrishnana et al. (2012) reported
that grouper (Epinephelus bruneus) fed chitosan-supplemented diets showed significantly better growth
performance than those fed standard diets [18].

3.4.2 Water quality during the experiment

Water quality was monitored throughout the experiment, and the average values were as follows: pH
7.66, dissolved oxygen (DO) 4.11 mg/L, total phosphorus 1.18 mg/L, and nitrate-nitrogen 0.67 mg/L, as presented
in Table 2.

Table 2. Growth performance and water quality parameters of Nile tilapia fed the optimal chitosan-based feed

formulation
. . . Nitrate- Total
Week Fish (‘lV)EIght FISh( Le;lgth pH DO (mg/L) Nitrogen Phosphorus
5 om (mg/L) (mg/L)
1 6.66k 6.05" 8.622 3.63¢ 0.008 0.004
2 7.62k 6.69sh 8.36° 4.89 0.05fs 0.51¢
3 9.08i 7.69igh 7.81¢ 3.66¢ 0.444 0.80°
4 10.173 8.07fsh 7.63¢de 3.70e 0.45« 0.96°
5 11.11 8.51fs 7.50defg 3.98¢de 0.26¢ 1.332
6 12.62h 9.11¢f 7.66 4.88 0.15¢ 1.43a
7 15.668 9.96df 7.53defg 3.70e 0.444 1.51a
8 16.94f 11.02¢de 7.60df 4.36° 0.59¢ 1.382
9 17.86¢ 11.870d 7.41% 4.41° 1.00° 1.402
10 18.68de 12.444abe 7.46¢f 3.87de 1.192 1.492
11 19.14<« 13.303bc 7.41' 4.29b¢ 1.192 1.432
12 20.05¢¢ 13.702 7.46¢f 3.89de 1.21- 1.46
13 20.86° 14.0720 7.378 4.15b 1.22a 1.41-
14 22.102 14.522 7.398 4.32bc 1.242 1.482
Average 14.90 10.50 7.66 411 0.67 1.18
CV (%) 5.83 15.77 1.82 6.43 15.69 11.18

Note: Means in the same column with different superscript letters are significantly different at P<0.01.

The average pH values in the experimental tanks ranged from 7.37 to 8.62, which is within the optimal
range for Nile tilapia growth. Generally, a pH range of 6.5-9.0 is considered suitable for aquaculture, allowing
fish to maintain homeostasis without expending additional energy on osmoregulation [19]. If pH levels are
too high or too low, they can stress or harm aquatic organisms. Specifically, pH values below 4.0 can be lethal;
values between 4.0-6.0 may slow growth and disrupt reproduction; 6.5-9.0 is optimal; 9.0-11.0 is suboptimal
for long-term survival; and levels above 11.0 are toxic [20,21]. The dissolved oxygen levels during the trial
ranged from 3.63 to 4.89 mg/L, which is considered safe for tilapia. According to Abdel-Tawwab et al. (2014),
the optimal DO range for Nile tilapia culture is 6.0-6.5 mg/L, but levels should not fall below 3.0 mg/L [22].
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Insufficient DO can reduce respiration efficiency, growth, and metabolic function [23]. Nitrate-nitrogen levels
ranged from 0.00 to 1.24 mg/L, and total phosphorus ranged from 0.00 to 1.48 mg/L, both of which are within
safe limits for tilapia culture. Nitrate, as the final product of nitrification, should not accumulate beyond 50
mg/L; although not directly toxic at that threshold, high levels can stress fish and increase susceptibility to
disease. Both nitrate and phosphorus are important nutrients for primary productivity in ponds and are not
harmful at the levels observed.

4. Conclusions

This study successfully demonstrates the extraction, formulation, and application of an environmentally
friendly tilapia feed enriched with chitosan derived from white shrimp shells. The optimized extraction
process produced purified chitosan, confirmed by FTIR analysis, ensuring the functional integrity of the
biopolymer for feed use. Among the three experimental formulations tested, the feed containing 15% chitosan
(Formula 2) was identified as the most effective, meeting the required nutritional standards for protein, fat,
fiber, and moisture content under the Animal Feed Quality Control Act B.E. 2558. When applied in a 14-week
growth trial, the optimal chitosan-based feed supported healthy and consistent growth of Nile tilapia, with
fish showing normal behavior, no visible deformities, and an acceptable survival rate of 77.50%. Importantly,
the water quality parameters throughout the trial remained within safe and optimal ranges for aquaculture,
indicating that the feed formulation does not adversely affect the culture environment. These findings are
consistent with previous studies highlighting the benefits of chitosan in improving feed conversion efficiency
and growth performance in various aquaculture species. Beyond demonstrating technical feasibility, this
research emphasizes the significance of transforming crustacean shell waste, often discarded as an
environmental pollutant, into a high-value, functional feed additive. This not only contributes to waste
valorization and the circular bioeconomy but also offers practical benefits for small-scale farmers seeking cost-
effective and safe alternatives to chemical feed additives. By integrating local waste resources into feed
production, the approach strengthens the sustainability and self-reliance of rural aquaculture communities.
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Abstract: In this study, the differential pulse voltammetry with a gold
electrode and machine learning was employed to detect adulteration in orange
juices. The method assessed both natural and commercial juices, along with their
mixtures containing known proportions of natural juice. Initially, an
unsupervised machine learning algorithm, Cluster Analysis (CA), was used to
highlight differences, demonstrating the ability to distinguish between natural
and flavored orange juices. Subsequently, supervised machine learning
methods, including Interval Partial Least Squares — Linear Discriminant
Analysis (iPLS-LDA) and Interval Partial Least Squares — Random Forest (iPLS-
RF), were applied for classification purposes. The RF model achieved up to 95%
classification accuracy, greatly exceeding 67.5% of iPLS- LDA. This enables
reliable detection of orange juice adulteration. The RF model struggled to
accurately distinguish between the “Natural” and “Mixed” categories,
particularly for samples containing a medium proportion of natural orange juice
(around 45-50%). The integration of voltammetric fingerprints with machine
learning enabled a fast, cost-effective classification method for on-site analysis
with portable sensors. This approach proved more efficient than other complex
analytical techniques.

Keywords: Voltammetry; machine learning; orange juice adulteration; Interval
Partial Least Squares (iPLS); Linear Discriminant Analysis (LDA);

1. Introduction

In the food industry, classifying and controlling the quality of
agricultural products, especially fruits, is essential for maintaining standards
and protecting consumer health. Among these fruits, oranges are highly valued
for their rich content of vitamins, fiber, and antioxidants. However, due to their
popularity, fresh orange juice products are frequently targeted for adulteration
with chemical flavorings [1], leading to counterfeit products [2, 3] and
commercial fraud involving natural orange juice. Recent advancements in
machine learning have greatly improved the processing of large datasets,
enabling rapid chemical analysis of various products. This has enhanced
adulteration detection and geographical indication verification with high
sensitivity and accuracy. As a result, machine learning has become a valuable

tool in safeguarding food integrity and ensuring the authenticity of agricultural and food products [4, 5]. To
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identify and classify analytical samples, two basic approaches are commonly employed: i) Targeted analysis:
This method utilizes datasets containing the concentrations of specific compounds in multiple samples.
Certain compounds serve as markers to assess authenticity and classify products. For example, polyphenol
content can help detect adulteration in different types of orange juice [6, 7], while flavonoid content can
distinguish grapefruit juice from other citrus juices [8] or differentiate concentrated and non-concentrated
orange juices with high accuracy [9]. However, targeted analysis requires high analytical costs, as managing
multiple parameters across samples demands significant resources. ii) Non-targeted analysis: This approach
considers the entire dataset, including all measured signals, without identifying specific compounds.
Spectroscopic techniques such as UV-VIS, NIR [11], Raman [10], and NMR [12] have been effective in
providing data for statistical analysis, enabling the detection and quantification of adulteration in orange and
grapefruit juices [10].

Machine learning algorithms enhance classification accuracy in non-targeted analysis. Unsupervised
methods like Principal Component Analysis (PCA), Support Vector Machines (SVM), Data-Driven SIMCA,
and soft-PLS-DA outperform traditional PLS-DA. Additionally, algorithms such as logistic regression, PCA,
SVM, and Artificial Neural Networks (ANN) have proven effective in handling high-dimensional and
complex analytical data. These techniques not only aid in identifying characteristic chemical markers but also
optimize classification through highly accurate predictive models [14, 15]. Recently, the integration of
multivariate analysis (chemometrics) with electrochemical analysis has offered outstanding advantages,
including high sensitivity and selectivity, rapid analysis time, effective data processing, and the ability to
eliminate background noise [16]. This approach enables not only the simultaneous quantification of organic
acids [17] or polyphenols [18] in fruit juices (e.g., orange, lemon, and others) but also the classification of fruits
with an accuracy exceeding 90% [18].

This study aims to assess the feasibility of the voltammetric method with a gold electrode for
analyzing natural and commercial orange juice. It focuses on different orange varieties and mixtures of natural
and commercial juices. Data from voltammograms (current intensity vs. potential matrices) are combined with
machine learning to develop models for classifying natural and commercial orange juice and predicting
adulteration ratios. This approach not only enhances the accuracy of food fraud detection but also opens up
broader application potential in the food industry.

2.1 Reagents, Reference, and Standard Solutions

Hydrochloric acid (HCl, 37%) was procured from Sigma Aldrich (Singapore). Methanol (Merck,
Germany) was utilized for preparing standard solutions, while Milli-Q water used for dilutions was obtained
from a Milli-Q water system (Merck, Germany).

2.2 Sampling and sample preparation

All orange samples belonged to the Citrus sinensis variety and were collected from various regions of
Vietnam. A total of 80 samples were sourced from 8 provinces: Hoa Binh, Ha Giang, Ben Tre, Vinh Long, Nghe
An, Bac Giang, Hung Yen, and Quang Ninh. Each fruit was cut and juiced. Additionally, 50 commercial orange
juice samples were collected from supermarkets in Hanoi, Vietnam. These samples included bottled or canned
juices from brands such as Mirinda, Fanta, TH, Splash. For the adulteration study, two samples of pure natural
orange juice were mixed with commercial orange juice at nine different adulteration levels: 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 90% natural orange juice. Each adulteration level was prepared in triplicate. A
total of 54 blended samples was synthesis. Additionally, there is one sample of difference that was mixed (the
other orange juice sample was mixed with a commercial sample at 10, 40, 60, and 90%) and added to the data.
The sample preparation was simple, starting with centrifugation of the juices for 10 minutes at 13,500 rpm.
After that, a 1:4 dilution with 0.1 M HCl was performed to reach a pH of about 1.2. Each sample was prepared
in triplicate. The samples were freshly prepared and measured immediately without storage.

2.3 Data Acquisition

Electrochemical measurements were conducted using the 797 VA Computrace instrument (Metrohm,
Switzerland). This instrument, controlled by VA Computrace software, consisted of a complete measurement
system, including a gold working electrode, an Ag/AgCl reference electrode, and a platinum auxiliary
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electrode. For each sample, a 100 pL droplet was used as the sample volume. Differential pulse voltammetry
(DPV) was employed to record voltammograms under the following experimental conditions: Scan range: -
0.2V to+1.2V (vs. Ag/AgCl); Pulse amplitude: 50 mV; Step potential: 5 mV; Scan rate: 10 mV/s. The raw data
matrices (I-E) extracted from Voltammograms of samples under the conditions

2.4 Data Analysis

To perform an exploratory analysis of the data, Cluster Analysis (CA) was employed. Raw data from
all samples were utilized, and the mean value of the three replicates for each sample was calculated and used
in the analysis. To assess the effectiveness of the methodology, confusion matrices were generated, and
performance metrics such as accuracy were determined. Accuracy was calculated as the ratio of correctly classified
samples to the total number of samples, providing a clear measure of the model's classification performance.

2.5 Methods
2.5.1 Cosine similarity

x-y
llxIl 1yl

Where x and y are vectors for which the similarity is to be computed.

cos(6) =

2.5.2 SNV

To standardize the spectral data, each spectrum x = (x1, x2,...,xk) is first centered by removing its mean,
and then scaled using the standard deviation. This process results in a normalized vector z = (z1, z2,..., z k)
where the data have zero mean and unit variance, facilitating comparison across different spectra.

X — X

54 Cx; — %02/k

The data is standardized using the SNV (Standard Normal Variate) method to remove variations
caused by scattering effects and correct baseline shifts. After standardization, the data is further processed
using the Savitzky-Golay filter with a window length of 15, a polynomial order of 3, and a second derivative
calculation. This step smooths the data, reduces noise, and enhances important spectral features for

Z; =

subsequent analysis.

2.5.3iPLS.

The data X (p features) is divided into n intervals, and a local PLS model is built for each interval to
select the best interval. In PLS regression, similar to PCR, we aim to find components z that are linear
combinations of the inputs; however, unlike PCR, PLS seeks components that not only represent the predictors
x well but also serve as strong predictors of the response y y, under the assumption that both X and y can be
explained by a smaller set of components Z with k <p.

X=2ZVT+ E

2.5.4 Random Forest

Random Forest is an ensemble learning method that builds multiple decision trees using bootstrap
samples and random feature subsets at each split, which increases diversity and reduces correlation among
trees. For regression, the final output is the average of predictions from all trees, while for classification,

T
1
y= 2 ) @
t=1

where ht is the predicted value of the t-th tree for the input x, and T is the total number of trees

majority voting is used.
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3. Results and discussion
3.1 Electrochemical Fingerprint of Orange Juices

The voltammetric results of 198 orange juice samples are shown in Fig. 1 (A, B, C). The signal intensity
(I) is clearly observed in the range of potential (V) from 0.8 to 1.2 V (versus Ag/AgCl electrode), with intensity
of peak currents reaching a maximum between 0.04 mA and 0.6 mA. Some blended samples of natural and
artificial orange juice exhibited lower peak maxima, ranging from 0.02 mA to 0.04 mA. However, most signals
showed slight differences depending on the geographical origin of the samples and were quite similar to those
of natural and commercial samples. This resemblance in peak shapes and minimal variations in peak heights
made visual classification impractical. Even within the same category, whether natural or artificial, there were
significant variations in peak maxima, which could introduce considerable noise into classification models.
Therefore, signal preprocessing is essential before performing discrimination and classification.

06 05
— Natural n 0.6 — commercial — Mixed

1 (mA)

EV) Ev) EV)

Figure 1. Voltammograms of orange juice (A- natural samples; B- commercial samples, and C- blended samples)
(stra lai truc tung)

The Standard Normal Variate (SNV) algorithm was used to normalize the data, followed by second-
order derivation and smoothing using the Savitsky-Golay algorithm. The preprocessed voltammograms are
shown in Figure 2. These preprocessing algorithms significantly reduced background noise, including sample
background noise and noise caused by the equipment and experimental environment. Additionally, the
second-order derivation enhanced the signal differences between samples. These results contributed to the
stability and objectivity of classification models, thereby improving the classification performance of the
models. After preprocessing, the entire voltammetric dataset was randomly split into 158 samples (80%) for
the training and 40 samples (20% remaining) for testing to perform machine learning methods. The dataset
was first preprocessed using Standard Normal Variate (SNV) to correct for scattering effects and variations in
sample thickness. Subsequently, the SNV-corrected spectra were smoothed and differentiated using the
Savitzky-Golay filter with a 15-point window, a third-order polynomial, and calculation of the second
derivative, to enhance subtle spectral features while reducing noise.
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Figure 2. Voltammograms of orange juice after normalization using the SNV algorithm, second-order derivation,
and smoothing with the Savitzky-Golay algorithm.

3.2. Identification and authentication of orange juice

Figure 3 illustrates the results of hierarchical clustering analysis (HCA) performed on the entire
dataset of preprocessing with SNV using cosine similarity. Cosine similarity was selected as the distance
metric for hierarchical clustering because it emphasizes the similarity of signal patterns rather than absolute
intensity. In voltammetric data, current intensity may vary due to sample preparation, dilution, or
instrumental noise, while the overall shape of the voltammogram remains characteristic of the sample type.
The dendrogram shows that, even with unsupervised methods, it is possible to distinguish three data clusters:
natural orange juice, commercial orange juice, and mixed orange juice (Table 1).

20

40

% cosine similarity

Figure 3. Hierarchical clustering using cosine similarity

The results indicate that 80% of the mixed juice samples belong to the first group, while 62% of the
natural orange juice samples appear in the second group. However, in the third cluster, the distribution of
samples across the three categories does not show a clear distinction. Thus, unsupervised algorithms reveal a
clear difference between the blended orange juice and natural orange juice groups, providing a foundation for
using supervised machine learning models for classification.
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Table 1. Percentage of each sample type in each group classified.

Sample Cluster Mixed Commercial Natural
1 80% 16% 4%
16% 22% 62%
3 33% 27% 40%

3.3 Supervised learning for the detection of orange juice adulteration

After second-order derivation, the dataset showed a relatively large number of features (284 features
obtained), requiring dimensionality reduction. Therefore, the iPLS algorithm was applied to the training
dataset to reduce the number of features for building machine learning models. The iPLS algorithm selects the
most relevant spectral regions with strong discriminatory power, eliminating noisy or low-information
regions, which helps prevent overfitting and enhances model accuracy. The results of the features retained by
the iPLS algorithm are displayed in Fig. 4. Among these, 205 features, which do not have good classification
potential (highlighted in pink in the figure), were removed, leaving 79 features with the best potential for
classification. The test dataset will also use these 79 features for accuracy evaluation.
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Figure 4. Features selected by the iPLS algorithm

In model selection, factors such as linearity, accuracy, label differentiation (especially between natural
and commercial juices), and performance on small datasets were considered. Typically, PLS-DA, Random
Forest, Support Vector Machine (SVM), and Artificial Neural Network (ANN) with hyperparameter
optimization using GridSearchCV are preferred for classification. However, both ANN and SVM initially
achieved only 75% prediction accuracy, making them unsuitable for this study. Additionally, the small dataset
restricted the ANN's ability to capture information, while SVM strongly misclassified between natural and
commercial orange juices, further reducing its applicability. Therefore, this study only focuses on two models:
iPLS-LDA and Random Forest.

3.3.1iPLS-LDA

The iPLS algorithm was applied for dimensionality reduction using a 158x79 training dataset,
consisting of 158 samples classified into three groups (natural, commercial, and blended orange juice) with 79
features extracted from the raw data. An LDA model was then built to classify these groups, but some blended
orange juice samples were misclassified as either natural or commercial juice. Linear separation was not
achieved due to overlap between the natural and blended orange juice groups. A deeper evaluation of the
percentage of natural orange juice in the samples is shown in Fig.5, with the sample colors gradually
transitioning from white to dark, representing an increasing proportion of natural orange juice. The triangle
markers represent samples from the training dataset, while the circular markers represent samples from the
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test dataset. The results indicate that the LDA model struggles to differentiate between natural and blended
samples. This suggests that the compounds in natural orange juice may be masking the signals, making
classification more challenging.
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Figure 5. LDA plot of training dataset and test dataset projected onto LDA model space according to: A-
corresponding labels and B- the proportion of natural orange juice in each sample.

Based on Fig. 5A, it can be observed that when the training and testing datasets are projected onto the
LDA space according to their corresponding labels, there is a significant overlap between the clusters of the
"Mixed" and "Commercial" labels. This explains why certain samples are misclassified into the "Mixed" group.
This phenomenon reflects the characteristic similarity between commercial and mixed juice samples,
especially when the proportion of natural orange juice in these products fluctuates, making it challenging for
the model to distinguish between them. Additionally, Fig. 5B provides further insights as the samples are
projected onto the LDA space based on the proportion of natural orange juice. It reveals that samples with
natural orange juice proportions near the threshold between "Mixed" and "Natural" or "Commercial" are prone
to misclassification. Moreover, this issue may stem from the insufficiently strong boundaries between clusters
in the LDA space, which fail to fully capture the differences in natural orange juice proportions among the groups.

3.3.2iPLS- RF

Using the test dataset, the iPLS-RF model achieved 95% classification accuracy, demonstrating a
significant improvement over the LDA algorithm (67.5%) (Fig. 6). Based on the iPLS-RF model, only one natural
sample was misclassified as a blended one, and one blended sample was predicted as a natural one. No confusion
occurred between the blended and commercial groups, highlighting the superior potential of the RF algorithm
and, more broadly, ensemble learning methods in classifying objects based on selected spectral features.
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Figure 6. Confusion matrix of: A- LDA model on the test dataset, and B- Random Forest model on the test dataset

The Random Forest model also struggled to accurately distinguish between the "Natural" and "Mixed"
categories, especially for samples with a medium proportion of natural orange juice (around 45-50%). This
issue may stem from the inadequacy of the data features to effectively separate these two categories within
the feature space.
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Figure 7. The second-order derivative signals vs. features of the samples classified by iPLS-LDA (red lines:
misclassification samples; blue line: correct classification samples)

To check the reasons why iPLS-DA gave the low accuracy prediction, the second-order derivative
signals of the misclassified samples (red lines) compared to the correctly classified samples (blue lines) were
shown in Fig. 7. It can be observed that the shape of the second derivative data across features differs between
correctly classified and misclassified samples. Misclassified samples exhibit abnormalities such as missing
peak points and flattened or unchanged signals. These irregularities are also associated with outliers at peak
or shoulder points in the voltammogram. This suggests that samples with abnormal shapes compared to the
overall dataset within the same group should be identified and excluded before processing. Compared with
previously reported classification results, our machine learning model achieved higher accuracy. The
limitation of working on a single device is that accurate results can only be obtained for experiments conducted
on that same device. However, when switching to another device, it is necessary to calibrate the measurement
signals and ensure similar operating conditions to the original device to maintain accuracy.
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4. Conclusion

The feasibility of using voltammetric data combined with machine learning as a screening method for
determining the authenticity of juice was confirmed. Cluster analysis revealed the differences between natural
orange juice, chemical-based juices, and blends of natural and chemical juices. Based on this, supervised
machine learning models such as iPLS-LDA and random forest were developed for classification purposes,
with the random forest model showing promising results in classification and prediction. The obtained results
also highlight the usefulness of the voltammetric method using a gold electrode to assess the authenticity of
orange juice. The limitations of the sample recognition method were addressed by increasing the sample size
and creating stronger models. Moreover, the electrochemical approach has shown that it is capable of fast
classification, low cost, and suitability for on-site analysis. This approach would enable the monitoring of raw
material procurement concerning the orange variety and growing regions.
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Abstract: This research presents an Ellipsoidal Coverage Function (ECF) with
the addition of the Geometrical Coverage Learning (GCL) algorithm concept for
classification. The motivation for this research stems from inefficiencies in
nonlinear Deep Neural Networks (DNNs). The implementation of a higher-
order function for neurons, while less popular than a deeper linear design, has
been claimed to improve the robustness of the model in dealing with noisy
environments and to negate the need for a deeper network. The ECF is a higher-
order neuron design based on the Mahalanobis distance Radial Basis Function
(MRBF) design, but with the number of parameters linearly scaled instead of
quadratically with respect to the input dimension. This means that the ECF
neuron can approximate the volume coverage of an MRBF in the feature space
under a non-rotating constraint and is more suitable for integration into a neural
network for further backpropagation (BP) optimization. The integration of the
GCL into the ECF for classification architectures boosts learning efficiency,
underscoring the versatility and potential impact of this research. The results
from experiments with computer vision tasks in a transfer learning environment
suggest that the integrated GCL ensures that the ECF can map all the data and
correct the training parameters of the network faster. Furthermore, the ECF with
the GCL algorithm demonstrates competitive performance relative to other
nonlinear neuron designs in a transfer learning setup across different datasets,
including itself without GCL. These findings point to a better nonlinear machine
learning model in terms of performance and efficiency combined.

Keywords: Machine learning; deep learning; nonlinear neuron; artificial neural
networks; smart initialization

1. Introduction

Deep Neural Networks (DNNs) have become the focus of machine
learning research in the past few years. This is mainly due to their scalability,
performance in various tasks (including natural language processing (NLP) and
computer vision), and the availability of more capable hardware. DNNs can map
complex structures and have been applied to both classification and clustering
tasks [1, 2]. However, the field lacks major developments in terms of the
fundamental structure, mainly the neuronal models and their training
paradigms. The most well-known neuron is the McCulloch and Pitts (M-P)
neuron, introduced in 1943 [3]. Since then, artificial neural networks have been
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developed based on this model, along with various gradient-descent-based learning algorithms [4-11].
However, the model suffers from linear separability, as the M-P model is fundamentally a linear discriminator.
The most popular remedy to this problem is increasing the number of hidden layers while implementing
different structural designs [12-21]. However, some studies also claim that multiple-layer linear designs are
vulnerable to adversarial examples [22-28].

There have been several attempts at developing new neuron structures to enhance each neuron's
capability with nonlinear designs, including the radial basis function (RBF) neurons introduced by Broomhead
and Lowe [29]. However, the RBF network is easily outperformed by multilayer linear designs in terms of
accuracy, rendering it unpopular. Nevertheless, despite the lower performance, studies illustrate that the RBF
network can be more robust toward adversarial samples that normal deep linear designs fail to handle and is
less prone to overfitting due to the nonlinear locality of the classifier [23, 25, 28]. Moreover, works suggest that
the RBF is not yet irrelevant, including in industry domains [30-34], finance [35-39], and more [40-42]. We
further speculate that the unpopularity of RBF-based neural networks is due to two reasons: 1) the increased
number of training parameters, since multiple RBF neurons are needed to cover a large data structure, and 2)
training a deeper network with integrated RBF neurons is more computationally expensive without
guaranteeing better performance. One could implement the RBF network with clustering initialization in a
transfer learning environment to circumvent the second problem [43—45], but the first problem persists. While
the implementation of different distance metrics, particularly the Mahalanobis distance, which is known to
perform well in pattern recognition [46-52], to the RBF neuron addresses coverage flexibility. However, it does
not solve problem 1, and problem 2 becomes even more severe even when proper initialization is applied. The
Mahalanobis distance RBF, for example, has d? + d trainable parameters for a d-dimensional input space. If
utilized in a DNN, gradient descent becomes extremely inefficient compared to a more capable, deeper linear
network. More recent works focusing on nonlinear neuron designs include the High-order Coverage Function
Neural Network (HCFNN) [53] and the Hyper-Sausage Coverage Function (HSCF) [54]. Both claim to
outperform traditional neuron designs on some datasets. However, these models even require extra
optimization algorithms during training, including Genetic Algorithms (GA). Other works, such as
QuadraNet [55], integrate the nonlinear neuron design only partially to keep computational costs low.

