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Abstract: This research aims to investigate the optimal temperature conditions
Citatio‘f{ for drying Khlu (Pluchea indica (L.) Less.) leaves (KLs) in a laboratory, develop
Duangsiri, W.; Podkumnerd, 7 ¢ qrying technology, and transfer the technology to the Palian River Basin
N.; Wunsri, S.; Teeparuksapun, Community in Trang Province. The results showed that after drying KLs at
K.; Khaonuan, P. Development . . o . .
o different temperatures for 7 hours, the optimal was 45°C, which resulted in a
of Khlu (Pluchea indica (L.) leaf ) )
drying technology for Khlu moisture content of 10.95 + 0.54%, a lightness (L) value of 48.87 + 1.58, and the
leaves tea production in palina lowest effective concentration (ECs) of 0.200 + 0.024 mg/mL. Drying at
river basin community, Tran 55°C produced results similar to drying at 45°C, with a moisture content of
province. ASEAN . Sci. Tech. 10.16 +1.27%, a lightness (L) value of 35.33 + 1.75, and an ECso of 0.370 + 0.003
Report. 2025, 28(4), €257672. mg/mL. Drying at 65°C wasn't as effective. At the same time, the KLs had a
https://doi.org/10.55164/ajstr.  Jow moisture content of 9.40 + 1.24%, they turned out very dark (L value =

v28i4.257672. 34.33 + 0.38), and they also had the highest ECso of 0.730 + 0.007 mg/mL, indicating

the weakest antioxidant ability. The KLs drying technology can utilize
Article history: sunlight and heat from biomass to reduce the moisture content to just 5.80 +
Received: January 27, 2025 0.61% and 7.02 + 1.97%, respectively, and has an ECs of 0.240 + 0.011 mg/mL and

Revised: May 20, 2025
Accepted: June 11, 2025
Available online: June 30, 2025

0.290 + 0.010 mg/mL, respectively. Finally, the researchers transferred the KLs
drying technology to the community for drying KLs to produce Khlu leaf tea.
This technology can dry about 10 kg of fresh KLs per period. Upon drying, the
technology is expected to yield approximately 2 kg of dried KLs for the

Publisher’s Note: production of Khlu leaf tea.
This article has been published

and distributed under the terms

Keywords: Khlu leaf (KLs); Drying technology; Khlu leaf tea; Palian river
of Thaksin University.

basin community

1. Introduction

The use of herbal plants is becoming increasingly popular, with
applications in medicine, food, cosmetics, and beverages. In particular, herbal
plants are being processed into herbal teas, which are widely consumed.
These teas are made from herbs known for their health benefits, which
undergo a drying process to preserve their properties. The tea is consumed by
rehydrating the herbs in hot or cold water. Nowadays, the consumption of
Thai herbal teas has increased, particularly among older individuals, who
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drink them for their health benefits. Many types of plants have been processed into herbal teas, such as Mulberry
leaf, Shallots, Crossandra, Safflower, Pandan leaf, and Gymnema [1- 6]. Khlu (Pluchea indica (L.) Less.) (Fig. 1) is a
variety of plant that belongs to the Asteraceae family. This shrub grows to a height of 1-2 meters and is
commonly found in tropical regions, including Africa, Asia, the America, Australia, and southern China. It
has various local names, including Khlu (Thai), Kuo bao ju (Chinese), Kukrakonda (Bengali), and Beluntas
(Bahasa) [7]. Khlu is a semi-mangrove plant that can thrive both in water and on land. Khlu leaves (KLs) are
used to make healthy drinks and as a traditional herbal medicine, especially in Southeast Asia, including
Thailand. KLs have medicinal properties used to treat inflammation, diabetes, cholera, arthritis, vaginal
discharge, bad breath, body odor, pus, abscesses, and diarrhea, among other conditions [8-10]. Additionally,
in Thailand, KLs are commonly used as a key ingredient in various local dishes. [11]. In the Palian River
Basin, Trang Province, it is considered an area where KLs are found growing widely. In the past, villagers in
the Palian River Basin community would eat KLs with chili paste or use them as an ingredient in cooking or
even as medicine. The Palian River Basin community in Trang Province, specifically in Ban Hin Khok Khwai,
Ban Na Subdistrict, Palian District, Trang Province, recognizes the value and importance of KLs by
producing Khlu leaf tea products to generate income for the community. However, the community faces
limitations in production due to quality issues with the raw materials, as the process of drying KLs must be
performed before the production of Khlu leaf tea products can begin. However, there are problems during
certain periods, such as when there is no sun or during the rainy season. If the raw materials cannot be dried
in the sun, this results in the inability to produce products continuously. Therefore, this research aims to investigate
the optimal conditions for preparing usable raw materials to produce high-quality Khlu leaf tea at the
laboratory level. After that, a Khlu leaf drying system will be designed and constructed to obtain quality dried KLs
and transfer the technology for use in producing Khlu leaf tea in the Palian River Basin community, Trang Province.

B3

Figure 1. Khlu (Pluchea indica (L.) Less.) (Photo by the author)

2. Materials and Methods

2.1 Preliminary study of KLs

Samples of KLs were collected from the Ban Hin Khok Khwai community, Ban Na sub-district,
Palian district, Trang province. Only the leaf parts of the Khlu were collected, washed with clean water, and
drained. After that, they were packed in plastic bags and refrigerated at 5 + 2°C for analysis of the basic
characteristics of KLs. The moisture content of the KLs was determined by weighing an aluminum cup that
had been dried to a constant weight and recording the weight. Weigh the sample into an aluminum cup with
2 grams and record the weight. The sample was placed in a hot air oven (Binder ED56, Germany) with the
lid of the aluminum cup partially open. The hot air oven was heated at 105°C until the sample weight was
constant. The moisture content was calculated using the AOAC method [12], and color values were obtained
using a colorimeter (Konica Minolta CR-10, Japan).
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2.2 Study of the optimum drying conditions for KLs in the laboratory

The research on the best drying conditions for KLs was based on the method used by Polyium and
Sakulyunyongsuk [13], who dried KLs at various temperatures for 7 hours. The procedure will result in the
production of KLs with a moisture content of not more than 10%. The study by Podkumnerd et al. [14] found
that the drying of products in the solar dryer cabinet in the Palian River Basin area had temperatures
ranging from 40.8°C to 57.2°C. Before developing the KLs drying technology, the researchers tested the
optimal drying conditions in the lab using a hot air oven (Binder ED56, Germany) by varying the
temperature to 45°C, 55°C, and 65°C for 7 hours. Samples were collected every hour for analysis of physical
components, including moisture content, using the AOAC method [12], and color value using a colorimeter
(Konica Minolta CR-10, Japan). Chemical composition analysis involved examining antioxidant activity
using DPPH assays, starting from sample extraction, which was modified from the method of Sawaengkhot
et al. [12]. This method involved extracting 5 g of KLs with boiling water (temperature 100°C) for 30 minutes.
Next, we centrifuged the extract (Nuve CN 180, Turkiye) at 5,000 rpm for 10 minutes and filtered it using
filter paper No. 1 (Whatman, Germany). The sample was stored in a tightly closed bottle at -20°C. Then, the
antioxidant activity was assessed using DPPH assays, adapted from the method of Sawaengkhot et al. [15].
An extracted sample (1 mL) from KLs was aspirated into a test tube by mixing with 200 pL of DPPH (2,2-
diphenyl-1-picrylhydrazyl) solution and leaving it in the dark for 30 minutes. The absorbance was measured
using a spectrophotometer (BMG LABTECH SPECTROstar Nano, Germany) at a wavelength of 515 nm. The
data were examined for differences using one-way ANOVA, and the differences between group averages
were checked with Duncan’s Multiple Range Test (DMRT) at a significance level of 0.05.

2.3 Design and development of KLs drying technology

The researchers used the data on the appropriate temperature conditions for drying KLs from
section 2.2 to design KLs drying technology that works in all weather conditions, both with and without
sunlight. After designing the KLs drying technology, the researchers created its prototype. They tested the
efficiency of the system by studying the temperature changes in the drying system using a thermometer
(PHYWE Cobra SMARTsense Temperature, Germany), the moisture content of the KLs using the AOAC
method [12], the color value of the KLs using a colorimeter (Konica Minolta CR-10, Japan), and studying the
antioxidant activity using the DPPH assays. We analyzed the data for differences between the means of the
two conditions using the independent t-test, maintaining a significance level of 0.01. Finally, an analysis of
microbe yeast and mold was done according to the AOAC method [12].

2.4 Technology transfer to the community

When the development of KLs drying technology was completed, the researchers transferred to the
Palian River Basin Community in Trang Province, specifically to the area of Ban Hin Khok Khwai, Ban Na
Subdistrict, Palian District, Trang Province, so that the community could utilize it for Khlu leaf tea production.

3.Results and Discussion

3.1 Results of the preliminary study of KLs

Based on the study of the basic features of KLs shown in Table 1, it was found that KLs had an
average moisture content of 83.21 + 0.27% and a brightness (L) of 52.95 + 0.54, with a* and b* values of -3.50 + 0.40
and 34.29 + 1.06, respectively. KLs were dark green (Figure 2A), which indicates that a* values were
negative. It can be seen that the KLs have a relatively high moisture content because they are plants that
grow in wetlands, which is consistent with the research of Polyium and Sakulyunyongsuk [13], who found
that the KLs used to produce Khlu tea from the Phraek Nam Daeng community, Amphawa District, Samut
Songkhram Province, have a moisture content of 60.78+0.24%.
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Table 1. Results of the study on the characteristics of KLs.

Basic characteristics of KLs Amount
Moisture content (%) 83.21+0.27
L (Brightness) 52.95+0.54
a* -3.50 £ 0.40
b* 34.29 +1.06

— (Q)

(A)
Figure 2. Characteristics of KLs in various conditions: A) Fresh KLs, B) dried at 45 °C, C) dried at 55 °C, and
D) dried at 65 °C

3.2 Results of the study on the optimum drying conditions for KLs

Drying is widely used in various thermal energy applications, ranging from food drying to the
drying of wood. To improve moisture migration from within the product, the dryer's goal is to provide the
product with more heat than is possible in ambient settings. This process will increase the vapor pressure of
the moisture contained within the product [16]. Based on the results of the moisture content of dried KLs in a
hot air oven with varied temperatures at three different levels (45°C, 55°C, and 65°C), as shown in Table 2, it
was found that the initial moisture content ranged from 82.12 + 0.69% to 83.21 + 0.27%. The moisture content
gradually decreased over time. Then, the moisture content gradually remained constant after 7 hours. At
45°C, KLs had a moisture content of 10.95 + 0.54%; at 55°C, the moisture content was 10.16 + 1.27%; and at
65°C, the moisture content was 9.40 + 1.24%.

Table 2. The moisture content of KLs at different temperatures

The moisture content (%)

(;1:;; 45°C 55°C 65°C
(Mean £ S.D.) (Mean +S.D.) (Mean + S.D.)
0 82.86 +1.04 8214 +1.12 82.85+1.07
1 82.14 +3.13 80.70 £ 1.05 76.63 £ 3.07
2 74.64 +1.01 70.71 +£0.94 72.14 +0.93
3 58.21 +£3.42 68.57 +1.03 69.29 +1.01
4 4250 +1.54 34.29+253 29.29 +1.00
5 35.00 +0.85 2429 +4.14 20.36 +3.05
6 12.50 £ 0.82 11.43+£1.05 10.71 £0.93
7 10.95 +0.54 10.16 £1.27 9.40+1.24

The characteristics of KLs at different temperatures and times varied in terms of L (brightness), a*
(redness), and b* (yellowness) values. As shown in Table 3, the L value at 45°C, which was 52.95 + 0.54,
decreased to 48.87 + 1.58 after 7 hours. The a* value, initially -3.33 + 0.49, increased to -1.50 + 0.30, while the
b* value, initially 34.29 + 1.06, decreased to 28.04 + 6.49. KLs at 55°C showed the L value of 52.95 + 0.54
decreased to 35.33 + 1.75, the a* value of -3.33 + 0.49 increased to 5.37 + 0.40, and the b* value of 34.29 + 1.06
decreased to 16.23 + 0.93 after 7 hours. KLs at 55°C showed the L value of 52.95 + 0.54 decreased to 35.33 + 1.75, the
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a* value of -3.33 + 0.49 increased to 5.37 = 0.40, and the b* value of 34.29 + 1.06 decreased to 16.23 + 0.93 after
7 hours. KLs at 65°C, the characteristics of the L value were 52.95 + 0.54, which decreased to 34.33 + 0.38; the
a* value was -3.33 = 0.49, which increased to 8.23 + 0.35; and the b* value was 34.29 + 1.06, which decreased
to 15.44 + 0.26 after 7 hours. From the experiment, we can see that raising the drying temperature of KLs
resulted in their color becoming darker (Fig. 2), as indicated by the lower L and b* values and the higher a*
values. This conclusion is consistent with the research of Punchuklang et al. [17], who found that when the
drying time of young shoots of Crotalaria juncea was increased, the tea powder dried at a higher temperature
had decreased L and b* values and increased a* as well.

Table 3. Color characteristics of KLs in the laboratory

Temperature Time Color

O (Hour) L a* b*
0 52.95+0.54 -3.33+0.49 34.29 +1.06
1 52.28 + 0.65 -3.06 £ 0.10 33.77 +2.36
2 51.50 £1.35 -2.67+0.65 32.67+1.46

45 3 51.40£1.35 -2.53 +0.58 31.29 £ 1.17
4 50.16 +1.44 -2.41£0.12 30.80 +1.31
5 49.67 +0.47 -1.87+0.21 30.23 £ 0.87
6 49.03 +1.34 -1.72+0.11 28.23 £0.21
7 48.87 +1.58 -1.50 + 0.30 28.04 + 6.49
0 52.95+0.54 -3.33+0.49 34.29 +1.06
1 41.70+1.41 -2.90+0.26 23.33 £1.95
2 40.53 +0.91 -2.04 +0.09 19.58 +0.67

55 3 37.57 +0.97 3.00 +1.00 18.23 +2.71
4 37.20+ 0.88 4.69+0.19 17.47 + 0.61
5 37.00 +1.61 523 +042 17.03 £ 0.68
6 36.77 £ 1.03 527 +0.25 16.47 £0.76
7 35.33+£1.75 5.37£0.40 16.23 £0.93
0 52.95+0.54 -3.33+£0.49 34.29 +1.06
1 41.73 +1.16 6.97 +0.15 19.60 + 0.75
2 40.43 + 0.69 7.24+024 19.09 + 0.38

65 3 37.53 £0.75 743 +0.32 18.80 £ 0.56
4 37.07 +0.40 7.57 +0.31 17.86 + 0.16
5 36.4+£2.65 8.07£0.40 16.80 + 0.26
6 35.23£0.70 8.14 +0.38 16.10 £ 0.36
7 34.33 £ 0.38 8.23£0.35 15.44 + 0.26

One of the most significant variables influencing antioxidant activity is temperature. Generally, it is
thought that heating causes an acceleration of the initiation reactions and hence a decrease in the activity of
the present or added antioxidants. However, temperature variations may alter the modes of action of some
antioxidants or have differing effects on them. [18-19]. The effective concentration (ECso) is the concentration
that reduces the concentration of DPPH free radicals by 50%. Therefore, the ECso indicates good
antioxidation performance [20, 21]. From drying the KLs at 45°C, 55°C, and 65°C for 7 hours, which gave the
moisture content of dried KLs of 10.95%, 10.16%, and 9.40%, respectively, this amount of moisture meets the
criteria for tea products from plants according to the Thai community product standard (1466/2556) [22],
which must not contain more than 10% moisture. Therefore, the researchers analyzed the antioxidant
activity of dried KLs at three different temperatures. The analysis of how drying temperatures of dried KLs
affect DPPH radical scavenging activity (Table 4) revealed that these temperatures significantly influence the
ECso of the dried KLs. The dried KLs dried at 65°C gave the highest ECso of 0.730 + 0.007 mg/mL, which was
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different from the other sample at a significance level of 0.05, followed by the dried KLs dried at 55°C with
an ECso of 0.370 + 0.003 mg/mL, and followed by the dried KLs dried at 45°C with an ECso of 0.200 + 0.024
mg/mL. From the data, it can be seen that dried leaves dried at 45°C have the lowest ECso, indicating the
highest efficiency in antioxidation. The dried KLs at 55°C had the second-best efficiency. In contrast, those
dried at 65°C had the least efficiency in antioxidation, which matches the findings of Noitubtim et al. [1],
who discovered that drying mulberry tea leaves at higher temperatures resulted in higher ECso values,
indicating a decrease in antioxidant activity. This indicates that temperature has a significant impact on the
degradation of antioxidant compounds.

Table 4. Effect of drying temperatures of dried KLs on DPPH radical scavenging activity

Temperature (°C) ECso" (mg/mL)
45 0.200 + 0.0242
55 0.370 + 0.003P
65 0.730 + 0.007¢

* Different characters in each column illustrated the average comparison by DMRT at a significantly different
level of 0.05

3.3 Design and development of KLs drying technology

As regards the study of the appropriate conditions for producing dried KLs, it was found that
temperature has a significant effect on the composition of important substances in KLs. The temperature
must not be too high to destroy antioxidants, which are beneficial substances. The study indicated that the
optimal temperature for drying KLs is between 45°C and 55°C for 7 hours, which maintains the moisture
content at 10%, complies with the Thai community product standard 1466/2566 [22], and ensures that the
dried KLs remain light in color. Additionally, these KLs exhibit better antioxidation properties compared to
those dried at 65°C. The researchers developed a drying method for KLs that is effective regardless of the
weather conditions. Additionally, they exhibited higher antioxidant efficiency than those dried at 65°C. The
researchers designed the KLs drying technology, which can dry KLs efficiently regardless of weather
conditions. Figure 3 displays the researchers' draft of the KLs drying technology.

Figure 3. The schematic of KLs drying technology consists of: 1) Oven structure 2) Side walls 4) Roof 5) Oven
chamber 6) Drying panel rails 7) Door 8) Dehumidification fan 9) Solar panels 10) Cabinet structure
support 11) Casters 12) Heat transfer steel pipe 13) Biomass stove 14) Heat transfer fan 15) Oven
temperature control system and 16) Door handle
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This KL's drying technology is a drying system that utilizes solar energy in combination with
biomass energy. The working principle is divided into two parts: the first part is the body structure, which
consists of a square metal frame that is assembled and connected to a base with wheels. The front wall, side
walls, and bottom wall are covered with metal sheets. The top wall of the body structure features a curved
roof covered with clear polycarbonate sheets, allowing for good natural light. The inside of the body
structure is divided into two drying chambers. Each room is equipped with one drying panel for drying KLs,
and a steel rail is installed along the front wall to the back of the house structure, allowing the drying panel
to be placed in the drying room and slid in and out conveniently. There is a second part that increases the
heat. The installation of the heating system utilizes hot air generated by burning steel pipes sourced from
biomass, such as wood chips, in a biomass stove. The heat accumulated in the steel pipes is transferred to the
drying room using a heat fan installed at the end of the steel pipe, which blows hot air into the drying room.
There is a temperature sensor that orders the heat fan to stop working when the temperature in the drying
room exceeds the specified temperature. After the design was completed, the researchers proceeded to create
KLs drying technology, as shown in Figure 4.

Figure 4. Prototype of KLs drying technology: A) Using solar energy, B) Temperature control system, and
C) Using heat from biomass

After designing and prototyping the KL drying technology, the researchers tested the system’s
performance under both sunlight and non-sunlight conditions by setting the temperature control inside the
dryer to a maximum of 55°C. After examining the temperature inside KLs’s drying technology for drying
KLs within a drying time of 7 hours, it was found that the temperature inside the dryer under the condition
of using solar energy (with sunlight) was close to that of using heat from biomass (without sunlight), which
gave temperatures of 54.70 + 0.28°C and 53.85 + 0.92°C, respectively (data shown in Table 5).

Table 5. Study of temperature inside KLs drying technology under different conditions

Temperature (°C)

Time (Hour) Solar energy Heat from biomass
(With sunlight) (Without sunlight)

0 44.00 +2.40 32.95 +0.64

1 49.25+2.76 40.25 + 0.64

2 49.70 +1.41 45.95+0.92

3 51.30+1.13 46.70 +0.42

4 52.10+1.84 47.90 + 0.35

5 52.15+2.33 52.35+0.07

6 54.80+1.13 5420+ 1.13

7 54.70 + 0.28 53.85 +0.92

The study of the moisture content of dried KLs using KLs drying technology (data shown in Table
6) revealed that dried KLs, utilizing solar energy and heat from biomass, can effectively reduce the moisture
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content in KLs. Dried KLs using solar energy had a moisture content of 8.35 + 1.00%, and dried KLs using
heat from biomass had a moisture content of 10.10 + 0.92% after drying for only 5 hours. When dried for 7
hours, it was found that dried KLs using solar energy and heat from biomass had a moisture content of only
5.80 + 0.61% and 7.02 + 1.97%, respectively. From the experimental results, it can be seen that the use of this
KLs drying technology can reduce the moisture content of KLs quickly, which is consistent with
Podkumnerd et al. [14] who found that the use of the Nipa leaf drying system for use during sunlight and
without sunlight can reduce the moisture content of Nipa leaf faster than natural sunlight drying. The
reduction of moisture content to up to 10% in 4 hours.

Table 6. Moisture content of dried KLs using KLs drying technology in different conditions

Moisture content (%)

Time (Hour) Solar energy Heat from biomass

(With sunlight) (Without sunlight)
0 80.14 +1.32 81.20+1.14
1 67.16 +1.01 77.37 £2.01
2 53.28 +1.59 65.79 +1.89
3 32.65 +2.37 46.92 +1.48
4 20.08 +2.61 2648 +2.92
5 8.35+1.00 10.10 £0.92
6 5.97 £ 0.62 8.94+0.17
7 5.80 + 0.61 7.02 +1.97

The study of the color characteristics of dried KLs by KLs drying technology for 7 hours (Table 7)
showed that dried KLs using solar energy (with sunlight) had L values (brightness) of 40.43 + 0.69, a* values
of 12.40 + 0.52, and b* values of 19.09 + 0.38, which were similar to dried KLs using heat from biomass
(without sunlight), L values of 41.37 + 0.91, a* values of 12.60 + 1.28, and b* values of 18.60 + 0.26.

Table 7. Results of the color values of KLs in KLs drying technology in different conditions

Solar energy Heat from biomass

Time

(With sunlight) (Without sunlight)
(Houn) L a* b* L a* b*
0 51.95+0.74  -3.00+0.10 31.29+1.17 51.50+1.35 -2.67+0.65  32.67+1.46
1 4447+129  -3.57+0.55 23.33+1.95 45.60+1.93 -2.04+0.09 2333+195
2 43.57 +0.76 6.97 £0.15 23.13 £0.67 43.77£1.67  724+0.24 22.83+1.16
3 43.03+0.57 10.23+0.32 22.70 +1.54 4223+042 1030+141  22.40+0.87
4 42.60+291 10.60 £ 0.26 22.57 +2.31 4220+1.39 11.57+1.46 21.80+0.72
5 42.47+1.08 1143 +1.62 21.67 +0.90 4193+0.70 11.77+139  61.63+0.80
6 40.53+091 11.57+0.81 19.58 + 0.67 41.73+1.16  12.03+0.68  19.60+0.75
7 40.43+0.69 12.40+0.52 19.09 + 0.38 41.37+091 12.60+128  18.60+0.26

From the effect on drying of dried KLs on DPPH radical scavenging activity (Table 8), an ECso of
the dried KLs using solar energy was 0.240+0.011 mg/mL, which was different at a significance level of 0.01
from the dried KLs using heat from biomass with an ECso of 0.290+0.010 mg/mL. Furthermore, this
technology yielded similar results to the dried KLs obtained by drying with a hot air oven at 45°C and 55°C
(data shown in Table 4), which resulted in ECso values of 0.200 + 0.024 and 0.370 + 0.003 mg/mL, respectively.
From the ECso of dried KLs obtained by KLs drying technology using solar energy and heat from biomass, it
can be seen that the dried KLs obtained by this technology still retain antioxidant content comparable to that
obtained by laboratory drying.
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Table 8. Effect of drying of dried KLs using KLs drying technology on DPPH radical scavenging activity

Conditions ECso (mg/mL) t p-value
Solar energy 0.240 + 0.011 -5.826** 0.004
Heat from biomass 0.290 + 0.010

**The mean difference is significant at the 0.01 level

The results of the study on microbial contamination in dried KLs using KLs drying technology
showed that the technology was effective in reducing microbial contamination (data were shown in Table 9).
Dried KLs using solar energy (with sunlight) had a total microbial count of 423.33 + 75.06 (cfu/g) and yeast
and mold counts of 63.33 + 15.28 (cfu/g). Dried KLs produced using heat from biomass (without sunlight)
had a total microbial count of 540.00 + 75.50 (cfu/g) and yeast and mold counts of 86.67 + 11.55 (cfu/g). The
amount of microbes detected in dried KLs using this technology was within the Thai community product
standard 1466-2556 (dried Gymnema for infusion), which specifies a total amount of microbes not exceeding
1 x 10* (cfu/g) and yeast and molds less than 100 (cfu/g) [22].

Table 9. Microbial quality of dried KLs by using KLs drying technology

Microbial Solar energy Heat from biomass
(With sunlight) (Without sunlight)
Total microbial (cfu/g) 423.33 £ 75.06 63.33 +15.28
Yeast and mold (cfu/g) 540.00 = 75.50 86.67 +11.55

From the development of the KLs drying technology, which can produce dried KLs under
conditions with sunlight using solar energy and in conditions without sunlight using heat from biomass, the
researchers compared the efficiency of the two drying systems (Table 10). They found that both drying
systems can dry fresh KLs at a rate of approximately 10 kg per hour, and after 7 hours, the amount of dried
KLs will be approximately the same. The KLs' drying technology using solar energy will produce an average
of 1.94 kg of dried KLs, and the drying using biomass heat energy will produce an average of 2.13 kg of dry
KLs. However, drying using heat from biomass energy will cost slightly more than using biomass, such as
dry wood, which, when calculated as the cost of procurement, will cost approximately 0.8 baht/kg. The
drying process that uses rubberwood as fuel will require approximately 25 kg of rubberwood per production
cycle. However, if the community can procure fuel from dry wood scraps, this will reduce the cost in this
part. When considering the installation cost, it was found that the KLs drying technology using solar energy
would cost approximately 18,000 baht. If a drying system using heat from biomass is installed, the cost
would be approximately 30,000 baht. However, even though the installation of KLs drying technology using
heat from biomass would increase the installation cost, the advantage is that the community can produce
dried KLs all the time, resulting in increased income for the community.

Table 10. Comparative analysis of the efficiency of KLs drying technology in different conditions

Solar energy Heat from biomass

(With sunlight) (Without sunlight)
Fresh KLs (kg) 10.00 10.00
Dried KLs (kg) 1.94 2.13
Fuel costs (baht) - 20.50
Installation cost (baht) 18,000.00 30,000.00

3.4 Transfer of KLs drying technology to the community
The researchers had transferred KLs drying technology for producing Khlu leaf tea to the target
group, which is the fishery group that collects and preserves Khlu shells, Ban Hin Khok Khwai, Ban Na Subdistrict,
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Palian District, Trang Province (Figure 5), along with developing production process techniques to increase
quality and consumer confidence, from collecting KLs, cleaning, and drying processes. The KLs drying
technology can dry about 10 kg of fresh KLs per period. After drying, it will yield approximately 2 kg of dried
KLs, which can be used to produce Khlu leaf tea. After transferring the technology to the community, locals
can utilize it to increase production potential and distribute their products within Trang Province.

Figure 5. Transfer of KLs drying technology to the Palian River Basin Community, Trang Province

4. Conclusions

Upon examining the appropriate temperature conditions for drying KLs to obtain quality in the
laboratory, it was found that the appropriate temperature for the KLs drying process was in the range of
45°C - 55°C for 7 hours, which was shown to produce dried KLs with only 10% moisture content and not too
dark in color. From the data on the effect of drying temperatures on the DPPH radical scavenging activity of
dried KLs, it can be seen that leaves dried at 45°C have the lowest ECs, indicating the highest efficiency in
antioxidation. The ECso is the concentration that reduces the DPPH free radicals by 50%. The ECso indicates
good antioxidation performance. The dried KLs at 55°C had the second-best efficiency, while those dried at
65°C had the least efficiency in antioxidation. Through the results of KLs drying in the laboratory, the
researchers were able to design and develop KLs drying technology that can function in both conditions, i.e.,
with sunlight and without sunlight. The researchers were able to control the temperature within the system
to prevent it from exceeding 55°C, thereby achieving drying conditions similar to those in the laboratory.
The test results were satisfactory. The drying method, which utilized sunlight and solar energy heat, and the
other method, which employed additional heat from biomass, yielded results for temperature, moisture
content of dried KLs, and ECso that were comparable to those obtained in the laboratory. After that, the
researchers transferred KLs drying technology to the Palian River Basin Community (the shellfishing and
shellfish conservation group, Ban Hin Khok Khwai, Ban Na Sub-district, Palian District, Trang Province) for
use in drying KLs to produce Khlu leaf tea. This technology can dry about 10 kg of fresh KLs per period.
Upon drying, the technology is expected to yield approximately 2 kg of dried KLs for the production of Khlu
leaf tea. During the period of sunlight, KLs drying technology can be used to dry Khlu leaves directly. When
there is no sunlight or it is raining, the community can utilize this technology by employing free biomass as a
heat source to dry KLs. This approach allows the community to continuously produce dried KLs for use in
the production of Khlu leaf tea. As a result, the community can utilize local resources to generate a
sustainable income.
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1. Introduction

Candida species are common colonizers of the oral cavity but can also
act as opportunistic pathogens, leading to oral fungal infections, also known as
oral candidiasis. This infection is prevalent in immunocompromised
individuals, the elderly, and individuals who wear dentures. While Candida
albicans is the primary cause, non-albicans Candida (NAC) species such as C.
glabrata, C. tropicalis, C. parapsilosis, C. dubliniensis, and C. krusei are also
frequently identified [1-3]. Some commercially available antifungal agents are
used to treat oral candidiasis; however, their applications are limited by side
effects such as oral irritation, burning, and discoloration, as well as drug
interactions and the development of resistance over prolonged use. [4]. Thus,
these limitations lead to a search for novel antifungal agents with low side effects.
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Interest in herbal medicines is growing, particularly in countries with rich ethnomedical traditions,
such as Thailand. Natural products, rich in bioactive compounds, offer a promising alternative to synthetic
drugs due to their diverse therapeutic properties and generally low side effect profiles. Several studies
documented antifungal activities of plant extracts and essential oils. For instance, extracts from various plant
parts (rhizome, root, leaves, stem, and flower) of species including Piper betle, Punica granatum, Curcuma longa,
and Alpinia galanga, have been used in traditional medicine for bacterial and fungal infections and have
demonstrated anticandidal activity [5-8]. The antifungal activity is attributed to phytochemicals, including
flavonoids, saponins, and alkaloids, found in ethanolic extracts. Among the natural products, essential oils,
such as lemongrass, clove, cinnamon, peppermint, and eucalyptus, are commonly used in complementary
medicine to treat oral infections [9, 10]. However, there is limited knowledge about the activity of these plant
extracts against oral candidiasis isolates of C. albicans and NAC, which are resistant to the major classes of
antifungal drugs (polyenes and azoles) [3, 11]. Additionally, few studies have explored the combination of
plant extracts and essential oils against Candida isolates. Therefore, effective combinations of these natural
products could provide new antifungal agents for treating oral candidiasis.

This study aimed to investigate the anti-Candida activity of 13 ethanol extracts and 6 essential oils
from Thai herbs. The most effective extracts and oils were tested against three oral candidiasis isolates, with
their major compounds identified to explore potential anticandidal mechanisms. The synergistic antifungal
effects of combining these extracts and oils were evaluated.

2. Materials and Methods

2.1 Preparation of plant extracts

Thirteen Thai traditional plants were collected from local areas in Phitsanulok, Thailand (Table 1).
The samples were washed, dried at 60 °C for 24 hours, and then ground into a fine powder. They were
extracted by maceration with 95% ethanol at room temperature for 3 days, repeated three times. The extracts
were filtered and concentrated using a rotary evaporator (Buchi, Switzerland). A stock solution of plant
extracts in dimethyl sulfoxide (DMSQO, RCI Labscan, Thailand) was prepared and diluted with a solution of
4% DMSO and 4% Tween 80 (Phitsanu Chemical, Thailand) to a concentration of 10 mg/mL for anticandidal
activity tests.

2.2 Preparation of essential oils

Essential oils, including lemongrass (product code; 2562-40003), clove bud (product code; 2562-20216),
cinnamon bark (product code; 2562-20104), cinnamon leaf (product code; 2562-20086), peppermint (product
code; 2562-20103), and eucalyptus (product code; 2562-20014), were purchased from Thai China Flavours &
Fragrances Industry Co., Thailand. To test their antifungal activity, the essential oils were diluted in a solution
of 4% DMSO and 4% Tween 80 to a concentration of 20 mg/mL.

2.3 Anticandidal activity

2.3.1 Strains and Culture Conditions

C. albicans ATCC10231 is obtained from the Faculty of Medical Sciences, Naresuan University. At the
same time, clinical isolates of C. albicans R01, C. krusei, and C. dubliniensis were collected from the Faculty
of Dentistry at Naresuan University. All strains were preserved on Sabouraud Dextrose Agar (SDA, Himedia,
India) slants and subcultured onto SDA plates at 37 °C for 24 hours before testing.

2.3.2 Agar disk diffusion method

The plant extracts (PE) and essential oils (EO) were evaluated for their ability to inhibit C. albicans
ATCC 10231 growth using a modified agar disk diffusion assay (Clinical and Laboratory Standards Institute
(CLSI) M44-A2 protocol). A yeast suspension (1-5 x 106 cells/mL) was spread onto Mueller-Hinton agar
containing 2% glucose and 0.5 pg/mL methylene blue dye. Paper disks, 6 mm, impregnated with the extracts
or oils, were placed on agar surfaces, and their antifungal activity was assessed by measuring the size of the
clear zones around the disc after incubation at 37 °C for 24 hours [12].
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2.3.3 Determination of minimum inhibitory concentrations (MIC) and minimum fungicidal concentration (MFC)

The MIC against was determined by the broth dilution method following the method by Rodriguez-
Tudela et al. (2001) [13]. The samples were serially diluted two-fold with RPMI-1640 medium (GibcoTM,
Austria) in microtiter plates to concentrations ranging from 0.020 to 5.00 mg/mL. C. albicans ATCC 10231
suspension (1 x 106 cells/mL) was added to each well. Various concentrations of nystatin, ranging from 1.0 to
250 pg/mL, and Candida in RPMI-1640 medium were designated as the positive control and control,
respectively. The plates were incubated at 37 °C for 24 hours. Candida growth was measured by optical density
at 600 nm. The MIC was the lowest concentration that provided 90% growth inhibition. The percentage of
growth inhibition was calculated using the following equation: %Inhibition = [1- (Aws — Aw)/Aces— Acw)] X
100, where Ars and Aware the OD of the test well at 24 hours and 0 hours. Acns, Aw, and Acware the OD of the
control healthy growth at 24 hours and 0 hours. The MFC was evaluated by incubating turbidity-free wells
on SDA plates at 37 °C for 24 hours. The lowest concentration preventing visible growth was determined. All
experiments were conducted in triplicate [14]. The plant samples with large, clear zones and low MIC and
MEC values were selected for further testing of anticandidal activity against clinical isolates of C. albicans R01
and NAC species (C. krusei and C. dubliniensis) (Table 3).

2.4 Identification of major compounds using GC-MS analysis

The component identification of PE and EO was achieved by the GC-MS analysis using HP-5MS series
(Agilent, USA), with a capillary column (30 m x 250 um, film thickness 0.25 um). The column temperature
was maintained at 50°C for 2 minutes. The column temperature was initially set at 70 °C for 5 min, then
increased to 120 °C at a rate of 3 °C/min, followed by an additional 5 °C/min to 270 °C, and maintained at this
temperature for 3 min. A 1 pL manual injection was performed in a split mode (1:100), with helium as the
carrier gas at a flow rate of 1 mL/min. The scan range is 35-550 m/z with a scan rate of 1000 amu/s. The
components were identified by comparing their mass spectra with published data and performing computer
matching with the National Institute of Standards and Technology (NIST17.L) library.

2.5 Determination of synergistic activity from a combination of essential oils and plant extracts
The synergistic activities of selected EO and PE combinations were determined using the
checkerboard dilution assay [15]. The respective MIC values of EO and PE were used together to define a
fractional inhibitory concentration (FIC) of 1. The dilutions of each agent’s FIC were prepared in a series of
0xMIC, 1.25xMIC, 0.25xMIC, 0.50xMIC, 0.75xMIC, and 1xMIC in a 96 well-plate. C. albicans RO1 was added
to the combinations and incubated at 37 °C for 24 hours. The MIC values were determined as described above.
The FIC index (FICI) was determined according to the following equation [16]:
FICeo =MIC of EO in combination / MIC of EO alone
FICre  =MIC of PE in combination / MIC of PE alone
FICI = FICeo + FICre
The results are interpreted as follows: FICI < 0.5, synergistic; > 0.5 — 1.0, additive; > 1.0 — 4.0, indifference; > 4.0,
antagonistic.

2.6 Statistical analysis
The extraction of plants was repeated three times, and the mean % yield values were calculated. All
microbiological tests were repeated on three different occasions, with triplicate determinations on each occasion.

3.Results and Discussion

C. albicans is a common cause of oral fungal infections, especially in people with weakened immune
systems. The overuse of antifungal agents has led to drug-resistant strains [17]. This study aims to identify
natural, plant-based alternatives that can combat C. albicans, potentially through a synergistic combination.
The selection of plant extracts for this study was based on their established antifungal potential and traditional
use in treating fungal infections. Numerous studies have demonstrated the anticandidal activity of plants
against various Candida species [17-19]. Ethanol was chosen as the extraction solvent due to its efficacy in
extracting bioactive compounds, coupled with its non-toxic and biodegradable nature [20]. Commercial
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essential oils were employed in this study to assess their feasibility for the large-scale production of potential
products. The company provided certificates of analysis for each essential o0il, confirming that each essential
oil meets its specified characteristics.

Table 1. Anticandidal activity of plant extracts against C. albicans ATCC10231

% yield  Inhibition

Family Scientific name Part used (dry  zone diameter (mlt:/InfL) (ml\;/anL)
weight) (mm)*
Euphorbiaceae  Euphorbia hirta L. Leaf 17.30£2.13 15.33 £2.52 5.000 >5.000
Baliospermum solanifolium Leaf 14.62 £ 0.66 nz >5.000 >5.000
(Burm.) Suresh
Acalypha indica L. Leaf 15.74 +£1.32 nz >5.000 >5.000
Piperaceae Piper betle L. Leaf 20.65+2.06 24.67+0.58 0.313 0.625
Piper sarmentosum Roxb Leaf 11.63+091  8.67 £0.58 0.625 >5.000
Fabaceae Leucaena leucocephala Leaf 16.23 £ 0.50 nz >5.000 >5.000
(Lam.) de Wit
Tamarindus indica L. Seed coat 32.57 +2.67 nz >5.000 >5.000
Zingiberaceae = Curcuma longa L. Rhizome 27.20+3.99 8.67+1.15 >5.000 >5.000
Curcuma manga Val.& Rhizome 10.68 + 0.50 Nz >5.000 >5.000
Zijp

Alpinia galanga (L.) Willd Rhizome 18.81+1.98 9.33+1.15 1.250 1.250
Boesenbergia rotunda (L.) Rhizome 8.24+0.26  8.33+0.58 >5.000 >5.000

Mansf.
Curcuma zedoaria Rhizome 11.35+1.19 8.33+0.58 >5.000 >5.000
(Christm.) Roscoe

Bignoniaceae Dolichandrone serrulata Leaf  26.25+1.03 nz >5.000 >5.000
(Wall. ex DC.) Seem.
Nystatin 17.00 + 2.65 0.003 0.003

Data are reported as Mean * SD; nz = No inhibition zone; * = 6 mm paper disk; MIC = Minimum inhibitory
concentration; MFC = Minimum fungicidal concentration

3.1 Anticandidal activity of plant extracts and essential oils

Table 1 shows that ethanolic extracts from seven of thirteen plants had significant anticandidal
activity. Piper betle exhibited the largest inhibition zone (~25 mm), followed by Euphorbia hirta, Alpinia galanga,
Curcuma longa, Boesenbergia rotunda, and Curcuma zedoaria. P. betle was most active against C. albicans
ATCC10231, with MIC and MFC values of 0.313 mg/mL and 0.625 mg/mL, respectively.

Table 2 shows the inhibitory zone, MIC, and MFC of six EOs against C. albicans ATCC10231. All EOs
demonstrated antifungal activity, with MIC and MFC values ranging from 0.078 to 2.50 mg/mL and 0.078 to
5.00 mg/mL, respectively. Cinnamon bark oil had the lowest MIC and MFC (0.039 mg/mL), followed by
lemongrass, clove bud, cinnamon leaf, peppermint, and eucalyptus oils.
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Table 2. Anticandidal activity of essential oils against C. albicans ATCC10231

Essential oils Inhibition zone diameter MIC MEC
(mm)* (mg/mL) (mg/mL)

Lemongrass oil 17.67 +1.53 0.156 0.313
Clove bud oil 20.33 £ 0.58 0.313 0.625
Cinnamon bark oil >50 0.078 0.078
Cinnamon leaf oil 24.00 +1.00 0.156 1.250
Peppermint oil Nz 2.500 5.000
Eucalyptus oil Nz >10 >10

Nystatin 17.00 +£2.65 0.003 0.003

Data are reported as Mean * SD; nz = No inhibition zone; * = 6 mm paper disk; MIC = Minimum inhibitory
concentration; MFC = Minimum fungicidal concentration

P. betle and A. galanga extracts showed potential anticandidal activity with the lowest MIC and MFC
values against C. albicans ATCC10231. However, the MIC and MFC values of these PE against C. albicans are
inconsistent with those of previous studies. In another study using the same fungus and extract solvent, P.
betle showed antifungal activity against C. albicans, with a much higher MIC value of 3.13 mg/mL and an MFC
value of 4.17 mg/mL. On the other hand, their studies showed a slight antifungal activity of A. galanga against
C. albicans [18]. In the study by Khodavandi et al. [19], the methanolic extract of A. galanga exhibited no
antifungal activity against C. albicans and C. krusei, but showed activity against C. glabrata and C. tropicalis,
with the same MIC value of 0.064 mg/mL. The different antifungal effects observed in previous studies
compared to the present study may be attributed to variations in the main ingredients of the tested substance,
the types of fungi used, or the method of extraction. Furthermore, among the tested essential oils, 3 EOs —cinnamon
bark oil, lemongrass oil, and clove bud oil — exhibited the most effective antifungal activity, with cinnamon bark
oil possessing the strongest inhibitory effect against C. albicans ATCC 10231. Similarly, Satthanakul et al. (2019)
demonstrated that cinnamon oil exhibited the lowest MIC, followed by lemongrass oil and clove oil against
C. albicans [15].