In this work, we aim to investigate whether we can formulate an approach to assist a network of
nonlinear neurons before performing backpropagation (BP). We are motivated by a study in 1999 by Zhang et
al., in which they proposed an interpretation of the M-P neuron for classification tasks [56]. Each neuron could
be viewed as a linear discriminator in the d-dimensional space for a dataset with d features. They proposed a
training algorithm by introducing a new bounding parameter, which transforms the space into a (d + 1)-
dimensional space in which the training data is contained within a d-dimensional sphere. The neuron is then
built upon each data point until all points from the same class are covered by the corresponding class neurons.
Another work that inspires our approach is the HSCF [54]. They perform clustering using a Gaussian Mixture
Model (GMM) within a class of data points and then build HSCF neurons upon the obtained intra-class
clusters. The two furthest data points in each cluster are used to calculate the orientation of the HSCF, while
the variance of distances between data points in the intra-class cluster determines its “fatness.” The Gaussian
kernel activation is used similarly to the RBF design. They also introduce a novel loss, called the volume
coverage loss. Ly, for the BP process, which takes the HSCF volume into account and keeps the HSCF
compact. We consider the HSCF work novel because the authors propose a design similar to the Mahalanobis
distance RBF, but with far fewer parameters. In a d-dimensional input space, an HSCF neuron has only 2d + 1
parameters compared to d® + d parameters for the Mahalanobis distance RBF. However, HSCF has its own
drawbacks. Training requires an iterative approach: starting BP on a small number of neurons created from
initial clustering, and then gradually increasing the number of neurons from subsequent clustering of
predicted negative samples to achieve the design’s maximum capability. Furthermore, under our replication
attempts, we found that HSCF exhibits long computation time per step during optimization, suffers from
floating-point precision issues, and fails to perform at all without the prior clustering construction. We suspect
that its complicated functional form is the underlying cause of these issues.
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Instead, we found that we could reduce the number of parameters to 2d by removing the rotatability
of the Mahalanobis distance RBF. This is an acceptable compromise when combined with the supervised
clustering approach from [43], in which samples from each class are clustered separately. We also start with a
specific number of neurons to avoid excessive BP each time a new set of clusters is introduced. We then
modified this non-rotating Mahalanobis distance RBF by adding a boundary bias and replacing the Gaussian
kernel activation function with the hyperbolic tangent. This results in a total of 2d + 1 trainable parameters,
like the HSCF, but with a much simpler functional form. These modifications allow the ECF to perform
effectively even when randomly initialized. The bias and choice of activation function create a hard boundary
for the neuron, enabling us to initialize its parameters such that it covers all samples belonging to each sub-
cluster; hence, starting hypothetically closer to an optimal state, giving rise to the name Geometrical Coverage
Learning (GCL). Moreover, we refer to this neuron design as the Ellipsoidal Coverage Function (ECF) from
now on. In short, our goals are to study how well our nonlinear ECF design performs when integrated into
DNNs, explore whether this GCL initialization paradigm truly improves training efficiency and nonlinear
model performance, and aim to inspire further research on smart initialization.

2. Materials and Methods

2.1 Ellipsoidal Coverage Function (ECF)

First, we describe how we modify the Mahalanobis distance RBF to get our ECF. For an arbitrary i
RBF neuron with Gaussian kernel activation function in an d-dimensional input space, its output from an
input x is given by:

yi = exp[-Billx — ¢;I*]. (1)
The training parameters are ¢; and f;, which represent the RBF center and its size, respectively. [|x — ¢;|| is the
distance between the input x and the center ¢;. Any distance metric can be used here, but we focus on the
Mahalanobis distance. The metric is defined as:

lIx —¢ill = V(x— ¢)TE 1 (x — ), @)

where 271 is a d x d positive semi-definite covariance matrix. In the context of a machine learning model, this
matrix is determined during the training process. Compared to the basic Euclidean distance, 27" transforms
an RBF unit into an ellipsoid in Euclidean space. Since we are integrating the RBF neuron into DNNSs, it can
be randomly initialized with a constraint ensuring that it remains a positive semi-definite matrix. However, a
problem arises if we want to include it as an additional training parameter. The total number of trainable
parameters from X' alone is d*. We can use Cholesky decomposition, ~* = LL”, where L is a lower
triangular matrix. This guarantees symmetry during BP training, but the number of trainable parameters
remains 0(d?). Nevertheless, there is a special case that allows us to reduce the number of parameters from
27! to only d: when 271 is fixed as a diagonal matrix, which prevents the ellipsoid from rotating relative to
the basis vectors. Assuming X~ is strictly a diagonal, Equation (2) can be rewritten as:

lIx = ¢ill = VVT[(x =€) o (x = ¢))], @3)

where v is a vector of length d containing the diagonal elements of £™', and o denotes element-wise
multiplication. The square root applies to the scalar sum of all weighted squared components, i.e.,

’ Z]. v;(x; — ¢;j)?%, as in the Euclidean norm rather than element-wise. By substituting this back into Equation

(1) and replacing the exponential function with an arbitrary activation function o, we obtain:

yi = o(w[(x - ¢ o (x = ¢} )
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Now, w = —f;v is our new vector weight, which determines how the ellipsoid stretches and has only d
parameters. However, this also means that we can no longer rotate the ellipsoid relative to the basis vectors
(in this case, the feature vectors). We found that the resulting reduction in classification accuracy is acceptable
when considering the time required for a full BP epoch to train the Mahalanobis distance RBF. We attempted
to initialize ellipsoids at arbitrary angles, decompose 7%, and train only the vector of length d that performs
the same function as w. However, this yielded only negligible to no improvement, since £~' must be
reconstructed via matrix multiplication. We suspect that this matrix multiplication is required to reacquire the
d x d 71, interferes with the gradient flow during BP. Lastly, we added a new scalar bias parameter ¢. This
transforms Equation (4) into our ECF:

yi = ofw[(x - ¢) ° (x = €] - ). 5

This will play a major role in our subsequent GCL algorithm. As a result, each ECF unit in a d-
dimensional input space has a total of 2d + 1 trainable parameters. We chose the hyperbolic tangent as our
activation function ¢ because the introduction of ¢ can produce negative outputs in the original Mahalanobis
distance RBF. To reduce the number of parameters from 0(d?) to 0(d), we constrain ! to be diagonal,
resulting in a non-rotating Mahalanobis RBF. Conceptually, the ECF can be viewed as a soft indicator of an
ellipsoid obtained by applying a tanh kernel to a diagonal Mahalanobis quadratic, similar to how a traditional
RBF applies an exponential (Gaussian) bump to the same quadratic. With diagonal covariance, both share the
same ellipsoidal level sets, but tanh allows negative outputs, which are essential for GCL to detect where the
neuron output crosses zero and define coverage regions in feature space. Therefore, the choice of tanh is
motivated by its similarity to the Gaussian kernel, its compatibility with the bias ¢, and its natural interaction
with the non-rotating structure of the ECF within the GCL framework. Since we are comparing our ECF to the
HSCEF design from [54], we provide a brief description of its main function. In [54], the authors express their
HSCEF as:

_ { lIx — [Aq; + (1 - ﬂ)qiz]II}
Yi=03y— .

dr?

(6)

q;1 and q;, are vectors of length d pointing from the origin to the two endpoints of the function, where d is
the input dimension. r is the radius of the HSCF, also referred to as the “fatness” of the function by the authors.
A represents the projection length of the vectors (x — q;;) and (q;; — q;1). The authors provide an explicit form
for A as:

1, k(g —qi1) <0

Ikl
A= lgiz — qi |l iz = dan ) 7)
Ikl
0, —>1k-(qz —q;1) >0
l19:2 — i iz = A
where K is the projection vector of (x — q;;) onto (q;; — q;1):
(x—q;1) " (92 — q1)
k = iz — Qi1)-
la —ga? (%2~ 9 ®)

The trainable parameters are the endpoints, q;;, q;,, and the radius 7, resulting in a total of 2d + 1 parameters
per neuron unit. The authors also introduce an additional loss function, Ly, which concerns the volume of the
shape. Since the HSCF is essentially a hypercylinder with two hyperspheres as end caps, the Ly given in [54]
roughly corresponds to the combined volume of a hypersphere and a hypercylinder:
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a-1 d
T2 T2
LVC Z—T’d_l Xh+—‘r’d,
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or explicitly as:
4 2 d
2T T2
a1 x h+——r14, d=21l
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h = |lq;; — q;1 | is the height of the cylinder, and I'(x) is Euler’s gamma function. In [54], the authors provide
an explicit expression for this gamma function, and Ly is given as Equation (10).

Compared to our ECF, given by Equation (5), the HSCF is considerably more complicated. We also
suspect that this functional form is why, in our replication, it requires higher floating-point precision, from 32
to 64 bits, to allow proper gradient flow. In our replication attempts, we found that BP on HSCF cannot be
performed at all without this increased precision, whereas BP on other designs, including the Mahalanobis
distance RBF, works fine with float32 precision. Furthermore, this issue is compounded by multiple vector
multiplications. Overall, under our setup, HSCF requires 87 ms and 185 ms per optimization step when
working with CIFAR10 and CIFAR100. The time per step is significantly longer than reported in [54], making
reliable implementation for comparison impractical. As a result, HSCF has been omitted from our
comparisons; this limitation is acknowledged, and a fair comparison could not be obtained.

2.2 Computational and Parameter Complexity Analysis

To clarify the reduction from 0(d?) to O(d) parameters and to support claims about computational
efficiency, we summarize the parameter and complexity characteristics of all neuron designs considered in
this work. Table 1 reports per-unit trainable parameters and asymptotic time and space complexities with
respect to feature dimension d. The analysis assumes forward and backward computations for a single batch,
where matrix multiplications dominate cost. While HSCF has O(d) asymptotic complexity, its practical
runtime is slower than ECF due to multiple sequential vector operations, conditional branching, and the need
for 64-bit precision. This analytical comparison highlights that the proposed ECF achieves the same
representational capacity order as full Mahalanobis RBFs while remaining linear in d and suitable for large-
scale feature embeddings.

Table 1. Analytical parameter and complexity comparison across neuron designs in d-dimension.

Forward Backward Memory
Neuron Design Parameters Complexity Complexit (Space) Notes
per Neuron P y P y P

(per neuron) (per neuron) Complexity

M-P d+1 o(d) o(d) 0(d) Standard fully connected neuron
Euclidean RBF d+1 0(d) o(d) o(d) Spherical RBF
Mahalanobis RBF d*>+d 0(d? 0(d? 0(d? Requires matrix multiplication
for !
ECF (proposed) 2d +1 o(d) o(d) o(d) Diagonal covariance

approximation
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HSCEF [54] 2d +1 0(d) 0(a) 0(d)  Slower in practice due to
sequential ops, branching, and
64-bit precision

2.3 Geometrical Coverage Learning (GCL)

This process helps the ECF initialize closer to its optimal state by ensuring it covers a subset of the
training data; hence, the name Geometrical Coverage. Assuming we have a set of classification labels K with
k elements, we perform supervised clustering on the training data x. We then obtain a set of m different intra-
class clusters X} with a = 1,2, -+, m for each label t € K:

Gt = {Xt X5, -, X5}, (11)

We then build ECFs based on these subsets of training data. For each subcluster X¢, we first obtain its center,
denoted as c*f. We translate each input x € X{ with x — ¢ to obtain X’ = (x,x3,--,x;). Next, we determine
each it" component of the stretching weights, wa = (w{*, wy", -, wi") for subset a of class t by:

1\2 A
( (—) , <A< =X
at __ Ai )
Wi = 5 \2 : (12)
( ) , otherwise
Amax

A; is the maximum separation of the it component among x € X;, while Ap,, is max{A;} and § is a
hyperparameter set by the user. The latter is used to prevent w/** from blowing up when 4, is very small or
zero. After w*! are determined, we scale them to prevent gradient explosion or vanishing during BP by
mimicking the mean and variance of the positive half of the Xavier Glorot uniform initialization [57]. This is a
widely used method for initializing neurons while taking the sizes of the previous and current layers into
account [58, 59]. Normally, the Xavier Glorot uniform initialization takes the form:

V6 V6
Ul- : : (13)
Jfan, + fang,, /fan;, + fang,,

where U indicates a uniform distribution, fan;, is the number of input units in the weight tensor w, and fan,;
is the number of the output units of the layer. However, since the weights w of our ECF are defined on the
positive half of the real space R*, we modify the distribution to the positive half so that w is scaled as follows:

(14)

V6
wit~U [0, ]

Jfan;, + fang,,

The mean of our weight tensor is scaled to:

_ V6
W= ——
2./fan;, + fang; (15)

and its variance is scaled to:

1

2 e ———————
oW = 2 (fany, + fangy) (16)

After this scaling, we determine the bias parameter for subcluster a of label t as follows:
$ot = max{(w)T[(x — c@) o (x — )]}, (17)
XEX,

From this, we can see that ¢ determines how far the ellipsoid boundary extends before the output changes
from negative to positive, instead of starting at zero at the center like a normal RBF. This ¢ sets a specific
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boundary for our ECF, allowing us to define our GCL such that each ECF unit fully covers its corresponding
subcluster before BP. This, in turn, helps the ECF start closer to its optimal state before further gradient descent
training. The overall algorithm for the GCL is shown in Algorithm 1:

Algorithm 1 Geometrical Coverage Learning (GCL)

1:  Input: Training set X, labels y, nodes per class num, hyperparameter &

2:  Output: Cluster centers c®!, stretching weights w®f, biases ¢**

3:  fan;, = num_features(X)

4:  fang,, =num X |unique(y)|

5: _ 3 TR N SNPTIRT .
PXGU =U [0, T < positive-half Xavier initialization

6:  for each class t € unique(y) do

7: Xt={x€eX:y=t}

8 Xau = KMeans(Xt, n_clusters = num)
9 for each subcluster X € X, do

10: c%t = mean(X})

11: X, =Xt —c*t < translate samples to subcluster center

12: A = max(X,, axis = 0) — min(X,, axis = 0) < vector of max-min per dimension

13: Apax= max(A)

14: at = { (1/8)°  if0 <A< A_maX/a, Vi=1,..,d < element-wise weights computation
(6/Amax)? otherwise

15: Scale w®! to match mean and variance of PXGU

16: ¢+ = max, ey (W) (x" 0 x")} < compute bias

17: end for

18: end for

The main computational overhead of GCL comes from the supervised clustering step (Line 6 in
Algorithm 1, for which we use K-Means with a time complexity in practice of O(nmdki) (n elements, m
classes, d dimension, k clusters per class, and i number of iterations). While this may appear expensive at first,
GCL is performed only once before backpropagation, and its runtime is roughly equivalent to a single BP
epoch. The vectorized computations of the stretching weights w®! and biases ¢** (Lines 9-17) further
improve efficiency, ensuring that GCL does not add significant overhead to the overall training process.

2.4 Experiments

We perform experiments on image classification tasks. We used an AMD Ryzen 9 5900HX, 3301 MHz,
8 cores, 16 logical processors. All custom modules used in the experiments are vectorized and parallelized to
utilize all CPU cores. Our experimental setup employs transfer learning on the following backbone models:
ResNet18 (512 embedded features), ResNet50 (1024 embedded features), and VGG16 (4096 embedded
features). All backbones are trained on the ImageNet1K dataset and provided via the timm open-source library
[60, 61]. The backbone models are frozen, and BP is performed only on a classifier consisting of one input
layer, one hidden layer, and one output layer. Hidden layer units are varied to test different neuron designs.
The classification layers are optimized using ADAM (learning rate of 0.0002 and a batch size of 64) via
TensorFlow. ADAM is considered one of the best optimizers for DNNs in terms of convergence speed [7, 10,
62]. We test our models on three benchmarks: CIFAR10, CIFAR100 [63], and MNIST [64], and three industrial
image datasets: Magnetic Tile Defect Dataset (MTD) [65], Kylberg Texture dataset v1.0 (KTv1.0) [66], and
SDNET2018 [67]. All datasets are separated into training, validation, and test sets. The model selected for
evaluation is based on the checkpoint achieving the best validation accuracy during backpropagation,
ensuring that overfitting is mitigated. Our experiments use identical train and validation splits and paired
random seeds across methods. Although confidence intervals or formal statistical significance tests are rarely
reported in standard deep learning experiments, due to the high computational cost and the non-
independence of training runs, we report + deviations across multiple seeds for each dataset, backbone, and
metric. These deviations capture the variability of the results and enable meaningful comparisons across
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neuron designs under identical splits and paired seeds. Each experiment was repeated more than 10 times,
providing an effective “n” for these comparisons and ensuring that the reported values are statistically
meaningful. To ensure reproducibility and fair per-neuron comparisons, training uses a fixed validation set.
Hyperparameters for each neuron design were selected via grid search on a high-performance computing
cluster before CPU-based experiments. Head-level work is measured on frozen features, with forward and
backward computation costs reported per step and per batch; multi-epoch training scales linearly with the
number of samples. Reported per-method times and parameter counts reflect CPU execution. This setup
isolates each model’s intrinsic neuron capability without bias from differing hidden-unit counts.

We compare the following designs:

e M-P with hyperbolic tangent activation: Note that the original embedders are trained with
this linear design and frozen; thus, it is unlikely that any nonlinear design will outperform it.
However, we consider it useful to monitor the accuracy loss when different nonlinear designs
are implemented.

¢ Euclidean distance RBF with Gaussian kernel activation: Supervised K-Means clustering is
used to initialize the center of each RBF neuron. This highlights the limitations of the spherical
shape of the RBF.

e ECF with GCL: The main design proposed in this work.

e ECF without GCL: Used to study whether GCL significantly affects the performance of the
ECF.

We avoid using the full Mahalanobis distance RBF in the following experiments because the number
of trainable parameters becomes prohibitively large. Even with a single unit in the smallest backbone,
ResNet18, BP would require approximately 10° parameters, compared to roughly 10 for other designs. We
aim to keep the number of parameters across designs roughly comparable for the same dataset, though not
exactly. This is because the M-P and Euclidean distance RBF neurons have d + 1 parameters per unit, whereas
the other designs have 2d + 1 parameters per unit. For instance, with the ResNet18 backbone (512 features),
at least 1025 M-P neurons are needed to match the number of parameters of 513 ECF neurons. This is a clearly
excessive number of hidden units. We count per-neuron trainable parameters inside each coverage unit.
Fairness controls: To ensure valid comparisons on frozen embeddings, all neuron designs are trained under
identical optimization and evaluation protocols, including the same optimizer (ADAM), learning rate, batch
size, and checkpointing policy. Experiments use identical train/validation/test splits and paired random seeds.
Hyperparameters are selected under parameter-parity considerations (see Table 4 and Table 5 for per-head
trainable counts), and reported throughput and timings are measured per batch on the same CPU hardware.
These measures isolate architectural effects from differences in optimization or resource allocation. We note
that the backbone was originally trained with an M-P head, which may introduce alignment bias favoring that
baseline; comparisons are therefore interpreted as competitive under fixed-budget frozen-backbone transfer
rather than definitive superiority claims.

With this setup, we divide our experiments into two parts.

2.4.1. 20 epochs of training
We test our BP-trained models to assess how close each design is to its optimal state after a limited
number of epochs.

2.4.2. 200 epochs of training

We carry out the same experiment on CIFAR10 and CIFAR100 using the ResNet18 backbone, but with
many more BP epochs. This allows all models to reach their validated states at some point, enabling us to
evaluate their final performance.

3. Results and Discussion
First, an observation is made for 100 units of ECF with and without GCL. Figure 1 indicates that the
GCL does boost the optimization efficiency of our ECF. The ECF initialized with GCL can reach the best
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validated state faster than the ECF without GCL. For the CIFAR10 used in the observation with 10 classes, the
total time used during the GCL process is approximately 10 seconds. The time taken is roughly equivalent to
one epoch optimization under the mentioned setup, while the performance gain with GCL requires the ECF
without GCL more than one epoch to catch up.

Accuracy Loss
—— ECF + GCL / train
0.90 4 1.6 ECF + GCL / validation
—— ECF / train
0.85 A 141 —— ECF / validation
1.2 1
0.80 A
1.0 1
0.75 A
0.8 1
0.70 A
0.6 4
0651 0.4 K
0.60 - 0.2 1
0 10 20 30 40 50 0 10 20 30 40 50
epochs epochs

Figure 1. Observation on the training performance of ECF with and without GCL initialization on the CIFAR10
dataset, the backbone network used is pre-trained ResNet18 trained on ImageNet1k by [60, 61].

3.1 Comparison with other neuron designs
3.1.1. 20 epochs of training

The test accuracy results for this short training are shown in Table 2. At this limited number of training
epochs, most of the nonlinear models fail to reach a more optimal state. However, ECF with GCL can reach a
better state in most situations. Another key takeaway is that the ECF with GCL beats itself without GCL across
all situations, which aligns with the previous observation made in Figure 1. Meanwhile, the accuracy loss from
the M-P model is minor compared to the other models. The RBF design struggles the most when it comes to
the VGG16 backbone; the limitation is likely due to the spherical shape resulting from the Euclidean distance,
which does not perform well under high dimensional environment (4096 features returned from VGG16).

Table 2. Top-1 test accuracy score across different models and datasets after 20 epochs of training.

Neuron Backbone Top-1 Test Accuracy (%)
Design Model CIFAR10 CIFAR100 MNIST MTD KTv1.0 SDNET2018
M-P ResNetl8 | 8848 +0.06 68.46+0.04 9748+0.03 744+04 96.64+0.07 88.01+0.05
ResNet50 | 92.1+0.1 7493+0.05 97.83+0.03 76.0+02 9875+0.04 90.92+0.03
VGG16 | 84.38+0.09 62.66+0.09 97.24+0.03 82x+1 98.6+0.1 87.10+0.08
RBF ResNetl8 | 8323+0.07 31.1+02 9435+0.03 724+03 469+04 83.61+0.04
ResNet50 | 87.8+0.1 30.7+04 9434+0.04 72.8+0.5 279+0.8 85.5+0.1
VGG16 | 10.00+0.01 1.00+0.01 11.35+0.01 71.88+0.07 5.89+0.09 47 +4
ECF+GCL ResNetl8 | 87.69+0.05 64.18+0.01 96.39+0.02 72.7+0.3 90.5+0.1 87.61+0.05
ResNet50 | 91.06 £0.06 70.87£0.03 96.58+0.02 72.4+0.3 955+0.1 89.97+0.03
VGG16 | 82.03+0.09 564+02 96.37+0.03 74.9%0.6 96.1+0.1 86.35+0.08
ECF ResNet18 | 86.83+0.03 61.67+0.05 95.66+0.02 72.1+0.2 86.8+0.1 86.40+0.04
ResNet50 |90.85+0.04 699+0.1 9620+0.02 723+03 94.69+0.08 89.31+0.06
VGG16 82.0+0.1 57.7+01 9397+0.09 721+02 92.78+0.09 85.78+0.07

3.1.2. 200 epochs of training

After letting all designs train further and save the best validated checkpoint for the final model, again,
the ECF with GCL overcame itself without GCL, even after optimizing the network further, as shown in Tables
4 and 5.
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Table 4. Top-1 test accuracy score on CIFAR10 across different models after 200 epoch training with a trained
ResNet18 backbone. The number of steps per epoch is 625.

Neuron Design Number of Parameters Time per step (ms) Top-1 Test Accuracy (%)
M-P 104,610 2 88.6 +0.1
RBF 104,610 20 88.01 + 0.04
ECF + GCL 103,410 15 87.91+0.07
ECF 103,410 15 87.82 +£0.04

Table 5. Top-1 and Top-5 test accuracy scores on CIFAR100 across different models after 200 epoch training
with a trained ResNet18 backbone. The number of steps per epoch is 625.

Neuron Design Il:];;nnlz::'eii Time per step (ms) Top-1 Te(ijo;'\ccuracy Top-5 Te(f;o;'&ccuracy
M-P 245,300 3 68.44 +0.07 92.36 +0.03
RBF 245,300 38 57.9+0.2 87.69 +0.05
ECF + GCL 224,900 30 66.37 = 0.07 91.45 + 0.04
ECF 224,900 30 65.92 +0.09 91.04 +0.07

Note again that the number of parameters could not be exactly matched since some designs have d + 1
parameters per unit and others have 2d + 1 parameters per unit. This is an unexpected effect since GCL is
meant to only jump the training process of ECF by some epochs, but it turns out it also seems to help prevent
the model from falling into a worse local optimum. From Table 4, the Euclidean distance RBF does reach a
better optimal state. However, it struggles when the number of labels increases to 100 with fewer training
instances per class, as seen in Table 5, where ECF with GCL dominates other nonlinear designs. Note that this
time per step is recorded from the first few epochs, where more corrections are made, requiring more
computational power. The loss of performance of the ECF with GCL compared to the popular M-P model is
also minimal compared to other nonlinear approaches.