3.2 Chemical composition of plant extracts and essential oils

Two PE (P. betle and A. galanga extract) and 3 EO (lemongrass oil, clove oil, and cinnamon bark oil)
with low MIC and MFC values were chosen for further studies on their chemical composition and the activity
against clinical isolates. The major compounds of PE and EO are shown in Table 3. Four major compounds
of P. betle extract were 4-allyl-1,2-diacetoxybenzene (29.5%), hydroxychavicol (24.8%), eugenol (24.7%), and
eugenol acetate (21.0%). The major compound of A. galanga extract was 1’-acetoxychavical acetate (78.0%).
Furthermore, the major compounds of all EO were geranial (42.7%) and neral (22.2%) in lemongrass oil,
eugenol (85.5%) in clove bud oil, and cinnamaldehyde (80.6%) in cinnamon bark oil. The major compounds
of the most effective 2 PE and 3 EO were further elucidated using GC-MS. The compounds identified in the
tested samples are similar to those previously reported for P. betle extract ( hydroxychavicol 69.46%, 4-
chromanol 24% and eugenol 4.86%) [20]; and A. galanga extract (1,8-cineol, a-fenchyl acetate, 3-farnesene, {3-
bisabolene, a-bergamotene, 3-pinene, and 1'acetoxychavicol acetate) [21]. In the study by Nordin et al. (2014),
P. betle extract treatment led to physical damage and morphological alterations in Candida cells [22].
Hydroxychavicol, isolated from P. betle leaves, was also reported to be effective against various fungal species
[23]. The antifungal activity of A. galanga extract against Candida species has been reported [19]. The A. galanga
extract is reported to cause damage to the outer and inner membranes, as well as coagulation of the cytoplasm,
in Staphylococcus aureus cells [24].

Citral, eugenol, and cinnamaldehyde, the major compounds in lemongrass, clove bud, and cinnamon
bark oils, have been shown to have antifungal activity against Candida species [15, 21]. Citral disrupts cell
membrane integrity [25], while eugenol and cinnamaldehyde deactivate hydrolytic enzymes, generate reactive
oxygen species, induce apoptosis, and modulate ergosterol content [26].
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Table 3. The major compounds of plant extracts and essential oils were determined by GC-MS

Plant extracts/ ) Retention time Relative area
Main compounds

Essential oils (min) (%)
P. betle extract Eugenol 229 24.7
Hydroxychavicol 26.5 24.8

Eugenol acetate 28.2 21.0
4-allyl-1,2-diacetoxybenzene 31.3 29.5

A. galanga extract 1’-acetoxychavical acetate 31.2 78.0
Lemongrass oil 6-methyl-5-hepten-2-one 6.6 3.6
Beta-myrcene 6.7 12.5

Isoneral 14.8 53

Beta-citral (Neral) 17.8 22.2

Geraniol 17.9 6.1
Alpha-citral (Geranial) 18.7 42.7

Clove bud oil Eugenol 22.4 85.5
Caryophyllene 24.7 10.4

Eugenol acetate 28.2 4.2

Cinnamon bark oil Cinnamaldehyde 18.6 80.6
Eugenol 22.4 19.4

Relative area = compound percentages were obtained electronically from the GC-MS percent area data.

3.3 Anticandidal activity of plant extracts and essential oils against clinical isolates of Candida species

P. betle extract, A. galanga extract, lemongrass oil, clove oil, and cinnamon bark oil demonstrated
anticandidal activity against clinical isolates of C. albicans R01, C. krusei, and C. dubliniensis. All extracts had
MIC/MEC values ranging from 0.156 to 5.000 mg/mL. Cinnamon bark oil had the lowest MIC among all
Candida species. A. galanga extract was particularly effective against C. krusei (Table 4). Some in vitro studies
have reported low susceptibility of antifungal agents or mouthwashes in oral C. albicans isolates [27, 28]. Thus,
utilizing clinical isolates to test the effectiveness of antifungal agents is necessary for research on anticandidal
activity. To this end, all EO and PE were tested against 3 clinical isolates of Candida species. Although they
showed antifungal activity against all 3 Candida species, it was worth noting that C. krusei was more susceptible
to A. galanga extract than C. dubliniensis and C. albicans. These results were possibly related to its ability to alter
the cell surface hydrophobicity (CSH) of several Candida species. Harun and Razak (2013) demonstrated that
C. krusei showed the highest degree of CSH, followed by C. dubliniensis and C. albicans, at 30.23%, 26.19%,
and less than 10%, respectively [29]. The major antimicrobial phytochemicals in A. galanga extract are
hydrophobic compounds, particularly 1'- acetoxychavicol acetate (1'-ACA) [6], which may alter the CSH of
Candida cells and could penetrate the CSH in the cell wall matrix of C. krusei more easily than C. dubliniensis
and C. albicans. However, this postulate requires more studies to confirm the mode of action of 1'-ACA in A.
galanga extract against different Candida species.

Table 4. Minimum inhibitory concentrations (MIC) and minimum fungicidal concentration (MFC) of plant
extracts and essential oils against clinical isolates of Candida species*

Essential oils/ MIC/MFC (mg/mL)

plant extracts C. albicans R01 C. krusei C. dubliniensis
P. betle extract 2.500/2.500 1.250/2.500 2.500/2.500
A. galanga extract 2.500/5.000 0.313/0.313 1.250/1.250
Lemongrass oil 0.313/0.625 0.313/0.313 0.313/0.313
Clove bud oil 0.625/1.250 0.625/2.500 0.625/1.250
Cinnamon bark oil 0.156/0.156 0.156/0.156 0.156/0.156
Chlorhexidine 0.031/0.031 0.004/0.008 0.008/0.016

* Representative data from three duplicate experiments
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3.4 Synergistic activity from a combination of essential oils and plant extracts

Table 5 shows that combining EOs and PEs reduced MIC values against C. albicans RO1. Interestingly,
adding all EO decreased the MIC values of P. betle 8-fold and A. galanga 4-fold, while two PE reduced the MIC
values of all EO by 2-fold. All combinations had FICI values between 0.625 and 0.875, indicating an additive
effect. Plant-based products, like P. betle and A. galanga extracts, offer potential alternatives to antifungal drugs.
Therefore, the synergistic interaction between PE and EO may be a novel strategy for treating infections. The
present study found that combining EOs with P. betle or A. galanga extracts effectively reduced MIC values
against C. albicans, a common drug-resistant oral pathogen [30]. Recent studies have shown synergism
between essential oils and antifungal drugs. The combination of CHX with either clove oil, cinnamon oil, or
lemongrass oil exhibited synergistic effects (FICI < 0.5) against C. albicans ATCC10231 and additive effects
against clinical isolates of C. tropicalis and C. krusei [15]. Combining three essential oils (Thymus leptobotrys,
Origanum compactum, and Artemisia herba alba) with two common antifungal drugs (fluconazole or
amphotericin B) was more effective against four Candida strains. The addition of all tested EO at sub-inhibitory
concentrations reduced the fluconazole and amphotericin B MICs of the tested Candida strains by 16 to 512-
fold and 1 to 4-fold [31]. Previous studies have demonstrated that the synergistic effect of plants, when
combined with other antimicrobials with different modes of action, may inhibit multiple targets.

Three common EO constituents (citral, eugenol, and cinnamaldehyde) disrupt membrane integrity
by inhibiting ergosterol biosynthesis [30, 32]. Therefore, combining EO with PE might enhance PE penetration
and reduce EO toxicity, offering a promising strategy for treating Candida infections. Recent studies have
shown that Candida species, particularly C. albicans, tend to form complex biofilms, which are frequently
detected on denture surfaces and oral tissues [3]. Biofilm formation represents a major virulence factor
contributing to the pathogenesis of oral candidiasis, also known as denture stomatitis [33]. These biofilms
exhibit increased resistance to most antifungal drugs, leading to treatment failure. This resistance is likely due
to a combination of factors: high cell density, extracellular matrix, persister cells, drug efflux pumps, and
phenotypic alterations in sessile cells [27, 33]. Consequently, the potential use of these combinations to inhibit
and control biofilm formation associated with Candida infection is under investigation. These extracts and
essential oils show high potential as healthcare product ingredients due to their biological activities and
favorable toxicity profiles. For example, Piper betle leaf extract exhibited moderate toxicity to Artemia salina
(LCso: 0.58-0.61 mg/mL), and it was deemed safe in rats concerning hematotoxicity, hepatotoxicity,
genotoxicity, organ weights, gross morphology, and behavior [34, 35]. Similarly, Alpinia galanga extract is safe
in a subchronic rat toxicity study [36]. Lemongrass oil and citral exhibit low toxicity (LDs, > 2000 mg/kg) in
albino rats and are classified as category 5/unclassified under the Globally Harmonized System for chemical
hazards [37]. Clove buds and their extracts are FDA-approved food additives. A phenolic-rich clove fraction
demonstrated no adverse effects in Wistar rats at 1000 mg/kg body weight/day [38]. Furthermore, cinnamon
oil and its constituents offer a promising natural alternative with diverse therapeutic potential. Studies
indicate that doses of cinnamon extract below 0.5 g/kg are generally safe for rats [39, 40].

Table 5. MIC and FICI of essential oils combinations with plant extracts against clinically isolated strains of
C. albicans RO1*

MIC**in
Combinations PE/EO combination FICee /FICeo FICI Outcome
PE/EO
P. betle extract / Lemongrass oil 0.313/0.156 0.125/0.500 0.625 Additive
P. betle extract / Clove bud oil 0.313/0.313 0.125/0.500 0.625 Additive
P. betle extract / Cinnamon bark oil 0.313/0.078 0.125/0.500 0.625 Additive
A. galanga extract/ Lemongrass oil 0.625/0.156 0.250/0.500 0.750 Additive
A. galanga extract/ Clove bud oil 0.313/0.469 0.125/0.750 0.875 Additive
A. galanga extract/ Cinnamon bark oil 0.313/0.078 0.125/0.500 0.625 Additive

* Representative data from three duplicate experiments
** MIC of essential oil and plant extract expressed in mg/mL.
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4. Conclusions

This study demonstrates that lemongrass oil, clove oil, cinnamon bark oil, and the extracts of P. betle
and A. galanga possessed potent antifungal effects on oral candidiasis isolates, including C. albicans R01, C.
krusei, and C. dubliniensis. The combination of these EOs, either P. betle extract or A. galanga extract, was
observed to decrease the individual MIC value of all tested agents, indicating an additive effect against clinical
isolates of C. albicans. Moreover, the presence of bioactive compounds in these EO and PE indicates the
potential of their future application as plant-based antifungal agents for the treatment of oral candidiasis.
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Palm oil is the most widely demanded edible oil globally [1]. Indonesia

Publisher’s Note: ranks as the world’s leading exporter of palm oil. The land area dedicated to oil
This article is published and ~ palm plantations and the production of crude palm oil (CPO) experienced
distributed under the terms  significant growth in 2018 compared to previous years. By 2022, the total area of
of the Thaksin University. oil palm plantations was estimated to have reached 15.34 million hectares, as
illustrated in Figure 1 [2]. Each hectare of oil palm yields 10-35 tons of fresh fruit

bunches (FFB) annually, indicating that in 2022, Indonesia produced

approximately 153.4-536.9 million tons of FFB [3]. The production of palm oil

generates a byproduct known as palm oil mill effluent (POME) during its

extraction process. For every ton of FFB processed in palm oil mills, the resulting

waste comprises 23% empty fruit bunch fibers, 12% mesocarp fibers, 5% shells,

and 60% POME [4]. These proportions indicate that POME constitutes the most

significant fraction of waste in the palm oil industry, amounting to
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approximately 92.04-322.14 million tons in Indonesia in 2022. The wet extraction process of palm oil requires
a substantial volume of water, with about 1.5 m? of water used per ton of FFB processed [5]. Of the estimated
5.0-7.5 tons of water needed to produce one ton of crude palm oil, more than 2.5-3.75 tons are converted into
POME [6], [7]. According to A. A. Z. Lorestani [8], the processes contributing the most to POME generation
are FFB sterilization (36%), crude palm oil extraction and clarification (60%), and the separation of kernels and
shells in hydrocyclones (4%).
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Figure 1. Palm oil plantation area in Indonesia [2]

If left untreated, industrial waste from POME poses a significant environmental risk due to its high
concentration of organic matter and other pollutants, which can harm both fauna and flora, as well as
compromise water quality. Exposure to POME has been linked to reduced plankton diversity and
physiological and reproductive issues in fish [9]. Additionally, it can severely impact aquatic ecosystems by
creating highly acidic conditions or triggering eutrophication, characterized by excessive algal growth on
water surfaces. Traditional POME treatment methods typically employ anaerobic-aerobic lagoon systems,
comprising at least two sequentially connected ponds, to reduce the organic content before discharge into
surface waters. However, these systems face limitations, including solid accumulation, methane emissions,
sludge and foam formation (which decrease treatment efficiency), and the requirement for large land areas.
When POME is stored in open-air holding ponds for remediation, it releases methane, carbon dioxide, and
hydrogen sulfide, contributing to global climate change [3].

The anaerobic digestion (AD) process converts organic waste into biogas, a promising renewable and
sustainable energy source, particularly in regions with abundant feedstock. AD can be utilized for various
organic materials, including agricultural waste, the organic fraction of municipal solid waste, sewage sludge,
and industrial waste. POME has also been investigated as a potential substrate for AD systems due to its high
organic content. Figure 2 shows the AD process scheme. The AD process involves several sequential microbial
stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During methanogenesis, the
collaborative interaction among diverse microorganisms is essential for efficient digestion, relying on effective
interspecies electron transfer [10]. The process begins with fermentation, establishing a complex network of
interspecies electron transfer to sustain cooperative microbial activity. Within this network, electron exchange
between syntrophic bacteria (secondary fermenting bacteria) and methanogens is a critical step, addressing
the intermediate bottleneck and ensuring the successful completion of final methanogenesis.

Accelerators play a vital role in enhancing the performance of AD systems through various
mechanisms. These accelerators can be categorized into several types, including biological accelerators (such
as enzymes, microbial consortia, and fungi), chemical reagents, macronutrients, minerals, trace elements,
transition metal oxides (TMOs), and carbon-based materials [11], [12]. Under natural conditions, Direct
Interspecies Electron Transport (DIET) occurs only through direct physical contact between bacteria and
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methanogens. However, the addition of TMOs to AD systems eliminates the requirement for direct contact
due to their conductive properties [13]. The high conductivity of TMOs facilitates efficient electron transfer,
providing the fastest pathway for electron exchange between microorganisms [12], [14]. MnO, and Fe,;Oj; are
abundantly available in Indonesia. This study aims to compare Fe;O; and MnO, to determine the most
effective TMO for enhancing the AD process in POME treatment.
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Figure 2. Anaerobic Digestion Scheme

2. Materials and Methods

2.1 Inoculum

The inoculum used in this research was digested cow manure (DCM) obtained from a biodigester at
a cattle farm in Hargobinangun, Kaliurang, Yogyakarta, Indonesia. The inoculum was filtered to remove
impurities and prevent clogging. The COD concentration of the inoculum was analyzed (with a measured
value of 62,000 mg COD/L), and the inoculum was used on the same day the reactor was started.

2.2 Substrate

POME was used as the substrate for anaerobic digestion in this study. It was collected from a palm oil
mill in Riau, Indonesia. To remove impurities, the POME was filtered using a 2 mm pore filter. The COD
concentration of the POME was analyzed to determine the precise mixing ratio between the inoculum and the
substrate. Table 1 presents the physical and chemical properties of the POME. The pH of the POME in this
research was 4.5, indicating an acidic nature, which is typical for raw POME and aligns with the values
reported by Saelor [15] (4.68 +0.27) and Suksong [16] (5.6). The COD concentration observed in this study was
significantly higher (81,000 mg/L) compared to the values reported by Saelor [15] and Suksong [16]. The
carbohydrate content in this research was 0.91%, equivalent to 73.71 g/L, which was also significantly higher
than the values reported by Saelor [15] and Suksong [16]. The variation of both COD and carbohydrate may
be attributed to differences in the palm oil milling process or feedstock composition [17].
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Table 1. Physical and Chemical Properties of POME

Properties This Research [15] [16]
pH 4.5 4.68 +0.27 5.6
COD (mg/L) 81000 42550 + 6140 44000
C/N ratio n/a 27.59 22.85
Carbohydrate 0.91% 9.00 £ 0.01 g/L 14.11 g/L
2.3 Reactor

Batch reactors with a working volume of 4 liters were used in this study. The reactors were operated
at room temperature (27 °C). Each reactor was connected to a gasometer, based on the principle of water
displacement. The gasometer was filled with a 75% salt-saturated solution at pH 2 to prevent gas absorption
into the water [18]. Figure 3 illustrates the reactor setup used in this study.

v/ 2a
¢
2b
2
2¢
2d
1 : reactor (4L) 2 : gasometer
la  :liquid input and output port 2a  :gas output port
1b  :gas sampling port 2b  :column
lc  :gas output to gasometer 2c  : 75% saturated salt acidified

2d : water basin

Figure 3. Reactor Scheme in This Research

2.4 Experimental Part
2.4.1 Anaerobic Reactor Start Up

All reactors underwent a leakage test before use. The inoculum and substrate were mixed at an
inoculum-to-substrate ratio of 4:1 (%COD). After mixing, the mixture was divided into 4-liter batches. The
first two batches were loaded into two identical reactors without the addition of any TMO, serving as the
control (RC). The second two batches were mixed with Fe,Os (60 mg/L) until homogeneous and then loaded
into two identical reactors (RFe). Similarly, the last two batches were mixed with MnO, (60 mg/L) and loaded
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into two identical reactors (RMn). Each reactor was flushed with nitrogen to eliminate oxygen from the sludge
and headspace. Following nitrogen flushing, each reactor was connected to a gasometer.

2.4.2 Anaerobic Reactor Operation

The batch reactors were operated under mesophilic conditions at 27 °C. Gas production volume was
measured daily using the gasometer tube scale and basin scale [18]. The pH was maintained within the range
of 7.0-7.5. If the pH dropped to 7.0 or below, 1 M NaOH was added to the reactor to adjust the pH.

2.4.3 Gas Analysis

Gas samples were collected weekly to analyze their CH, and CO; content. The analysis was performed
using a Shimadzu GC-8A gas chromatograph equipped with a thermal conductivity detector (GC-TCD),
manufactured in Japan.

2.4.4 Liquid Analysis

Liquid samples were collected twice a week. COD and sCOD analyses were conducted using the
titrimetric method [19], while VFA analysis was performed using the distillation method [20].

3.Results and Discussion

3.1. Proximate Analysis

Proximate analysis was performed to characterize the substrate and inoculum. Table 2 presents the
proximate analysis results for POME and DCM.

Table 2. Proximate Analysis Result of POME and DCM

Compound POME DCM
Protein 0.66% + 0.01% 0.58% + 0.03%
Lipid 0.85% + 0.01% 0.08% + 0.00%
Carbohydrate 0.91% + 0.06% 0.84% + 0.01%
Water 97.09% = 0.06% 97.97% % 0.01%
Ash 0.45% + 0.42% 0.54% + 0.03%
3.2 Biogas Analysis

Three reactors were used in this study: RC (control reactor), RFe (AD reactor with Fe,O; addition),
and RMn (AD reactor with MnO, addition). Figure 4 illustrates the biogas production of all three reactors.
Two distinct peaks were observed, occurring around day 1 and day 9, which are associated with the
degradation of carbohydrates and subsequently of complex macromolecules such as crude proteins,
lignocelluloses, and aromatics. As reported by Yun [12], these complex compounds generally decompose more
slowly compared to carbohydrates. Additionally, POME contains 32,505-36,894 ppm of long-chain fatty acids
(LCFA), and the hydrolysis of lipids has been identified as the rate-limiting step in the anaerobic digestion of
POME, which may explain why the second peak was more pronounced than the first [21]. Biogas production
decreased significantly after Day 21. In line with this, cumulative methane production began to level off as
shown in Figure 5. The lag phase lasted less than one day, and approximately 90% of the methane was
produced by Day 12, indicating that the substrate was readily biodegradable [22]. RFe achieved the highest
methane production, reaching 793.4 mL CH,, which was 21% higher than that of the control reactor (RC). In
contrast, RMn produced 7,6% less methane than the RC. Methane production volume was measured under
controlled conditions at 25 °C and 1 atm.
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Figure 5. Cumulative Methane Production

3.3 Liquid Analysis

Figure 6 shows the volatile fatty acid (VFA) concentrations of all reactors, which remained stable and
predominantly below 1,000 mg/L. VFAs are intermediate compounds in the AD process generated from
acidogenesis and acetogenesis. However, VFAs accumulation can lower pH, becoming toxic to methanogens
[23]. The optimal concentration of organic acids is less than 1,000 mg/L, with propionic acid levels below 200
mg/L [24]. All reactors experienced a sharp decline in VFA concentrations on Day 10, corresponding to the
peak methane production on Day 9. This indicates high methanogen activity, as large amounts of VFAs were
consumed and converted into methane.

Among the reactors, RMn had the lowest VFA concentration, yet its methane production was the
lowest. Conversely, RFe exhibited the highest VFA concentration on Day 10 and also achieved the highest
methane production, suggesting efficient acidogenic and acetogenic activity. After the peak methane
production, VFA levels returned to their regular concentrations. On Day 21, when methane production was
significantly reduced, RFe had the lowest VFA concentration.
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At the beginning of the process, the VFA concentration in all reactors was 1,079 mg/L. By Day 21, VFA
levels remained consistent across all reactors, indicating stable systems. The pH profile, shown in Figure 7,
reflects this stability. Due to steady VFA levels, the pH remained stable in all reactors throughout the process.

Figure 8 presents the profiles of COD and sCOD. Both COD and sCOD concentrations declined over time,
with no accumulation of sCOD, indicating that the rates of acidogenesis and acetogenesis were higher than
hydrolysis. On Day 10, when methane production peaked and VFA concentrations dropped, sCOD levels
remained stable. This stability suggests that the reduction in VFA was due to enhanced methanogenic activity,
with no inhibition of acidogenesis or acetogenesis. Similar trends of declining VFA during peak methane
production have been observed in other studies [25], [26]. The type of substrate influences the rate-limiting
step in anaerobic digestion. The observed trends in VFA and sCOD concentrations indicate that acidogenesis,
acetogenesis, and methanogenesis proceeded rapidly. However, due to the high content of long-chain fatty
acids (LCFA) in POME, lipid hydrolysis was identified as the rate-limiting step, as supported by these patterns
[11], [21]. Figure 9 illustrates the percentage of COD removal for all reactors. The reactor without TMO (control
reactor) exhibited the highest COD removal efficiency at 55.4%, compared to 50.6% for RFe and 43.7% for RMn.
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3.4 TMO Effect Analysis

All reactors exhibited similar trends, but the effectiveness of the TMOs can be evaluated based on
several parameters, as summarized in Table 3. While RC showed the highest COD removal, its methane
production was relatively unsatisfactory. The methane yield of RFe, at 0.0391 mL CH,/mg COD, was 32%
higher than that of RC. Although RMn had lower methane production and %COD removal, its methane yield
was 17.2% higher than RC. Based on these parameters, Fe,O; was identified as the most effective TMO for
anaerobic digestion. A study conducted by Tian (2019) [27] reported a 21.7% increase in methane production
volume using MnO; as a TMO in AD. In another study, Kokdemir Unsar and Perendeci (2018) [28], observed
a 28.9% increase in methane production volume in AD with Fe,Os3 addition. These findings align with the
results of this study, confirming that Fe,Os is more effective than MnO..

Table 3. Anaerobic Digestion Performance of All Reactors

Methane Production Methane Yield
R 9 D 1
No eactor (mL) %COD remova (mL/g COD)
1 RC 4153.5 55.4% 0.0297
RFe 5003.2 50.6% 0.0391

3 RMn 3839.2 43.7% 0.0348
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As shown in Table 3, RC exhibited higher methane production than RMn, although the methane yield
was lower. A similar phenomenon was reported by Chaiprapat [29], where, at a cycle time of 24 hours, the
biogas production volume, methane concentration, and methane yield were 3.87 L gas/L wastewater, 44.9%,
and 0.02 L CH,/g TCOD removed, respectively. In contrast, at a 12-hour cycle time, the respective values were
2.55 L gas/L wastewater, 35.8%, and 0.12 L. CH,/g TCOD removed. Chaiprapat found that although methane
production was higher at a 24-hour cycle time, the percentage of total chemical oxygen demand (TCOD)
removed was 14.1%. In contrast, a higher percentage of TCOD removal, 16.4%, was achieved at the shorter
cycle time of 12 hours, despite lower methane production. A similar trend is observed in Table 3, where RC
showed the highest %COD removal, yet lower methane production than RFe. This could be attributed to the
formation of other gases such as hydrogen. A study by Abdurahman [30], [31] also reported lower methane
yield associated with higher %COD removal, supporting this observation.

4. Conclusions

The addition of TMOs to the AD process can enhance its performance. Fe,O; has the potential to
improve both methane production volume and methane yield in the AD process when POME is used as the
feedstock. Fe,Os could serve as an effective accelerant for the AD process, supporting the palm oil industry.
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1. Introduction

The mahseer barb (N. stracheyi, 1871)[1] is a prominent freshwater fish
found across Asia. They inhabit diverse habitats ranging from fast-flowing rivers
to ponds and are known for their significance in local cultures as ornamental
native fish. Despite their importance, many Mahseer species are now threatened
due to habitat degradation and overfishing. Efforts are underway to conserve
these species and their habitats to ensure their survival for future generations
[2-4]. The mahseer barb is a significant fish species in Thailand. It is valued both
as a source of food and as an ornamental fish. This has become problematic with
the growth of the aquaculture industry, which has led to an increased demand
for Mahseer fingerlings, especially in commercial aquaculture operations [5-7].
In the pond cultivation environment, Mahseer fish exhibit a discontinuous annual
reproductive cycle characterized by alternate periods of resting, pre-spawning,
and breeding, which are regulated by cyclically active gonadotrophs. Unlike
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some other fish species, Mahseer do not spawn year-round; instead, they typically spawn once a year. In the
countries north of the equator, such as Thailand, the spawning season for Mahseer fish typically occurs from
June to September. During this period, the fish engage in reproductive behaviors and produce offspring [8-11].
Duangjai et al. [12] reported that omega-3 fatty acids from krill oil significantly improved sperm quality in N.
stracheyi brooders. The study focused on captive-reared Mahseer barb and demonstrated enhanced
reproductive performance.

Successful reproduction of Mahseer fish under captive conditions remains a significant challenge due
to stress-induced ovarian atresia. Various stressors, such as poor water quality, handling confinement, social
interaction, and inadequate nutrition, can disrupt the HPG axis, leading to hormonal imbalances and impaired
ovarian development [13]. To address this challenge, aquaculturists have turned to hormonal manipulation to
stimulate egg release in captive Mahseer fish. By using hormones, such as LHRHa, aquaculturists can induce
spawning and overcome the limitations of captive egg production [13-17]. Nithirojpakdee et al. [18] reported
that LHRHa combined with domperidone (DOM) effectively induced ovulation and spawning in S.
kohchangensis. The study achieved 100% ovulation success across all treatment levels, with the shortest latency
period and highest relative fecundity observed at a dose of 20 pg LHRHa/kg with 10 mg DOM/kg.
Additionally, Washim et al. [19] reported that synthetic SGnRHa effectively facilitated artificial propagation
in Spotted scat (S. argus), improving spawning outcomes and reproductive performance. However, the
mechanism of action of LHRHa involves its crucial role in regulating reproductive processes. LHRHa acts by
binding to specific receptors in the fish's hypothalamus, triggering the release of LH from the pituitary gland.
This release of LH stimulates final ovarian follicle maturation and ovulation in females and testosterone
production in males for sperm production [12-14]. Although LHRHa has been widely utilized for fish
spawning, its optimal dosage varies among species [16-18]. For instance, Fermin [20] demonstrated that
intraperitoneal injections of LHRHa combined with DOM induced ovulation in 75% of Bighead carp (A.
nobilis), compared to 60% using HCG + LHRHa. Significant increases in oocyte diameter were observed in
both groups, while fish treated with LHRHa, DOM, or saline alone did not ovulate. Egg production,
fertilization, and hatching rates were comparable across the two protocols. Similarly, Harmin and Crim [21]
reported that GnRHa induced ovulation and spawning in female Winter flounder (P. americanus), particularly
when held at 5°C. GnRHa accelerated spawning responses, enabling ovulation approximately three months
earlier than the natural spawning season, with high fertilization, hatching, and larval survival rates observed,
especially when females were briefly exposed to cold winter seawater temperatures. Tan-Fermin et al. [22]
demonstrated that a combination of LHRHa and pimozide effectively induced spawning in Asian catfish (C.
macrocephalus) during different phases of the annual reproductive cycle, with treatments in May and August
yielding the highest reproductive performance.

For the Indonesian Mahseer species, Cahyanti et al. [23] reported that artificial spawning and larvae
performance were evaluated for three Indonesian Mahseer species (T. douronensis, T. soro, and T. tambroides).
The study found that T. tambroides exhibited the largest egg diameter (3.00 + 0.06 mm) and lowest fecundity
(1061.19 + 35.18 eggs/kg). In comparison, T. douronensis had the smallest egg diameter (2.3 + 0.07 mm) and
highest fecundity (4987.80 + 17.25 eggs/kg). Fertilization and hatching rates ranged from 76.00 +7.21% to 93.33
* 1.15% and 80.36 + 6.00% to 93.32 + 4.57%, respectively. Survival rates of 15-day-old larvae showed no
significant differences between T. soro and T. tambroides, but both differed significantly from T. douronensis.
However, studies on the optimal LHRHa dosage for the Mahseer barb in Thailand are currently lacking. To
address this gap, the current study aimed to evaluate the effects of varying doses of LHRHa on the
reproductive performance of Mahseer barb broodstock. Key parameters measured included latency period,
number of ovulated eggs, fertilization rate, hatching rate, and survival rate, to determine the most effective
LHRHa dosage for this species. This gap highlights the need for further investigation to understand how
LHRHa hormones may affect induced spawning in Mahseer fish. This knowledge gap is crucial, as filling it
could provide valuable insights to farmers in the upstream forests in Nan province, Thailand, offering them
additional options to enhance the success of induced spawning in Mahseer fish. Therefore, the primary
objective of our current study is to assess the effectiveness of different LHRHa dosages combined with a
dopamine antagonist as potential agents for inducing spawning in Mahseer barb fish.
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2. Materials and Methods

2.1 Broodfish selection

A total of 36 gravid female Mahseer barb fish (9 females/Trt), each weighing 490.08 + 4.91 g and
approximately 3.5 years old, were collected from an earth pond cultivated under a polyculture system.
Additionally, 36 gravid male Mahseer barb fish, also in excellent health and condition, weighing 391.08 + 3.67
g and approximately 3 years old, with an average total length of 23.15 + 0.71 cm, were collected. The fish were
in optimal health and condition, with an average total length of 18.99 + 0.60 cm. These fish were fed twice daily
(8:00 am and 5:00 pm) with commercial fish pellets containing 32% protein, equivalent to 3% of their body
weight, from July to November 2024, before being selected for parameter observation. The earth pond located
in amphoe Bo Kluea, Nan province had an average water depth of 1.20 meters (10x20x1.2 meters) and an
average water temperature of 24.0 °C, maintained by a flow-through water system sourced from streams in
upstream forests, flowed into the pond at a rate of 10 liters per minute, ensuring a clean and oxygen-rich
environment for the fish. During the breeding season from July to November 2024, females were notably larger
than males for broodfish selection (Figure 1). Gravid status was easily determined for both male and female
broodfish based on their maturity characteristics. The females exhibited swollen and slightly pink genital
papillae (Figure 1; A), while males displayed pointed and narrow genital papillae, with free-flowing milt
observed upon slight abdominal pressure (Figure 1; B). Subsequently, they were transported to the fish
breeding laboratory at the Faculty of Sciences and Agriculture Technology, Rajamangala University of
Technology Lanna, Nan Province, Thailand. Male and female broodstocks were individually stocked into 500
L conditioning tanks to prevent unnecessary breeding. Each tank was equipped with artificial aeration and a
flow-through water system at a rate of 5 L/min.

Figure 1. The selection process for gravid broodfish of the Mahseer barb (N. stracheyi) includes the comparison
of the size of female (A) and male (B) broodstock. The injection site for stimulating spawning and
milt release was located on the anterior dorsal fin (C). Mahseer barb eggs were characterized by
being round, light yellow, and ranging in size from 1 to 1.2 millimeters (D).

2.2 Experimental design

The research was conducted at the Faculty of Sciences and Agriculture Technology, Rajamangala
University of Technology Lanna, located in Nan province, Thailand. The study spanned four months. The
gravid broodstocks of Mahseer barb (N. stracheyi) used in the experiment had an average total body weight of
489.30 + 3.40, 489.70 + 4.85, 490.40 + 6.31, and 490.90 + 5.25 g for Trtl, Trt2, Trt3, and Trt4, respectively.
Meanwhile, the total lengths for Trtl, Trt2, Trt3, and Trt4 were 23.00 + 0.82, 23.20 + 0.79, 23.10 = 0.74, and
23.40 £ 0.54 cm, respectively. A completely randomized design (CRD) was employed to compare different
parameters between the various LHRHa dosage treatment groups to gain comprehensive insights into how



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e256823. 4of 11

these dosages influence the development and viability of Mahseer fish populations. The experiment involved
four treatments (Trt): Trt 1, fish were injected with sodium chloride at a dose of 0.9%/kg BW with 10 mg
Dom/kg BW as the control group; Trt 2, receiving 20 ug/kg BW of LHRHa with 10 mg Dom/kg BW; Trt 3,
administered with 25 pg/kg BW of LHRHa with 10 mg Dom/kg BW; and Trt 4, provided with 30 pg/kg BW of
LHRHa with 10 mg Dom/kg BW. Each treatment was replicated three times, with three fish per replicate,
ensuring that each fish served as a replication.

2.3 Hormone administration

Experimental fish were acclimatized to an average water temperature of 24°C using a flow-through
water system for 24 hours before being exposed to induction with LHRHa, sourced from Aldamex Limited,
Thailand, for artificial breeding induction. The fish underwent weighing to determine the appropriate
hormonal dosage. Each male and female broodfish was injected once with the designated dosage per
treatment, with each fish serving as a replication. This resulted in 9 fish per treatment, with three dosages of
LHRHa administered. Trt 2 received 20 ug/kg BW of LHRHa, Trt 3 received 25 pg/kg BW of LHRHa, and Trt
4 received 30 pg/kg BW of LHRHa. Each treatment involved the injection of a solution combined with DOM
at a dose of 10 mg/kg BW. Fish in the control group (Trtl) were injected with a solution of 0.9% NaCl at a
dosage of 0.30 ml/kg BW. Fish received injections of the hormonal preparation at the allocated dose,
administered below the base of the dorsal fin, between 5 pm and 5:30 pm. Fish were kept in aerated 2000L
concrete tanks with a flow-through water system for ovulation monitoring.

2.4 Monitoring of ovulation

Ovulation monitoring in each treatment group commenced when fish oocytes began to release,
typically with 1-2 eggs in each experimental set. Fish were euthanized using MS-222 (Merck) according to the
method described by Pirhonen et al. [24], in which the solution was prepared by dissolving 1.0 g of MS-222 in
1 liter of tap water. The fish were placed in the solution, where they were observed to lose equilibrium and
become sedated within a few minutes. Fertilization was conducted with a male per female sex ratio of 1:1.
Females underwent ovulation assessment through hand-stripping of the abdomen, gently squeezing it toward
the genital opening. Ovulation confirmation in each female occurred when a substantial number of eggs,
round, light yellow, and ranging in size from 1 to 1.2 millimeters, were obtained. The artificial propagation
technique for ovulation monitoring in each treatment group was implemented according to methods
described by Mylonas and Zohar [25]. This approach involves controlled breeding environments and
interventions that mimic natural conditions, supplemented by necessary supports to facilitate effective
ovulation monitoring. The process involved the following steps: Firstly, males and females were euthanized,
then stripped into an aluminum tray, followed by the application of sperm suspension from a male over the
egg masses. Secondly, one gram of eggs from each female was collected and gently mixed with 1.0 ml of sperm
suspension (milt). Subsequently, 0.5 liters of clean water were carefully added. The mixture was allowed to
stand for a few minutes before the eggs were rinsed in clean water. Finally, the eggs were rinsed with water
five minutes after fertilization and then rinsed twice more.

2.5 Monitoring of egg fertilization

The method for monitoring egg fertilization was adapted from several studies [23-25]. In summary, 1)
One gram of eggs from an individual female was randomly selected and incubated in an aerated aluminum
tray filled with clean water to a depth of 15 cm. Monitoring for egg fertilization occurred 24 hours after
incubation, using an Olympus CKX41 fluorescence phase contrast inverted microscope 5Smp camera to identify
unfertilized eggs. 2) One hundred eggs were collected from each female's aluminum tray (measuring 30x20
cm) and subsequently examined under a binocular microscope with 10x magnification, provided by
Microscopic. 3) Opaque, unfertilized eggs were segregated from the transparent, living ones, and the number
of fertilized eggs was tallied. Unfertilized (white eggs) were counted and then removed to prevent fungal
infection in each female's aluminum tray. 4) At the hatching stages, the embryos were observed to gather in
specific areas of the aluminum trays. In contrast, any non-viable eggs, eggshells, and deformed embryos that
floated to the surface were systematically removed. For the 60-day monitoring of larval survival rate (%), key
water quality indicators were regularly assessed to maintain optimal rearing conditions. These indicators
included pH, alkalinity, and hardness. All parameters were monitored once daily at 09:00 a.m. throughout the
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experimental period. Measurements were conducted using advanced water quality instruments, including the
Horiba U-50 series multi-parameter water quality meter and a standard test kit for alkalinity and hardness.

2.6 Data collection

One gram of eggs from each female Mahseer barb (N. stracheyi) was weighed and collected to
determine spawning performance parameters, including latency period, fecundity, relative fecundity,
fertilization rate, and hatching rate for each treatment. The calculations for these parameters were based on
formulas from previous research [12, 18, 23, 24, 25], as outlined below: (1) The latency period was determined
by calculating the time from the initial injection to ovulation, when the eggs were ready to be stripped. (2)
Fecundity (total number of eggs) and relative fecundity (number of eggs/g BW of brooder) were determined
using the following formula.

Fecundity = Total weight of eggs x number of eggs/g BW

Total number of eggs
Body weight of the brooder

(3) Relative fecundity = X100

The fertilization rate was determined by counting the fertilized and unfertilized eggs under a
microscope after 30 hours of incubation. Unfertilized eggs were identified by their opaque appearance, while
fertilized eggs were characterized by transparency with a visible embryo. The fertilization rate was calculated

as follows:
Total number of fertilized eggs

(4) The fertilization rate = X100

Total number of unfertilized eggs

The monitoring of hatching time began with the distribution of the spermatozoan solution to the
eggs and continued until complete hatching was achieved (100% hatching rate). A sample of eggs weighing
one gram was placed in one liter of clean water with a continuous inflow to determine the hatching rate. The
total number of hatched larvae was counted using the following formula:

Total number of Hatched larvae

(5) Hatching rate = X100

Total number of sampled eggs

Number of fry survived at day 60
(6) Survival Rate (%) = 24 Y

X100
Total number of hatched fry
2.7 Statistical analysis
The study employed a statistical analysis to assess differences between treatment groups. Data were
presented as the mean + SD. One-way analysis of variance (ANOVA) was employed to examine differences
among treatment groups. Post-hoc analysis was conducted using Duncan's multiple range test to identify
specific differences between groups. A significance level of p < 0.05 was chosen.

3.Results and Discussion

3.1 Results

The spawning performance parameters for female Mahseer barb (N. stracheyi) broodfish, which
received varying dosages of LHRHa, each supplemented with 10 mg Dom/kg BW, are presented in Table 1.
The average initial weights of the female Mahseer barb were recorded as follows: 489.30 + 3.40 g for Trt 1,
489.70 + 4.85 g for Trt 2, 490.40 + 6.31 g for Trt 3, and 490.90 + 5.25 g for Trt 4 (Figure 2). No significant
differences (p > 0.05) were observed in the mean weights among all experimental female fish. However, the
highest average was presented in Trt 4, administered 30 ug/kg BW of LHRHa with 10 mg Dom/kg BW. For
the male Mahseer barb, average weights were reported as 389.60 + 4.81 g for Trt 1, 392.00 + 3.09 g for Trt 2,
389.90+5.30 g for Trt 3, and 390.40 + 2.67 g for Trt 4 (Figure 2). Fifteen hours after the females had been injected,
a combination of DOM at the same dose of 15 ug LHRHa and 10 mg Dom/kg BW was administered to each
male in the treatment group. The mean weights of the male broodfish across all treatment groups were also
found to have no significant differences (p > 0.05), though the highest mean weight was observed in Trt 2.
Significant effects on the reproductive performance of female Mahseer barb broodfish, including latency
period, relative number of ovulated eggs, fertilization rate, hatching rate, and survival rate, were revealed by
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the ANOVA test due to different LHRHa dosages with 10 mg Dom/kg BW (p < 0.05). At a dosage of 30 ug/kg
BW of LHRHa with 10 mg Dom/kg BW of Trt4, a shorter latency period was observed of 29.14 + 0.52 hours,
significantly differing from the other dosages. Additionally, higher relative numbers of ovulated eggs, as well
as increased rates of fertilization, hatching, and survival, were recorded with the LHRHa dosage of 30 pg/kg
BW and 10 mg Dom/kg BW, showing significant differences from other dosages. According to Table 1, a trend
was observed where increasing LHRHa dosage led to higher relative numbers of ovulated eggs, as well as
increased rates of fertilization, hatching, and survival. However, no significant differences were observed
between the dosages of 20 ug/kg BW of LHRHa with 10 mg Dom/kg BW in Trt 2 and 25 ug/kg BW of LHRHa
with 10 mg Dom/kg BW in Trt 3.