4. Conclusions

The ECF models proposed can be optimized to perform image classification tasks more efficiently
than other nonlinear neuron designs, while keeping the number of parameters low compared to the original
Mahalanobis distance RBF. Although the increase in time per step compared to the Euclidean distance RBF is
higher, ECF reaches its optimal state faster with GCL, mitigating this cost. Observations also suggest that GCL
helps prevent ECF from experiencing confusion during training, which could otherwise lead to worse local
optima. Taken together, these results indicate that ECF provides competitive performance under fixed-budget,
frozen-backbone transfer settings, with favorable efficiency and parameter usage compared to alternative
nonlinear designs. It also highlights that smart initialization in neural networks is possible and may lead to
gains in optimization efficiency. A formal theoretical analysis of the convergence properties of the ECF with
GCL is left as future work, which will further validate these empirical findings. It is undeniable that GCL is
formulated for cases where the data is well-structured. However, GCL still performs significantly well in
boosting efficiency despite the arbitrary, non-semantic features from black-box extractors. The ECF with GCL
could also be integrated with ease into tasks where it has been proven that RBF networks remain relevant. The
next interesting questions could be as follows: How would ECF perform when the backbone models are
unfrozen? Does it perform well under attacks from adversarial samples or noisy data? Does a similar smart
initialization exist for the M-P networks? While the results demonstrate the potential of ECF with GCL, several
constraints should be noted. Experiments focus on plug-in classification heads under fixed compute budgets
with frozen encoders. Benchmarks are moderate-scale image classification datasets (CIFAR10, CIFAR100,
MNIST, and selected industrial datasets), which are not web-scale and have limited diversity. All main
experiments were conducted on CPU due to resource constraints, with custom operations vectorized across



ASEAN ]. Sci. Tech. Report. 2026, 29(2), €259894. 11 of 14

cores; reported per-method times and parameter counts reflect this environment. Hyperparameters were
selected via grid search on a high-performance computing cluster prior to CPU experiments, but searches were
modest and oriented toward parameter parity, not exhaustive optimization. The full Mahalanobis RBF
baseline was evaluated only under parameter- and PCA-width-parity conditions; full evaluation is prohibitive
at high-dimensional frozen-backbone features (e.g., d = 512 for ResNet18, d = 4096 for VGG16). Other tasks:
end-to-end fine-tuning, detection/segmentation, sequence or graph tasks, adversarial robustness,
calibration/uncertainty, and distribution-shift evaluations, were not explored. The inverse covariance matrix
in ECF is diagonal, reducing rotational capacity, and GCL relies on supervised K-Means (choice of k,
sensitivity). Although the ECF head is theoretically domain-agnostic, evidence is limited to transfer-learning
heads on frozen CV embeddings; extension to other modalities or unfrozen backbones is anticipated but
unverified. Reported results reflect asymptotic complexity and throughput/time-to-best; absolute performance
may vary with hardware or computational budget.
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1. Introduction

Soil is a natural material that plays a fundamental role in civil
engineering, serving as the foundation for essential infrastructure such as
buildings, roads, dams, and other load-bearing structures. The geotechnical
suitability of local soil properties is a decisive factor influencing structural
stability and safety, particularly in rapidly urbanizing regions such as Pathum
Thani Province, located within the Bangkok Metropolitan Region. The
predominant clay soils in this area are highly sensitive to fluctuations in
moisture content; variations in water can induce swelling or shrinkage, thereby
affecting load-bearing capacity and potentially compromising structural
integrity. Therefore, accurate and reliable soil characterization is imperative for
effective infrastructure planning and design. A widely accepted approach for
evaluating the behavior of fine-grained soils involves determining the Atterberg
Limits, which include the Liquid Limit (LL), Plastic Limit (PL), and Plasticity
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Index (PI). These parameters are essential for classifying clay types and predicting soil performance under
varying moisture conditions and applied loads [1]. However, the results of Atterberg Limit tests often exhibit
variability due to differences in operator expertise, equipment calibration, sample preparation, and
environmental factors, which may undermine data reliability and reproducibility.

To address such inconsistencies, researchers have recently introduced Statistical Process Control
(SPC) and the Process Capability Index (Cpk) from industrial engineering as systematic tools for assessing the
stability and performance of laboratory testing processes. For example, Hasan and Abuel-Naga [2] applied
electrochemical techniques to improve the precision of PI measurements, enabling more reliable process
capability assessments. Marusi¢ and Jagodnik [3] demonstrated that the fall cone method produces more
consistent LL results compared to the conventional Casagrande apparatus. Likewise, Rosas et al. [4] and
Knadel et al. [5] emphasized the potential of integrating machine learning and spectroscopy techniques to
reduce measurement bias and enhance test accuracy. Despite these advancements, most previous studies have
focused primarily on improving individual testing methods rather than evaluating the overall process
capability and measurement uncertainty of soil characterization procedures. Furthermore, the application of
SPC and Cpk analysis to geotechnical testing, particularly for Atterberg Limits of clay soils, remains limited,
especially within the ASEAN region, where heterogeneous soil conditions and diverse laboratory practices
can lead to inconsistent results. Accordingly, the present study aims to analyze the PI of clay soils in Pathum
Thani Province and to evaluate the consistency and capability of the testing process through the application
of SPC and Cpk methodologies. The ultimate objective is to systematically quantify data reliability and process
stability, thereby ensuring that the test results are robust and suitable for incorporation into geotechnical
design frameworks in rapidly developing urban environments.

2. Theoretical Framework and Related Research

The evaluation of soil properties, particularly the Atterberg Limits of clayey soils, is fundamental in
civil engineering as it influences the design and long-term stability of infrastructure [1-3]. The Liquid Limit
(LL), Plastic Limit (PL), and Plasticity Index (PI) are essential parameters for soil classification and for
predicting deformation behavior under variable moisture and load conditions. However, traditional testing
methods often face variability stemming from operator technique and equipment inconsistencies, which may
compromise data reliability [6]. To improve precision and consistency, industrial engineering approaches such
as Statistical Process Control (SPC) and the Process Capability Index (Cpk) have been integrated into soil
testing [4,7]. Recent studies have explored alternative measurement techniques, including electrical resistivity
modeling [8], diffuse reflectance spectroscopy [9], and machine learning-based estimations [10], aiming to
reduce human-induced errors and enhance rapid analysis. Moreover, the inherent variability of geotechnical
properties significantly affects design safety, highlighting the importance of robust statistical evaluations [6].
The strong correlation between Atterberg Limits and compaction characteristics further emphasizes PI as a
key predictor for field performance [11]. Additionally, chemical and electrochemical stabilization techniques
have proven effective in modifying soil plasticity in tropical soils [12]. These integrated approaches underscore
the necessity of combining advanced measurement techniques and process control strategies to enhance data
reliability and structural safety in geotechnical engineering.

Therefore, the theoretical foundation of this study is built upon the integration of geotechnical testing
principles with industrial quality management methodologies. By combining the deterministic nature of soil
mechanics (through Atterberg Limits and classification) with statistical control concepts (SPC, Cp, Cpk) and
uncertainty quantification, the framework provides a holistic approach to assess both the accuracy and
consistency of soil property testing. This integration is particularly novel in the ASEAN context, where
laboratory variability often challenges the reliability of soil classification for design and construction.

2.1 Atterberg Limits and Soil Classification

Atterberg Limits are quantitative indices used to describe the consistency and moisture-related
behavior of clay soils. These limits provide systematic insight into strength, shrinkage potential, and plasticity
under varying water contents [13]. Standardized testing procedures follow ASTM D4318-17 [1] and comprise:
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- Liquid Limit (LL): The moisture content at which soil transitions from a plastic to a liquid state.

- Plastic Limit (PL): The moisture level at which soil shifts from semi-solid to plastic behavior.

- Shrinkage Limit (SL): The lowest moisture content at which further drying does not result in volume
reduction. Soil classification based on the PI is derived using the equation 1.

PI=LL-PL (1)

This index allows the classification of soils according to the Unified Soil Classification System (USCS),
where the Plasticity Index (PI) and Liquid Limit (LL) thresholds define the soil type and its expected
engineering behavior. The USCS categorizes fine-grained soils based on LL and PI values using the
Casagrande Plasticity Chart, which delineates soil boundaries through the empirical A-line relationship, as
shown in equation 2.

PI = 0.73(LL - 20) @)

This relationship helps differentiate clay and silt behavior and is widely applied in geotechnical
engineering practice for soil classification purposes.
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Figure 1. Casagrande plasticity chart showing classification of fine-grained soils based on LL and PI [14].

The A-line separates silts (ML/MH) from clays (CL/CH), with plasticity and liquidity thresholds
guiding the classification [14]. Soil groups are interpreted not only by index values but also by their
geotechnical behavior in construction and load-bearing scenarios.

60

74
For classificction of fine-grained soils
“and Tine-grained fraction of coarse-grained //
= soils /
H sof = ..
e Equation of A" -line \\Q/// Q,/
= Horizontal ot PI=4 to LL=25.5, oY \e\ >
W oL fhenPI=073(L-20) 1 [ __
z Equation of "U"~line * v
= Vertical at LL=16 to PI=7, | // C‘\?\
2 then PI=0.9 (LL-8) 7
a0t
o /|
s s
g 20+ z O Va
: | MH o OH
(g
v

10 7

|- At MLorOL

Al

|
00 10 16 20 30 40 50 60 70 80 90 100 1no

LIQUID LIMIT (LL)

Figure 2. Plasticity chart for the USCS classification according to ASTM D4318-17 [1]



ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260404. 4of14

Table 1. Soil classification criteria according to USCS

Soil Group (USCS) LL (%) PI (%) Key Characteristics
CL - Clay, Low LL <50 PI below A-line and PI<7 Acceptable settlement; easily
Plasticity B (or ~7-17: medium) compacted
CH - Clay, High LL > 50 PI above A-line and PI > High shrink-swell potential; requires
Plasticity 17 stabilization (e.g., lime/cement)
ML / MH - Silt varies . Low shear strength; easily saturated
(Low/High Plasticity)  with LL PIbelow A-line and flow-prone i ’

Recent advancements in soil characterization have introduced alternative methods to assess Atterberg
Limits with improved precision and reproducibility. These approaches range from spectroscopic techniques
to machine learning models and geotechnical interrelationships.

This study introduces a process-oriented framework for Atterberg Limits evaluation by integrating
Statistical Process Control (SPC), process capability indices, and uncertainty assessment. Unlike previous
works that emphasized prediction, correlation, or material characterization, this approach bridges
geotechnical testing with quality management tools, providing a new perspective on the reliability, stability,
and interpretive confidence of soil property testing, as summarized in Table 2.

Table 2. Summary of Recent Studies on Atterberg Limits and Identified Research Gaps

Atterberg Spectroscopy Machine Correlation Soil SPC/ Uncertainty

Reference Limits / Indirect Learning /Empirical Structure Process & Guard

Focus Estimation (ML) Analysis Capability Band
Knadel, LL, PL,
Rehman et PI X
al. [5]
Rosas et al. LL, PL, .
[4] PI
Bhavya & LL, PL, N
Nagaraj [10] PI
Karakan et

LL, PI
al. [15] *
D .

ghghaman PI N

& Ipek [16]

LL, PL,
This Study PI X X

As summarized in Table 2, most previous studies focused on improving test precision or correlation
analysis but rarely quantified process capability and uncertainty. This identified gap forms the foundation of
the present study.

2.2 Statistical Process Control (SPC)

Statistical Process Control (SPC) refers to a set of statistical tools used to monitor, analyze, and control
variability within testing or production processes. In this study, the primary SPC tool applied is the Individual
Control Chart, also known as the X-MR Chart, which consists of two components [17].

221.X-Chart (Individual Value Chart) is used to monitor the central tendency of measured data.

- Mean of the data series:
1 n
X=->x 3)
i=1

- Control limits for the X-Chart:
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UCLy = X 4+ 2.66 - MR, LCLy =X —2.66 - MR (4)

Where :

X =Mean of the data series

n = Number of samples

X; = Individual measurement

MR= Average moving range

UCLy = Upper control limit

LCLx = Lower control limit

2.2.2 The MR-Chart (Moving Range Chart) is used to assess short-term variability between successive
measurements.

- Moving range for each data pair:
MR; = |X; — X;_4| ©)

- Mean of the moving ranges:

MR = ﬁz MR, ©)

2.2.3 Process Capability Index (Cpk)

The Process Capability Index (Cpk) is a quantitative metric used to evaluate how well a process can
produce outputs within predefined specification limits. It considers both process variability and the location
of the process mean relative to the specification range.

The standard formula is:

?)

. (USL—p n—LSL
Cpk = mm( 36 ' 3o )
Where:

USL = Upper Specification Limit
LSL = Lower Specification Limit
i = Process mean
o = Standard deviation of the data

Common interpretation criteria include:
Cpk < 1.00, meaning the process is incapable or poorly controlled
Cpk = 1.00, meaning marginally acceptable
Cpk > 1.33, meaning the process exhibits high capability and statistical control

Integrating Cpk into the evaluation of soil properties, such as PI, enables a quantitative link between
geotechnical characteristics and the ability to maintain testing consistency and quality. This approach supports
data-driven decision-making in soil classification and construction design.

3. Research Framework

This study is grounded in an integrative framework combining concepts from civil engineering and
industrial engineering. Its primary focus is the assessment of clay soil properties using Atterberg Limits,
specifically the LL, PL, and PI. These parameters are essential for classifying clay soils according to the USCS
and for predicting soil behavior under real-world conditions, such as mechanical loading and moisture
variation. The data obtained from laboratory tests are subsequently analyzed statistically to evaluate process
consistency and quality through the application of SPC and the computation of the Cpk [18]. The independent
variables in this study include the Atterberg Limit values (LL, PL, PI) and fundamental soil sample
characteristics such as sampling location and initial moisture content, which directly influence soil behavior.
The dependent variables are the Cp and Cpk indices, which reflect the capability of the testing process. A Cpk
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>1.33 is typically required for high capability relative to specification limits; values between 1.00-1.33 indicate
marginal capability as shown in Figure 3.

Output

Input L l;rocz:ss /71_\1_4811_1}?(1010% -Process Capability & Reliability
- Atterberg Limits (LL, PL, PI) T SPC (MR ot | Indicators
- Soil Sample Characteristics - SPC (X-MR Charts) "| -Contribution: Integration of

. . - Process Capability (Cp, Cpk) . ; o
(Location, Moisture) - Uncertainty & Guard Band Geo'teclm.lcal Testing + Quality
’ Engineering Tools

A 4

Figure 3. Research framework for Atterberg Limits testing with SPC, Cp/Cpk, and uncertainty analysis.

4. Methodology

4.1 Study Area and Soil Sampling

This study was conducted in Pathum Thani Province, located in the lower Chao Phraya River basin.
The region’s predominant soil type is moisture-saturated clay, which is particularly sensitive to environmental
fluctuations. A total of 50 soil samples were collected across diverse subzones with varying environmental
conditions to ensure a broad representation of local variability. Samples were gathered in their natural
moisture state, stored in sealed containers, and subsequently transferred to the laboratory for formal testing.

4.2 Soil Property Testing

The collected soil samples were subjected to standard laboratory tests to determine their Atterberg
Limits, including Liquid Limit (LL), Plastic Limit (PL), and Shrinkage Limit (SL), in accordance with ASTM
D4318-17 [1]. Following the completion of these tests, the Plasticity Index (PI) was calculated using the
equation. The complete test results are summarized in Table 3, providing a statistical foundation for
subsequent analysis of process stability and capability.

Table 3. Atterberg Limits of Clay Soil Samples from Laboratory Testing

Sample Liquid Plastic Shrinkage Plasticity
No. Limit Limit Limit Index VLL VPL VSL
(LL, %) (PL, %) (SL, %) (PI, %)
1 60.65 57.52 33.57 3.13 0.9 0.46 0.07
2 52.06 46.47 32.24 5.6 0.88 0.75 0.4
3 61.52 57.99 28.22 3.52 0.98 0.59 0.47
4 40.29 35.26 23.95 5.03 0.8 0.65 0.06
5 48.46 40.76 27.08 7.7 0.89 0.74 0.48
6 47.84 43.1 26.39 4.74 0.75 0.59 0.41
7 51.87 45.64 26.12 6.23 0.8 0.68 0.51
8 48.45 39.34 29.27 9.11 0.93 0.44 0.32
9 59.83 53.79 33.99 6.04 0.82 0.4 0.28
10 50.14 44.68 34.02 5.46 0.99 0.86 0.46
48 56.51 51.64 41.32 4.87 0.83 0.57 0.15
49 53.56 49.37 314 4.19 0.75 0.52 0.25
50 42.03 36.33 26.91 5.7 0.74 0.42 0.31

*Note: Table 3 shows selected samples for illustration. Full results are included in the Supplementary
Appendix.

The relationship between moisture content and the volume ratio of soil samples (n = 50) exhibits a
consistently convex upward trend. This pattern reflects the expansion behavior of clayey soil mass as moisture
increases, a characteristic attributable to its high-water adsorption and retention capacity. In the low moisture
range (below 20%), the volume ratio remains relatively stable within 0.2-0.4, indicating that the soil remains
in a semi-solid state with preserved internal structure and limited deformability. When moisture rises to
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approximately 25-40%, the volume ratio increases noticeably, suggesting a transition into the plastic state
where the soil demonstrates enhanced deformability without fracturing. This behavior aligns with the defined
thresholds of PL and LL, as described by Atterberg [19]. Beyond 45% moisture content, the graph shows a
rapid increase in volume ratio, indicating entry into the liquid state. In this condition, the soil loses its shape-
retention capacity, and interparticle bonding weakens significantly. Such moisture levels exceed the LL and can
adversely affect the structural integrity of geotechnical applications, including foundations and compacted fills.

Soil State Chart

Volume Ratio

aoe ¢

Moisture

Figure 4. The relationship between moisture content and the volume ratio of soil samples

Figure 4 illustrates this volumetric transition clearly. The slope of the curve across different intervals
also suggests sample-specific responses to moisture variation. Notably, soils with higher PI values tend to
exhibit greater expansion, potentially due to differences in clay mineral composition. These PI values are
consequently used as key indicators for evaluating soil behavior and serve as the basis for statistical process
analysis in subsequent research stages.

Table 4. Statistical Analysis of Atterberg Limit Variables

Variable N Mean SE Mean StDev Minimum Q1 Median Q3
LL 50 51.454 0.917 6.484 39.600 47.080 50.325 56.330
PL 50 45.944 0.988 6.987 33.770 40.627 44.750 51.785
SL 50 31.184 0.821 5.806 20.030 27.365 29.835 33.995
PI 50 5.510 0.269 1.902 2.170 4.250 5.335 6.230

The statistical analysis of 50 clay soil samples revealed Atterberg Limit values that reflect distinctive
geotechnical characteristics of the study area in Pathum Thani Province. Specifically, the average LL was
51.45%, with a standard deviation of 6.48, indicating that local soils exhibit a broad moisture transition range
from liquid to plastic states. Liquid Limit values exceeding 50% suggest that most samples belong to high
water-retention clays with pronounced plasticity behavior. The PL had an average of 45.94% and a median of
45.77%, reflecting a symmetrically distributed dataset and indicating that most soils transition from semi-solid
to plastic form at relatively high moisture levels. This range aligns with favorable workability for foundation
and compaction applications. Shrinkage Limit (SL) values averaged 31.18%, suggesting that the minimum
moisture level at which volume reduction ceases remains relatively high. This behavior is typical of deep-layer
clays with fine-grained structures capable of preserving volumetric stability upon drying. The Plasticity Index
(PI), defined as the difference between LL and PL, averaged 5.51% with a range of 2.17-10.75%, classifying the
soil samples within the low to medium plasticity range based on USCS criteria. The concentration of PI values
within a narrow bandwidth indicates a high degree of consistency in soil characteristics across the sampled
region. This observation aligns with initial control chart results (X-MR), which confirmed process stability.
The statistical data suggest that clay soils in Pathum Thani exhibit low to moderate plasticity, making them
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suitable for compaction work with manageable moisture sensitivity. These findings provide a sound
foundation for subsequent process capability evaluation using the Cpk index and SPC methodology.

5. Results
5.1 Process Consistency Evaluation of Plasticity Index Testing

The consistency of the Plasticity Index (PI) testing process was assessed using an Individual Control
Chart (X-MR Chart), which includes two components: the Individual Value Chart (X-Chart) and the Moving
Range Chart (MR-Chart). These charts evaluate both central tendency and short-term variability across
successive measurements of PI values. The statistical control parameters derived from the test data are
summarized in Table 5.
Table 5. Control Chart Parameters from X-MR Analysis of PI Data

Mean Moving Upper Control Lower Control Upper Control - Lower Control

Process Mean Range Limit X Chart Limit X Chart Limit MR Limit MR
Chart Chart
5.51 2.426 11.96 -0.94 7.925 0

The analysis revealed that the average Plasticity Index (PI) from 50 test samples was 5.51%, with a
standard deviation of 1.90. Based on the Individual Value Chart, all data points were found within the
statistical control boundaries. Upper Control Limit (UCL) = 11.96 and Lower Control Limit (LCL) = —-0.94 with
no observations falling outside the acceptable range. This indicates the absence of special cause variation or
systematic irregularities. Similarly, the Moving Range Chart showed an average moving range (MK) of 2.43,
and no individual MR values exceeded the UCL of 7.93. These results confirm that the PI testing process was
statistically stable and consistent across the entire dataset, as shown in Figure 5.

I-MR Chart of PI

12 UCL=11.96

i AW g(& A N !\mﬁ% X=5.51
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©

Individual Value
w oo

T T T T T T T
1 3 1 16 21 26 31 3% 41 %
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84 UCL=7.925

MR=2.426

0 LCL=0
T

T T T T T T T T T
1 3 1 16 21 26 31 36 43 6
Observation

Figure 5. X-MR Control Chart of Plasticity Index

Upon examining the data distribution, no systematic bias or directional drift was observed, and the
variation appeared random throughout the dataset. This confirms that the PI testing process was statistically
"in control," in accordance with the principles of Statistical Process Control (SPC) [17]. There were no signs of
abnormal behavior caused by process shifts or external disturbances. As such, the test results from all 50
samples can be considered sufficiently reliable, serving as a strong foundation for evaluating the process
capability index (Cpk) in the subsequent section.

5.2 Process Capability Assessment of Plasticity Index Testing.

The capability of the Plasticity Index (PI) testing process was evaluated using the Cp and Cpk indices
under predefined specification limits: a Lower Specification Limit (LSL) of 2.00 and an Upper Specification
Limit (USL) of 10.00. This specification range is grounded in geotechnical engineering considerations. A PI
value below 2.00 generally indicates non-plastic material, which is unsuitable for compaction applications due
to poor deformation capacity. Conversely, PI values exceeding 10.00 suggest highly plastic clays that may
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cause structural instability, such as shrinkage upon drying or excessive swelling when exposed to moisture.
This rationale aligns with the classification criteria defined by the Unified Soil Classification System (USCS),
which categorizes clays into three ranges: Low plasticity: PI < 7, Medium plasticity: 7 < PI < 17, and High
plasticity: PI > 17. Therefore, selecting a specification range of 2-10 effectively encompasses materials within
the “low to medium plasticity” category, consistent with the characteristics of Pathum Thani clay soils
observed in this study. These threshold values support the engineering suitability of the materials for
foundational and fill applications while setting boundaries that protect against undesirable behaviors under
field conditions, as presented in Figure 6.

Process Capability of PI
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Figure 6. Process Capability Analysis of Plasticity Index

The analysis revealed that the process capability index values were Cp = 0.702 and Cpk = 0.616, both
below the commonly accepted benchmark of 1.00 or higher for quality control. A Cp value less than 1.00
indicates that the process variation exceeds the tolerance defined by the specification limits. In addition, the
Cpk value of 0.616 confirms that the process mean is not centered within the specification range. This
conclusion is supported by the observation that the upper capability (CPU) exceeds the lower capability (CPL),
which indicates that the process distribution is skewed toward the Lower Specification Limit (LSL). Cp reflects
the theoretical capability of the process, assuming perfect centering. The low value suggests substantial
internal variation. On the other hand, Cpk considers the position of the process mean, and the resulting value
reveals that the process average deviates from the midpoint of the specification range. Such misalignment may
introduce performance risks under field conditions. The Parts Per Million (PPM) analysis showed that
approximately 4 percent of the results exceeded the Upper Specification Limit (USL), which is equivalent to
40,000 PPM. Although no values fell below the LSL, the presence of high-side outliers negatively affects overall
process conformity. According to structural engineering standards, a Cpk value of at least 1.33 is typically
required to ensure reliable performance. The observed Cpk falls short of this requirement, even when material-
specific variability is taken into account. In conclusion, while the PI testing process demonstrates statistical
stability, the overall capability remains low. To address this issue, it is recommended to improve moisture
control, enhance sample preparation procedures, and refine measurement techniques. These adjustments can
help reduce process variation and increase the Cpk value to meet engineering reliability standards more effectively.