600 A a

2200 ab ab a 500 Bes X a a

2100 b 400 a
< w5 R )
@ 2000 < b S
= s 300 5 b % 1 Female
1900 Z 500 i i i
£ 1800 % - = mMale
& 1700 108 = LB 2l
[5) -~ R Lt e I S
% 1600 =] 5 Trt2 Trt4
w1500

Trt1 Trt2 Trt3 Trt4 Female | 489.00 | 489.00 | 491.33 | 490.22
|Mean 1890.00 | 1948.33 | 1960.00 | 2058.00 Male 391.67 | 391.67 | 389.00 | 390.56

Treatments (A) Treatments (B)

Figure 2. The comparison was conducted among treatment groups that received varying dosages of LHRHa,
each supplemented with 10 mg Dom/kg BW, focusing on two primary metrics in Mahseer barb (N.
stracheyi) broodfish: the total number of eggs (A) and the weight of both female and male
fish(g/fish)(B). Data are presented as the mean + SD, derived from four independent experiments.
Different lowercase letters above the bars signify that the treatment groups across various
concentrations exhibit significant differences (p < 0.05).

Successful ovulation induction was observed in all 36 female Mahseer barbs that were administered
sodium chloride at a dosage of 0.9%/kg BW with 10 mg Dom/kg BW for Trt 1; 20 pug/kg BW of LHRHa with
10 mg Dom/kg BW for Trt 2; 25 ug/kg BW of LHRHa with 10 mg Dom/kg BW for Trt 3; and 30 ug/kg BW of
LHRHa with 10 mg Dom/kg BW for Trt 4. Within 29-45 hours post-injection, ovulation occurred. No significant
differences in relative fecundity were found among the treatment groups, indicating comparable results with
all different LHRHa dosages used (Table 1). While the dosages of 20 pug/kg BW of LHRHa with 10 mg Dom/kg
BW for Trt 2 and 25 ug/kg BW of LHRHa with 10 mg Dom/kg BW for Trt 3 did not significantly impact the
results, higher values were observed with the dosage of 30 ug/kg BW of LHRHa with 10 mg Dom/kg BW. It
is suggested that the recommended dosage is 30 pg/kg BW of LHRHa with 10 mg Dom/kg BW. A similar
pattern of results was observed in terms of the relative number of ovulated eggs, with a total of 4.17 + 0.21
eggs/g BW being spawned. A fertilization rate of 98.20 + 0.78% was recorded. No significant difference was
observed between fish supplied with a dosage of 20 ug/kg BW of LHRHa and 10 mg Dom/kg BW, and those
administered with 25 ug/kg BW of LHRHa and 10 mg Dom/kg BW. A higher percentage of fertilized eggs
might be resulted in by increasing the dosage of LHRHa/kg BW with 10 mg Dom/kg BW, as a significantly
lower (p < 0.05) fertilization rate was observed with the higher dosage of 30 ug/kg BW of LHRHa with 10 mg
Dom/kg BW compared to the lower dosage of 20 ug/kg BW of LHRHa with 10 mg Dom/kg BW. On day 60 of
incubation, yolk absorption was observed in the hatched eggs. The hatching rate, which ranged from 38.40 +
5.75% to 90.60 + 1.22%, was significantly increased at the highest value (90.60 + 1.22%) with 30 ug/kg BW of
LHRHa and 10 mg Dom/kg BW (p < 0.05). The total number of eggs per female Mahseer barb was presented
in Figure 2 (A). Mean total egg production for female Mahseer barb was recorded as 1890.00 + 127.35 eggs/fish
for Trtl, 1948.33 + 147.55 eggs/fish for Trt2, 1960.00 + 103.12 eggs/fish for Trt3, and 2058.00 + 42.00 eggs/fish for
Trt4, respectively. No significant effects on total egg production values were observed in the control groups 1
and 2 (p > 0.05). Significant differences (p < 0.05) were found between Trt1l, which involved 0.9%/kg BW with
10 mg Dom/kg BW, and Trt4, which involved 30 pg/kg BW of LHRHa with 10 mg Dom/kg BW. During the
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60-day monitoring of larval survival rate (%), water quality measurements revealed that dissolved oxygen
averaged 5.50 + 0.01 mg/L, pH was 5.50 + 0.01, alkalinity was 101 + 0.45 mg/L as CaCOs, hardness was 32.60 +
0.35 mg/L as CaCO;, and water temperature remained constant at 26.00 + 0.00°C.

Table 1. The spawning performance parameters of female Mahseer barb (N. stracheyi) broodfish

LHRHa dosage (with 10 mg Dom/kg BW of broodfish)

Parameters Trtl Tr2 Trt3 Trtd F/Pr>F
(0.9% NaCl) (20 pug) (25 ug) (30 ug)

Male weight (g) 389.60 £4.81=  392.00+3.09¢  389.90 £5.300  390.40 +2.672 0.67/0.574

Male length (cm) 18.95 + 0.642 19.10 £ 0.572 18.95 + 0.642 18.95 + 0.642 0.14/0.932

Female weight (g) 489.30 £3.400  489.70 +4.85¢  490.40 £6.31=  490.90 + 5.252 0.20/0.896

Female length (cm) 23.00 + 0.82a 23.20 £ 0.792 23.10 £ 0.74 23.40 £ 0.542 0.56/0.647

Latency period (hour)  45.60 +1.512 40.02 + 0.73v 35.61 + 0.46¢ 29.14 + (0.524 577.31/0.001

Relative fecundity

(eggs/g BW) 3.86+028>  3.99%032>  395+036® 417021 1.93/0.041

Fertilization rate (%) 5650 +6.664 7590 +4.44c  89.60+1.79%  9820+0.78  192.90/0.001
Hatching rate (%) 38405754 6280282  76.60+264  90.60+122:  393.47/0.001
Survival rate (%)* 16.60£4.65¢  3650+343  5590+3.60°  73.00£2.12:  458.73/0.001

Data are presented as the mean + SD, derived from four independent experiments. Means in a row
superscripted with different lowercase letters are significantly (p < 0.05) different. *The survival rate on day
60 after hatching (%) serves as an indicator that the experimental conditions were optimal, allowing the fish
larvae to thrive during early development.

3.2 Discussion

Recent studies have shown that the dosage of LHRHa significantly influences its pivotal role in
manipulating reproductive outcomes in fish. It has been emphasized that a strong correlation exists between
LHRHa dosage and crucial reproductive parameters. As the dosage of LHRHa was escalated, a concurrent
reduction in the latency period was observed, indicating a hastened onset of reproductive activity.
Furthermore, higher dosage levels have been linked to an increase in the number of ovulated eggs, alongside
increased rates of fertilization, hatching, and survival [17,18,26]. Similarly, Mylonas and Zohar [25] also
revealed that reproductive dysfunctions in cultured fish, such as unpredictable oocyte maturation and low
sperm quality, are common challenges. Sustained-release GnRHa delivery systems, like implants and
biodegradable microspheres, effectively induce final oocyte maturation and spermiation in over 40 cultured
fish species. The identification of an optimal dosage regimen has been recognized as a pivotal milestone in
achieving the most favorable reproductive outcomes. Specifically, the administration of 30 pg/kg BW of
LHRHa with 10 mg Dom/kg BW of Trt4 has been identified as the most effective dosage, surpassing lower
dosage levels (20 pg/kg BW of LHRHa with 10 mg Dom/kg BW of Trt2 and 25 pg/kg BW of LHRHa with 10
mg Dom/kg BW of Trt3) in inducing spawning among female Mahseer barb broodfish. Similarly, Nwokoye et
al. [27] reported that the induced spawning of African giant catfish (H. bidorsalis) was successfully achieved
using both synthetic and natural hormones. Ovaprim significantly outperformed pituitary extract in
parameters such as hatchability (11,162.27 + 362.00 larvae vs. 9,180.13 + 343.37 larvae) and larval survival
(99.88% vs. 99.61%), with fewer deformed larvae.

Enhanced gonad maturation and ovulation have been stimulated by this optimal dosage regimen,
leading to the production of higher quantities and superior quality of ovulated eggs, as corroborated by
increased fertilization rates. Consequently, it was inferred that the recommended dosage for eliciting optimal
reproductive responses was 30 ug/kg BW of LHRHa with 10 mg Dom/kg BW of Trt4. A similar pattern in the
relative number of ovulated eggs has consistently been observed, with a spawning rate of 4.17 + 0.21 eggs/g
BW. An impressive fertilization rate of 98.20 + 0.78% has also been documented. However, fish that were
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administered a dosage of 20 ug LHRHa/kg BW with 10 mg Dom/kg BW of Trt2 did not exhibit a significant
difference compared to those receiving 25 pug LHRHa/kg BW with 10 mg Dom/kg BW of Trt3. This observation
suggests that increasing the dosage of LHRHa/kg BW by 10 mg Dom/kg BW may lead to a higher percentage
of fertilized eggs. This inference aligns with findings indicating that higher dosages of hormonal treatments
may sometimes harm fertilization outcomes. A significantly lower fertilization rate (p < 0.05) was observed
with the higher dosage of 30 ug/kg BW of LHRHa combined with 10 mg Dom/kg BW in Trt4 compared to the
20 ug/kg BW dosage in Trt2. Supporting this, Fermin [20] reported that intraperitoneal injections of LHRHa
combined with DOM significantly induced oocyte maturation and ovulation in Bighead carp (A. nobilis),
achieving ovulation rates of 75%, compared to 60% with HCG + LHRHa. Both protocols yielded comparable
increases in oocyte diameter (7.0% and 7.5%, respectively) and fertilization and hatching rates. However, no
ovulation was observed in fish treated with LHRHa, DOM, or saline alone. Notably, LHRHa + DOM proved
to be more cost-efficient than HCG + LHRHa. The superior efficacy of the higher dosage regimen can be
attributed to the synergistic interaction between LHRHa and DOM, which has led to an increased secretion of
gonadotropins (GTH II or LH) from the pituitary gland [28].

This enhanced gonadotropin secretion has triggered a cascade of reproductive events, including the
maturation of ovarian follicles and the release of mature oocytes. Furthermore, the study has shed light on the
intricate hormonal mechanisms underlying the reproductive response to LHRHa treatment. In preliminary
studies conducted by Sreenivasulu et al. [29], it was observed that a higher dosage regimen of LHRHa not
only stimulated gonadotropin secretion but also modulated key enzymes involved in steroidogenesis,
including 20-beta-hydroxysteroid dehydrogenase (203-HSD). This outcome is attributed to the more effective
stimulation of gonadal maturation and ovulation processes, which are often dose-dependent. Elevated levels
of LHRHa can enhance the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
thereby promoting synchronized and complete oocyte maturation. Consequently, eggs produced under these
conditions are typically of higher quality, with enhanced fertilization potential[29].

Furthermore, Maradun et al. [30] concluded that successful spawning induction of African catfish
breeders with body weights ranging from 600 g was achieved, and a high percentage of egg hatchability was
attained using LHRHa. Additionally, it has been reported by Aruho et al. [31] that better egg hatchability in
Ripon barbel (L. altianalis) was observed when pituitary extract from African catfish was used compared to a
GnRH synthetic analogue with an antidopamine drug GnRH of 10 pg/kg BW with metoclopramide 20 mg/kg
BW in artificial spawning. However, previous studies have shown that elevated hormone levels can either
enhance or impair reproductive performance in fish; the present findings in Mahseer fish demonstrate a
positive outcome with higher hormone dosage. The use of 30 ug LHRHa/kg body weight combined with 10
mg/kg DOM significantly improved fertilization efficiency and hatching success. Unlike other species where
hormonal overstimulation may lead to endocrine disruption and reduced reproductive outcomes, Mahseer
broodfish appear to respond more favorably to higher hormonal stimulation, likely due to their species-
specific endocrine sensitivity and reproductive biology. The success observed in this study may also be
attributed to favorable experimental conditions and effective broodstock management. These findings
underscore the need to tailor hormone protocols and hatchery practices to the biological characteristics of each
species to achieve optimal reproductive performance in aquaculture.

4. Conclusions

A satisfactory outcome in terms of fecundity, fertility, and hatchability of eggs was achieved with a
single intramuscular injection of LHRHa (30 pg LHRHa/kg BW + 10 mg Dom/kg BW). Hence, it is suggested
that LHRHa can effectively induce spawning in female Mahseer barb broodfish. The study concluded that the
latency period, relative number of ovulated eggs, fertilization rate, hatching rate, and survival rates of female
fish were significantly influenced by different doses of LHRHa. Among the tested dosages, it was determined
that LHRHa was the most effective. Notably, there have been no previous reports of inducing spawning in
female Mahseer barb using LHRHa dosages. Therefore, the results of this study offer preliminary insights into
its spawning success.
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Abstract: The present study aimed to collect isolates of Bacillus spp. from the
digestive tracts of mad carps (Lepfobarbus hoevenii) and to screen these for
probiotic properties. In this study, 85 bacterial isolates were obtained from the
digestive tracts of mad carps. Of these, 73 isolates were Gram-positive, rod-
shaped, and catalase-positive, while only 48 bacterial isolates were endospore-
forming. Evaluation of antagonistic effects of Bacillus spp. against pathogenic
bacteria causing motile Aeromonas septicemia (MAS) in fish indicated that a total
of 18 out of the 73 isolates exhibited antimicrobial activity, and especially the
isolate MCSU14 expressed a significantly enlarged zone of inhibition (p<0.05).
A study on the hemolytic activity of these 18 antimicrobial isolates revealed that
6 isolates were y-hemolytic. Furthermore, the 6 y-hemolytic isolates survived
exposure to acidic and bile salt conditions and produced extracellular digestive
enzymes. Among these six Bacillus spp., the isolate MCSU14 exhibited the most
potent probiotic properties. Based on its biochemical characteristics and
molecular analyses, the Bacillus sp. isolate MCSU14 is closely related to Bacillus
velezensis. Our findings indicate that Bacillus spp. isolates from the digestive
tracts of mad carp can be screened to find potent probiotics against MAS in
aquaculture.

Keywords: Bacillus spp.; Probiotics; Aeromonas spp.; Mad carp

1. Introduction

Currently, aquaculture serves a crucial role in food security and
nutrition, as it contributes to the production of aquatic animals to meet the
growing global demand [1]. Freshwater aquaculture, in particular, is the main
production source of aquatic animals, accounting for up to 77% of the world’s
total aquatic edible animal production [2]. However, infectious diseases remain
a significant challenge in freshwater aquaculture, affecting both the cultured
aquatic animals and the surrounding environment. In particular, motile
Aeromonas septicemia (MAS) is a severe disease in fish and aquatic invertebrates,
as well as amphibians, reptiles, mammals, and humans [3]. Aeromonas species
known to cause severe MAS include A. hydrophila [4, 5], A. veronii [6-9], A. jandaei
[10, 11] and A. dhakensis (formerly known as A. aquariorum or A. hydrophila subsp.
dhakensis) [12]. Previously, A. dhakensis was often misidentified as A. hydrophila
due to its close genetic relationship with this species, and was classified as a
subspecies before a revision of taxonomy [13]. The use of antibiotics is one
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alternative for treating diseases caused by Aeromonas spp. However, prolonged and incorrect use of antibiotics
leads to bacterial resistance by the selection and development of strains that cause more severe diseases, and
the antibiotics leave potential residues in aquatic animals, affecting consumers [14]. However, aquaculture
must prioritize sustainability, environmental friendliness, and consumer safety. To achieve this, the use of
probiotics is an alternative for supporting aquaculture, helping to replace chemicals and antibiotics [15].
Probiotics are microbial supplements that enhance nutrient digestion, inhibit pathogens, stimulate the
immune system in the gut, and improve water quality [16]. These often include strains such as lactic acid
bacteria (Lactobacillus sp., Carnobacterium sp., and Enterococcus sp.), yeast (Saccharomyces cerevisiae), and Bacillus
spp. [17]. In particular, Bacillus spp. is widely used as a probiotic in aquaculture [18, 19] because this type of
species can produce endospores that withstand harsh conditions, enabling survival in the acidic digestive tract
[20]. These strains can produce antimicrobial substances against various microorganisms [21, 22], and most
strains are not pathogenic to aquatic animals. The sources of potential probiotics in aquaculture, particularly
of Bacillus spp., are commonly found in various environments, including fermented foods, natural aquatic
environments such as sediments and water, as well as in the gastrointestinal tracts of healthy fish [17, 23].
Host-associated probiotics have garnered the most attention and offer a distinct advantage for the specific
host, including improved growth performance, enhanced nutritional value, increased digestive enzyme
activity, inhibition of pathogenic microorganism colonization, and improved hematological parameters and
immune response [24]. Several studies have demonstrated the isolation of potential probiotics from the
gastrointestinal tracts of freshwater fishes, such as Nile tilapia (Oreochromis niloticus) [25], common carp
(Cyprinus carpio L.) [26], and snakehead fish (Channa sp.) [27]. To date, reports on the isolation of probiotics
from the digestive tract of mad carp (Leptobarbus hoevenii), an economically important freshwater species native
to Malaysia, Cambodia, Indonesia, Laos, Vietnam, and Thailand [28] remain limited. Sunarto et al. [29]
reported the isolation of the probiotic bacterium Proteus mirabilis from the intestinal tract and culture
environment of mad carp. Nevertheless, studies on the isolation of probiotics from the digestive tract of mad
carp, particularly regarding Bacillus spp., are still lacking. Therefore, this study aimed to isolate and
characterize Bacillus spp. possessing probiotic properties from the intestines of mad carp, which could be used
as natural supplements in aquaculture.

2. Materials and Methods
2.1 Ethics statement

The experimental procedures in this study followed the guidelines of the Institute of Animals for
Scientific Purposes Development, National Research Council, Thailand. The procedures were approved by the
Institutional Animal Care and Use Committee, Prince of Songkla University, under permission number Ref.
AQ037/2024.

2.2 Isolation of Bacillus spp.

Bacillus spp. were isolated from the digestive tracts of farmed and wild mad carp in southern Thailand
using the heat-shock treatment method [30]. The digestive tract was aseptically dissected and washed with
0.85% (w/v) sterile saline. One gram of each sample was finely homogenized, then diluted with 9 ml of 0.85%
sterile saline. The homogenates were further diluted to decrease their concentration by a factor of 10-.
Subsequently, the sample was boiled at 80°C for 10 minutes and then immediately soaked in room-
temperature water for 3 minutes. A sample volume of 100 pl was spread onto nutrient agar (NA) and
incubated at 30°C for 24 to 48 hours. Afterward, morphologically different colonies were selected for re-
streaking on NA to obtain pure cultures. The pure cultures were Gram-stained and examined microscopically
for their Gram-staining reaction, shape, and endospore formation.

2.3 Screening of probiotic properties

2.3.1 Antimicrobial activity
2.3.1.1 Cross-streak method
Seventy-three candidate Bacillus spp. isolates were tested for antimicrobial activity using the

cross-streak method [31]. Bacillus spp. strains were streaked on the center of a Muller-Hinton agar (MHA)
plate (Himedia, India) and incubated at 30°C for 48 hours. After incubation, the pathogenic bacteria A. veronii,
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A. dhakensis, and A. jandaei were streaked perpendiculary on the plate. The procedure was performed in triplicate
for each bacterial isolate to validate the results. The plates were then incubated at 30°C for 24 hours to observe
inhibitory activity. The ability of Bacillus spp. to inhibit the pathogenic bacteria was determined by measuring
the inhibition zone, and the results are reported in millimeters.

2.3.1.2 Agar well diffusion method

Eighteen Bacillus spp. isolates exhibiting the ability to inhibit pathogens, as observed by the
cross-streak method, were selected to assess their inhibitory effects against A. veronii, A. dhakensis, and A.
jandaei using the agar well diffusion method modified from Baharudin et al. [32]. Bacillus spp. suspension, cell-
free supernatant (CFS), and cell pellet were tested in this study. The suspension of Bacillus spp. cultured in
nutrient broth (NB) was shaken at 30°C and 160 rpm for 72 hours. Half of the Bacillus spp. suspension was
then centrifuged at 9,184 xg for 10 min at 4°C. The CFS was collected and filtered using a sterile syringe filter
with a 0.22 um pore size. The pellets were washed twice with 0.85% sterile saline and then resuspended in
0.85% sterile saline. The resuspended cell pellet was adjusted to an optical density of 0.1 at a 600 nm
wavelength. The pathogenic bacteria were prepared by adjusting the suspension of each Aeromonas spp. isolate
with 0.85% sterile saline to achieve a final concentration equivalent to the 0.5 McFarland standard (108
CFU/ml). This bacterial suspension was then spread onto MHA and allowed to dry at room temperature.
Subsequently, holes were drilled, each with a diameter of approximately 8 mm, at eight positions per plate.
Subsequently, 50 pl of each suspension, CFS, or resuspended cell pellet of Bacillus spp. was loaded into its well
and incubated at 30°C for 24 hours. Oxytetracycline at a concentration of 1.5 mg/ml and NB were used as
positive and negative controls, respectively. The assay was conducted in triplicate for each bacterial isolate.
The ability to inhibit the pathogenic bacteria was examined by measuring the inhibition zone. Results are
reported in millimeters.