5.3 Trend Analysis

Trend analysis of the Plasticity Index (PI) values across 50 test samples revealed a randomly
distributed pattern, with no observable upward or downward trend throughout the testing sequence. The
corresponding sample sequence chart confirms that the data remained statistically stable over time. This
indicates that the testing process did not experience time-based drift or variation induced by external factors,
such as environmental fluctuations or procedural inconsistency during sample handling, as shown in Figure 7.
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Scatterplot of PT vs Sample Regression Analysis: PI versus Sample
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Figure 7. Trend Analysis of the Plasticity Index (PI)

To investigate the temporal behavior of the PI and determine whether a systematic trend exists across
the sequence of measurements, a Linear Trend Analysis was performed using Minitab 16. The dataset
consisted of PI values from 50 consecutively measured soil samples. The results were visualized through a
scatterplot with an overlaid linear trend line to assess directional movement. The analysis indicated that PI
values were distributed across the range of approximately 2 to 11, without exhibiting any clear upward or
downward trajectory. The linear trend line displayed an extremely shallow slope, suggesting no significant
temporal change in PI values throughout the testing sequence. If evaluated using a regression model, the
coefficient of determination (R?) was found to be lower than 0.10, implying that linear trends explain only a
minimal portion of the observed variability. This finding supports the interpretation that the PI testing process
is temporally stable and free from progressive drift or systematic deviation. The absence of trend-related
anomalies aligns with the results from the X-MR control chart, which demonstrated that the process operates
within statistically stable conditions. Therefore, there is no indication of abnormal variation at any specific
point in the sample sequence. The trend-free nature of the data reinforces earlier SPC results and confirms that
the testing process was conducted under controlled and repeatable conditions, without interference from
special causes. The estimated linear regression equation, using Sample Order as the independent variable and
PI as the dependent variable, is expressed as:

PI = 5.5923 — 0.0032 - Sample

This equation further illustrates that the slope is nearly zero, and the process mean remains consistent
throughout the sample order.
Table 6. The regression analysis results

Slope R-Squared (R?) P-Value Residual Standard Deviation
-0.0032 0.1% 0.864 1.9207

Based on the regression analysis results, the slope of —0.0032 indicates a slight negative trend in PI
values as sample order increases. However, the associated p-value of 0.864 demonstrates that this trend is not
statistically significant. The coefficient of determination (R?) equals just 0.1%, meaning that the linear trend
line explains only 0.1% of the variation in PI values. This suggests that the trend has virtually no influence on
the overall behavior of the dataset. Accordingly, it can be concluded that the PI testing process does not exhibit
a clear temporal pattern across the sample sequence. This finding supports the earlier X-MR chart analysis,
which confirmed the statistical stability of the testing process and the absence of systematic time-dependent changes.
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5.4 Uncertainty Analysis

The uncertainty of the mean PI was evaluated using a 95 % confidence interval to assess the reliability
and precision of the testing results. The computed mean PI was 5.51, with a 95 % confidence interval ranging
from 5.08 to 5.94, indicating a relatively narrow dispersion and confirming the stability of the dataset. This
narrow range reflects good measurement precision and supports confidence in the reliability of soil quality
assessments. According to the statistical summary presented in Table 3, the descriptive values are as follows:
Mean = 5.51, Standard Deviation = 1.90, and 95 % Confidence Interval of the Mean = [5.08, 5.94]. Subsequently,
the expanded uncertainty was determined using the following equation 8.

U=k- ®)

Sle

Where:
U = Expanded Uncertainty
k = Coverage factor (for 95% confidence, typically k = 2)
o = Standard deviation
n= Sample size
This expanded uncertainty offers a quantitative expression of the range within which the true mean
value is expected to fall with high confidence. A relatively low uncertainty indicates high reproducibility and
test consistency.

U= 1.90
V50

by k = 2 (95% confidence interval)
= 10.537

The expanded uncertainty of +0.537 represents the confidence interval of the true process mean, not
the deviation of individual test results. This indicates that the estimated mean PI lies within this range at a
95% confidence level. This becomes especially critical when considered alongside specification limits. For
instance, if a measured PI value approaches the Upper Specification Limit (USL) of 10.00 such as 9.5 units the
inclusion of uncertainty may result in values exceeding the allowable threshold. Therefore, caution is advised
when interpreting PI results, and it is recommended to evaluate uncertainty in conjunction with specification
criteria to minimize engineering risk. On the other hand, a narrow confidence interval reflects the consistency
of the testing process and reduces the likelihood that the results will deviate substantially from standard thresholds.
This reinforces the reliability of the PI measurements and supports their use in process capability evaluation.

Table 7. Summary of Expanded Uncertainty (+U) and Percent Error

Summary Value Description
PI (u) 5.51 Based on the Plasticity Index results from 50 soil samples
(o) 1.90 Calculated using Minitab statistical analysis
Factor (k) 2 Corresponds to a 95% confidence level
1.90
Uncertainty (xU) +0.537 U=2 Ne
% Uncertainty of Mean 9.74 %x 100 = 0.537 =+ 5.51 x 100

To enhance decision reliability near specification boundaries, a Guard Band was established based on
the expanded uncertainty (+0.537). This approach is especially critical when assessing Plasticity Index (PI)
values that approach the Lower Specification Limit (LSL = 2.00) or Upper Specification Limit (USL = 10.00).
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Table 8. Guard Band Assessment for Specification-Based Decision-Making

Specification
Limit

Lower Spec Limit ~ 2.00  2.00+0.537=2.537  PI<2.537 should be considered near the LSL boundary.

Upper Spec Limit ~ 10.00  10.00 - 0.537 =9.463  PI >9.463 should be considered near the USL boundary.

Value  Guard Band (zU) Cautionary Interpretation

Values falling within the range of 2.537 to 9.463 are considered to lie within the compliance zone,
representing acceptable conformity to the specification limits. However, PI values approaching either limit
should be interpreted with engineering caution, as measurement uncertainty may influence the classification
outcome. For instance, a sample yielding a PI of 9.2 lies within the upper cautionary zone. Considering the
expanded uncertainty of +0.537, the true value could potentially exceed the Upper Specification Limit (USL =
10.00) in practice. Therefore, such borderline cases should be treated conservatively and not be conclusively
classified as within specification, particularly in quality control applications such as soil compaction or fill
material evaluation. Incorporating guard bands into process capability evaluation enhances the robustness
and reliability of engineering decisions near specification boundaries. This approach helps reduce false
acceptance or rejection risks, ensuring more dependable quality assurance under conditions of measurement
uncertainty.

6. Discussion

In the process capability analysis using Statistical Process Control (SPC), the X-MR charts for Liquid
Limit (LL), Plastic Limit (PL), and Plasticity Index (PI) demonstrated that all test results were within control
limits, confirming statistical stability and the absence of abnormal variation. This outcome indicates that the
testing procedure is consistent and reliable for laboratory practice. Process capability indices were recalculated
for PI with respect to the specification limits (LSL = 2.00, USL = 10.00). The results showed Cp =0.702 and Cpk
=0.616, both lower than the Automotive Industry Action Group benchmark of 1.33. These findings reveal that
although the process is statistically stable, its capability remains limited, reflecting moderate internal
variability. Compared with the initially reported values, the corrected indices suggest that the process is closer
to acceptable levels, but further improvements are still necessary. Enhancements in operational parameters,
particularly moisture regulation, sample preparation, and instrument calibration, could help reduce
variability and improve performance toward capability benchmarks. The corrected uncertainty analysis
provided additional insights. The expanded uncertainty was calculated as +0.537, equivalent to approximately
9.7% of the mean PI value (5.51). This is substantially lower than previously reported and demonstrates that
the measurement system has reasonable precision. Considering guard band adjustments, this uncertainty
improves the reliability of decisions regarding specification compliance. These results align with prior studies
by Hasan and Abuel-Naga [2] and Abdallah et al. [7], which emphasized the value of statistical indices in
geotechnical testing. Overall, the findings indicate that while the current process is not fully capable, it remains
stable, reasonably precise, and suitable for preliminary geotechnical assessments.

7. Conclusion

This study aimed to evaluate the consistency and capability of the soil property testing process, with
emphasis on the Plasticity Index (PI), a key parameter for classifying clay soil based on the Unified Soil
Classification System (USCS). Plasticity Index serves as a critical indicator in geotechnical engineering
applications, such as compaction assessment and subgrade stability analysis. The research methodology
integrated Statistical Process Control (SPC), Process Capability Index (Cpk) evaluation, trend analysis, and
uncertainty analysis to provide a comprehensive view of temporal stability, process reliability, and data
limitations. The analysis demonstrated that the X-MR Control Chart, comprising the X Chart and Moving
Range Chart, effectively captured process stability. All 50 PI data points were located within control limits,
with no sign of abnormal patterns or systemic interference, confirming statistical stability of the measurement
process. Process capability was assessed using Cp and Cpk indices under specified limits: Lower Specification
Limit (LSL) = 2.00 and Upper Specification Limit (USL) = 10.00. Results showed Cp =0.702 and Cpk = 0.616,
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both falling below the industry-accepted benchmark of 1.33 for quality assurance. These values indicate that
although the process is statistically stable, it remains incapable of fully meeting specification requirements due
to internal variability, particularly in relation to results near the upper limit of the specification range. Trend
analysis using linear regression revealed no statistically significant time-based drift in PI values (R? = 0.1%, p-
value = 0.864), reinforcing the stability of the process over sequential measurements. No embedded anomalies
or directional bias were detected, corroborating findings from SPC. Uncertainty was quantified using a Type
A evaluation based on actual test data. The corrected expanded uncertainty (+U) was +0.537, representing
approximately 9.7% of the mean PI value (5.51). This relatively moderate level of uncertainty indicates that
the measurement system is more precise than previously reported, providing higher confidence in results even
when values approach specification boundaries. When integrated with Guard Band considerations, this level
of uncertainty improves interpretive safety and reduces decision-making error in material quality control for
engineered fill. In summary, the PI testing process demonstrated temporal stability and statistical control.
However, limited process capability (Cpk =0.616 <1.33) underscores the need for stricter control of influencing
factors such as moisture regulation, sample preparation, and measurement precision. Furthermore, the
corrected uncertainty analysis highlights the importance of including measurement uncertainty as an integral
component of engineering judgment when interpreting PI results near specification limits.
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Abstract: The use of biofertilisers to replace conventional chemical fertilisers
has been widely investigated. However, the colonization of microbes in plants
and their effects on plant growth are still unclear. The experiment aimed to (i)
determine the ability of potassium-solubilizing purple nonsulfur bacteria
(Ksol-PNSB) to colonize in hybrid maize and (ii) measure their capacity to
promote plant growth. A randomised complete block design experiment was
conducted in undeposited alluvial soil collected from An Phu, An Giang, under
nethouse conditions with five treatments and six replications. The treatments
were: (i) the control, (ii) Cereibacter sphaeroides M-SI-09, (iii) Rhodopseudomonas
thermotolerans M-So-11, (iv) Rhodospeudomonas palustris M-So-14, and (v) a
combination of the three strains. Results revealed the presence of bacteria in soft
tissues of the cortex and medulla in the root hair region of hybrid maize plants.
Supplying one or three strains of Ksol-PNSB increased crop height (20.7-34.4%),
root length (17.0-40.5%), root biomass (20.9-154.0%), and stem-leaf biomass (73.8—
173.8%) compared to the control. The current study has successfully revealed the
inhabitation locations of the beneficial bacteria within plant tissues, along with
the improved growth characteristics of the hybrid maize. The current study is a
good reference for studies investigating the works of beneficial microbes in
plants. However, further molecular investigations should explore the potassium-
solubilizing traits of the bacteria.

Keywords: Biofertilizer; Cereibacter sphaeroides; Rhodospeudomonas palustris; Rhodopseudomonas
thermotolerans; root anatomy.

1. Introduction

Maize (Zea maysL.) globally provides food for human beings and
livestock [1]. In Vietnam, maize is highly important in agricultural production
and livelihoods [2]. Sandhu et al. [3] estimated that approximately 80% of maize
is consumed in animal husbandry. Recently, the rice-rice-maize cropping system
has been developed in the Mekong Delta. However, maize cultivation faces different
difficulties due to the excessive use of chemical fertilizers, leading to nutrient
imbalances, reduced efficiency, soil degradation, and biodiversity loss [4].

Potassium (K) is vital in photosynthesis, water storage, and stomatal
control [5]. Deficiency in K reduces photosynthesis efficiency and leaf size [6]
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and affects osmotic regulation [7]. Thus, K fertilization in maize can improve crop nutrient uptake and crop
yield [8]. Potassium exists in soil under soluble, exchangeable, non-exchangeable, and structural forms [9].
Nevertheless, a large portion of K is immobilised in clay minerals, making it unavailable to plants. Sun et al.
[10] suggested exploring biological nutrient sources to replace chemical fertilisers, solubilise soil K, and
enhance plant growth. For hybrid maize cultivation, using biofertiliser is a sustainable approach to improve
productivity and to remediate the environment [11]. The microorganisms within biofertilisers can improve
soil nutrient availability and facilitate plant nutrient uptake [12].

Biofertilisers, containing beneficial microorganisms, can improve plant nutrition through multiple
mechanisms, such as nitrogen fixation, phosphate and potassium solubilization, organic acid production,
siderophore release, and phytohormone synthesis [12-14]. Among them, purple nonsulfur bacteria (PNSB) are
a metabolically versatile group capable of photosynthesis, nitrogen fixation, and nutrient solubilization
[15,16]. PNSB has been successfully applied as biofertilisers to enhance potassium availability for various crops
[17,18]. Several PNSB species, such as Rhodopseudomonas and Cereibacter spp., have been reported to enhance
soil fertility and plant growth through their potassium-solubilizing capacity and plant growth—-promoting
(PGP) traits [17-19]. PNSB may promote crop development not only by increasing nutrient bioavailability but
also by synthesizing auxins and gibberellins, regulating reactive oxygen species, and improving chlorophyll
formation and root development [20-22]. In Vietnam, different potassium-solubilizing PNSB (Ksol-PNSB)
strains have been isolated from hybrid maize rhizosphere soils, including Cereibacter sphaeroides M-SI-09,
Rhodopseudomonas thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14 [23]. However, limited
information exists regarding their colonization patterns within maize tissues and their effects on plant growth
under early vegetative stages.

Therefore, this study aimed to: (i) assess the colonization potential of Ksol-PNSB during hybrid maize
growth stages and (ii) determine their plant growth-promoting capabilities. The findings are expected to
provide insight into the interaction between beneficial PNSB and maize roots and support the development
of microbial biofertilizers for sustainable maize cultivation in alluvial soils.

2. Materials and Methods

2.1 Materials

Location and duration: The experiment was conducted from September 21 to October 6, 2024, in a
greenhouse at the Faculty of Crop Science, College of Agriculture, Can Tho University.

Pots: Plastic containers with a dimension of top diameter x bottom diameter x height at 14 x 11 x 12
(cm). At the bottom, there were 5 five drainage holes.

Soil: Undeposited alluvial soil collected from An Phu - An Giang (0-20 cm depth), air-dried and
cleaned from plant debris. Each pot contained 2 kg of prepared soil. Before the experiment, the soil was
analyzed for key physicochemical properties: pH = 5.33, electrical conductivity = 0.27 mS cm, total N = 0.07%,
total P = 0.06 % P20s, and exchangeable K = 0.21 meq 100 kg'. These values represent moderately fertile,
slightly acidic conditions typical of in-dyked alluvial soils in the Mekong Delta.

Plant material: Hybrid maize seeds, NK7328 (Bayer company, Germany).

Bacterial strains: Three Ksol-PNSB strains, including Cereibacter sphaeroides M-S1-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodospeudomonas palustris M-So-14 [19], were obtained from the Faculty of Crop
Science, College of Agriculture, Can Tho University.

2.2 Methods

The experiment followed a randomised complete block design with five treatments: (i) the control, (ii)
M-S1-09, (iii) M-So-11, (iv) M-So-14, and (v) a combination of the three strains. The control group was treated
identically to the inoculated groups except that seeds were soaked and watered with sterilized distilled water
instead of bacterial suspension. This ensured that any observed differences were due solely to bacterial effects.
No fertilizer was used in this experiment. Every day, 100 mL of water was applied to each pot at 5:00 p.m.

Bacterial inoculation: Maize seeds were surface-sterilised using 70% ethanol and 1% sodium
hypochlorite before being rinsed with sterilised deionised water. Sanitised seeds were germinated in darkness
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for 24 hours, then immersed in the corresponding Ksol-PNSB solution suspension (1 x 108 CFU mL?) for 1
hour before sowing, achieving a final bacterial load of 2 x 108 CFU per seed as 2 seeds x 1 x 108 from 50 seeds/50 mL
=2x108[20].

Biofertiliser application: Biofertilisers of C. sphaeroides M-S1-09, R. thermotolerans M-So-11, and R.
palustris M-50-14 were applied into the soil at a rate of 10 mL pot! on days 5, 10, and 15 after planting (DAP).
For the three-strain treatment (v), 3.33 mL of each strain was used.

Tissue microtomy was conducted following the slicing method and cell wall staining by Carmin aluné
—vert d’ iode for vegetative organs (stem-leaf) at 15 DAP. Samples were soaked with Javen solution (3%) and
acetic acid (5%) before being dyed [21]. In particular, carmine made cellulose-made cell walls pink, and vert d’ iode
turned lignin-made cell walls green.

Anatomic positions: Root samples with zones of division, elongation, and maturation were randomly
selected. Stem samples were collected from the middle of the second internode from the ground. Leaf samples
were mature leaves at the vegetative positions, including leaf sheath (the third leaf from the tip), leaf blade
(0.5 cm from the leaf margin), and midrib (a large bump in the middle of the leaf). All samples were cut in
cross-section. The anatomical characteristics of the vegetative organs of maize had the general structure of a
monocotyledonous plant (a big herbaceous form).

The presence of bacteria within plant organs: An anatomic method without bleaching and fuchsine
staining was applied. In brief, samples were surface-sterilised with alcohol 70°. Then, the samples were quickly
dissected, cut in cross-section, and stained with fuchsine to detect tissue and cell structures. This was the
scientific evidence to determine the habitat and movement of bacteria among treatments. The samples were
observed and sized by the light microscope (Olympus CX23) and Toupview software.

Vegetative parameters were determined on two plants per pot at 15 DAP. Plants were harvested at 15
DAP to focus on the early vegetative stage, when initial colonization and root-microbe interactions occur.
Although longer trials could reveal yield responses, this short-term evaluation aimed to visualize colonization
patterns and detect early physiological responses before external nutrient limitations or senescence occur in pots.

- Plant height (cm): Measure the height of the plant in each pot, from the ground to the tip of the tallest
leaf on top.

- Stem diameter (cm): Measure at the top, middle, and base to calculate the average.

- Leaf length (cm): Measure from the leaf collar to the leaf tip of the top leaf.

- Leaf width (cm): Measure the widest part of the top leaf.

- Root length (cm): Measure from base to root tip.

- Root biomass (g): Cut and weigh the roots.

- Stem-leaf biomass (g): Weigh the whole plant.

- SPAD: The chlorophyll content was measured by SPAD 520 at the /3 position of the leaf from the
petiole to the leaf tip [22].

- The chlorophyll a and b: Leaf samples were cut into 1.0 cm-wide circles. The leaf samples were let
react with 3 mL of NN-Dimethyl Formamidecho in a 50 mL test tube. The tube was kept from light for 24
hours. The solution was measured by spectrophotometry at 663 and 647 nm. The chlorophyll a and b contents
were calculated according to Porra et al. [23] as follows:

Chlorophyll a = 12.00*Asss2 — 3.11*Assss g Chl/mL

Chlorophyll b = 20.78* Aees.2 — 4.88* Assss g Chl/mL

Chlorophyll a+b = 17.67*Ases2 + 7.12* Assss pug Chl/mL

- Proline content: Samples (0.5 g) were ground in 10 mL of sulfosalicylic acid 3%. The ground sample
was added into a centrifugal tube, shaken by a reciprocal shaker for 30 min, centrifuged at 3,500 rpm for 10
min, and collected for the clear extract. The extracted solution was reacted with 2 mL of Ninhydrin and 2mL
of glacial acetic acid, boiled in a double boiler at 90 °C for 1 h, cooled by ice, and then 4 mL of toluene, shaken
for 15 - 20 seconds, and measured by spectrophotometry at 520 nm [24].

2.3 Statistical analysis
The SPSS 13.0 software was applied to compare differences between means by the Duncan test at 5%
significance.
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3. Results and Discussion
3.1 Colonization patterns of the Ksol-PNSB in hybrid maize

Microscopic observation of maize tissues revealed clear anatomical differentiation across root, stem,
and leaf sections (Figure 1-3).

(B ©

Figure 1. Cross-section anatomy of maize root. A, D: division zone, B: elongation zone, C, E: maturation zone;
1: epidermis; 2: cortex parenchyma; 3: phloem; 4: xylem; 5: root hairs; 6: suberin-impregnated zone;
7: sclerenchyma surrounding xylem; 8: endodermis with U-shaped suberine frame.

©)

Figure 2. Cross-section anatomy of maize culm. A: stem structure, B, C: vascular bundle development from

young to older stages. 1: epidermis; 2: parenchyma; 3: xylem; 4: phloem; 5: newly formed xylem; 6:
lignified xylem
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Figure 3. Cross-section anatomy of maize leaf. Leaf sheath structure (A). Anatomical structure of leaf blade:
midrib region (B), leaf margin region (C), leaf blade in young leaf stage (D), leaf blade in older leaf
stage (E); 1: epidermis; 2: parenchyma; 3: phloem; 4: wood; 5: sclerenchyma; 6: bundle sheath cells;
7: stomata; 8: anabolic tissue

Root anatomy: The root exhibited distinct zones in cross-section, including division (uppermost zone
from root tip with active cell generation) (Figure 1A, 1D), elongation (Figure 1B), and maturation zones (Figure
1C, 1E). Cells and tissues were arranged in concentric layers from exterior to interior. The root epidermis
consisted of thin-cell-wall cells closely packed together to form a layer that covers the inner parts, along with
elongated unicellular root hairs (Figure 1). The thickness of the suberised cork layer varied with tissue
maturity. The following layer was the soft cortical tissue that occupied a large area with mostly soft tissues.
The endodermis was a layer of rectangular cells arranged in a characteristic U-shaped pattern with suberised
cell walls. Numerous vascular bundles formed a ring, with centripetal xylem arrangement alternating with
phloem tissues.

Stem anatomy: The cross-section of the maize stem was circular. The tissue arrangement from outside
to inside. The outermost epidermis was a layer of small cells packed closely together. In the maize stem, the
cross-section of the maize did not distinguish between the cortex and the medulla. The vascular bundles were
scattered, and the parenchyma occupied all the remaining space. A few layers of thick tissue (hypodermis)
laid just below the epidermis. For the bundle area, the more peripheral positions were, the smaller the bundles
(closer to the epidermis) became in size but more numerous, while the bundles in the central region were
larger and farther apart. The vascular bundles were arranged in a superimposed pattern, phloem above and
xylem below. The xylem resembled a "Y' shape, but the two xylem (sides) usually had delayed lignification
(Figure 2).

Leaf anatomy: Different positions had different structures, with a distinct patterns in the leaf sheath,
midrib, and blade regions.

Leaf sheath: The vascular bundles were arranged in parallel rows of different sizes. Each vascular bundle
contained both xylem and phloem tissues. The remaining space was filled with parenchyma tissue. (Fig. 3A).

Leaf blade: The leaf blade had an isosurface structure (the upper and lower surfaces of the leaf cannot
be distinguished). The microscopic observations revealed that the leaf blade cross-sections displayed
specialised cellular organization characteristics of C4 photosynthesis. The mesophyll tissue contained
prominent bundle sheaths with regularly spaced vascular bundles. Each vascular bundle showed well-defined
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xylem and phloem tissues. The bundles maintained consistent spacing and size throughout the leaf blade
sections examined (Figure 3B, 3C).

Lead midrib: Cross-sections of the midrib region demonstrated distinct anatomical features
dominated by a large central vascular bundle. Ground tissue surrounded the vascular elements, which
maintained typical organization with adaxial xylem and abaxial phloem arrangement (Figure 3D, 3E).

Bacterial colonization: Presumed bacterial cells, stained red with fuchsine, were visible in the cortex
and medulla of maize roots supplied with C. sphaeroides M-SI-09, R. thermotolerans M-So-11, and R. palustris M-
So-14 (Figure 4-7), but not in the control (Figure 8). This could be assumed that according to the treatment
description, there was the presence of M-5S1-09 (Figure 4), M-So-11 (Figure 5), M-So-14 (Figure 6), and a mixture
of three strains M-SI-09, M-So-11, and M-So-14 (Figure 7) compared to the control case (Figure 8). The
microorganisms were localized primarily in thin-walled parenchyma cells and near the xylem and phloem
vessels. These regions are known to facilitate endophytic movement through apoplastic flow. The bacteria
likely entered through root hairs and epidermal micro-cracks, then migrated via intercellular spaces and xylem sap.

B

Figure 4. Presence of bacteria in maize supplied with potassium-solubilizing purple nonsulfur bacteria M-SI-
09. A: structure of elongation zone; B: cortex region; C: stele region.