2.3.2 Hemolytic activity

Eighteen candidate Bacillus spp. isolates with the potential to inhibit pathogenic Aeromonas spp. were
assessed for hemolytic activity. Each Bacillus sp. isolate was streaked on blood agar base containing 5%
defibrinated sheep blood and then incubated at 30°C for 24-48 hours to observe the decomposition of red blood
cells. The procedure was performed in triplicate for each bacterial isolate. Bacillus spp. strains that do not lyse
red blood cells (y-hemolytic Bacillus spp.) were selected for further study.

2.3.3 Acid tolerance

Six y-hemolytic Bacillus spp. isolates were tested for pH tolerance using the method modified from
Ritter et al. [33] and Dabiré et al. [34]. Briefly, Bacillus spp. strains were inoculated into NB with shaking at 160
rpm and 30°C for 24 hours. Subsequently, 1 mL of suspension was transferred into 10 mL of NB and adjusted
to a final pH level of 1, 2, 3, 4, or 5 with 1 N hydrochloric acid and sodium hydroxide. The assay was carried
out in triplicate for each bacterial isolate. After incubation at 30°C for 3 hours, the survival rate of bacteria was
determined using the drop plating technique at 0 and 3 hours. The suspension of each sample was 10-fold
serially diluted, and then 20 ul of the suspension from each dilution was dropped onto NA and incubated at
30°C for 24 hours. The colonies were then counted. The results were calculated in units of CFU/ml, and the
survival rate was calculated using the following formula.

Survival rate (%) = %X 100
0

Note: Ns=Number of colonies after incubation for 3 hours (log CFU/ml)
No = Number of colonies at 0 hours (log CFU/ml)

2.3.4 Bile salt tolerance

Six y-hemolytic Bacillus spp. isolates were tested for bile tolerance using the method modified from
Dabiré et al. [34]. Briefly, Bacillus spp. strains were inoculated into NB and incubated at 30°C with shaking at
160 rpm for 24 hours. Subsequently, 1 mL of suspension was transferred into 10 mL of NB supplemented with
0.3% (w/v) bile salt (Oxoid) and incubated at 30°C for 3 hours. The procedure was conducted in triplicate and
the survival rate was assessed using the drop plating technique at 0 and 3 hours.
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2.3.5 Digestive enzyme production

Six Bacillus spp. isolates were tested for the production of digestive enzymes, including amylase,
protease, and lipase, using the method modified from Santong et al. [35] and Proca et al. [36]. Briefly, Bacillus
spp. strains were point inoculated onto NA supplemented with 1% starch, 2% skim milk, and 1% Tween 80
with 0.1 g of CaCl: for testing starch, protein, and fatty hydrolyses, respectively. The assay was done in
triplicate for each bacterial isolate. The plates were then incubated at 30°C for 24 hours. Subsequently, for
starch hydrolysis, Lugol's solution was dropped onto the surface of the starch agar medium and left for 10-15
minutes. The appearance of a clear zone around the Bacillus spp. colonies indicated digestive enzyme
production. The results are reported as hydrolytic capacity, which was calculated as follows [37].

Diameter of the clear zone around the bacterial colonies (mm)

Hydrolytic capacity =

Diameter of the bacterial colonies (mm)

2.4 Bacterial identification

The candidate Bacillus sp. with potential probiotic properties was selected for bacterial identification
based on their biochemical characteristics using API50CHB strips and API 20E strips (BioMérieux, France)
according to the manufacturer's instructions. Candidate Bacillus sp. was further confirmed by molecular
analysis. Bacterial DNA extraction was conducted using a DNA extraction kit (Qiagen). The DNA was then
amplified using primers targeting the DNA gyrase subunit A (gyrA) and RNA polymerase subunit B (rpoB)
genes [38]. Polymerase chain reaction (PCR) was performed in a total volume of 50 pL for each sample,
consisting of 25 puL of 2x PCR master mix (RBC Bioscience, Taiwan), 1 uL of each primer (0.2 uM), 20.5 uL of
distilled water, and 2.5 uL of DNA template. Amplification was done using a thermal cycler (Bio-Rad, USA).
The conditions included an initial denaturation step at 95°C for 3 minutes, followed by 35 cycles of
denaturation at 94°C for 30 seconds, annealing at 55°C (for gyrA) or 50°C (for rpoB) for 30 seconds, and
extension at 72°C for 2 minutes. At the end of the cycle, a final extension at 72°C for 5 minutes was performed.
The PCR products were analyzed by gel electrophoresis on a 1.8% agarose gel, and the DNA was visualized
using gel documentation (Bio-Rad, USA). The amplified DNA was then purified using a gel extraction kit
(Qiagen) and subsequently sent to Macrogen (Korea) for sequencing. The resulting sequence was compared
to sequences in the GenBank/EMBL/DDB] database using the Basic Local Alignment Search Tool (BLAST) for
comparison. Additionally, phylogenetic analysis was performed using the Molecular Evolutionary Genetics
Analysis (MEGA 11) software [39].

2.5 Statistical analysis

The results are expressed as an average with standard deviation (SD) from the mean. Percentage data
were transformed to arcsine before the variance analysis. The data were analyzed using one-way ANOVA,
and comparisons of mean values were analyzed using Duncan's Multiple Range Test (DMRT) at a 95%
confidence interval (p < 0.05).

3.Results and Discussion

3.1.Isolation of Bacillus spp.

Nineteen digestive tract samples of mad carp were subjected to bacterial isolation by heat-shock
treatment. A total of 85 isolates were obtained in the present study. Colony morphology was observed after
growing colonies on NA and incubating them at 30°C for 48 hours. The colony colors, such as white, cream,
pink, and yellow, were observed. The colony shapes varied, including circular, rhizoid, irregular, and
filamentous forms. The margins of colonies were noted to be entire, irregular, lobate, or filamentous. It was
found that 73 out of the 85 isolates were Gram-positive, rod-shaped, and catalase-positive. Of these, only 48
isolates were capable of forming endospores. Bacillus spp. is a group of bacterial strains that has long received
attention for its probiotic properties in aquaculture. In particular, the ability of probiotics to control or prevent
fish pathogens has been studied. Bacillus spp. strains isolated from the digestive tracts of freshwater fish have
been effective in inhibiting pathogens in these fish [25, 27, 40].
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3.2 Screening of probiotic properties

3.2.1 Antimicrobial activity

3.2.1.1 Cross-streak method

In this study, 73 Bacillus spp. isolates from the digestive tract of mad carp were evaluated for
their potential to inhibit A. veronii, A. dhakensis, and A. jandaei, the causative agents responsible for MAS in
freshwater fishes, using the cross-streak method. The results revealed that a total of 18 out of the 73 isolates
exhibited antimicrobial activity against all Aeromonas spp. tested in this study. These Bacillus spp. isolates
showed inhibition zones ranging from 2.17 + 0.29 mm to 9.00 + 1.00 mm (Figure 1). Among these, the Bacillus sp.
isolate MCSU14 exhibited the largest zones of inhibition against A. veronii (9.00 + 1.00 mm), A. dhakensis (8.33 +
0.58 mm), and A. jandaei (8.33 + 0.58 mm).
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Figure 1. Antagonistic effect of Bacillus spp. against A. veronii, A. dhakensis and A. jandaei as determined in a
cross-streak assay.

3.2.1.2 Agar well diffusion method

The eighteen Bacillus spp. isolates that exhibited antimicrobial activity by the cross-streak
method were further assessed for antimicrobial activity against A. veronii, A. dhakensis, and A. jandaei using the
agar well diffusion method. Using overnight culture suspensions, all Bacillus spp. isolates exhibited inhibition
zones (Figure 2A), particularly those of Bacillus spp. isolates MCSO07, MCSU14, and MCSO34 showed the
largest inhibition zones against A. veronii (14.67 + 0.58 mm), A. dhakensis (17.33 + 0.58 mm), and A. jandaei
(16.00+1.00 mm), respectively. On using the CFS, only 9 Bacillus spp. isolates were capable of inhibiting
Aeromonas spp. (Figure 2B). Notably, CFS from Bacillus sp. isolate MCSO34 showed the largest inhibition zones
against A. veronii (11.00 + 2.00 mm), A. dhakensis (9.33 + 2.08 mm), and A. jandaei (9.67 + 1.53 mm). Moreover,

only three Bacillus spp. strains, namely MCSO13, MCSO34, and MCSU14, were capable of inhibiting all three
Aeromonas spp. Additionally, using only cells at a concentration of 108 CFU/ml, Bacillus spp. isolates MCSOO06,
MCSU14 and MCSO34 exhibited the largest inhibition zones against A. veronii (12.33 + 0.58 mm), A. dhakensis
(14.33 £ 0.58 mm) and A. jandaei (13.67 + 4.04 mm), respectively (Figure 2C). In this study, 18 out of the 73
Bacillus spp. isolates showed inhibitory effect against Aeromonas spp., as evidenced by the zone of inhibition,
preventing the pathogen from growing on the culture medium. Notably, several Bacillus spp. isolates from the
present study were found to inhibit A. dhakensis, a recently recognized species associated with MAS. Previous
studies have indicated the activity of Bacillus spp. strains against Aeromonas spp., such as those of B. velezensis
[41-42], B. amyloliquefaciens [43], B. subtilis [44-45], and B. methylotrophicus [46]. This is achieved through the
function of Bacillus spp. in directly inhibiting pathogens, especially by producing pathogen inhibitors. The
substances produced, such as bacteriocins, exert their antimicrobial effects by disrupting cell wall synthesis or
creating pores in the cell membrane [47]; lipopeptides, including surfactin, iturin, and fengycin, are secondary
metabolites known to disrupt bacterial membranes [48]; polyketides exhibit antibacterial activity by inhibiting
protein synthesis [49]. In addition, Bacillus spp. are capable of producing the enzyme N-acyl homoserine
lactones (AHL) lactonase, which plays a critical role in the quorum quenching process. This enzyme degrades
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signaling molecules known as AHL, which are essential for quorum sensing, a mechanism used by pathogenic
bacteria to coordinate gene expression related to virulence, toxin production, and biofilm formation [50].
Generally, these bioactive substances produced by bacteria are secreted outside the cell as extracellular
bacteriostatic substances [51, 52].
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Figure 2. Antagonistic effects of (A) overnight culture suspension, (B) CFS, and (C) cells of Bacillus spp. against
A. veronii, A. dhakensis, and A. jandaei as determined by agar well diffusion assay.

3.2.2 Hemolytic activity

In this study, eighteen Bacillus spp. isolates that exhibited antimicrobial activities were evaluated for
hemolytic activity. The results showed that 6 out of these 18 isolates, namely MCSO07, MCSO13, MCSO33, MCSO45,
MCS062, and MCSU14, displayed y-hemolysis, defined by the inability to lyse red blood cells. On the other
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hand, twelve isolates exhibited a-hemolytic activity, with a slight ability to lyse red blood cells. A good probiotic
bacterium should possess qualities beneficial to the host organism. Additionally, it must not cause disease or
be toxic to the host [53]. The hemolytic activity test is a crucial examination in this regard. If the chosen probiotic
exhibits hemolytic activity, it is considered a pathogen [54], as it may cause anemia and edema in the host [55].

3.2.3 Acid tolerance

The six y-hemolytic Bacillus spp. isolates were evaluated for their survival under acidic conditions at
pH levels ranging from 1 to 5 for 3 hours, indicating their potential as effective probiotics. It was found that
all the isolates exhibited viability under acidic conditions (Figure 3). At pH 1 and 5, no significant difference
(p > 0.05) was observed in the survival rate for any of the isolates tested in this study. Moreover, Bacillus spp.
isolates MCSO45 and MCSU14 showed the highest survival rates at pH 2 and pH 3, respectively. Additionally,
Bacillus sp. isolate MCSO45 demonstrated the highest survival rate at pH 4. The ability of probiotics to tolerate
a wide range of environmental conditions is a crucial property that enables them to be well tolerated in the
digestive tract [56]. Further investigation into their survival under a wide range of temperatures and salinities
may provide more insight into understanding the adaptability and probiotic efficacy of the isolates within the
complex gastrointestinal environments of aquatic animals.
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Figure 3. Survival rates of Bacillus spp. cultured under various acidity levels for 3 hours. Different letters indicate
significant differences between the Bacillus sp. strains when compared at the same pH level (p <0.05).

3.2.4 Bile salts tolerance

Evaluation of survival under exposure to bile for the six y-hemolytic Bacillus spp. strains indicated
that all these isolates exhibited viability, with a survival rate of over 90% after 3 hours (Figure 4). Bacillus sp.
isolate MCSO33 showed the significantly lowest survival rate (p < 0.05). In this study, six isolates of Bacillus
spp. were capable of enduring bile exposure for three hours, with a survival rate exceeding 90% suggesting
that they have the potential for stability and survivability within the gastrointestinal tract. The resistance to
stressful conditions by Bacillus spp. strains are attributed to their endospores, which can endure harsh
environmental conditions [54]. Yousuf ef al. [27] reported that B. paramycoides demonstrated tolerance to both
acidic and alkaline pH levels, bile salts, and exhibited strong adhesion capacity. Therefore, further evaluations
of persistence within the gastrointestinal tract, such as adhesion capacity, cell surface hydrophobicity,
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autoaggregation, and coaggregation of Bacillus spp. from the present study, are necessary to understand better
their functional properties and ability to colonize the host's gastrointestinal environment.
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Figure 4. Tolerance of Bacillus spp. cultured in NB supplemented with 0.3% bile for 3 hours. Different superscripts
indicate significant differences (p < 0.05).

3.2.5 Digestive enzyme production

The results revealed that six Bacillus spp. isolates produced extracellular digestive enzymes (Figure 5).
All isolates showed hydrolysis capacity to digest starch in the range from 1.37 + 0.38 to 3.53 + 0.42, protein in
the range from 1.17 + 0.07 to 2.17 + 0.48, and fat in the range from 1.12 + 0.07 to 1.56 + 0.38 (Figure 6). Additionally, it
was found that Bacillus spp. isolates MCSO07, MCSO13, and MCSO33 exhibit the highest hydrolysis capacities
for digesting starch, protein, and fat, respectively (p < 0.05). Important properties of probiotics for the host
include helping to balance the intestinal microbiome and aiding in the digestion of food. Some probiotic
bacteria can produce digestive enzymes that assist digestion, such as amylase for carbohydrate digestion,
protease for protein digestion, and lipase for fat digestion [37]. In this study, six isolates of Bacillus spp. were
found to be capable of producing digestive enzymes, specifically extracellular enzymes. Liu et al. [57] reported
that B. subtilis HAINUP40 increased the protease and amylase activities in the digestive tract of Nile tilapia.

Figure 5. Zones of hydrolysis for (A) starch, (B) protein, and (C) fat, by Bacillus spp. isolates tested in the
present study.
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Figure 6. The capacity to hydrolyze starch, protein, and fat by six Bacillus spp. isolates tested in the present
study. Different letters indicate significant differences between the Bacillus sp. strains with the same
substrate (p < 0.05).

3.3 Bacterial identification

Among the six Bacillus spp. isolates, namely MCSO07, MCS013, MCSO33, MCS045, MCS062, and
MCSU14, which had exhibited probiotic properties, Bacillus sp. isolate MCSU14 demonstrated outstanding
probiotic characteristics, including the highest inhibitory activity against Aeromonas spp. Furthermore, Bacillus
sp. isolate MCSU14 did not hydrolyze red blood cells, exhibited survival in acidic and bile salt conditions, and
produced extracellular digestive enzymes. As a result, Bacillus sp. isolate MCSU14 was chosen as the superior
candidate for serving as a probiotic. Bacillus sp. isolate MCSU14 was identified based on its biochemical
characteristics using API 50 CHB and API 20E strips. The results showed that Bacillus sp. isolate MCSU14 was
capable of fermenting 27 carbohydrates, including glycerol, L-arabinose, D-ribose, D-xylose, D-glucose, D-
fructose, D-mannose, inositol, D-mannitol, D-sorbitol, methyl a-D-glucopyranoside, amygdalin, arbutin,
esculin, salicin, D-cellobiose, D-maltose, D-lactose, D-melibiose, D-sucrose, D-trehalose, inulin, D-raffinose,
starch, glycogen, gentiobiose, and D-turanose (Table 1) Additionally, the isolate was capable of producing
acetoin through glucose fermentation and exhibited gelatinase enzyme activity (Table 2) Based on the
APIweb™ software, Bacillus sp. isolate MCSU14 was identified as Bacillus subtilis/amyloliquefaciens with a 99.6%
similarity. The results do not clearly distinguish between the two species using the API 50CHB. This could be
due to having only insufficient data for these species, or to difficulties in classification within the API 50CHB
system. Moreover, the APIweb™ database does not contain data for other members of the Bacillus subtilis
species complex, such as B. velezensis, B. siamensis, B. tequilensis, B. valismortis, and B. mojavensis [58]. Therefore,
the classification of Bacillus sp. based only on the biochemical characteristics appears insufficient for accurate
identification. As a result, additional molecular identification methods were necessary for proper
classification. Moreover, the carbohydrate fermentation profile of Bacillus sp. isolate MCSU14 was compared
with closely related strains, including B. velezensis CR-502 [59], B. amyloliquefaciens PMC-80 [60], and B.
siamensis PD-A10 [61] (Table 1). The results indicate that Bacillus sp. isolate MCSU14 is closely related to these
three species, suggesting that it may belong to the operational group of B. amyloliquefaciens.

The operational group of B. amyloliquefaciens (OGBa) consists of B. amyloliquefaciens, B. velezensis,
B. siamensis, and B. nakamurai [62], all of which are part of the Bacillus subtilis species complex group [63].
Identification of Bacillus species using 16S rRNA gene sequencing may not provide clear differentiation for
closely related species [64]. Therefore, gyrA and rpoB gene sequences were used to assess the identity of the
chosen Bacillus sp. within the closely related Bacillus group. The gyrA gene sequence from Bacillus sp. isolate
MCSU14 showed 99.89% similarity to B. velezensis PEX12 (accession number: MZ027153), B. velezensis gjfn4
(accession number: MW316630), and B. velezensis 26.3 (accession number: CP115185). The rpoB gene sequence



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e258486. 10 of 16

from Bacillus sp. isolate MCSU14 showed 100% similarity to B. velezensis AP45 (accession number: CP160218),
B. velezensis R-71003 (accession number: CP092446), and B. velezensis SRCM102741 (accession number:
CP028205). The phylogenetic trees based on the gyrA gene (Figure 7A) and rpoB gene (Figure 7B) sequences
for the Bacillus sp. isolate MCSU14 revealed that it is closely related to B. velezensis in both genes. Therefore, it
can be concluded that Bacillus sp. isolate MCSU14 is closely related to B. velezensis. However, it should be
noted that additional techniques, such as whole-genome sequencing, fatty acid methyl ester profiling, or DNA
G+C content analysis, could support a more precise identification. Previously, Kang et al. [26] reported the
isolation of B. velezensis R-71003 from the intestine of common carp, while Wu et al. [40] reported the isolation
of B. velezensis B8 from the gut of grass carp (Ctenopharyngodon idella). Our findings highlight the significance
of Bacillus sp. isolate MCSU14, which is closely related to B. velezensis isolated from the intestine of mad carp,
a novel source of Bacillus spp.

Table 1. Characterization of Bacillus sp. isolate MCSU14 by using API 50CHB strip. Comparison of the
phenotypic characteristics of the present isolate with the reference strains.

No. Biochemical test 1 2 3 4 No Biochemical test 1 2 3 4
0 Control - - - - 25  Esculin + o+ o+ +
1 Glycerol = & 26  Salicin o & 4
2 Erythritol - - - - 27  D-Cellobiose + o+ o+ +
3 D-Arabinose - - - - 28  D-Maltose + o+ o+ 4
4 L-Arabinose + o+ o+ o+ 29  D-Lactose + o+ = +
5 D-Ribose + o+ o+ o+ 30  D-Melibiose + - +
6  D-Xylose S - B 31  D-Saccharose o & 4
7 L-Xylose - - - - 32 D-Trehalose + o+ o+ -
8 D-Adonitol - - - - 33 Inulin + -+ =
9 Methyl-f5-D-xylopyranoside - - - - 34  D-Melezitose - - - -

10  D-Galactose - - + - 35  D-Raffinose S 1
11  D-Glucose + o+ -+ 36  Starch + ND + +
12 D-Fructose + o+ o+ o+ 37  Glycogen + o+ o+ +
13 D-Mannose S - - 38  Xylitol = = = =
14  L-Sorbose - - + - 39  Gentiobiose + - - +
15  L-Rhamnose - - - - 40  D-Turanose + - - -
16  Dulcitol - - - - 41  D-Lyxose - - - -
17 Inositol + o+ - 4+ 42 D-Tagatose = = + =
18  D-Mannitol = F WF @ 43  D-Fucose - - - -
19  D-Sorbitol = F WF @ 44  L-Fucose - - - -
20  Methyl a-D-mannopyranoside - - - - 45  D-Arabitol - - - -
21  Methyl a-D-glucopyranoside + o+ o+ o+ 46  L-Arabitol - - - -
22 N-Acetylglucosamine = = = = 47  Potassium gluconate = = = =
23  Amygdalin S 48  Potassium 2-ketogluconate = = = =
24 Arbutin + + + + 49  Potassium 5-ketogluconate - - - -

Remark: 1; Bacillus sp. isolate MCSU14 (this study), 2; B. velezensis CR-502 [59], 3; B. amyloliquefaciens PMC-80
[60], 4; B. siamensis PD-A10 [61], +; Positive result, -; Negative result, and ND; Not determined.
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Table 2. Characterization of Bacillus sp. isolate MCSU14 by using API 20E strip.