A D B

Figure 5. Presence of bacilli in maize supplied with potassium-solubilizing purple nonsulfur bacteria M-So-
11. A: structure of maturation zone; B: cortex region; C: stele region; D: Epidermis
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¥

Figure 6. Presence of bacilli in maize supplied with potassium-solubilizing purple nonsulfur bacteria M-So-
14. A: structure of maturation zone; B: cortex region; C: stele region

Figure 7. Presence of bacteria in maize supplied with potassium-solubilizing purple nonsulfur bacteria M-SI-
09, M-So-11, and M-So-14. A: structure of maturation zone; B: cortex region; C: stele region

Figure 8. Presence of bacilli in maize without potassium-solubilizing purple nonsulfur bacteria. A: structure
of maturation zone; B: cortex region; C: stele region
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In conclusion, the soft tissue surrounding the xylem and the medullary parenchyma gradually became
impregnated with the xylem, causing the cell walls to thicken and turn green when stained. The medullary
parenchyma cells were loosely arranged and contained numerous starch granules. Microsamples at different
locations also revealed a development trend that increased the rigidity of the root, the thin-walled tissues
made of cellulose (living cells) were gradually replaced by thicker-walled cells impregnated with xylem/lignin
(becoming dead cells) (Figure 1-3). Bacteria were observed in the cortex and medulla, areas with thin-walled
cellulose structures (Figure 4-7). Normally, the soft tissues contain many storage substances, which are the
environment for bacteria to grow. Some bacteria appeared in the epidermal area (in small numbers); however,
they did not penetrate deeply due to the presence of suberin-impregnated cells that form a protective barrier.
Bacteria inside the plant likely followed the water transport route, entering through the root hairs and moving
through the internal structures. However, because only anatomical staining was used, the bacterial cells
observed cannot be definitively confirmed as the inoculated PNSB strains. Other naturally occurring
microorganisms could exhibit similar morphology. Therefore, molecular or fluorescence-based confirmation,
such as PCR amplification of species-specific genes, is recommended for future studies.

3.2 Influencing capacity of Ksol-PNSB on growth and biochemical traits of hybrid maize

3.2.1 Growth traits

The treatments with Ksol-PNSB showed significant increases by 10.1 - 16.8 cm in plant height, by 1.01
- 1.58 cm in stem diameter, by 9.70 - 15.3 cm in leaf length, by 1.02 - 1.69 cm in leaf width, by 8.00 - 19.0 cm in
root length, by 0.41 - 3.02 g in root biomass, and by 4.80 - 11.3 g in stem-leaf biomass (Table 1).

Table 1. Effectiveness of potassium-solubilizing purple nonsulfur bacteria in improving hybrid maize growth
in undeposited alluvial soil in An Phu, An Giang, under nethouse conditions

Stem Leaf Leaf Root Root Culm-leaf
Treatment Crop height diameter length width length  biomass weight
(cm) (g)
Control 48.7¢ 1.92¢ 33.7¢ 1.984 46.8¢ 1.96¢ 6.504
M-S1-09 64.42 3.502 45.3v 3.402 62.72 4.27v 17.8
M-So-11 64.5 3.302 45.3v 3.25b¢ 57.2b 4310 13.9°
M-So-14 58.80 2.93v 43.4v 3.00¢ 54.8v 2.37¢ 11.3¢
Mix 65.52 3.30° 49.02 3.672 65.82 4.98 17.72
Significance * * * * * * *

CV (%) 3.07 7.33 3.12 6.12 4.18 7.65 8.56

Note: In the same column, numbers followed by different letters are significantly different at 5% (*); ns: no
significance. M-S1-09: Cereibacter sphaeroides M-S1-09, M-So-11: Rhodopseudomonas thermotolerans M-So-11, M-
So-14: Rhodospeudomonas palustris M-So0-14. Mix: the mixture of three strains Cereibacter sphaeroides M-SI-09,
Rhodopseudomonas thermotolerans M-So-11, Rhodospeudomonas palustris M-So-14.

Table 1 shows that strains of Ksol-PNSB significantly improved hybrid maize growth compared to the
control. Previous studies have demonstrated the ability of PNSB strains, such as R. palustris, to enhance the
growth of different crops, e.g., Chinese cabbage Pak choi (Brassica chinensis L.) [25], stevia (Stevia rebaudiana
Bert.) [26], urad bean (Vigna mungo L.) [27], and rice (Oryza sativa L.) [28-30]. In this study, C. sphaeroides M-SI-
09, R. thermotolerans M-So-11, and R. palustris M-50-14 significantly increased crop height, stem diameter, leaf
length, leaf width, root length, root biomass, and stem-leaf weight, resulting in significantly higher fresh
biomass of hybrid maize (Table 1). Ksol-PNSB releases organic acids (e.g., citric, malic, and gluconic acids)
that chelate K from insoluble minerals such as mica and feldspar, increasing soluble K concentration in the
rhizosphere [31,32]. Moreover, PNSB synthesise indole-3-acetic acid (IAA) and gibberellins that promote cell
elongation and root development, leading to enhanced nutrient uptake [33]. Unlike other microorganisms,
PNSB can function under both aerobic and microaerobic light conditions, contributing to improved root
oxygenation and carbon metabolism [34]. These combined effects indicate that Ksol-PNSB stimulates maize
growth primarily through physiological activation rather than simple nutrient supplementation.
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3.2.2 Biochemical traits

By improving nutrient balance and metabolic efficiency, PNSB increases chlorophyll content and
photosynthetic capacity, as supported by higher SPAD values observed in this study. Chlorophyll content
(SPAD index) significantly increased under Ksol-PNSB treatments (37.5 - 45.5) compared to the control (35.9)
(Table 2). The SPAD index, a reliable indicator of the N nutritional status in leaves, is positively correlated
with leaf N content [35]. A SPAD index below 35 indicates that the plant is in an N-insufficient status [36].
Table 2 revealed that Ksol-PNSB M-SI-09, M-5S0-11, and M-So-14 improved the SPAD index. The a and atb
chlorophyll contents peaked in the M-So0-14 treatment (8.26 ug g and 13.1 ug g, respectively). The a and a+b
chlorophyll in the Ksol-PNSB treatments were significantly greater than those of the control at 15 DAP. The b
chlorophyll ranged from 4.71 to 4.87 ug g (Table 2). The enhancement of chlorophyll accumulation reflects
improved N assimilation and photosynthetic performance. Similar findings were reported by Xu et al. [26,27]
and Sundar et al. [37], who demonstrated that PNSB inoculation improved photosynthetic pigments and plant
vigor in Stevia rebaudiana and rice, respectively.

Table 2. Effectiveness of potassium-solubilizing purple nonsulfur bacteria in improving hybrid maize biochemistry
in undeposited alluvial soil in An Phu-An Giang, under nethouse conditions

Proline Chlorophyll a Chlorophyll b Chlorophyll a+b
-1
Treatment SPAD (pg&})g (ug g
Control 35.94 19.7¢ 6.80¢ 4.85 11.7¢
M-S1-09 42.52 21.2b¢ 8.062 4.87 12.92b
M-So-11 37.5¢ 23.2ab 7.57b 4.71 12.3be
M-So-14 39.9v 26.52 8.262 4.87 13.12
Mix 40.4° 17.5b¢ 7.642b 4.83 12.5%
Significance * * * ns *
CV (%) 2.22 14.7 5.44 4.09 3.90

Note: In the same column, numbers followed by different letters are significantly at 5% (*); ns: no significance.
M-S1-09: Cereibacter sphaeroides M-SI-09, M-So-11: Rhodopseudomonas thermotolerans M-So-11, M-So-14:
Rhodospeudomonas palustris M-So-14. Mix: the mixture of three strains Cereibacter sphaeroides M-SI-09,
Rhodopseudomonas thermotolerans M-So0-11, Rhodospeudomonas palustris M-So-14.

Proline content, an indicator of stress tolerance, was highest in the M-50-14 treatment (26.5 pmol g-!
DW) and decreased progressively in the treatments with M-51-09 (24.2 umol g'' DW), M-So-11 (21.2 umol g
DW), and the combination of M-51-09, M-So-11, and M-So-14 (17.5 pmol g' DW). In comparison, the proline
content in the control was 19.7 umol g DW (Table 2). Furthermore, the significantly increased proline content
in maize treated with Ksol-PNSB compared to the control suggested that supplying Ksol-PNSB enhanced
maize tolerance against stresses. Proline is synthesised to maintain cell osmosis and protect enzymes, proteins,
membranes, and cell structures under water scarcity [38]. Proline is commonly used as a biomarker for stress
response and osmotic regulation in plants [39]. However, since no abiotic stress was imposed in this
experiment, the elevated proline level is more likely linked to enhanced metabolic activity and amino acid
turnover during rapid vegetative growth rather than to stress tolerance [40]. The lower proline level in the
mixed treatment may reflect a more balanced physiological state, where the combined bacterial consortium
improved osmotic stability and nitrogen assimilation efficiency, reducing the need for proline accumulation
[41]. The proline accumulation increases crop tolerance and yield [42]. Thus, the increased proline production
by the Ksol-PNSB application improved crop growth and yield and minimised the adverse effects on plants.

Overall, these findings suggest that the PNSB strains may contribute to maize vigor through
coordinated effects on nutrient mobilization, photosynthesis, and amino acid metabolism rather than by
inducing stress-related pathways. The presence of presumed PNSB in maize tissues corresponds with
enhanced morphological and biochemical performance. However, colonization alone does not directly prove
causality for growth promotion. It is plausible that the bacterial metabolites and solubilised nutrients exerted
systemic effects on plant physiology independent of internal colonization. Future studies should integrate
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molecular detection with metabolomic profiling to verify bacterial persistence and identify the specific
bioactive compounds responsible for growth enhancement.

4. Conclusions

This study demonstrated that potassium-solubilizing purple nonsulfur bacteria (Cereibacter sphaeroides
M-S1-09, Rhodopseudomonas thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14) are presumed to
colonize the soft tissues of hybrid maize roots, particularly in the cortex and medulla regions near the vascular
system. Their application significantly enhanced early vegetative growth, including plant height, leaf
expansion, root elongation, and biomass accumulation, compared with the uninoculated control. The positive
effects of Ksol-PNSB on maize growth are likely associated with multiple plant growth—promoting
mechanisms such as potassium solubilization, phytohormone synthesis, and improved chlorophyll formation,
rather than from direct bacterial colonization alone. Increased proline content observed in certain treatments
reflected enhanced metabolic activity during active growth rather than a stress-related response, while the
lower proline level in the mixed inoculation suggested a balanced physiological state under optimal nutrient
conditions. These results support the potential use of Ksol-PNSB as promising biofertilizer candidates to
improve nutrient efficiency and promote sustainable maize cultivation in alluvial soils of the Mekong Delta.
However, because this experiment focused on short-term colonization, further studies are required to confirm
bacterial identity within plant tissues using molecular or fluorescence-based methods; evaluate their
persistence and physiological influence throughout the full growth cycle; and examine the interaction between
Ksol-PNSB and potassium fertilizers under field conditions.
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Abstract: Water-borne diseases are a major global public health concern,
leading to significant morbidity and mortality worldwide. In this study, E. coli
and the associated culturable bacteria were investigated from 7 water sampling
locations along the 26 kilometers of U-Tapao Canal, an important aquatic source
in southern Thailand. Five E. coli strains were obtained from 3 water samples
(3/21, prevalence of 14%). Two of five were multidrug-resistant (MDR) E. coli.
One E. coli strain was resistant to imipenem, suggesting that it was a
carbapenem-resistant E. coli. All five E. coli strains exhibited y-hemolysis on
blood agar and produced catalase, suggesting their virulence to some extent.
Fifteen diverse bacterial strains other than E. coli were also found and classified
into 12 distinct bacterial species using MALDI-TOF MS. The finding of E. coli
and other bacterial species in the U-Tapao Canal in this study highlights the
microbial contamination inhabiting this canal and emphasizes the potential risk
of water-borne diseases among inhabitants residing in the vicinity. This study
strengthens the need for systematic microbiological monitoring of water quality,
promoting public health and environmental safety.

Keywords: Bacterial diversity; Escherichia coli; fecal; multidrug resistance; water-borne

1. Introduction

Fecal contamination of water has been a major public health concern
since it is a source of numerous pathogens [1]. Fecal indicator bacteria are a
group of bacteria used to assess water fecal contaminations and their abundance
should correspond to the presence of fecal pathogens [2]. One of the major
pathogens that serves as an indicator of fecal water contamination supplies is
Escherichia coli [3]. E. coli contamination at a level of zero per 100 mL is
considered the threshold for safe potable water [4]. Numerous E. coli strains
carry distinct virulent genes that are capable of causing a wide variety of
diseases, including diarrhea, septicemia, and urinary tract infection [5, 6]. Water-
borne outbreaks have been reported to implicate Shiga toxin-producing E. coli
(STEC) and enteropathogenic E. coli (EPEC) [7]. STEC producing Shiga toxin 2
can result in hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS),
leading to high mortality rates [8]. In addition, EPEC, comprising bfp (coding for
bundle-forming pili) and eae (coding for intimin), including locus of enterocyte
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effacement (LEE), can lead to non-bloody diarrhea [5]. More importantly, they can acquire antimicrobial-
resistant genes through horizontal gene transfer, contributing to their intractability.

The U-Tapao Canal originates from the Thai-Malaysian border and terminates at the lower area of
Songkhla Lake, covering a distance of approximately 130 kilometers [9]. It serves as a catchment area and
effectively aggregates microbial contaminants from diverse upstream sources traversing Hat-Yai city, which
is an urban center with a population exceeding hundreds of thousands of people. This hydrological pathway
is serving as a potential stream for the spread of water-borne pathogens to the urban populations. In Thailand,
there is a report of a high level of multidrug-resistant (MDR) and extended-spectrum beta-lactamases (ESBL)-
producing E. coli from river water. However, the data on E. coli, including other bacterial species, are scarce in
southern Thailand. Therefore, this study discovers the information in terms of prevalence, virulence,
antimicrobial resistance (AMR), and bacterial diversity in fresh water in the southern Thai area. This is
beneficial to Thailand’s public health intervention.

2. Materials and Methods

2.1 Sample collection and bacterial isolation

Water samples were collected from 7 locations, including 5 locations along 26 kilometers of U-Tapao
Canal (UTP-1 to UTP-5), and the 2 water reservoirs near cattle farms (Rattana farm, RTN, and Ruengkitt farm,
RKF) (Figure 1). Briefly, 100 mL of water was acquired at a depth of 30 cm below the water surface. Ten mL of
water was mixed with 90 mL of tryptic soy broth (TSB) (Becton Dickinson, Sparks, USA) and incubated at 37°C
for 1 h. One loop-full of the bacterial culture was streaked on eosin methylene blue agar (EMB agar) (Becton
Dickinson, Sparks, USA) and incubated at 37°C for 18 h for E. coli isolation. Green metallic sheen colonies were
selected and kept in stock at -80°C using 10% glycerol (final concentration) as the cryoprotectant.

[Phatthalung &M\/_@}

Songkhla

Rattaphum T

Hat Yai

Na Mom

3 -§ °§°

Chana

Lo
Qo

Figure 1. Water sampling locations. A. Water samples were collected from 7 locations, including 5 locations
(UTP-1 to UTP-5) along the 26 kilometer-U-Tapao Canal, and 2 water reservoirs from nearby farms
(Ruengkitt farm, RKF, and Rattana farm, RTN farm) to assess the bacterial contamination. B, actual
field sites where water samples were collected.
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2.2 Bacterial identification by matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS)

A total of 27 suspected E. coli isolates were subjected to bacterial identification by MALDI-TOF MS
[10]. In brief, a tiny amount of bacterial colony was spotted onto a steel target plate. The sample was overlaid
with 1 ul of 100% formic acid. After drying, 1 ul of Bruker HCCA matrix (a-Cyano-4-hydroxycinnamic acid)
was prepared followed the manufacturer's instructions, and was added. The sample was processed and
analyzed in a Microflex Biotyper (Bruker Daltonik GmbH, Germany). All isolates were done in duplicates. The
highest score value and the identification provided by MALDI-TOF MS were recorded. Score values <2.0 and 1.7
were established as the cut-off for species-level and genus-level identification, respectively [11]. Species-level
sample identities were determined by the MTB software searching against the Bruker BDAL MSP library database.

2.3 Hemolysis and catalase production

Hemolysis on blood agar and catalase production were also examined to seek their additional
virulence characteristics. For the hemolysis assay, an overnight bacterial colony was spotted on human blood
agar and incubated at 37°C for 18 hours. Alpha (a), beta (), or gamma (y) hemolysis was observed
macroscopically. Catalase production assay was examined using 3% H20: solution as described by
Sukhumungoon et al. [12].

2.4 Antimicrobial susceptibility assay
All E. coli strains were examined for antimicrobial susceptibility using the disk diffusion method [13].

Twelve antimicrobial agents used in this assay were amikacin, AK (30 pg), ampicillin, AMP (10 ug), ceftazidime,
CAZ (10 pg), ceftriaxone, CRO (30 ug), cephalothin, KF (30 pg), chloramphenicol, C (30 pg), ciprofloxacin, CIP
(5 pg), gentamicin, CN (10 pug), kanamycin, K (30 pg), imipenem, IPM (10 pg), streptomycin, S (10 pg), and
tetracycline, TE (30 ug) (Oxoid Hampshire, UK). The clear zone was measured by a vernier caliper. E. coli
ATCC 25922 was used as a control. MDR was determined by the resistance to 2 or more antibiotic classes.

2.5 Statistical analyses
Fisher’s Exact Test was employed to determine the significant difference in the relationship between
the detection of E. coli and the sampling locations along the U-Tapao Canal. P-value was set at 0.05.

3. Results and Discussion
3.1. Bacterial isolation and bacterial identification by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS)

The existence of E. coli in natural aquatic sources constitutes a critical public health concern, as these
sources supply water to municipal systems for domestic consumption. In this study, a total of five E. coli strains
were isolated. These 5 strains were recovered from 3 positive water samples (out of 21 total samples,
prevalence of 14%). The 3 positive samples were obtained from three distinct locations: one from UTP-1
(yielding 1 isolate), one from UTP-2 (yielding 1 isolate), and the last one from the RKF cattle farm (yielding 3
isolates). (Figure 1 and Table 1). Despite the fact that the presence of E. coli was not significantly associated
with the water sampling sites (P-value > 0.05), its detection is still a public health problem (Table 1). In the
course of E. coli investigation from the northeastern region of Thailand, a total of 34 surface water samples
were collected and yielded 89 E. coli isolates, suggesting a high level of E. coli contamination [14]. Likewise,
the detection of E. coli in water has also been documented in several countries worldwide. Bong et al [15]
investigated the prevalence and diversity of antimicrobial-resistant E. coli under anthropogenic pressure in
the Larut River, Malaysia. E. coli was detected at all sampling sites, and its estimated abundance was up to 4.1
x 105 CFU/100 mL.
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Table 1. Prevalence of E. coli from U-Tapao Canal, May, 2025

) No. of positive sample No. of positive isolate
Sample GPS location / No. ofrt’otal sampleI:%) / No. oflzotal isolate (%)
“UTP-1 7°04'30.3"N 100°28'32.6"E 1/3 (33) 1/6 (17)
UTP-2 7°02'31.3"N 100°27'06.8"E 1/3 (33) 1/4 (25)
UTP-3 6°58'48.5"N 100°27'48.1"E 0/3 (0) 0/2 (0)
UTP-4 6°55'53.0"N 100°2624.2"E 0/3 (0) 0/5 (0)
UTP-5 6°51'22.7"N 100°27'52.3"E 0/3 (0) 0/4 (0)
RKF 6°55'48.5"N 100°17'30.6"E 1/3 (33) 3/3 (100)
RTN 6°53'06.4"N 100°30'09.0"E 0/3 (0) 0/3 (0)
Total 3/21 (14%) 5/27 (19)

*UTP, U-Tapao, RKF, Ruengkitt farm, RTN, Rattana farm.

In addition to the detection of E. coli, we demonstrated a high degree of bacterial diversity within the
fluvial environment. A total of 15 associated culturable Gram-negative isolates recovered from 6 of 7 sampling
locations were classified into 12 distinct bacterial species using MALDI-TOF MS, including Aeromonas caviae,
Aeromonas hydrophila, Enterobacter kobei, Klebsiella pneumoniae, Kluyvera geogiana, Kosakonia radicincitans,
Enterobacter cloacae, Phytobacter ursingii, Pantoea dispersa, Aeromonas veronii, Raoultella ornithinolytica, and
Leclercia adecarboxylata, all of which were capable of growing on the selective EMB agar. (Table 3). These
bacteria are classified in the families Enterobacteriaceae and Aeromonadaceae. In addition, some of them are
opportunistic pathogens such as Aeromonas caviae, Aeromonas hydrophila, and Klebsiella pneumoniae [16, 17].
Hence, our result underscores the complexity of bacterial communities inhabiting the U-Tapao Canal and
highlights the possibility of infection caused by bacteria other than E. coli in the future. Based on the results of
our investigation, the presence of multiple bacterial species detected in the U-Tapao Canal strongly suggests
that these microorganisms are likely introduced through fecal discharges from both humans and animals.
Nopprapun et al. [18] examined the origins of fecal bacterial contamination in the Mae Klong River by
employing the H8 biomarker, a human-associated genetic marker specific to Escherichia coli. Using real-time
PCR, 500 E. coli isolates were analyzed from ten sampling sites distributed longitudinally from the upstream
to the downstream reaches of the river. Their findings revealed that between 10% and 46% of the isolates
carried the human-associated H8 marker, indicating a substantial contribution of untreated or inadequately
treated domestic wastewater to the river. This serves as compelling evidence that household effluents
constitute a major source of microbial pollution in the aquatic environment. Moreover, Diaz-Gavidia et al. [19]
reported that humans and cattle constitute the primary sources of fecal microorganism contamination in the
Maipo and Maule Rivers of central Chile.

3.2. Hemolysis and catalase production

Hemolysis of blood indicates the bacterial virulence potential to humans. In this study, five E. coli
strains from U-Tapao Canal and the nearby cattle farm demonstrated y-hemolysis. The absence of hemolytic
activity has been previously described in certain E. coli strains. The study from Hai Phong, Vietnam, that
investigated the E. coli strains isolated from chicken and duck feces reported that 47% (7 of 15) exhibited -
hemolysis [20]. Moreover, Ibrahim et al. [21] investigated the hemolysis caused by E. coli isolated from water
and clinical samples in Baghdad, Iraq, in 2013. They showed that 60% (12 of 20 strains) displayed y-hemolysis.
Even though E. coli strains in this study lacked the hemolysis capability; it cannot be conclusively inferred that
these isolates possess low virulence, as numerous other virulence factors may remain uncharacterized within
them. Catalase is shown to be one of the virulence factors of E. coli. In this study, all E. coli strains were found
to produce it (Table 2), supporting that they were pathogenic. Macrophages are essential constituents of the
human innate immune system and may be a first line of defense to combat pathogens in the intestine [22].
Macrophages can produce and release reactive oxygen species (ROS) in response to phagocytosis, leading to
a bactericidal event [23]. To survive this antimicrobial process, E. coli needs to surmount the oxidative stress
produced by macrophages. Generally, they overcome oxidative stress by producing enzymes such as
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peroxidases, superoxide dismutases, and catalases [24]. The latter enzymes catalyze the decomposition of H20:
into the harmless byproducts, water and oxygen, thereby protecting cells from oxidative destruction [25].

Table 3 Diversity of bacteria in U-Tapao Canal analyzed by MALDI-TOF MS, May, 2025.

Sample  Bacterial strain Identification result aMALDI-TOF MS score
UTP-1 UTP-1.3.1 Aeromonas caviae 2.16
UTP-1.2.1 Aeromonas hydrophila 2.06
UTP-1.2.2 Enterobacter kobei 2.20
UTP-1.1.3 Klebsiella pneumoniae 221
UTP-1.1.2 Kluyvera geogiana 2.24
UTP-2 UTP-2.2.2 *NOIP 0
UTP-2.3.1 NOIP 1.42
UTP-2.3.2 NOIP 1.50
UTP-3 UTP-3.1.1 NOIP 0
UTP-3.1.3 Aeromonas caviae 2.14
UTP-4 UTP-4.1.2 Kosakonia radicincitans 1.75
UTP-4.1.3 Enterobacter cloacae 2.31
UTP-4.2.1 Phytobacter ursingii 1.78
UTP-4.2.2 NOIP 0
UTP-4.2.3 Phytobacter ursingii 2.12
UTP-5 UTP-5.1.1 Pantoea dispersa 2.15
UTP-5.1.2 Aeromonas veronii 224
UTP-5.3.1 Raoultella ornithinolytica 2.05
UTP-5.3.2 Raoultella ornithinolytica 2.30
RTN-1 RTN-1.2 NOIP 1.46
RTN-1.3 Leclercia adecarboxylata 1.95
RTN-3.1 NOIP 1.54

*NOIP, no organism identification possible. 2®MALDI-TOF MS score, Score values 2.00-3.00 indicate high-
confidence identification; 1.70-1.99 indicates low-confidence identification; 0.00-1.69 indicates no organism
identification possible.

3.3. Antimicrobial susceptibility assay

Bacterial resistance to antimicrobial agents is an escalating public health concern, particularly the
emergence and spread of MDR bacteria, posing a significant global health threat. In this study, among the five
E. coli strains obtained, 2 exhibited the MDR traits. E. coli strain UTP-1.1.1 revealed the resistant pattern to
ampicillin, ciprofloxacin, kanamycin, streptomycin, and tetracycline, while strain UTP-2.2.1 was resistant to
ampicillin, cephalothin, imipenem, and streptomycin (Table 2). The detection of E. coli strain UTP-2.2.1
exhibiting resistance to imipenem indicates the presence of a presumptive carbapenem-resistant Escherichia
coli (CREC). This critical finding warrants urgent confirmatory testing. The other three E. coli strains from the
RKEF cattle farm were not MDR E. coli but displayed similar antimicrobial resistance patterns (Table 2). The
results in this study are in concordance with the work from Tabut et al. [14] that investigated the AMR of E.
coli from surface water, wastewater, and discharged water in the Namsuay watershed, northeastern Thailand.
The results exhibited that E. coli was resistant to fluoroquinolone, third-generation cephalosporin, polymyxin,
and carbapenem. In addition, Bong et al. [15] examined the prevalence and diversity of AMR in E. coli from
the Larut River, Malaysia, using 20 antimicrobial agents that represented 11 different antimicrobial classes.
They found that the highest resistance frequency was detected for the tetracycline class, followed by
quinolones, penicillins, sulfonamides, amphenicols, fluoroquinolones, and aminoglycosides. The bacterial
resistance to tetracycline is not surprising. Owing to the cost-effectiveness of tetracycline, it has been widely
employed for prophylaxis and treatment of infectious diseases in humans and animals. In addition, at sub-
therapeutic concentrations, it is used as an animal zootechnical additive [26]. The research from Vietnam
revealed that resistance to tetracycline was the major antimicrobial resistance observed in raw meat samples
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[27]. More importantly, genes mediating tetracycline resistance are effectively transferred between different
bacterial species. Therefore, these anthropogenic pressures might, to some extent, play a role in accelerating
the AMR. The detection of imipenem-resistant E. coli in this study is predictable due to the consistent increase
in reported cases of its incidence. The study on antimicrobial resistance of E. coli in natural aquatic environment
in Khon Kaen Province, Thailand, using the disk diffusion approach, demonstrated an imipenem-resistant rate of
3.54%. Even though the proportion is relatively low, it reflects an escalating risk to public health.