No. Biochemical test Result No. Biochemical test Result

O-nitrophenyl-8-D-galactopyranoside - 7 Urease
Arginine dihydrolase = 8  Tryptophan deaminase =
Lysine decarboxylase - 9  Indole

Ornithine decarboxylase - 10  Voges-Proskauer +
Citrate = 11 Gelatinase +
Hydrogen sulfide - 12 Nitrate -

Remark: +; Positive result and -; Negative result

NGl W N =

A
= Bacillus sp. MCSU14

3} Bacillus velezensis PFX12 (MZ027153)
d Bacillus velezensis gjfn4d (MW316630)
Bacillus velezensis 26.3 (CP115185)
Bacillus velezensis SZMC 6387] (OK256111)
Bacillus velezensis SZMC 24981 (OK256098)
10 Bacillus amyloliquefaciens SZMC 6222 (OK256114)
Bacillus amyloliquefaciens SZMC 6027 (OK256113)
Bacillus amyloliquefaciens XH7 (CP002927)

lj Bacillus atrophaeus QH-588 (MW401272)
10 Bacillus mojavensis B 0031 (AY599914)
50 Bacillus tequilensis NRRL B41771 (EU138625)
—WJdE Bacillus subtilis DJ-2 (DQ001131)
8 Bacillus vallismortis NRRL B-14890 (EU138601)

{ Bacillus licheniformis LK8/B3 (OP688003)
Bacillus sonorensis NRRL B-23154 (EU138611)

Bacillus cereus ATCC 15816 (AY291535)

99

0.050

® Bacillus sp. MCSU14
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Figure 7. Neighbor-joining phylogenetic tree based on gyrA gene (A), and on rpoB gene (B) sequences of
Bacillus species, showing positions of Bacillus sp. isolate MCSU14 and closely related members of the
genus Bacillus sp. Bootstrap values (in percent) calculated from 1000 replications are shown at branch
nodes. The evolutionary distances were computed using the Maximum Composite Likelihood
method. The scale bar represents 0.05 nucleotide substitutions per nucleotide position. B. cereus
ATCC 15816 and B. cereus Bc were used as the outgroups.
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4. Conclusions

In the present study, 73 Bacillus spp. isolates from the gastrointestinal tracts of mad carps were
examined for potential probiotic properties. Only 18 isolates of Bacillus spp. demonstrated antagonistic activity
against A. veronii, A. dhakensis, and A. jandaei. Additionally, Bacillus spp. isolates MCSO07, MCSO13, MCSO33,
MCSO45, MCSO62, and MCSU14 exhibited non-hemolytic activity, tolerance to acids and bile salts, and the
production of digestive enzymes. Identification of the Bacillus isolate MCSU14, based on biochemical
characteristics and molecular analysis, indicated that this bacterial isolate is closely related to B. velezensis. This
study highlights that Bacillus spp. isolates from the gastrointestinal tracts of mad carps have significant
potential to be screened for potent probiotics.
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1. Introduction

Waterlilies (Nymphaeaceae) are emergent aquatic herbs comprising
over 100 species distributed worldwide across tropical and subtropical regions
[1,2, 3]. Among these, ornamental waterlilies are widely cultivated due to their
aesthetic appeal, playing a significant role in aquatic landscaping and the global
horticultural market [4, 5]. Their striking floral colors, pleasant fragrance, and
diverse foliage characteristics contribute to their increasing commercial
demand. Among wild waterlily species, Nymphaea colorata (subgenus Brachyceras),
native to East Africa, is particularly notable [6, 7]. This species is distinguished
by its vibrant violet flowers, a rare trait among waterlilies, and is extensively
utilized in breeding programs due to its ability to transmit unique floral colors
and patterns to its progeny [8, 9, 10]. Beyond its ornamental significance, N.
colorata serves as a valuable model species for studies on floral development,
pigmentation, and waterlily genetics [1, 6, 11]. Notably, it is one of the few
waterlily species with a sequenced genome, offering key insights into angiosperm
evolution and the genetic mechanisms underlying aquatic adaptation [12-14].

ASEAN |. Sci. Tech. Report. 2025, 28(4), e258176. https://doi.org/10.55164/ajstr.v28i4.258176


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

ASEAN ]. Sci. Tech. Report. 2025, 28(4), e258176. 20f9

Despite the growing demand for ornamental waterlilies in landscaping and horticulture, conventional
propagation methods are limited by low multiplication rates and restrict large-scale commercial production
[15]. Micropropagation presents an efficient alternative, enabling the rapid clonal propagation of elite
genotypes, particularly for rare or hybrid varieties that are challenging to propagate through traditional means
[16-17]. This technique ensures the production of genetically uniform plants while preserving desirable
horticultural traits such as flower color, size, and disease resistance [18]. Additionally, in vitro propagation can
overcome limitations associated with slow growth rates and seasonal constraints in natural propagation [19- 21].
By integrating micropropagation techniques, the ornamental waterlily industry can enhance production
efficiency, support commercial expansion, and contribute to the conservation of genetically valuable or
endangered species [15].

Murashige and Skoog (MS) medium is one of the most widely used plant culture media for
micropropagation due to its well-balanced nutrient composition, effectively supporting shoot and root
development in various plant species, such as Dioscorea sp., grapes, and Aponogeton ulvaceus [22-26]. The
concentration, composition, and type of culture media play a critical role in regulating in vitro growth and
development across different water lily species. Variations in nutrient levels and types of medium can
significantly influence shoot regeneration, root induction, nutrient uptake, and overall plant health [27].
Several studies have demonstrated that optimizing these parameters can lead to substantial differences in
developmental outcomes, emphasizing the necessity of precise media formulation to achieve optimal in vitro
propagation efficiency [28-30]. Explant hyperhydration is a physiological disorder typically found in plant
tissue culture, particularly in liquid medium systems. It is characterized by excessive water accumulation in
tissues, leading to translucent, swollen, and brittle plantlets [31]. This condition can negatively affect growth,
morphogenesis, and survival during acclimatization. For waterlily micropropagation, hyperhydration is a
significant concern as it severely impacts plantlet establishment during ex vitro transition [14]. This
phenomenon is strongly influenced by the composition of the culture medium, including the type and
concentration of gelling agents, plant growth regulators (PGRs), and osmotic agents [31]. Given the importance
of culture media optimization, this study aims to evaluate the key factors —medium concentration and type
—that influence the production of healthy waterlily plantlets. The findings will contribute to the establishment
of an efficient waterlily micropropagation protocol, ensuring high-quality and high-yield plant production for
future commercial applications.

2. Materials and Methods

2.1 Plant material collection and preparation

The mature, bare-root rhizomes of N. colorata Peter, measuring 3.0-5.0 cm in diameter and 10.0-15.0
cm in length, along with their leaves, flowers, and turions, were collected (Figure 1a). The healthy attached
turions, free from scars and diseases, were selected and used as the initial explant. The mother plants were
cultivated in floating paddy fields under full sun and fertile loamy clay conditions. All plant materials were
sourced from Baufah Garden (401 Watcharapol Road, Tha Raeng, Bang Khen District, Bangkok) between
March and June. These turions served as the initial explants for in vitro propagation experiments. Turions of
N. colorata with robust shoots were collected (Figure 1b). To remove residual dirt and dust, the explants were
submerged in running tap water for 3 hours and gently brushed. The attached leaves, roots, and scale leaves
were carefully removed. The outer layer of the turion was cleaned using pointed tweezers (Figure 1c). Finally,
trichomes on the shoot crown were carefully removed under running tap water using forceps. The cleaned
explants were sterilized according to a protocol by Rodboot et al. [14]. The procedure involved immersion in
a 0.1% (w/v) Carbendazim solution (a systemic fungicide; Anhui Guangxin Agrochemical Co., Ltd., PRC) for
2 hours, followed by two rinses with sterilized distilled water. The explants were then shaken in 50% ethyl
alcohol for 1 minute, treated with 20% (v/v) Clorox® containing five drops of Tween 20 for 20 minutes, and
shaken in 0.1% (w/v) HgCl, for 15 minutes. Finally, any residual disinfectants were removed by five successive
washes with sterilized distilled water. The disinfected explants were blotted dry on autoclaved tissue paper
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and then cultured in liquid MS medium, free from plant growth regulators, for 8 weeks. The cultures were
maintained on an orbital shaker optimized at 90 rpm.

Figure 1. Initial explant establishment (bar =1 cm)
(a) Mother plant
(b) Raw turion separated from the mother tuber, remaining leaves, and roots
(c) Sterilized turion in plant growth regulator-free liquid MS medium after culture for 8 weeks,
exhibiting slightly hyperhydrated shoots

2.2 Effect of different strengths of MS basal medium on in vitro growth

Individual shoots removed from the turions at 8 weeks old in PGR-free liquid MS media, which had
2-3 mature, expanded leaves and measured 3-5 centimeters in length, were used to encourage healthy shoot
growth. (Figure 1c). Different strengths of liquid MS medium (full, 1/2, 1/4, and 1/8 MS) were dispensed into
20 mlin 6.3 x 10.8 cm glass bottles. Each culture bottle contained a single explant. The experiment was repeated
twice, with twenty replicates for each treatment. After culturing for 4 weeks, the survival rate, number of
shoots, leaf length, petiole length, and visible characteristics were assessed.

2.3 Effect of different types of MS basal medium on in vitro growth

To evaluate the optimal type of culture medium for shoot growth, various types of MS basal medium
(liquid, semi-solid, and bilayer) were tested. Individual shoots excised from the turions at 8 weeks old, grown
in PGRs-free liquid MS medium consisting of 2-3 leaves and 3-5 cm in length, were used. Different types of
MS medium were dispensed into 20 mL in 6.3 x 10.8 cm glass bottles. Each culture bottle contained a single
explant. The experiment was repeated twice, with twenty replicates for each treatment. After culturing for 4
weeks, the survival rate, number of shoots, leaf length, petiole length, and visible characteristics were recorded.

2.4 Culture conditions

All experiments used the MS basal medium containing 30 g L-! sucrose. The pH of the culture medium
was adjusted to 5.7 with 1 N NaOH or HCI before being autoclaved at 121°C for 15 min. The cultures were
incubated at 26 + 2 °C with a 10/14 day-night cycle photoperiod under 12 yimol m s provided by fluorescent lamps.

2.5 Statistical analysis

All experiments above were arranged in a completely randomized design (CRD). Each treatment
consisted of 20 replicates. Data from all parameters were expressed as mean values + standard error (S.E.) and
statistically analyzed using analysis of variance (ANOVA). The means among treatments are separated by
Duncan’s multiple range test (DMRT) using the SPSS 17.0 program for Windows (SPSS Inc., Chicago, IL, USA).

3.Results and Discussion

3.1 Effect of different strengths of MS basal medium on in vitro growth
The excised shoots were cultivated in liquid MS media of several strengths (full, 1/2, 1/4, and 1/8 MS),
supplemented with 30 g/L sucrose, until the optimal medium strength for shoot growth was established. After
four weeks of culture, all treatments exhibited a 100% survival rate; however, the explants displayed differential
growth responses depending on the medium strength (Table 1, Figure 2). A gradual reduction in MS medium
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concentration was associated with a decreased growth rate and a lower number of shoots. Full-strength MS medium
proved to be the most effective in promoting shoot growth in N. colorata, yielding the highest average values
across all measured parameters (p < 0.05) (Table 1). Specifically, the full-strength MS medium resulted in an average
of 1.53 shoots/explant, which was not significantly different from the 1/2-strength MS medium (1.40 shoots/explant).

The number of leaves was also highest in full-strength MS medium, with an average of 18.86 leaves
per explant. These leaves exhibited the greatest width (2.66 cm) and the longest petioles (11.50 cm). Explants
cultured in full-strength MS medium demonstrated the most vigorous growth, characterized by dark green,
fully expanded leaves and elongated petioles. In contrast, explants grown in diluted media exhibited slow
growth, smaller leaves, and shorter petioles (Table 1, Figures 2b-d). In addition to superior growth, explants
cultured in full-strength MS medium exhibited rapid shoot development. Within three weeks, the petioles
extended beyond the bottleneck of the culture vessel, and the leaves were fully expanded with dark green
coloration, indicative of healthy growth. However, hyperhydration, brittle leaf, and petiole structures were
occasionally observed. These findings align with previous studies on some varieties of Nymphaea micropropagation,
which reported that full-strength MS medium supports optimal shoot and leaf development from various
explant sources, including tubers, turions, and rhizomes [32-35]. Full-strength MS medium is widely
recognized as an optimal formulation for micropropagation due to its well-balanced composition of macro-
and micronutrients [36-37]. The balanced presence of nitrate (NOs") and ammonium (NH4) ensures efficient
nitrogen uptake, promoting protein synthesis and enzymatic activity essential for organogenesis [26, 38].
Furthermore, the inclusion of sucrose provides an external energy source, which is crucial for the development
of non-photosynthetic explants [39-41]. When supplemented with appropriate PGRs, full-strength MS
medium enhances direct shoot formation, shoot multiplication, and root formation. Its comprehensive
nutrient profile makes it suitable for a wide range of aquatic plant species; however, adjustments may be
necessary to prevent salt accumulation and pH stress in more sensitive species [42].

Reducing MS medium strength significantly enhanced root formation and overall plant quality under
in vitro conditions. In the current experiment, we found that roots developed at the basal portion of shoots
within 3—4 weeks in both 1/2- and 1/4-strength MS media, with approximately 35% of explants forming roots.
This finding is consistent with previous studies, where 1/2-strength MS medium improved root formation in
Ceratonia siliqu [43] and, when supplemented with 0.2 mg/L IBA, promoted maximum root and shoot
production in Tylophora indica [44]. Additionally, nitrogen deficiency has been shown to increase salicylic acid
levels, thereby modulating root growth [45]. Lowering macronutrient concentrations, particularly nitrogen,
alleviates the inhibitory effects of high salt concentrations, thereby enhancing root induction [46-47]. An
optimal nutrient balance in diluted MS medium not only minimizes osmotic stress but also enhances root
elongation, nutrient uptake, and subsequent ex vitro acclimatization. However, excessive dilution may lead
to nutrient deficiencies, resulting in weaker plantlets with reduced shoot vigor and lower survival rates.

Figure 2. The different characteristics of shoot growth in various strengths of liquid MS medium without PGRs
after culture for 4 weeks (bar =1 cm)

(a) Full (b) 1/2 () 1/4 (d) 1/8



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e258176. 50f9

Table 1. Effects of different strengths of PGRs-free liquid MS medium on in vitro growth after culture for 4 weeks

Strengths of the Survival rate No. of shoots No. of leaves Petiole length  Leaf width

medium (%) (shoot) (leaf) (cm) (cm)
Full 100 1.532 18.862 11.502 2.662
1/2 100 1.40ab 15.40p 6.72b 2.40b
1/4 100 1.33b 10.60¢ 4.67° 2.06¢
1/8 100 1.33b 8.80d 3.954 1.054
F-test * ok - -
C.V. (%) 26.77 38.39 30.3 34.66

* significantly different (p <0.05), ** significantly different (p <0.01)
Means +SD having different letters in the same column are statistically significant differences by DMRT

3.2 Effect of different types of MS basal medium on in vitro growth

To determine the optimal culture medium for shoot growth, three types of MS basal medium were
evaluated: liquid, semi-solid, and bilayer media. The bilayer medium consisted of two variants: a thin layer of
sterile distilled water (SDW) or liquid MS medium overlaid on a semi-solid medium. After four weeks of
culture, all explants exhibited a 100% survival rate, with varying growth responses depending on the type of
medium. Among the treatments, the bilayer medium consisting of semi-solid MS overlaid with liquid MS
medium produced the highest number of shoots (1.77 shoots/explant) and leaves (12.45 leaves/explant), with
minimal occurrence of hyperhydration (Table 2). However, these differences were not statistically significant
(p < 0.05). Liquid MS medium was identified as the most effective in promoting waterlily shoot growth, as
explants cultured in this medium exhibited the highest number of leaves (13.66 leaves/explant), longest
petioles (4.45 cm), and widest leaves (2.55 cm) (Table 2, Figure 3a). However, the number of shoots per explant
(1.55 shoots) was not significantly different from that observed in other treatments (p < 0.05). The explants
cultured in liquid MS medium exhibited rapid growth, characterized by dark green, fully expanded leaves
and elongated petioles. Despite these positive growth attributes, plump, hyperhydrated, and brittle shoots
were frequently observed, consistent with findings from Experiment 1.

The choice of culture medium has a significant influence on the growth and development of N. colorata
during in vitro propagation. Each medium type has distinct advantages and limitations that affect shoot
proliferation and overall plantlet quality. Several studies have reported that a liquid medium enhances shoot
growth and development in water lilies [32, 34, 48]. Moreover, liquid MS medium plays a crucial role in plant
tissue culture by improving nutrient uptake, accelerating shoot proliferation, and facilitating large-scale
propagation, particularly in suspension cultures [49-50]. The absence of gelling agents in the liquid medium
reduces production costs. However, challenges such as hyperhydration, inadequate mechanical support, and
increased risk of contamination remain significant drawbacks. Excessive water uptake may lead to
physiological abnormalities, while limited aeration can inhibit root development [31].

In contrast, semi-solid MS medium exhibited lower growth performance across all measured
parameters (Table 2, Figure 3b). Explants cultured in this medium developed significantly shorter petioles
(2.59 cm), leaf width (2.13 cm), and produced narrower leaves compared to those in liquid culture (Figure 3).
Nevertheless, semi-solid MS medium offers distinct advantages, including structural support, reduced
hyperhydration, and lower contamination risks, making it a suitable option for stable in vitro plant growth
and structurally robust shoot formation [51]. Additionally, semi-solid medium regulates nutrient absorption,
preventing excessive water uptake and thereby supporting balanced shoot and root development [36, 49-50].
These findings align with previous reports. For instance, a single-node explant of Stevia rebaudiana exhibited
superior shoot elongation and a higher number of nodes when cultured in semi-solid medium, with minimal
hyperhydration. Similarly, in Phoenix dactylifera, a semi-solid medium type was found to be more conducive
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to normal shoot development, whereas a liquid medium resulted in hyperhydration and morphological
abnormalities [52]. Despite the higher cost associated with gelling agents, semi-solid MS medium remains a
practical choice for maintaining plant structure and reducing handling difficulties in micropropagation systems.

In the present study, explants cultured on semi-solid MS medium exhibited the lowest incidence of
hyperhydration compared to those in liquid or bilayer media, underscoring their potential for in wvitro
micropropagation protocols where hyperhydration is a concern. Therefore, we propose that the semi-solid
medium type is the most suitable solution for facilitating the stable growth and development of N. colorata
under in vitro conditions.

4 ¢ (Q' . Y ‘ b
:'I < N .;': g = ;“ : b ¥
—_— “\"¥gf’/ — 2 = n = _

Figure 3. The characteristics of shoots cultured in different types of medium after culture for 4 weeks
(bar =1 cm)
(a) Liquid MS medium
(b) Semi-solid MS medium
(c) Solid MS medium overlaid with sterilized distilled water
(d) Solid MS medium overlaid with liquid MS medium

Table 2. Effects of different MS medium types on in vitro growth after culture for 4 weeks

Survival  No. of shoots No. of leaves  Petiole length

Types of medium rate (%) (shoot) (leaf) (cm) Leaf width (cm)
Liquid (control) 100 1.55+0.41 13.66 + 2.442 4.45+1.462 2.55+0.492
Semi-solid 100 1.00+0.0 10.04 + 0.37° 2.59 +0.43%b 2.13+0.32
Semi-solid/ SDW 100 1.11+0.15 12.92 +1.422 2.42 £0.712b 1.75 + 0.58
Semi-solid/ liquid 100 1.77 £0.56 12.45 +0.62%0 2.22+0.22> 2.49+0.38¢
MS medium
F-test ns * * *
C.V. (%) 32.35 46.09 35.55 22.94

ns; not significantly different, * significantly different (p <0.05)
Means +SD having different letters in the same column are statistically significant differences by DMRT

4. Conclusions

This study highlights the significant influence of MS medium strength and type on the in vitro growth
and development of Nymphaea colorata. Full-strength MS medium was identified as the most effective for
promoting explant survival percentage and overall plant growth, supporting optimal growth performance
compared to diluted formulations. In addition to medium strength, the physical state of the culture medium
played a crucial role in shoot development. Based on these findings, semi-solid medium is recommended for
long-term subculture and subsequent plantlet acclimatization, as it effectively reduces hyperhydration while
maintaining normal growth performance. Therefore, for the commercial production of waterlilies, the use of
full-strength semi-solid MS medium is recommended to ensure robust and healthy plant development.
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Abstract: Typically, agricultural crop production contributes to greenhouse
gas (GHG) emissions, especially the use of synthetic fertilizers and, less
frequently, the application of organic fertilizers. Synthetic fertilizers have both
positive and deleterious effects on the natural ecosystem. The primary purpose
of this study was to evaluate cassava root yields harvested using two different
cultivation methods: synthetic fertilizers and liquid organic biofertilizers. We
investigated the amount of raw material fertilizers required for each cultivation
method to evaluate the effects of global warming potential (GWP) on cassava
cultivation methods in northeastern Thailand. The system boundary was
defined from cradle to farm gate, encompassing cultivation and progressing
through to harvest, using life cycle assessment (LCA). The input and output data
were analyzed to assess the potential impacts of global warming over 100 years.
The experiments found that 1000 kg of cassava root product harvested with
synthetic fertilizer released the most GHGs, 51.83 kg CO2eq/1000 kg. This was
10 times that of the experimental plot using a liquid organic biofertilizer at 2.74
kg CO2eq/1000 kg. Therefore, as farmers face challenges ranging from drought
to low yields, and as agriculture becomes less predictable in the face of a
changing climate, it is essential to help farmers transition to practices that
increase resilience and dramatically decrease their reliance on fossil-fuel-based
chemicals. To develop guidelines for reducing GHG emissions in cultivation, the
focus should be on farmers’ cultivation activities, especially fertilizer application.