It is estimated that antimicrobial-resistant bacteria have a great impact on around 2.8 million
individuals and are responsible for at least 35,000 fatalities annually in the United States [28]. The U-Tapao
River Basin covers an area of 2,840 square kilometers, spanning 7 districts of Songkhla province, including
Sadao, Na-Mom, Hat-Yai, Khlong-Hoi-Khong, Bang-Klam, Rattaphum, and Khuan-Niang Districts. Therefore, the
presence of diverse bacterial contaminants in U-Tapao Canal displaying high levels of antimicrobial resistance
is considered a significant threat to public health. This canal serves as a water supply for domestic use, potable
purposes, and recreational water activities to hundreds of thousands of people within this area. Pathogenic
contaminants in significant quantities, combined with inadequate water management, are able to transmit
harmful microorganisms to the residents. Consistent microbiological surveillance of river water plays a crucial
role in mitigating and preventing the occurrence of water-borne disease outbreaks. In summary, Thai river
systems commonly harbor substantial bacterial loads, many of which possess pathogenic potential to some
extent and exhibit varying degrees of antimicrobial resistance. Consequently, practical recommendations for
the public include maintaining strict personal hygiene after any contact with untreated river water, refraining
from using canal or river water for bathing or other recreational activities, and avoiding the consumption of
raw or undercooked aquatic organisms harvested from these waterways. Moreover, municipal authorities
should rigorously inspect households and food establishments to ensure that wastewater is adequately treated
before discharge into natural water bodies, and should implement routine monitoring of key water-quality
indicators to safeguard public health and environmental integrity.
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4. Conclusions

In the course of investigation, fecal indicator bacteria such as E. coli and other opportunistic pathogens
(e.., Aeromonas spp.) were found in the U-Tapao Canal, indicating that the water is not safe for direct
consumption. Even though the water undergoes water treatment in the municipal water system, water-borne
illness risks remain, especially through recreational water activities. Our study raises a public health concern
for the population in this area since some E. coli strains are MDR, with one strain identified as a presumptive
carbapenem-resistant E. coli (CREC) and may carry crucial virulence factors. Regular water quality monitoring
and stringent microbiological control measures are imperative in decreasing water-borne diseases. This study
provides crucial baseline data for safeguarding public health.
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Abstract: This study investigated the effects of dietary fermented mulberry
leaves (FML) on growth performance, carcass traits, muscle composition, and
innate immune responses of juvenile Nile tilapia (Oreochromis niloticus). The
use of functional feed additives is increasingly emphasized in aquaculture to
reduce antibiotic dependence, particularly during early life stages when fish
are highly susceptible to disease. Juvenile tilapias were fed diets containing 0%
(control), 1%, 2%, or 4% FML for 60 days. Dietary supplementation with FML
significantly improved weight gain, length gain, average daily gain, feed
conversion ratio, and survival (P < 0.05). The 2% FML diet produced the most
favorable outcomes in muscle nutritional quality, including elevated crude
protein and reduced lipid and fiber contents (P < 0.05). Inmune parameters
were also enhanced in fish receiving FML. Agglutination titers, lysozyme
activity, and phagocytic efficiency increased significantly across FML-treated
groups (P < 0.05). Moreover, the 2% inclusion level resulted in higher
concentrations of the pro-inflammatory cytokines TNF-a and IL-1, indicating
activation of innate immune pathways (P < 0.05). These findings demonstrate
that FML, particularly at a 2% dietary inclusion, is an effective and
environmentally sustainable feed supplement capable of improving growth
performance, muscle composition, and immune competence in juvenile Nile
tilapia. The incorporation of FML may therefore contribute to reduced reliance
on antibiotics and support more sustainable aquaculture practices.

Keywords: Fermented mulberry leaves; nile tilapia; immunity

1. Introduction

The global aquaculture of Nile tilapia (Oreochromis niloticus) is
continually driven by several key attributes: its rapid growth rate, significant
tolerance to environmental uncertainty stressors,
production costs [1, 2]. This high-yield freshwater fish holds substantial
economic importance, with its world market valuation projected to reach
between USD 9.8 billion and USD 15.1 billion by 2025 [3, 4]. Despite these
advantages, high fry mortality during the nursery phase remains a major
constraint, largely due to the immature immune systems of juvenile fish. In
recent years, the emergence and re-emergence of pathogenic threats, including
Streptococcus spp., Aeromonas hydrophila, Flavobacterium columnare, and Tilapia

and relatively low
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Lake Virus (TiLV) have significantly disrupted production by increasing disease incidence and mortality [5, 6].
Consequently, there is a growing trend towards seeking safe and environmentally friendly alternative
products, particularly those derived from herbal plants and probiotics.

Among these, Mulberry (Morus alba) is recognized for its wide array of pharmacological properties,
including antidiabetic, antimicrobial, antimutagenic, antioxidant, anticancer, anti-anxiety, antiparasitic, anti-
stress, immunostimulating, cholesterol-lowering, kidney-protective, and liver-protective effects. Its beneficial
composition includes active compounds such as carotene, vitamin B1, folic acid, isoquercetin, quercetin,
tannins, flavonoids, and saponins [7-9]. These bioactive compounds are known to enhance immune function,
antioxidant capacity, and disease resistance in fish species, potentially reducing mortality rates. In largemouth
bass (Micropterus salmoides), incorporating dried mulberry leaves into the diet has been reported to enhance
growth performance, improve blood lipid parameters, increase antioxidant enzyme activities, and alleviate
liver inflammation [10]. Similarly, research on Indian minor carp (Labeo bata) demonstrated that substituting
up to half of the fishmeal with fermented mulberry leaves, while keeping dietary fiber content under 5.63%,
led to improved growth rates and elevated digestive enzyme activities [11]. Nevertheless, the direct use of raw
mulberry leaves in animal feed has been limited by their high dietary fiber content and the presence of anti-
nutritional factors (ANFs) like tannins and phytic acid, which can impede nutrient digestion and absorption
in livestock [12, 13]. Biological fermentation presents a powerful solution for mitigating these adverse effects
of ANFs in food and feed. This transformative process not only degrades these undesirable compounds but
also significantly enhances the nutritional value of the product by releasing more digestible nutrients and
fostering the growth of beneficial microorganisms [14, 15]. Fermentation by beneficial microbes such as lactic
acid bacteria can reduce anti-nutritional factors while increasing the bioavailability of nutrients. The inclusion
of fermented mulberry leaf meal has been demonstrated to enhance growth, boost antioxidant activity, and
reduce lipid levels in largemouth bass and Indian minor carp [10, 11]. However, limited studies have
investigated the effects of fermented mulberry leaf inclusion on juvenile Nile tilapia growth, immune status,
and survival under controlled aquaculture conditions.

Consequently, this research aimed to explore the impact of incorporating fermented mulberry leaves
into the diets of juvenile tilapia. We evaluated various inclusion ratios to assess their effects on growth
performance, survival rates, and overall health of the fish. Ultimately, this study sought to minimize reliance
on antibiotics and synthetic additives while promoting safer, more sustainable aquaculture practices.

2. Materials and Methods
2.1 Ethical statement

All experimental protocols, methods, and feeding regimes were approved on 30 July 2025 by the
Institutional Animal Care and Use Committee of the Faculty of Fisheries Technology and Aquatic Resources,
Maejo University (Chiangmai, Thailand).

2.2 Feed preparation

Experimental feeds were formulated using commercial ready-to-use pellets (Betagro 831) as the basal
feed. Fermented mulberry leaves were prepared by combining 250 g of mulberry leaves, 150 g of banana
shoots, and 150 g of molasses with 1 L of water and a yogurt inoculum containing 108 CFU/mL Lactobacillus
casei, followed by anaerobic fermentation for 30 days. The prepared fermented mulberry leaf powder was
incorporated at inclusion levels of 0% (control), 1%, 2%, and 4% per kilogram of feed. Each diet was thoroughly
mixed to ensure homogeneity, coated with 3% gelatin to enhance palatability and bind the ingredients, and
then redried in a hot air oven at 55 °C for 24 h to achieve a stable moisture content before storage. The finalized
feed samples were packaged in airtight bags and stored at 4°C until use. Before the feeding trial, all
experimental diets underwent proximate analysis to determine their nutritional composition, including
moisture, ash, crude protein, crude fat, and crude fiber content, following standard methods [16]. The
nitrogen-free extract (NFE), representing carbohydrate content, was determined by difference. Fish were fed
twice daily, specifically between 08:30-09:30 h and 16:30-17:30 h. To ensure optimal nutrition relative to
growth, the daily feed ration was adjusted every 14 days based on the incremental increase in fish biomass.
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The feeding trial was conducted for a total of 60 days, with fish growth performance monitored at 30-day
intervals until the experiment's conclusion. (Table 1).

Table 1. The nutrient profile in mulberry leaves, fermented mulberry leaves, and experimental feeds.

fermented
mulberry mltlalz::y control 1% 2% 4%
leaves (ML) (MBLO0) (MBL1) (MBL2) (MBL4)
(MBL)
Moisture (%)  4.26 +0.214 6.59 + 0.02¢ 3.25+0.02> 3.22 £ 0.03> 3.01 £0.02° 2.38 +0.05
Ash (%) 2391+0.06c 12.90+0.02> 10.80+0.01= 11.13+0.02= 11.27+0.36>  11.45+0.072
Protein (%) 24.08+1.322 1898+0.74» 34.46+0.28> 34.62+1.02> 3545+2.58>  36.13 +0.00°
Lipid (%) 9.49 +0.294 6.52 +0.07¢ 517+0.04>  551+0.09%  6.09 +0.05 6.34 + 0.03¢
Fiber (%) 11.53 £0.45>  16.59+0.26c  9.86 + 0.06 9.93+0.090  10.25+0.15° 10.81 +0.122
NEFE (%) 26.72+1.54> 38.42+0.78> 36.46+0.24> 35.58+0.91> 33.93+250> 32.89+0.222

Note:Values in the same row with different superscripts are significantly different (P < 0.05)

2.3. Fish and feeding trial

Nile tilapia (Oreochromis niloticus) fingerlings were procured from the Faculty of Fisheries Technology
and Aquatic Resources, Maejo University. Before the commencement of the experiment, all fingerlings
underwent a 14-day acclimatization period, during which they were housed in cages and fed a control diet to
apparent satiation twice daily (morning and evening). A total of 360 fingerlings, with an initial mean body
weight of 13.06+2.64 grams, were then randomly selected and their individual lengths and weights measured.
Subsequently, the fingerlings were evenly distributed into experimental cages measuring 1x1x1 meter (width
x length x height). The experiment consisted of five dietary treatments (control and four levels of fermented
mulberry leaf meal) with three replicates per treatment, each replicate containing 30 fish per cage. Throughout
the experimental duration, fish were fed a daily ration equivalent to 5% of their total body weight, administered in
two equal portions per day.

2.4 Samples collection

Upon the conclusion of the feeding trial, all experimental fish underwent a 24-hour fasting period to
facilitate complete gut evacuation. To minimize stress during sampling, fish from each replicate cage were
first anaesthetized in a 50 ppm clove oil solution. Following anesthesia, the final total count and body weight
of fish in each cage were measured to determine growth performance indices. Subsequently, six fish were
randomly selected per treatment for blood collection to analyse immunological responses (bacterial
agglutination, lysozyme activity, and respiratory burst assays). Blood was drawn from the caudal vein of these
selected fish using a sterile 1 mL syringe and immediately transferred into Eppendorf tubes. These samples
were left to coagulate for 4 hours at room temperature. The coagulated samples were then subjected to
centrifugation at 3,500 x g for 5 minutes. The resulting supernatant (serum) was carefully harvested and
immediately frozen at -80 °C for later biochemical and immunological analyses.

2.5 Growth Performance Evaluation

Throughout the experimental period, fish growth was periodically monitored. A random sub-sample
comprising 30% of the fish from each cage was weighed (g) and measured for total length (cm). To ensure
consistent nutritional intake, feed rations were meticulously adjusted biweekly based on the observed weight
gain, thereby maintaining the prescribed feeding rate at 5% of the total fish biomass. At the conclusion of the
60-day feeding trial, all fish within each experimental unit were enumerated and weighed to assess final
growth performance. The following parameters were subsequently calculated: average weight gain (WG, g),
average length gain (LG, cm), average daily gain (ADG), feed conversion ratio (FCR), and survival rate (SR).

2.6 Carcass quality and Body composition analysis
At the end of the feeding trial, five fish were randomly sampled from each experimental replicate. To
assess yield and body composition, each specimen was meticulously dissected. The key bodily components —
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including the edible muscle, fins, bones, and gonads were separated and individually weighed. The weight
data obtained from this detailed physical analysis were subsequently used to calculate critical morphometric
and yield indicators. These parameters included the edible flesh percentage, dress-out percentage, carcass
waste percentage, and the hepatosomatic index (HSI), determined according to the established methodology
described by Hasan et al. [17]. To determine the nutritional profile of the fish, muscle samples were initially
minced and then subjected to drying in a hot air oven until a constant weight was achieved. The dried tissue
was subsequently ground into a homogeneous powder for analysis. Proximate analysis was performed to
quantify moisture, ash, crude protein, crude fat, and crude fiber content. The carbohydrate fraction, reported
as Nitrogen-Free Extract (NFE), was calculated using the formula: NFE (%) = 100 - (% Moisture + % Ash + %
Crude Fiber + % Crude Fat + % Crude Protein). All procedures adhered to the methods outlined by AOAC [16].

2.7 Bacterial agglutination activity

Antibody levels, specifically agglutination titers, were quantified using U-bottom microtiter plates.
The assay was conducted following the modification of the protocols by [18, 19]. Briefly, serum samples were
subjected to two-fold serial dilutions (ranging from 1:2 to 1:128) in phosphate-buffered saline (PBS).
Subsequently, 50 uL of an Aeromonas hydrophila bacterial suspension (optical density at 540 nm [ODssonm] = 1.0;
equivalent to 107 cells/mL) was added to each well containing the diluted serum. The plates were then
incubated at room temperature for 24 hours, after which the agglutination titer of the antibody was
determined. The agglutination titer was defined as the reciprocal of the highest dilution of serum that resulted
in complete agglutination of the bacterial cells.

2.8 Lysozyme determination

Serum lysozyme activity was determined spectrophotometrically, based on the lysis of Micrococcus
lysodeikticus, following the method described by [20]. Briefly, 25 pL of serum was combined with 175 pL of a
Micrococcus lysodeikticus bacterial suspension in a microtiter plate well. The decrease in turbidity, indicating
bacterial lysis, was subsequently measured at an optical density of 540 nm (ODs40nm) using a microplate reader.
Readings were recorded every 30 seconds for a total duration of 10 minutes.

2.9 Respiratory burst activity

The respiratory burst activity of leukocytes, serving as an indicator of their oxidative killing capacity,
was assessed following the method described by Secombes [21]. Briefly, isolated leukocytes were seeded into
a 96-well microtiter plate and mixed with 100 pL of 0.2 % Nitro blue tetrazolium chloride (NBT) solution. The
plate was then incubated at room temperature for 2 hours. Upon completion of the incubation, the supernatant
was carefully discarded. The wells were then thoroughly washed with methanol, followed by an additional
wash with 70% methanol, and allowed to air-dry at room temperature for 2 minutes. To solubilize the
formazan product, dimethyl sulfoxide (DMSO) and 2N KOH were sequentially added to the original wells.
The entire well contents were then transferred to a new 96-well microtiter plate, and the optical density at 655
nm (ODsssnm) was measured using a Microplate reader.

2.10 RNA extraction, cDNA synthesis, and quantitative real-time PCR (qPCR)

At the end of the feeding trial, liver samples (~0.2 g) were excised from three randomly selected fish
per treatment group. Samples were immediately preserved in RNAlater® (Amnion, Cambridgeshire, UK) and
stored at —80 °C until RNA extraction. Total RNA was isolated using 1 mL of QIAzol® Lysis Reagent (Qiagen,
USA) and further purified using the RNeasy® Mini Kit (Qiagen, Hilden, Germany) in accordance with the
manufacturer's instructions. Residual genomic DNA was eliminated by DNase I treatment (Thermo Fisher
Scientific, USA). RNA purity and concentration were assessed via absorbance at 260 and 280 nm using a
Synergy™ H1 Multi-Mode Microplate Reader (BioTek Instruments Inc.,, USA), while RNA integrity was
confirmed by electrophoresis on a 2% agarose gel. First-strand cDNA synthesis was performed using 1 ug of
total RNA and the RevertAid™ First-Strand ¢cDNA Synthesis Kit (Thermo Scientific, USA) following the
manufacturer’s protocol. Synthesized cDNA was treated with RNase H (Invitrogen, USA) at 37 °C for 20 min
and stored at —20 °C until use.
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Quantitative real-time PCR was carried out on a PCRmax ECO 48 Real-Time PCR System (PCRmax,
UK) using Maxima™ SYBR Green/ROX qPCR Master Mix (2x) (Thermo Fisher Scientific, Lithuania). Primer
sequences used for amplification are provided in Table 2. B-actin was selected as the reference gene for
normalization. Primer efficiency was validated via standard curve analysis using serially diluted cDNA,
ensuring correlation coefficients (R?) > 0.99. A melt curve analysis was performed post-amplification to
confirm product specificity. Each qPCR reaction was performed in triplicate in a 20 uL volume, comprising 2
pL of 1:100 diluted cDNA, 10 uL of SYBR Green Master Mix, 1 puL of each primer (1 pmol), and 6 pL of
nuclease-free water. The thermal cycling protocol included an initial denaturation at 95 °C for 3 min, followed
by 40 cycles of denaturation at 95 °C for 10 s, and annealing/extension at 60 °C for 30 s. Relative gene expression
was quantified using the 2"~AACt method.

Table 2. Primers used to quantify the relative gene expression

Genes Primer sequences (5" - 3') References
F-GCTGGAGGCCAATAAAATCA .

TNF-a R-CCTTCGTCAGTCTCCAGCTC Kayansamruaj et al. [22]

F-AAGATGAATTGTGGAGCTGTGTT

R-AAAAGCATCGACAGTATGTGAAAT

F-TGGTGGGTATGGGTCAGAAAG

Actin R- TGTTGGCTTTGGGGTTCA XM_003443127

IL1-B Chadzinska et al. [23]

2.11 Statistical Analysis

All experimental data were subjected to one-way analysis of variance (ANOVA) to determine
significant differences among treatment groups. When statistical significance was detected, Tukey’s Honest
Significant Difference (HSD) post hoc test was employed for multiple comparisons of treatment means. All
statistical analyses were conducted using SPSS for Windows (Version 30.0), with a significance level
established at p <0.05.

3. Results and Discussion
3.1 Growth Performances

Table 3 presents the effects of dietary fermented mulberry leaf (FML) inclusion on the growth
performance of juvenile Nile tilapia. Fish received FML at inclusion levels of 1%, 2%, and 4% (MBL1, MBL2,
and MBL4, respectively) exhibited significantly greater (P <0.05) weight gain (WG), length gain (LG), and average
daily gain (ADG) compared to the control group (MBLO). Specifically, WG increased from 45.25 +2.79 g in the
control to 78.52+1.93 g (MBL1), 81.30 +1.81 g (MBL2), and 77.33 +1.90 g (MBL4). LG rose from 7.07 £0.17 cm
to a range of 10.09+0.16 to 10.66 +0.22 cm, while ADG improved from 0.75+0.09 g/day to 1.29+0.06 to
2.71+0.06 g/day across FML-treated groups. No significant differences (P > 0.05) were observed among the
FML-treated groups, indicating that increasing inclusion beyond 1% did not yield further statistical improvement.

Feed conversion ratio (FCR) was significantly reduced (P < 0.05) in MBL1 (1.25+0.01) and MBL2
(1.24 £ 0.04) compared to MBLO (1.43 £ 0.03), indicating improved feed efficiency. Although MBL4 (1.34 +0.02)
showed numerically better FCR than the control, the difference was not statistically significant (P > 0.05).
Survival rates (SR) were also significantly higher (P < 0.05) in all FML-supplemented groups compared to the
control, with no statistical differences among the FML treatments.

These improvements in growth performances and feed efficiency align with previous findings on the
use of fermented plant-based additives in aquaculture diets [24, 25]. The enhanced outcomes are likely linked
to the fermentation process, which degrades anti-nutritional factors (ANFs) such as phytic acid and tannins —
compounds known to inhibit nutrient digestibility and mineral bioavailability [26-28]. Fermentation not only
mitigates these limitations but also promotes the release of bioactive compounds and beneficial microbial
metabolites, which may further enhance digestive enzyme activity and nutrient assimilation [29-30].
Moreover, improved survival rates observed in FML-fed groups may be attributed to strengthened
physiological resilience, potentially resulting from enhanced immunity and gut health, as reported in other
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studies using fermented herbal additives [31-33]. However, no dose-dependent relationship was observed
beyond the 2% inclusion level, suggesting a possible plateau effect in nutrient uptake or microbial stimulation.
Future work may focus on investigating the optimal dosage window and long-term physiological impacts.

Table 3. Growth performances of juvenile tiapla fed with the experimental diets for 60 days.

control 1% 2% 4%
(MBL0) (MBL1) (MBL2) (MBL4)
WG (g) 45.25+2.79a 78.52 +1.930 81.30 + 1.81° 77.33 + 1.90°
LG (cm) 7.07 £0.172 10.11 £ 0.26 10.66 + 0.22b 10.09 = 0.16
ADG (g/day) 0.75 £ 0.092 1.31 £ 0.06° 1.35 £ 0.06P 1.29 + 0.06°
FCR 1.43 +0.030 1.25+0.01a 1.24 +0.04= 1.34 +0.02ab
SR (%) 94.44 +1.92a 98.89 +0.83b 100 + 0.00° 98.89 +0.63P

Note: Values in the same row with different superscripts are significantly different (P < 0.05). WG = Weight
Gain, LG = Length Gain, ADG = Average daily gain, FCR = Food Conversion Rate and SR = Survival Rate

3.2. Carcass Quality and Muscle Composition

In addition to growth performance, body composition is a critical parameter in nutritional studies,
serving as a reliable indicator of feed quality, carcass yield, and the overall nutritive value of fish muscle [33-
34]. The effects of dietary fermented mulberry leaf (FML) supplementation on carcass traits of juvenile
Oreochromis niloticus are summarized in Table 4. No significant differences (P > 0.05) were observed among
treatments in edible flesh percentage (EF: 32.96+0.76% to 34.65+0.62%), dress-out percentage (Do:
0.43+0.01% to 0.44+0.00%), or carcass waste (CW: 56.37 +0.26% to 57.41+0.97%), indicating that FML
supplementation did not adversely affect marketable yield. However, the hepatosomatic index (HSI) showed
a significant increase (P < 0.05) in fish fed 4% FML (MBL4: 1.34 +0.16%) compared to the control group (MBLO:
0.61 +0.00%). Intermediate HSI values were recorded in the 1% and 2% FML groups (MBL1: 1.05 +0.09% and
MBL2: 1.17 £0.23%), though these did not differ statistically from either the control or MBL4. Given the liver’s
central role in metabolism and detoxification, this elevation in HSI at higher inclusion levels may reflect
hepatic metabolic stress or lipid accumulation, despite the absence of histological evidence of damage. Further
studies employing liver histopathology and biochemical profiling are warranted to clarify this response.

Table 4. Effect of mulberry leaves supplemented in the Nile tilapia diet on carcass quality.

control 1% 2% 4%

(MBLO0) (MBL1) (MBL2) (MBL4)
EF (%) 32.96 + (0.762 34.65 +0.62a 34.14 +0.29a 33.86 +0.24a
Do (%) 0.43 +0.012 0.43 +0.012 0.43 + 0.002 0.44 + 0.002
CW (%) 57.41 £ 0.97a 56.91 + 0.69a 57.1 +0.21a 56.37 +0.262
HSI (%) 0.61 +0.00.2 1.05 + 0.09ab 1.17 £ 0.233b 1.34 +0.16°

Note: Values in the same row with different superscripts are significantly different (P < 0.05)
EF = Edible flesh, Do = Dress-out percentage, CW = Carcass waste and HSI = Hepatasomatic index

Muscle proximate composition results are presented in Table 5. No significant differences (P > 0.05)
were observed in muscle moisture or ash content across the groups. However, fish receiving 2% FML (MBL2)
demonstrated a significantly higher crude protein content (53.61+0.32%) compared to the control
(47.05+0.23%) and the 4% group (47.00 +0.09%) (P < 0.05). This enhancement in muscle protein is likely due
to improved protein digestibility and assimilation, facilitated by fermentation processes that reduce anti-
nutritional factors such as tannins and phytic acid, known to inhibit protein utilization. Simultaneously, the
MBL2 group exhibited a marked reduction in muscle lipid content (6.61+0.03%) compared to MBLO
(8.35+0.09%) and MBLA4 (7.85 +0.06%) (P < 0.05). These lipid-lowering effects may stem from the presence of
polyphenols and flavonoids in FML, which have been shown to modulate lipid metabolism and enhance
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hepaticlipid regulation in fish. A corresponding decrease in muscle crude fiber content in MBL2 (4.14 + 0.02%)
further suggests improved feed fiber utilization post-fermentation.

Additionally, the nitrogen-free extract (NFE), an indicator of carbohydrate reserves, was significantly
reduced (P < 0.05) in MBL1 (26.45 +0.84%) and MBL2 (26.09 +0.23%) compared to MBLO (30.89 +0.44%) and
MBL4 (31.06 +0.63%). This reduction implies a shift in energy partitioning, favoring protein deposition over
carbohydrate storage, supporting the observed enhancement in lean tissue accretion. These findings align with
previous reports demonstrating that mulberry leaf supplementation can enhance muscle protein content in
Oreochromis niloticus [36] and improve protein-to-fat ratios in Megalobrama amblycephala [29]. Overall, dietary
inclusion of FML at 2% appears optimal for improving muscle nutritional quality by increasing protein and
reducing lipid and carbohydrate content without compromising carcass yield. Nevertheless, the increase in
HSI at higher inclusion levels suggests that caution is needed when exceeding optimal dosages. Future
investigations incorporating liver enzyme assays, histological evaluation, and gut microbiome analysis could
provide further insights into the metabolic and immunological responses elicited by FML supplementation.

Table 5. Muscle composition of juvenile Nile tilapia fed with the experimental diets.

control 1% 2% 4%

(MBL0) (MBL1) (MBL2) (MBL4)
Moisture (%) 6.84 +0.22a 7.33 +£0.762 6.98 +0.34a 7.57 £0.772
Ash %) 2.60 +0.32a 2.29 +0.072 2.57 +0.042 2.35 +0.042
Lipid (%) 8.35+0.09¢ 7.90 + 0.03> 6.61 +0.032 7.85 + 0.06b
Fiber (%) 4.27 +0.01® 4.21 +0.02a 4.14 +0.022 4.16 £0.02a
Protein (%) 47.05 + 0.232 51.82 + 0.35> 53.61 + 0.32¢ 47.00 = 0.092
NFE (%) 30.89 + 0.44° 26.45 + 0.84a 26.09 £ 0.23a 31.06 + 0.63b

Note: Values in the same row with different superscripts are significantly different (P < 0.05)

3.3 Immune Responses

Figures 1 and 2 illustrate the effects of dietary fermented mulberry leaf (FML) supplementation on
various immune parameters in Nile tilapia, including humoral and cellular immune markers. Key immune
indices analyzed included agglutination titer, lysozyme activity, bacterial phagocytic efficiency, and the
expression levels of pro-inflammatory cytokines—Tumor Necrosis Factor-alpha (TNF-a) and Interleukin-1
(IL-1). Fish that received FML-supplemented diets exhibited significantly higher agglutination titers than
those in the control group (P < 0.05), as shown in Figure 1A. Consistent titers of 6 were recorded across all
treatment groups (1%, 2%, and 4% FML), compared to a value of 5 in the control, suggesting an enhancement
in humoral immunity associated with FML inclusion. A dose-dependent increase in serum lysozyme activity
was observed with FML supplementation (P < 0.05), as shown in Figure 1B. The highest activity was detected
in the 2% FML group (4.73 U/ml), followed by 4% (4.59 Uml) and 1% (4.22 U/ml), in contrast to the control group
(2.84 Ufml). Given lysozyme's role in degrading bacterial cell walls, this elevation underscores the potentiation
of non-specific immune defense mechanisms. Phagocytic activity of leukocytes was significantly enhanced in
all FML-treated groups compared to the control (P <0.05), as depicted in Figure 1C. Efficiency rose from 0.236
pg/ml in the control to 0.287 ug/ml, 0.310 pg/ml, and 0.309 ug/ml in the 1%, 2%, and 4% FML groups,
respectively. This indicates that FML supports the cellular immune response by promoting more effective
pathogen clearance via phagocytosis. The immunostimulatory effect of dietary mulberry leaf supplementation
was confirmed by changes in TNF-a and IL-1expression (Figures 2A and 2B, respectively). Specifically, the 2%
group (MBL2) exhibited the highest TNF-a mRNA level, significantly exceeding all other treatments (P <0.05),
suggesting a robust inflammatory response at this concentration. In contrast, IL-1 expression was significantly
induced across all inclusion levels 1% (MBL1), 2% (MBL2), 4% (MBL4), with these elevated values statistically
comparable to one another but significantly greater than the control group (P < 0.05). Collectively, these
cytokine profiles indicate that the bioactive components in mulberry leaves successfully activate inflammatory
signaling pathways when supplemented at appropriate dietary concentrations.
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Figure 1. Agglutination titer (A), Lysozyme determination (B), and testing the efficiency of destroying bacteria
of white blood cells (C) of fish fed experimental diets supplemented with different levels of mulberry
leaves. Different power signs indicate significant differences between groups (P < 0.05).

These results indicate that FML supplementation significantly enhances both innate and adaptive
immune responses in juvenile Nile tilapia. Improvements in humoral immunity (lysozyme activity and
agglutination titers), innate cellular defense (phagocytic efficiency), and pro-inflammatory cytokine
expression reflect a comprehensive upregulation of the immune system. Notably, the 2% inclusion level
consistently yielded the most pronounced effects across all parameters, implying a threshold beyond which
additional FML does not further enhance immunity and may even result in diminished responses. The
inherent immune system is crucial for protecting fish health against microbial invaders [37 - 38]. This defense
mechanism operates by inhibiting pathogen entry, mediating inflammatory reactions, and facilitating tissue
repair [39]. Research suggests that immune responses in aquatic species can be significantly stimulated by
dietary practices [40], gastrointestinal tract health [41], and ecological interactions, leading to increased
resistance against disease and environmental stress. This enhancement occurs through the activation of
immune cells and the modulation of the immune response towards anti-inflammatory cytokine production
[42 - 43]. The resulting improvement in the first line of defense is frequently quantified by measuring
parameters such as lysozyme activity, agglutination titers, and the rate of bacterial phagocytosis. Likely
mediated by bioactive compounds in mulberry, such as flavonoids and saponins. These compounds, further
potentiated through fermentation, may increase bioavailability and functional efficacy [7, 27, 44]. Furthermore,
the significant upregulation of TNF-at and IL-1 aligns with previous findings in Megalobrama amblycephala and
Oreochromis niloticus demonstrating that plant-derived polysaccharides can modulate immune gene
expression and confer anti-inflammatory effects [29, 36]. Given that juvenile tilapia possess an
underdeveloped immune system and are particularly vulnerable during early developmental stages, the
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immunostimulatory effect of FML is especially valuable. The enhanced immune capacity may reduce reliance
on antibiotics in aquaculture, supporting more sustainable and health-conscious farming practices.

A B

3 B 3
C
B C
2 2
AB
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| i . | —
control 1% 29 4% control 1% 2% 4%
(MBLO) (MBL1) (MBL2) (MBL4) (MBLO)  (MBL1) (MBL2) (MBL4)

Figure 2. TNF-a (A) and IL-1 (B) of fish fed experimental diets supplemented with different levels of mulberry
leaves. Different power signs indicate significant differences between groups (P <0.05).

4. Conclusions

The dietary inclusion of fermented mulberry leaf meal, particularly at a 2% level, significantly
enhanced innate immune responses as evidenced by increased lysozyme activity, respiratory burst activity,
and upregulation of immune-related genes (TNF-a and IL-1). These results suggest that FML can improve
immune competence and overall health in Nile tilapia. Moreover, FML appears to bolster the nutritional
quality of the fish muscle, evidenced by an increase in protein content and a reduction in lipid content. These
outcomes underscore the substantial potential of fermented mulberry leaves as a viable and sustainable feed
additive in aquaculture. By fostering improved fish health and productivity through natural approaches, this
study contributes significantly to the overarching objective of reducing dependence on antibiotics and
promoting safer, more ecologically sound aquaculture practices. Prospective research could further explore
the most effective fermentation conditions, assess the long-term impacts of FML supplementation on disease
resistance under challenge conditions, and elucidate the precise molecular mechanisms through which FML
modulates fish metabolism and immunity.
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Abstract: The seeds of Dialium cochinchinense, an agricultural byproduct, were
converted into an eco-friendly and cost-effective activated carbon (DSAC) for the
adsorption of basic dyes, namely Rhodamine B (RB) and Crystal Violet (CV), from
aqueous solutions. Batch adsorption experiments were performed to evaluate the
effects of key parameters, including initial dye concentration, contact time,
adsorbent dosage, and solution pH. The adsorption kinetics followed the pseudo-
second-order model, indicating that chemisorption may play a role in the
adsorption process. Equilibrium data were best fitted by the Langmuir isotherm
model, with correlation coefficients (R?) close to 1, suggesting monolayer
adsorption. The maximum adsorption capacities (g.,) were 416.67 mg g for RB
and 526.32 mg g! for CV at 30 °C. These results demonstrate that DSAC is a
sustainable, efficient, and economically viable adsorbent with strong potential for
industrial wastewater treatment applications.

Keywords:; Dialium Cochinchinensis seed; batch adsorption; basic dyes

1. Introduction

The paper, textile, and cosmetic industries extensively use synthetic dyes.
Industrial effluents often contain various classes of dyes, such as anionic direct,
reactive, nonionic disperse, and cationic dyes [1], many of which are toxic,
resistant to degradation, and pose serious environmental concerns. Basic colors
are often used on paper, wool, silk, acrylic fibers, and leather because of their
high water solubility and vibrant color. Under dyeing conditions, dye molecules
are also cationic dyes because the ammonium group in them carries a high
positive charge [2, 3]. It has been estimated that nearly 100 tons of dyes and
pigments are discharged into aquatic systems each week from industrial
operations, contributing significantly to environmental contamination and
posing risks to aquatic ecosystems. Additionally, the heavy metals contaminated
in these dyes can be harmful, persistent, and nondegradable in the environment.
These dyes pose a significant risk to aquatic life due to their potential mutagenic
effects, as they greatly increase the chemical oxygen demand (COD) and
biological oxygen demand (BOD) in water, indicating low oxygen levels [4].
Growing awareness of the environmental impact of organic loads has led to a
steady rise in the demand for wastewater treatment over recent decades, driven
by concerns about COD and BOD. The discharge of dye effluents has been
identified as a cause of water pollution, requiring urgent action and remediation.
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Industrial wastewater regulations mandate that BOD levels be less than 20 mg L [5], but dye effluents can have
very high BOD concentrations, sometimes reaching as high as 100,000 mg L.

Several treatment methods have been employed to improve pollutant removal efficiency, including
photocatalysis, coagulation, membrane separation, and adsorption [7, 11]. The adsorption process is widely
used in wastewater treatment to eliminate pollutants. Adsorbents such as silica gel, zeolites, chitosan, natural
fibers, magnetic nanocomposites, and activated carbon are commonly used in this approach [12-16]. Literature
reviews have explored the synthesis of inexpensive adsorbents and the sustainability of dye adsorption using
activated carbon derived from agricultural waste components [17]. Dialium cochinchinense, a commercially
important plant grown in Thailand's Pattani province, was selected for the production of activated carbon
(DSAC). DSAC is derived from agricultural waste that is abundantly available in the local area, as Dialium
cochinchinense is commonly processed into seedless products for commercial use. Consequently, large
quantities of seeds are discarded as waste. To add value to this byproduct, the seeds were utilized to produce
granular activated carbon, which is easy to handle, cost-effective, and exhibits excellent adsorption
performance. Rhodamine B (RB) and Crystal Violet (CV) were chosen as model adsorbates due to their toxicity.
Basic dyes are visible in solution at concentrations below 1 ppm and have a high affinity for negatively charged
adsorbent surfaces, facilitating the adsorption process [18]. Although the adsorption of basic dyes (RB and CV)
by Dialium cochinchinensis seed activated carbon has been extensively studied, the adsorption capacities have
often been found to be low [19-21]. Therefore, this study investigates the effectiveness of DSAC in removing
RB and CV dyes.

2. Materials and Methods

2.1 Materials

Granular activated carbon derived from Dialium cochinchinensis seeds was prepared as follows: seeds
were carbonized in a muffle furnace at 400°C for 3 h. The resulting char (DS) was then mixed with ZnClz in a
1:1.5 ratio and activated at 450°C for an hour, representing the highest iodine number. The mixture was
thoroughly washed with distilled water until the pH became neutral, followed by drying at 110 °C for 24 h.
Additional details on the preparation can be found in Hayeeye et al. (2022) [22]. For pH regulation during the
experiments, NaOH and HCl (Labscan, Ireland; Merck, Germany) were used. RB and CV dyes were purchased
from Sigma-Aldrich. A primary stock solution (1,000 mg L) of each dye was prepared by dissolving
accurately weighed amounts in distilled water, and working solutions with concentrations ranging from 50 to
600 mg L-! were obtained by appropriate dilution.

2.2 Methods

2.2.1 Characterization of DSAC

The specific surface areas of DSAC were determined using the nitrogen adsorption isotherm in the
Brunauer-Emmett-Teller model, conducted with a Coulter SA 3100 analyzer at the Scientific Equipment
Center, Prince of Songkla University. The pH drift method determined the point of zero charge (pHpzc), where
the surface of DSAC is neutral [23]. To do this, pH-adjusted 0.1 M NaCl solutions (pH 2 - 11) were prepared,
and DSAC was added to 100 mL of each pH-adjusted NaCl solution. The flasks were sealed to prevent contact
with air and left at ambient temperature for 24 hours. After stabilization, the final pH was recorded. The pHpzc
value of DSAC was determined by plotting the initial pH (pHi) against the final pH (pHs) and identifying the
point where pHiand pHr were equal.

2.2.2 Batch adsorption experiments

The basic dyes (RB and CV) were selected for the adsorption process on DSAC. Batch adsorption
experiments [24] were conducted to optimize various parameters, including initial dye concentration (50-600
mg L), adsorbent dosage (0.1-0.6 g), contact time (0-20 h), and pH (2-9). Each parameter was studied
individually while the other parameters were kept constant. In the experiments, 0.10 g of the adsorbent
(DSAC) was added to 50 mL of the RB and CV solutions, and the mixtures were stirred in a shaking bath at
30 °C. The concentrations of RB and CV before and after the adsorption process were analyzed using the UV-
Vis spectrophotometer, with absorbance measured at 554 and 591 nm for RB and CV, respectively. The RB and
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CV residual concentrations were calculated based on previously determined calibration curves. The residual
RB and CV concentrations were calculated based on the previously determined calibration curve. The
percentage removal and the adsorption capacity, g (mg g™) of RB and CV on DSAC were then determined
according to equations (1) and (2) [24] as follows:

%RE = Co=Ce x100 1)
CO
0= (C;JN— C.) 2

where W is the dosage of adsorbent (g), V is the volume of the basic dye solutions (L), Co and Ce are
the initial and equilibrium liquid-phase concentrations of RB and CV (mg L), respectively. Kinetic
experiments were conducted with initial basic dye concentrations of 50 and 100 mg L for RB and CV,
maintaining a constant initial pH. The DSAC adsorbent was introduced into 50 mL of the basic dye solutions,
which were then continuously shaken. At pre-determined sampling times, 1 mL solution samples were
withdrawn using a syringe and analyzed for RB and CV residuals using UV-vis spectrophotometry. The
experiments were repeated in triplicate to ensure the reliability of the results. The adsorption experiments
were performed to investigate the different effects using 50 mL of 100 mg L-' RB and CV solutions at their
natural pH values: pH 4.0 for RB and pH 5.0 for CV. The equilibrium data were further evaluated using the
pseudo-first-order and pseudo-second-order adsorption kinetic models as well as various adsorption
isotherms, namely the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models. [22].

2.2.3 Kinetic models for the adsorption process

The kinetic adsorption models describe the adsorption rate over time, offering insight into the
underlying adsorption mechanism. The most commonly applied models are the pseudo-first-order
(Lagergren’s model) [25] and pseudo-second-order (Ho and McKay’s model) [26]. These models are
represented by equations (3) and (5), respectively, and can be expressed in their linear forms as equations (4)
and (6).

d
dcit =k,(d, —q,) 3)
In(g, —q,) =Inq, —kit (4)
d
= k(0 -0’ )
t_ 1 + it (6)
qt kzqe2 qe

Where Qe and q: were the amount of dye adsorbed (mg g) at equilibrium and at any time. ki and k2 were the
pseudo-first-order rate constant (min') and the pseudo-second-order-rate constant (g mg?! min™),
respectively.

2.2.4 Isotherm models for the adsorption process

Several isotherm models, including the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
isotherms, were tested to fit the adsorption equilibrium data. These isotherms were represented by the
following linear form in equations (7) to (10) [27 - 30]
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Where Ce is the equilibrium concentration (mg L), ge is the amount adsorbed at equilibrium (mg g71),
respectively. The parameters of gm and b are Langmuir constants representing the maximum adsorption
capacity (mg g') and the adsorption equilibrium constant (L mg), respectively. The values of Kr and n are
Freundlich constants, indicating the adsorption capacity (L g') and the adsorption intensity, respectively. Atis
the Temkin isotherm equilibrium binding constant (L g?), R is a universal gas constant (8.314 ] mol'K"), T
signifies temperature at 298K, and B is a constant related to the heat of sorption (J mol!). The s is a theoretical
isotherm saturation capacity (mg g?), K4 is the Dubinin—-Radushkevich isotherm constant (mol? kJ2), and ¢ is
the Dubinin-Radushkevich isotherm constant.

3. Results and Discussion
3.1 Characterization of DSAC

The specific surface area of DSAC was evaluated based on the Brunauer-Emmett-Teller (BET) model
[31]. As shown in Figure 1, the N, adsorption isotherms were interpreted according to the IUPAC
classification, which distinguishes six types of adsorption isotherms [32]. Type I adsorption isotherms are
typically used for tiny pores or microporous adsorbents, where the rate of adsorbate adsorption depends on
available micropore volume rather than total interior surface area. Types II, III, and VI were observed in non-
porous or macroporous materials. Type III and Type V isotherms indicate stronger adsorbate-adsorbate
interactions compared to adsorbate-adsorbent interactions. Types IV and V were identified for mesoporous
materials. The hysteresis loop type H4 suggests the presence of mesoporous particles [33-35]. DSAC
predominantly exhibits mesoporous characteristics, classifying it as a Type IV adsorbent. The activated carbon
prepared with ZnClzis mainly microporous but contains a significant mesopore component, which increases
with the ZnCl,-to-precursor impregnation ratio [36, 37].

The BET surface area of DSAC was calculated (Table 1) and may significantly influence its adsorption
efficiency. Notably, DSAC showed a substantial BET-specific surface area alongside increased mesopore
volume. The physical properties of the raw materials likely influenced the porosity characteristics of the final
activated carbon products. Additionally, the BET surface area values of DSAC are considerably higher than
those of modified granular composite adsorbents such as chitosan-bentonite-zirconium chloride (Cs- Bn- Zr),
S/modified bentonite (GOMBt), granular bentonite (GBt), ZnO-chitosan beads (CZB), chitosan beads (CB), and
chitosan beads coated with ZnO (ZCB), as shown in Table 1 [38-40]. The pHpz graphs were plotted between
the pHrand the pHi for DSAC, as shown in Figure 2. The pHpz value of DSAC was found to be 3.5, indicating
that DSAC carries a positive charge. This positive charge causes electrostatic repulsion with the positive
charges of basic dyes [41]. Consequently, DSAC is attracted to negatively charged species, enabling it to adsorb
RB and CV solutions at pH 4 and pH 5, respectively. Moreover, the morphology of the DSAC bead shows
numerous pores on the surface.
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Figure 1. N2 adsorption isotherm of DSAC: Note the hysteresis in types IV and V [32].

Table 1. BET surface area of DSAC compared with the granular adsorbents

BET Specific .
Micropore volume Average pore
Sample Surface area . Ref.
(cm? g) size (nm)
(m2 g1)
DSAC 290.19 0.109 4.96 This study

Cs-Bn-Zr 63.80 0.095 3.57 [38]
GOMBt 36.50 0.097 3.83 [39]

GBt 35.65 0.076 3.84

CB 12.46 0.013 3.89
CZB 13.11 0.016 3.74 [40]

ZCB 13.54 0.018 3.63

12

Figure 2. The pHpzc of DSAC
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3.2 Effects of various parameters in adsorption studies

Figure 3 illustrates the effect of contact time and initial concentrations of RB and CV on DSAC. The
results reveal equilibrium times of approximately 12 hours for RB and 7 hours for CV solutions. Moreover, the
amount adsorbed at equilibrium (Qe) rises with increasing initial concentrations of RB and CV solutions,
suggesting potential interactions between the basic dye solutions and the adsorbents [42]. The adsorbent
dosage from 0.10 - 0.60 g was used to study the effect of DCS-AC dosage for removing 100 mg L-! of RB and
CV solutions at 30 °C as shown in Figure 4. At equilibrium, the percentage removal of RB and CV solutions
increased with increasing DSAC dosage. However, the amount of adsorbed (0e) decreased with increasing the
DSAC dosage. The result indicated that an increase in adsorbent dosage increases the surface area and
availability of adsorption sites [43]. There are the highest amounts adsorbed at equilibrium, 56.97 mg g (RB)
and 71.62 mg g (CV), on the optimal DSAC dosages, with the maximum amount of adsorbed values being
0.10 g, which is appropriate to use in this study.
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Figure 3. The effect of contact time and initial concentration of RB (pH 4.0) and CV (pH 5.0) on DSAC at 30°C
(50 and 100 mg/L of basic dye solutions, 0.10 g of DSAC)
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The pH factor is critical in adsorption, particularly for dye adsorption. As illustrated in Figure 5, the
adsorption of RB and CV on DSAC increases slightly as the pH rises above 2. At lower pH levels, protonation
causes H* ions to compete with RB and CV molecules for adsorption sites on the DSAC surface. Below the
pHpzc (3.5), the DSAC surface is positively charged, whereas above pHpzc it becomes negatively charged.
The pH increases, the electrical repulsion weakens, enabling more RB and CV molecules to adsorb onto the
activated carbon. Conversely, at pH levels above 7, OH- ions compete with RB and CV molecules for
adsorption sites, and due to their smaller size, OH- ions may migrate more quickly to the activated carbon
surface, the generation of hydrogen bonds between the carboxylic groups of RB or CV and the beads
potentially impact RB and CV of adsorption efficiency [44, 45].

80
70 ~
o0
60 -
g
< 50 A
40 - ——CV
30 T T T T T T T
2 3 4 5 6 7 8 9 10

Final pH

Figure 5. The effect of pH of RB and CV adsorption on DSAC at 30°C (100 mg/L of basic dye solutions, 0.10 g
of DSAC)

3.3 Kinetic models for the adsorption process

The Kinetic models were employed to understand the adsorption mechanisms behind the interactions
between adsorbate and adsorbent [25, 26]. The experimental results were fitted using pseudo-first-order and
pseudo-second-order kinetic models. Linear plots of In(ge—q) versus t for the pseudo-first-order model and #/g:
versus t for the pseudo-second-order model are shown in Figure 6. The values of ki and k» were determined
from the slopes of the straight lines. Various kinetic parameters, including the correlation coefficient R?, are
listed in Table 2. The results suggest that the adsorption kinetics of RB and CV onto DSAC are most accurately
represented by the pseudo-second-order model, as evidenced by the R? values being closest to unity. The
adsorption process on porous materials proceeds through three stages: adsorption on the external surface, a
gradual adsorption phase, and adsorption within the internal surface, ultimately reaching equilibrium. [46].

Table 2. Parameters of kinetic models for RB and CV solutions on DSAC

Value
Kinetic models Parameter RB (mg L) CV (mg L)
50 100 50 100
g (mg ) 491 6.41 496 7.31
Pseudo—first order ki (x107) 3.0 22 3.6 4.1
R 0.97 0.96 0.98 0.95
ge (mg g1) 52.36 136.99 49.75 131.58
Pseudo — second order k2 (x 10-9) 6.56 0.98 1.53 0.25

R? 0.98 0.97 0.99 0.98
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Figure 6. The kinetic adsorption models: (a) pseudo-first-order and (b) pseudo-second-order models, for RB
and CV (50 and 100 mg L) adsorption on DSAC, at 30°C and pH 5 (0.10 g of DSAC)

3.4 Isotherm models for the adsorption process

Mathematical models for representing adsorption isotherms have been developed. The Langmuir
model in equations (7) suggests monolayer adsorption on a homogeneous surface of the adsorbent at the
interface between the solid and liquid phases, and it also estimates the maximum adsorption capacity of the
process [27]. Furthermore, the Freundlich isotherm in equations (8) is commonly used to describe the
exponential adsorption of target compounds on heterogeneous surfaces. Kr indicates the strength of
adsorption, with lower values indicating stronger adsorption. Another constant, 1/n, indicates the adsorption
intensity, and favorable adsorption is typically observed when the n value is between 1 and 10 [28, 48]. The
Temkin isotherm detailed in equation (9) includes a factor that explicitly accounts for adsorbent—adsorbate
interactions and assumes that the heat of adsorption of all molecules in the layer decreases linearly rather than
logarithmically with coverage. This derivation features a uniform distribution of maximum binding energies.
The Dubinin-Radushkevich isotherm (equation 10) is generally applied to describe the adsorption mechanism
with a Gaussian energy distribution on a heterogeneous surface. This approach is often used to distinguish
between physical and chemical adsorption, with the mean free energy E per molecule of adsorbate calculated
using equation (11) [30, 47].

E-_ 1 (1)

J2K,

The mean adsorption energy (E) can describe adsorption properties. When the value of E was less
than 8 kJ mol, it followed physical adsorption, but when the value of E ranged from 8 to 16, it followed
chemical adsorption [30, 48]. The Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich isotherms were
shown in Figure 7. All the parameters derived from these four isotherms, including the correlation coefficients,
are summarized in Table 3. The parameters were calculated based on the slope and intercept of the respective
isotherm equations. The results indicated that the adsorption process of RB and CV solutions on the DSAC
corresponded more closely with the Langmuir isotherm model than with the Freundlich, Temkin, and
Dubinin—-Radushkevich models, as evidenced by a higher correlation coefficient (R?). Therefore, the Langmuir
equation was chosen as the best match for the adsorption isotherms. Moreover, this further means that the
adsorption suggested monolayer adsorption on a homogeneous surface, according to Langmuir's theory. The
DSAC surface is relatively homogenous regarding functional groups with significant interaction with RB and
CV molecules [22, 49]. The Langmuir equation determined the maximum adsorption capacities (gm) on DSAC
to be 416.67 mg g for RB and 526.32 mg g for CV solutions. Table 4 provides the maximum uptake capacities
(qm) for RB and CV solutions compared with some reported activated carbons synthesized from different
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sources. The results indicate that the qm values for RB and CV removal on DSAC were higher than those
achieved with other biomass-derived activated carbons. This suggests that the DSAC adsorbent developed in
the current study demonstrates superior performance. Notably, DSAC offers significant advantages over other
carbon-based adsorbents; Therefore, DSAC is an effective adsorbent material for treating wastewater.
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Figure 7. The (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—-Radushkevich isotherms of RB (pH 4.0)
and CV (pH 5.0) solutions on DSAC (basic dye concentration 50-600 mg L, 0.10 g of DSAC)

Table 3 Parameter of Langmuir, Freundlich, Temkin, and Dubinin—-Radushkevich for RB and CV on DSAC

qm
No. Adsorbents pH (mg &) Ref.
RB
1. Polysulfone - AC 4.0 25.71 [20]
2. White sugar AC 4.0 123.46 [45]
3. Magnetic AC 4.0 135.01 [50]
4. Cassava peel 4.0 265.36 [51]
5. DSAC 4.0 416.67 This study
Ccv
6. Date palm leaves AC 5.0 37.58 [21]
7. Korean cabbage waste 5.0 195.60 [52]
8. NaOH-activated Aerva javanica leaf 5.0 315.20 [53]
9. Water hyacinth plants AC 5.0 322.58 [54]

10. DSAC 5.0 526.32 This study
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Table 4. The maximum adsorption capacities of RB and CV compared with prior literature at 25 °C

Isotherms Parameters Value

RB Cv
Langmuir gm (mg g1 416.67 526.32
b (L mg?) 0.004 0.005

R? 0.97 0.98

Freundlich Kr(L gt 4.65 4.35

n 1.38 1.08

R? 0.96 0.97

Temkin At (L g 0.05 0.07
B (J mol?) 89.55 101.63

R? 0.93 0.92

Dubinin-Radushkevich Ki (mol? kJ2) x10- 1.41 1.30
gs (mg g1) 278.66 354.25

E (k] mol?) 0.18 0.19

R? 0.89 0.93

4. Conclusions

Dialium cochinchinense seed-based activated carbon (DSAC) was successfully prepared using ZnCl,
activation and demonstrated high efficiency in removing Rhodamine B (RB) and Crystal Violet (CV) from
aqueous solutions. The adsorption followed the pseudo-second-order kinetic model and fitted well with the
Langmuir isotherm, showing maximum adsorption capacities of 416.67 mg g for RB and 526.32 mg g! for
CV at 30 °C. Removal efficiencies ranged between 80% and 90%, confirming the strong adsorption
performance of DSAC. These findings highlight DSAC as a cost-effective, sustainable, and environmentally
friendly adsorbent derived from agricultural waste. With its simple preparation, high adsorption capacity,
and reusability potential, DSAC shows great promise for practical application in industrial wastewater
treatment systems.

5. Acknowledgements

The authors wish to extend their sincere thanks to the Department of Science, Faculty of Science and
Technology, Prince of Songkla University, Pattani Campus, Thailand, and the Thailand National Sport Science
University, Yala Campus, for their invaluable support.

Author Contributions: Conceptualization, experimental design, Sattar, M, conducting experiments and data
acquisition, Hayeeye, F., data analysis, writing and editing, Hayeeye, F., and Sattar, M. All authors have read
and approved the published version of the manuscript.

Funding: None.

Conflicts of Interest: The authors declare no conflict of interest.

References

[1]  Benkhaya, S.; El Harfi, S.; El Harfi, A. Classifications, Properties, and Applications of Textile Dyes: A
Review. Appl. |. Environ. Eng. Sci. 2017, 3(3), 311-320.

[2] Qada, E. N.; Allen, S. ].; Walker, G. M. Adsorption of Basic Dyes from Aqueous Solution onto Activated
Carbons. Chem. Eng. |. 2008, 135(3), 174-184. https://doi.org/10.1016/].cej.2007.02.023

[3] Massoud, K.; Motaba, S.; Sahar, M. Removal of Dyes from the Environment by Adsorption Process.
Chem. Mater. Eng. 2018, 6(2), 31-35. https://doi.org/10.13189/cme.2018.060201


https://doi.org/10.1016/j.cej.2007.02.023
https://doi.org/10.13189/cme.2018.060201

ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260465. 11 of 13

[4]

[5]

[6]

[7]

(8]

9]

[10]

[11]
[12]

[13]

[14]
[15]

[16]

[17]
(18]

[19]

[20]

[21]

[22]

Sasan, F.; Gholian, J.; Konecny, J. J.; Baloch, A.; Kordestani, H. K. Sustainable and Optimized Values for
Municipal Wastewater: Removal of BOD and COD Using Granular Activated Carbon and Genetic
Algorithm-Based Simulation. J. Clean. Prod. 2023, 417, 137932. https://doi.org/10.1016/j.jclepro.2023.137932
Sarakarnkosol, W. Pollution and Risk of Wastewater from Textile Dyeing Process. Environ. J. 2017, 21(1),
7-14 (in Thai).

Surafel, M. B.; Venkatesa, P.; Tsegaye, S.; Abraham, G. Sugarcane Bagasse-Based Activated Carbon
Preparation and Its Adsorption Efficacy for Removal of BOD and COD from Textile Effluents. Bioresour.
Technol. Rep. 2021, 14, 100664. https://doi.org/10.1016/j.biteb.2021.100664

Ibrahim, E. S.; Laszlo, E.; Kim, J.-H.; Kim, H. S. Adsorption and Photocatalytic Degradation of
Methylene Blue over Hydrogen-Titanate Nanofibres. Water Res. 2013, 47(12), 4115-4125. https://doi.org/
10.1016/j.watres.2012.12.045

Vijayaraghavan, G.; Shanthakumar, S. Effective Removal of Reactive Magenta Dye in Textile Effluent
by Coagulation Using Algal Alginate. Desalin. Water Treat. 2018, 121, 22-27. https://doi.org/
10.5004/dwt.2018.22190

Wang, Y.; Liu, C.; Ma, M,; Li, P.; Li, X.; Yu, Y. Fabrication and Evaluation of GO/TiO,-Based Molecularly
Imprinted Nanocomposite Membranes. Sep. Purif. Technol. 2019, 212, 245-254. https://doi.org/10.1016
/j.seppur.2018.11.042

Chakraborty, S.; Chowdhury, S.; Das Saha, P. Adsorption of Crystal Violet from Aqueous Solution onto
NaOH-Modified Rice Husk. Carbohydr. Polym. 2011, 86(4), 1533-1541. https://doi.org/10.1016
/j.carbpol.2011.06.058

Hayeeye, F.; Sattar, M.; Tekasakul, S.; Sirichote, O. Adsorption of Rhodamine B on Activated Carbon
from Rubber Fruit Pericarp. Songklanakarin |. Sci. Technol. 2014, 36(2), 177-187.

Gaikwad, R. W.; Misal, S. A. Sorption Studies of Methylene Blue on Silica Gel. Int. |. Chem. Eng. Appl.
2010, 1(4), 342-345. https://doi.org/10.7763/]JCEA.2010.V1.59

Imessaouden, A.; Cheikh, S.; Hadadi, A.; Hamri, N.; Bollinger, J.-C.; Amrane, A.; Tahraoui, H.; Manseri,
A.; Mouni, L. Adsorption Performance of Zeolite for Congo Red Removal. Separations 2023, 10 (1), 57.
https://doi.org/10.3390/separations10010057

Sarkar, T. K.; Chakraborty, N.; Basu, S.; Ghosh, A.; Inoue, H.; Fukumori, Y. Adsorption of Methyl
Orange onto Chitosan. ]. Water Resour. Prot. 2010, 2, 898-906. https://doi.org/10.4236/jwarp.2010.210107
Basha, N. A.; Rathinavel, T.; Sridharan, H. Activated Carbon from Coconut Shell: Synthesis and
Applications. Appl. Sci. Eng. Prog. 2023, 16(2), 6152. https://doi.org/10.14416/j.asep.2022.07.001

Esvandi, Z.; Foroutan, R.; Peighambardoust, S. J.; Akbari, A.; Ramavandi, B. Uptake of Anionic and
Cationic Dyes from Water Using Natural Clay and Clay/Starch/MnFe,Os Magnetic Nanocomposite.
Surf. Interfaces 2020, 21, 100754. https://doi.org/10.1016/j.surfin.2020.100754

Bharathi, K. S.; Ramesh, S. T. Removal of Dyes Using Agricultural Waste as Low-Cost Adsorbents: A
Review. Appl. Water Sci. 2013, 3, 773-790. https://doi.org/10.1007/s13201-013-0117-y

Emad, N.; Qada, E. N.; Allen, S. J.; Walker, G. M. Adsorption of Basic Dyes from Aqueous Solution onto
Activated Carbons. Chem. Eng. |. 2008, 135(3), 174-184. https://doi.org/10.1016/j.cej.2007.02.023

Laktif, T.; Lakhmiri, R.; Albourine, A. Salsola tetragona as a New Low-Cost Adsorbent for Water
Treatment: Highly Effective Adsorption of Crystal Violet. Int. |. Phytoremediation 2024, 26, 1691-1700.
https://doi.org/10.1080/15226514.2024.2349703

Sattar, M.; Hayeeye, F.; Chinpa, W.; Sirichote, O. Preparation and Characterization of Polysulfone/Activated
Carbon Composite Beads. Appl. Mech. Mater. 2014, 625, 106-109. https://doi.org/10.4028
/www.scientific.net/ AMM.625.106

Ghazali, A.; Shirani, M.; Semnani, A.; Zare-Shahabadi, V.; Nekoeini, M. Optimization of Crystal Violet
Adsorption onto Date Palm Leaves as a Potent Biosorbent Using Response Surface Methodology and Ant
Colony Optimization. J. Environ. Chem. Eng. 2018, 6, 3942-3950. https://doi.org/10.1016/j.jece.2018.05.043
Hayeeye, F.; Benhawan, A.; Sattar, M. Adsorption Efficiency of Batik Dye by Modified Dialium
cochinchinense Activated Carbon Beads: Kinetics and Thermodynamics. Desalin. Water Treat. 2022, 269,
200-211. https://doi.org/10.5004/dwt.2022.28751


https://doi.org/10.1016/j.jclepro.2023.137932
https://doi.org/10.1016/j.biteb.2021.100664
https://doi.org/10.1016/j.watres.2012.12.045
https://doi.org/10.1016/j.watres.2012.12.045
https://doi.org/10.5004/dwt.2018.22190
https://doi.org/10.5004/dwt.2018.22190
https://doi.org/10.1016/j.seppur.2018.11.042
https://doi.org/10.1016/j.seppur.2018.11.042
https://doi.org/10.1016/j.carbpol.2011.06.058
https://doi.org/10.1016/j.carbpol.2011.06.058
https://doi.org/10.7763/IJCEA.2010.V1.59
https://doi.org/10.3390/separations10010057
https://doi.org/10.4236/jwarp.2010.210107
https://doi.org/10.14416/j.asep.2022.07.001
https://doi.org/10.1016/j.surfin.2020.100754
https://doi.org/10.1007/s13201-013-0117-y
https://doi.org/10.1016/j.cej.2007.02.023
https://doi.org/10.1080/15226514.2024.2349703
https://doi.org/10.4028/www.scientific.net/AMM.625.106
https://doi.org/10.4028/www.scientific.net/AMM.625.106
https://doi.org/10.1016/j.jece.2018.05.043
https://doi.org/10.5004/dwt.2022.28751

ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260465. 12 of 13

(23]

[24]

(23]
[26]
(27]
(28]

[29]

(30]
(31]
(32]
(33]

(34]

(35]

(36]
(37]
(38]
[39]
[40]
[41]
[42]

[43]

[44]

Jia, Y. F,; Xiao, B.; Thomas, K. M. Adsorption of Metal Ions on Nitrogen Surface Functional Groups in
Activated Carbons. Langmuir 2002, 18, 470-478. https://doi.org/10.1021/1a011161z

Hayeeye, F.; Sattar, M.; Chinpa, W.; Sirichote, O. Kinetics and Thermodynamics of Rhodamine B
Adsorption by Gelatin/Activated Carbon Composite Beads. Colloids Surf, A 2017, 513, 259-266.
https://doi.org/10.1016/j.colsurfa.2016.10.052

Lagergren, S. Zur Theorie der Sogenannten Adsorption Geldster Stoffe. Kungl. Svenska Vetenskapsakad.
Handl. 1898, 24, 1-39.

Ho, Y. S.; McKay, G. Pseudo-Second-Order Model for Sorption Processes. Process Biochem. 1999, 34, 451—
465. https://doi.org/10.1016/50032-9592(98)00112-5

Langmuir, I. Adsorption of Gases on Plane Surfaces of Glass, Mica, and Platinum. J. Am. Chem. Soc. 1918,
40, 1361-1403. https://doi.org/10.1021/ja02242a004

Freundlich, H. Uber die Adsorption in Losungen. Z. Phys. Chem. 1907, 57, 385-470. https://doi.org
/10.1007/BF01813604

Al-Shehri, A.; Almudaifer, E. A.; Alorabi, A. Q.; Alanazi, H. S.; Alkorbi, A. S.; Alharthi, F. A. Effective
Adsorption of Crystal Violet from Aqueous Solutions: Equilibrium, Mechanism Studies, and Modeling
Analysis. Environ. Pollut. Bioavailability 2021, 33(1), 214-226. https://doi.org/10.1080/26395940.2021.1960199
Dubinin, M. M. The Potential Theory of Adsorption of Gases and Vapors for Adsorbents with an
Energetically Nonuniform Surface. Chem. Rev. 1960, 60, 235-266. https://doi.org/10.1021/cr60204a006
Brunauer, S.; Skalny, J.; Bodor, E. E. Adsorption on Nonporous Solids. J. Colloid Interface Sci. 1969, 30(4),
546-552. https://doi.org/10.1016/0021-9797(69)90423-8

Zeid, A.; Othman, A. Fundamental Aspects of Silicate Mesoporous Materials: A Review. Materials 2015,
8(12), 2874-2902. https://doi.org/10.3390/ma5122874

Broekhoff, J. C. Mesopore Determination from Nitrogen Sorption Isotherms: Fundamentals, Scope, and
Limitations. Stud. Surf. Sci. Catal. 1979, 36, 63-84.

Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, R. A.; Rouquerol, J.; Siemieniewska,
T. Reporting Physisorption Data for Gas/Solid Systems. Pure Appl. Chem. 1985, 57, 603-619.
https://doi.org/10.1351/pac198557040603

Abebe, B.; Murthy, H. A.; Amare, E. Summary on Adsorption and Photocatalysis for Pollutant
Remediation: A Mini-Review. |. Encapsulation Adsorpt. Sci. 2018, 8, 225-255. https://doi.org/10.4236
/jeas.2018.84012

McEnaney, B.; Schiith, F.; Sing, K. S. W.; Weitkamp, J. Handbook of Porous Solids; Wiley-VCH: Weinheim,
Germany, 2002; Vol. 1.

Azargohar, R. Production of Activated Carbon and Its Catalytic Application for Oxidation of Hydrogen
Sulphide; Ph.D. Thesis, University of Saskatchewan, 2009.

Jamka, Z.; Mohammed, W. Feasibility of Modified Chitosan Beads for Nitrate Adsorption from
Aqueous Solution. J. Ecol. Eng. 2023, 24(2), 265-278. https://doi.org/10.12911/22998993/156886

Zhou, J.; Sun, Q. Sodium Alginate/Modified Bentonite Composite Beads for Adsorptive Removal of
Norfloxacin. Polymers 2022, 14(19), 3984—4001. https://doi.org/10.3390/polym14193984

Ngamsurach, P.; Namwongsa, N.; Praipipat, P. Synthesis of ZnO-Modified Chitosan Materials for Pb(II)
Removal. Sci. Rep. 2022, 12, 17184. https://doi.org/10.1038/s41598-022-22182-4

Hayeeye, F.; Sattar, M. Removal of Crystal Violet by Activated Carbon from Rubber Fruit Pericarp and
Bagasse. Desalin. Water Treat. 2020, 202, 420-434. https://doi.org/10.5004/dwt.2020.26152

Asaad, H. F.; Elhadidly, H. Production of Activated Carbons from Waste Carpets for Methylene Blue
Adsorption. J. Environ. Chem. Eng. 2017, 5, 955-963. https://doi.org/10.1016/j.jece.2017.01.003

Ghaedi, M.; Ansari, A.; Habibi, M. H.; Asghari, A. R. Removal of Malachite Green Using ZnO
Nanoparticles Loaded on Activated Carbon. ]. Ind. Eng. Chem. 2014, 20, 17-28. https://doi.org/
10.1016/j.jiec.2013.04.031

Porkodi, K.; Vasanth, K. K. Modeling and Simulation of Dye Sorption onto Jute Fiber Carbon. J. Hazard.
Mater. 2007, 143, 311-327. https://doi.org/10.1016/j.jhazmat.2006.09.029


https://doi.org/10.1021/la011161z
https://doi.org/10.1016/j.colsurfa.2016.10.052
https://doi.org/10.1016/S0032-9592(98)00112-5
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1007/BF01813604
https://doi.org/10.1007/BF01813604
https://doi.org/10.1080/26395940.2021.1960199
https://doi.org/10.1021/cr60204a006
https://doi.org/10.1016/0021-9797(69)90423-8
https://doi.org/10.3390/ma5122874
https://doi.org/10.1351/pac198557040603
https://doi.org/10.4236/jeas.2018.84012
https://doi.org/10.4236/jeas.2018.84012
https://doi.org/10.12911/22998993/156886
https://doi.org/10.3390/polym14193984
https://doi.org/10.1038/s41598-022-22182-4
https://doi.org/10.5004/dwt.2020.26152
https://doi.org/10.1016/j.jece.2017.01.003
https://doi.org/10.1016/j.jiec.2013.04.031
https://doi.org/10.1016/j.jiec.2013.04.031
https://doi.org/10.1016/j.jhazmat.2006.09.029

ASEAN ]. Sci. Tech. Report. 2026, 29(2), e260465. 13 of 13

[45]

[46]

[47]

(48]

[49]

(50]
[51]
(52]

(53]

[54]

Xiao, W.; Garba, Z. N.; Sun, S.; Lawan, I.; Wang, L.; Lin, M.; Yuan, Z. Activated Carbon from White
Sugar for Rhodamine B Adsorption. ]. Clean. Prod. 2020, 253, 119989. https://doi.org/10.1016/
jjclepro.2020.119989

Ghaedi, M.; Ghaedi, A. M.; Negintaji, E.; Ansari, A.; Vafaei, A.; Rajabi, M. Random Forest Model for
Bromophenol Blue Removal Using Activated Carbon. J. Ind. Eng. Chem. 2014, 20, 1793-1803.
https://doi.org/10.1016/;.jiec.2013.08.033

Dada, A. O.; Olalekan, A. P.; Olatunya, A. M. Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich Isotherm Studies of Zn?** Adsorption. J. Appl. Chem. 2012, 3(1), 38—45. https://doi.org/
10.9790/5736-0313845

Azad, M. S.; Mohd, S. H.; Shahinuzzaman, M.; Azhari, S. Removal of Copper from Aqueous Solution
Using Rice Husk Activated Carbon. Sci. Technol. Asia 2022, 27(3), 69-84.

Arabzadeh, S.; Ghaedi, M.; Ansari, A.; Taghizadeh, F.; Rajabi, M. Removal of Methylene Blue Using NiO
and Pd Nanoparticle-Loaded Activated Carbon. Hum. Exp. Toxicol. 2015, 34, 153-169. https://doi.org
/10.1177/0960327114532383

Boulder, B.; Rida, K. Adsorption of Rhodamine B, Methyl Orange, and Phenol by Magnetic Activated
Carbon. Mater. Sci. Eng. B 2024, 307, 117502. https://doi.org/10.1016/j.mseb.2024.117502

Belcaid, A.; Beakou, B. H.; Bouhsina, S.; Anouar, A. Adsorptive Removal of Dyes by Cassava Peel
Biochar. Biofuels, Bioprod. Biorefin. 2024, 14, 7783-7806. https://doi.org/10.1007/s13399-022-02928-w
Sewu, D. D.; Boakye, P.; Woo, S. H. Adsorption of Cationic Dye by Biochar from Korean Cabbage Waste.
Bioresour. Technol. 2017, 224, 206-213. https://doi.org/10.1016/j.biortech.2016.11.009

Al-Shehri, H. S.; Almudaifer, E. A.; Alorabi, Q.; Alanazi, H. S.; Alkorbi, A. S.; Alharthi, F. A. Effective
Adsorption of Crystal Violet from Aqueous Solutions. Environ. Pollut. Bioavailability 2021, 33(1), 214-226.
https://doi.org/10.1080/26395940.2021.1960199

Rajeswari, K. M.; Revanth, T.; Anirudh, A.; Prasad, B. Removal of Crystal Violet Using Water Hyacinth.
Resour.-Effic. Technol. 2017, 3, 71-77. https://doi.org/10.1016/j.reffit.2017.01.009


https://doi.org/10.1016/j.jclepro.2020.119989
https://doi.org/10.1016/j.jclepro.2020.119989
https://doi.org/10.1016/j.jiec.2013.08.033
https://doi.org/10.9790/5736-0313845
https://doi.org/10.9790/5736-0313845
https://doi.org/10.1177/0960327114532383
https://doi.org/10.1177/0960327114532383
https://doi.org/10.1016/j.mseb.2024.117502
https://doi.org/10.1007/s13399-022-02928-w
https://doi.org/10.1016/j.biortech.2016.11.009
https://doi.org/10.1080/26395940.2021.1960199
https://doi.org/10.1016/j.reffit.2017.01.009

A 1\‘3, ASEAN
| \J Journal of Scientific and Technological Reports
Online ISSN:2773-8752

[ R


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

-% %
\¢'  ASEAN

Journal of Scientific and Technological Reports

Article type

Online ISSN: 2773-8752

Type of the Paper (Article, Review, Communication, etc.oabout 8,000 words maximum

Tit

le (Palatino Linotype 18 pt, bold)

Firstname Lastname?!, Firstname Lastname? and Firstname Lastname?’

1 Affiliation 1; e-mail@e-mail.com
2 Affiliation 2; e-mail@e-mail.com

+ Correspondence: e-mail@e-mail.com; (one corresponding authors, add author initials)

Citation:

Lastname, F.; Lastname, F.
Lastname, F. Title. ASEAN ].
Sci. Tech. Report. 2023, 26(X),
XX-XX. https://doi.org/10.55164
[ajStr.vXXIX.XXXXXX

Article history:
Received: date
Revised: date
Accepted: date
Available online: date

Publisher’s Note:

This article is published and
distributed under the terms
of the Thaksin University.

Abstract: A single paragraph of about 400 words maximum. Self-contained
and concisely describe the reason for the work, methodology, results, and
conclusions. Uncommon abbreviations should be spelled out at first use. We
strongly encourage authors to use the following style of structured abstracts, but
without headings: (1) Background: Place the question addressed in a broad
context and highlight the purpose of the study; (2) Methods: briefly describe the
main methods or treatments applied; (3) Results: summarize the article's main
findings; 4 Conclusions: indicate the main conclusions or interpretations.
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1. Introduction

The introduction should briefly place the study in a broad context and
highlight why it is crucial It should define the purpose of the work and its
significance. The current state of the research field should be carefully reviewed
and critical publications cited. Please highlight controversial and diverging
hypotheses when necessary. Finally, briefly mention the main aim of the work.
References should be numbered in order of appearance and indicated by a
numeral or numerals in square brackets—e.g,, [1] or [2, 3], or [4-6]. See the end of
the document for further details on references.

2. Materials and Methods

The materials and methods should be described with sufficient details
to allow others to replicate and build on the published results. Please note that
your manuscript's publication implicates that you must make all materials, data,
computer code, and protocols associated with the publication available to
readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be
described in detail, while well-established methods can be briefly described and
appropriately cited.

Interventional studies involving animals or humans, and other studies
that require ethical approval, must list the authority that provided approval and
the corresponding ethical approval code.
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2.1 Subsection
2.1.1. Subsubsection

3.Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation, as well as the experimental conclusions that can be
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, 1)

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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