Keywords: Carbon footprint; Greenhouse gas emissions; Synthetic fertilizer; Liquid
organic biofertilizer; Cassava cultivation

1. Introduction

Fertilizers are a crucial component of global food production, essential
for sustaining our growing population [1]. However, fertilizers can also generate
greenhouse gas (GHG) emissions, with potential nutrient losses to the
environment [2]. Agriculture, as a sector, is responsible for non-CO, emissions
generated by crop cultivation and livestock activities. CO, emissions do not
primarily come from changing forests, but rather from burning fossil fuels and
volcanic eruptions. Another factor that affects global warming is the cultivation
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of agricultural products [3]. The agricultural sector's use of synthetic nitrogen (N) to accelerate growth and
increase crop yields is considered unsustainable. In 2018, the production of synthetic nitrogen fertilizer
released approximately 1.13 billion tons of greenhouse gases, accounting for 10.6% of all greenhouse gas
emissions. This figure comprised around 2.1% from farming and 38.8% from fertilizer production [4]. In 2019,
Thailand emitted 373 million tons of carbon dioxide equivalents. Most are produced by the energy and
transportation sector (261 million tons, 70%), followed by the agricultural sector (57 million tons, 15%), the
industrial process and product use sector (38 million tons, 10%), and the waste sector (17 million tons, 5%).
The most common source of GHG emissions in the agricultural sector (13 million tons, 22%) is the use of
fertilizer and lime in plantation plots [5]. Chemical fertilizers are essential for agricultural development when
soils lack the nutritional balance required for plants [6]. However, the continuous use of chemical fertilizers
has negatively impacted the physicochemical and biological properties of soils. Using biofertilizer products is
considered an alternative for reducing the environmental impact of chemical fertilizers [7]. Organic fertilizers
are fertilizers that come from living things, both plants and animals, that have undergone processing or have
been piled up until they have completely decayed. These fertilizers are in a form that plants can use, such as
decayed leaves, compost, various animal manures, bone meal, bean meal, green manure, and municipal waste
[8]. Liquid biofertilizers contain live microorganisms that improve soil properties and increase plant growth
and yield. Liquid biofertilizers can be applied to various crops and are often more effective than chemical
fertilizers; they help reduce the need for chemicals and enhance their effectiveness by promoting improved
plant growth [9]. The use of biofertilizers is a crucial component of integrated nutrient management, as they
are cost-effective and serve as a supplement to chemical fertilizers for sustainable agriculture [10]. Finally,
further research is necessary to overcome the limitations of improved climate adaptation and develop effective
liquid organic biofertilizers. We may utilize a superior liquid biofertilizer with a longer shelf life and lower
cost, or utilize existing machinery for large-scale applications. In a study that looks at costs and benefits, it's
important to assess how safe and effective liquid biofertilizers are over time and to work with different groups
to see if they can be used successfully, taking into account the specific location, type of crop, soil type, and
weather conditions [11]. Fertilizing with solid organic fertilizers before planting can accumulate and
significantly increase N>O emissions [12]. However, multiple applications of liquid organic biofertilizers do
not affect N,O emissions. Applying solid organic fertilizer before planting can lead to excessive emissions
compared to using liquid organic fertilizer due to its higher C/N ratio, which results in increased CO, emissions.

Therefore, farmers should consider using liquid organic fertilizers in multiple applications to reduce
GHG emissions from their soil plots and achieve high yields. Using liquid organic fertilizer multiple times can
reduce GHG emissions. The type of fertilizer and application method can affect N,O emissions, while soil
temperature and water content also influence these emissions. [13]. Cassava is a field crop that produces tubers
and is one of the most important economic crops in Thailand, which is the world’s top exporter [14]. The
cassava production in 2024 is expected to utilize 9.049 million rai (1 rai = 1,600 m?) and realize production of
27.941 million tons at an average yield of 3.088 tons per rai compared to 2023 with a harvest area of 9.350
million rai, a yield of 30.732 million tons, and an average yield of 3.287 tons per rai. The cultivated area,
production, and yield per unit area decreased by 3.22%, 9.08%, and 6.05%, respectively. The drop is due to the
drought crisis and the deterioration of soil quality resulting from cultivation. Thailand imported 4,103,668 tons
of chemical fertilizers in 2023 as raw materials, primarily for agricultural cultivation. Chemical fertilizers used
in cassava cultivation account for 5% of the total quantity of imported synthetic fertilizers [15]. For cassava
cultivation in areas with sandy loam or sandy soil, farmers typically use a fertilizer formula of 15-15-15 at a
rate of 100 kg per 1,600 m?, applying it once after planting when the cassava is 1-3 months old [16]. In general,
the carbon footprint for 15-15-15 chemical fertilizers is 1.5083 kg COzeq/kg [17]. Inorganic fertilizer is defined
as a type of fertilizer composed of inorganic substances. Derived from natural and synthetic inorganic
fertilizers, natural inorganic fertilizers are those that contain inorganic substances that occur naturally, such
as ground phosphate rock and mineral sylvite (potassium chloride, KCl, a type of potassium fertilizer).
Chemical methods produce synthetic inorganic fertilizers, including ammonium sulfate, triple
superphosphate, and phosphates. Inorganic fertilizers can be synthetic chemical fertilizers or natural fertilizers
[18]. The fertilizers imported into Thailand include ammonium sulfate (formula 21-0-0), urea (formula 46-0-
0), potassium chloride (0-0-60), and diammonium phosphate (formula 18-46-0) [19]. Table 1 displays the
quantity of synthetic fertilizers Thailand imported between 2018 and 2022. Thailand's cassava cultivation from
2018 to 2022 utilized a substantial amount of synthetic fertilizer, as indicated in Table 2.
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Table 1. Quantity of chemical fertilizer imports in Thailand in 2018-2022.

Mono fertilizers/ Mixed fertilizers/

oy Volume (%) . oy Volume (%)
compound fertilizers various fertilizer
Urea 46-0-0 42 16-20-0 7
21-0-0 4 15-15-15 7
0-0-60 14 13-13-21 16
18-46-0 19 16-16-8 1
Total 79 31

Source: Office of Agricultural Economics, Thailand (OAE) [15]

Thailand aims to achieve carbon neutrality by 2050 and net-zero GHG emissions by 2065. Chemical
fertilizer production is a heavy industry with a high impact on carbon emissions. This industry may need to
adapt quickly because it is at risk of being subjected to a carbon tax in many countries; in particular, the
European Union began collecting carbon taxes in 2023 [20]. Urea fertilizer is a synthetic organic substance that
contains nitrogen (N) as a component in a very high ratio, 46% by weight. Urea fertilizer is a standard chemical
fertilizer. Most importantly, the fertilizer formula for urea is 46-0-0 because it has the highest proportion of
nitrogen. Therefore, it serves as a primary source of nitrogen fertilization. Plants use urea fertilizer 46-0-0 as
their primary nutrient. Early planting stages necessitate a rapid acceleration of plant growth. This results in
the plant developing long stems, bushy leaves, and large, dark green leaves, as well as good weight.
Additionally, the production of urea as a nitrogen (N) fertilizer has a greenhouse gas impact of 3.3036 kg
COseq per 1 kg of urea fertilizer (TGO) [17]. Ammonium sulfate is a type of nitrogen fertilizer commonly used
in Thailand. The chemical formula is (NH)),SOs and the fertilizer formula is 21-0-0, consisting of
approximately 21% nitrogen (N) and approximately 23% sulfur (S). Ammonium sulfate is a simple nitrogen
fertilizer that increases nitrogen levels in the soil and serves as an important nutrient for nourishing plant
leaves. Making ammonium sulfate as a P20:s fertilizer creates a greenhouse effect that is equal to 1.5716 kg of
CO; for every 1 kg of AMS fertilizer produced (TGO) [17].

Potassium chloride fertilizer formula 0-0-60 contains 0% nitrogen, 0% beneficial phosphate, and 60%
water-soluble potassium. Its duties and importance to plants are as follows: 1) promote root growth, enabling
better water absorption in the roots, and 2) create good-quality fruit pulp. Making potassium chloride as a
KO fertilizer produces greenhouse gases equivalent to 0.4974 kg of CO; for every 1 kg of K,O fertilizer (TGO)
[17]. Fertilizer 15-15-15 is a chemical fertilizer formula containing the same nutrients as nitrogen (N),
phosphorus (P), and potassium (K) at 15% or in an NPK ratio of 1:1:1, which is suitable for general plant
maintenance. It is commonly used on mature fruit trees and perennials. During the period after the harvest,
its distinctive feature is that it contains all three main nutrients that plants need in equal amounts. Therefore,
it nourishes every part of the plant simultaneously. It did not, however, highlight any one area. The production
of GHG from 1 kg of fertilizer 15-15-15 has an impact equal to 1.5083 kg CO.eq (TGO) [17].

Table 2. Quantity of chemical fertilizer imports in Thailand in 2018-2022.

Planting Harvest Year Chi?gl;;;of:;tlzl; zer Planting area (m?) A(l‘igiggoy:;l;l
2018 41 12,400,667,200 3,499
2019 41 12,005,803,200 3,527
2020 43 12,754,060,800 3,586
2021 42 13,019,736,000 3,252
2022 43 15,140,667,200 3,372

Source: Office of Agricultural Economics, Thailand (OAE) [15]

People also view the agricultural sector as contributing to global warming, as harvesting rice and
livestock releases methane gas. Moreover, nitrous oxide released from fertilizer and livestock urine contributes
more to the GHG climate than carbon dioxide, although in smaller amounts. However, the agricultural system
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that creates GHGs is not small-scale farming. However, industrial agriculture, which relies on monocultural
crops such as rice, corn, sugarcane, cassava, and rubber, as well as livestock, requires nitrogen fertilizers,
pesticides, and fossil fuel-powered machinery. This type of industrial agriculture creates enormous ecological
impacts, destroying soil, water, and forests that have the potential to absorb carbon dioxide. Additionally, the
long-distance food transportation system relies on freezing and transport methods. When the food reaches
urban consumers, a significant amount of food waste contributes to greenhouse gas emissions [21].
Agricultural cultivation practices for cassava provide accurate information about effective cultivation
methods, covering all stages from planting to maintenance and harvesting, as well as the appropriate planting
locations. If the area where cassava is planted or the water source is close to places that may be polluted with
heavy metals and pesticides, such as near factories or areas that use many chemicals, then soil and water tests
should be conducted to detect harmful substances. A record of the land's history should be kept for each plot,
including details such as the farmers' names, addresses, the plot keeper's name (if applicable), their address,
the size of the area, the location of the plot, the types and varieties of cassava, and any other relevant
information. Soil preparation. Suppose cassava is grown in the same place for many consecutive years. In that
case, the soil should be improved to maintain long-term production levels by adding manure compost from
cassava peels or various legumes that can be planted in rotation to nourish the soil. Weeds should be
eliminated before planting. The weeds should be plowed under in the plot to be planted, and they should be
left for 20-30 days to allow the weeds to ferment and decompose into fertilizer in the soil. Using reduced tillage
in combination with crop residue retention can increase soil organic carbon and reduce carbon footprints [22].
The plot should be plowed another 1-2 times as appropriate, and cassava can be planted while the soil is still moist.
Prepare the cuttings. You can cut fresh cassava cuttings that are 10-12 months old, but don't leave
them for more than 15 days. They should be cut to a length of about 20 cm and have at least five buds. To
protect against fungi and insects, dip the cuttings in a chemical solution. Cassava is planted in straight rows
for ease of maintenance and weed control, with a row distance of 1.20 meters, a plant distance of 80 cm or 1
meter, and a plant distance of 100 cm. Plant the cuttings upright, about 10 cm deep in the soil. Spraying
chemicals to control weed seed germination. When planting in the rainy season, the soil is typically moist, and
chemicals should be applied within 3 days after planting cassava to control weed germination immediately or
before the cassava plants emerge. If sprayed after the cassava plants sprout, the plant may be damaged. These
interactions can range from climatic extremes that influence spray coverage and field access to direct effects
of CO:z or temperature on plant biochemistry and morphology [23]. The use of chemical fertilizers (e.g., urea,
calcium nitrate, ammonium sulfate, diammonium phosphate, etc.) has great importance for the world's food
production, as it works as fast food for plants, causing them to grow more rapidly and efficiently. However,
adverse effects are being observed due to the excessive and imbalanced use of these synthetic inputs [24].
The first step involves weeding and fertilizing the plants. The first weed control should occur
approximately 3045 days after planting, using a small walk-behind tractor or a disc cultivator to eliminate
weeds. We attached chemical fertilizers to the tractor's back, placing them 20 cm away from the cassava plants.
We used a hoe to remove the remaining weeds. Along with covering it with fertilizer, it can be added by
digging a hole 20 cm away from the base of the tree and then filling it with soil. Fertilizers should be applied
while the soil is still moist. Apply weed control a second time, approximately 60-70 days after planting, using
the same method as the initial application. If necessary, remove weeds a third time using a hoe or herbicide
spraying. Use a cover on the spray nozzle to prevent chemicals from entering the cassava's buds and stems.
However, one of the most significant carbon footprint “hotspots” for intensive agriculture is the use of
fertilizers [25]. Cassava can be harvested at an appropriate age, which is approximately 10-12 months, after
planning and preparing the cassava cuttings. For the next planting, chop and leave unused cassava plant parts
(leaves, branches, and stems) in the plot to use as green manure [26]. Cassava stores the organic carbon it
absorbs for photosynthesis in its roots, rhizomes, stems, and leaves. Plowing and covering the rhizomes, stems,
leaves, and tubers left after harvest is therefore beneficial for reducing GHG emissions from cassava harvesting
[27]. Cassava takes in carbon dioxide; plants open tiny pores in their leaves (called stomata) that allow water
to exit through transpiration. They found that when carbon dioxide levels increase from 400 to 600 ppm,
cassava leaves can conserve 58 percent more water on average by optimizing stomatal conductance, which is
the rate at which carbon dioxide enters compared to water exiting the leaf [28].
One of the problems of agricultural cultivation is its adverse effects on global warming. Therefore, we
studied GHG emissions from different methods of fertilizing cassava to help reduce GHG emissions. By
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assessing the carbon footprint of different fertilization strategies in cassava cultivation, we aim to recommend
strategies that help reduce GHG emissions on an international level. This study begins with the acquisition of
raw materials and continues until they are processed into a cassava product. The volume of GHGs released in
terms of carbon dioxide equivalents (CO: equivalent) using the global warming potential value in 100 years
(GWP100) is as follows: CO2 =1, CHs= 28, and N20 = 265 [29].

2. Materials and Methods

Life cycle assessment (LCA) is a method for analyzing and quantifying the environmental impacts of
producing a product or undertaking various activities [30]. This assessment considers the entire life cycle,
including the extraction or acquisition of raw materials, the production process, transportation, and the use,
maintenance, and distribution of the product. When considering the impact of the production process on the
environment, the ecosystem, and hygiene, as well as environmental problems, the quantities of energy and
raw materials used must be specified. The calculation must also include the amount of waste released into the
environment. The ultimate aim is to improve the product and production processes that have the least
environmental impact [31]. Carbon footprint analysis is a key indicator for mitigating environmental impacts.
The carbon footprint is based on LCA methodology, which focuses only on the effects of global warming
potential. The carbon footprint is defined as the total quantity of inputs within the system boundary used in
the process that affects the overall quantity of global warming (output). Currently, to meet ISO 14040 standard
requirements, the focus of this relies mainly on four requirements: 1) Definition of goals and scope, 2) Life
cycle inventory analysis, 3) Assessment of life cycle impacts, and 4) Life cycle interpretation.

2.1 The study's goal and scope are defined.

In assessing the carbon footprint from cultivating cassava, one must account for the potential GHG
emissions, which include estimated amounts of carbon dioxide (CO2), methane (CHs), and nitrous oxide (N20).
We evaluated these according to the model “Cradle to Farm Gate,” from the acquisition of raw materials
through production practices until the product was sold [32]. Therefore, this study aimed to evaluate the
reduction rate of GHG emissions by comparing global warming potential values over 100 years [33] from
cassava cultivation using either chemical fertilizers or liquid organic biofertilizers. This study was conducted
using 9 experimental plots with 3 replicates and various fertilizer applications (including a control), each plot
measuring 1600 m? in the northeastern region of Thailand. We followed the guidelines of ISO 14040:2006 and
calculated the carbon footprint of the material input, followed by Thailand’s IPCC methodology, to assess the
impacts (ISO 14040:2006, 2020). Finally, the results of the evaluation served as guidelines for cassava plantation
farmers to promote good cultivation practices that minimize environmental impact while maintaining product
quality. Data was collected from experimental plots during the 2023 planting season. Also, the harvesting data
from the cassava experimental plots were analyzed for variance to find the average value using Tukey’s
method and family error range, by using the yield data to analyze and compare how effective and different
the use of bio-fermented liquid from the fermentation process is compared to the use of chemical fertilizers
and no fertilizers (control), with a confidence level of 95%.

2.2 Functional unit.

The study units were the biomass yields of cassava roots from each experimental plot and the quantity
of fertilizer applied. These measures were used to calculate the annual quantity of carbon released by the
quantity of fertilizer. These measures, which calculated carbon emissions from planting cassava, served as a
unit of measure for evaluating the system's performance and were used to compare the relationship between
inputs and outputs, making it possible to assess the three different planting methods and estimate GHG
emissions [34]. The working units being compared are the same. Therefore, the functional unit used in this
study was 1000 kg of harvested cassava, excluding transport and biomass removal after harvesting.

2.3 System boundary.

The system boundary includes cassava cultivation activities and root crop harvesting, excluding
transportation to the sub-purchasing yard and removal of cassava residues. However, the system boundary
encompassed various approaches to obtaining the product [35], as illustrated in Figure 1.
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Figure 1. System boundary of cassava cultivation.

The carbon footprint is generally estimated by multiplying activity data by standard emissions factors
[35]. Data collection for carbon footprint analysis included primary data obtained from experimental plots.
Data collected from the three Cassava experimental plots were used to prepare an environmental life cycle
inventory. Secondary data were obtained from database sources in Thailand, including the Life Cycle
Database and carbon footprint databases, as well as related research that considered information similar to the
situation in Thailand. This information was supplemented by data from international organizations and
general publications, such as those by the IPCC. Normally, cassava cultivation relies on the addition of both
synthetic and organic fertilizers. The recommendations for using different fertilizer formulas depend on the
type of soil. In areas with sandy loam soil, a synthetic fertilizer with a formula of 15-15-15, applied at a rate of
100 kilograms per 1,600 m?, is recommended. Such an outcome is generally achieved by adding fertilizer as a
foundation, plowing for planting, and fertilizing the plants when they are about 2 months old or more. Non-
chemically synthesized biofertilizers are biodegradable and can serve as fertilizers [36]. Biofertilizers are
preparations that contain live or latent microorganisms. They are easy to handle, can be stored for a long time,
and are also effective as biological fertilizers. Biofertilizer formulas act as carriers for microorganisms,
transporting them from the production source to the soil in the plantation. [37] Liquid organic biofertilizer is
a sustainable and environmentally friendly agricultural technique. Using organic biofertilizer helps increase
crop yields, improve soil fertility, and enhance the nutrient content in the soil. Various organisms can be
utilized as organic biofertilizers to increase soil fertility without causing pollution from biodegradation. [38].
Therefore, the production of bioorganic fertilizer for cassava cultivation in experiments was conducted using
different amounts of cassava roots and molasses, supplemented with certified organic material and added
microorganisms (Actinomyces). Namely Bio-1: 1 kg of fresh crushed cassava root, 1 kg of molasses. Bio-2: 1
kg of fresh crushed cassava, 2 kg of molasses. And-Bio-3: 1 kg of fresh crushed cassava, 3 kg of molasses, as
materials for anaerobic bio-fermentation. All bio-fermented water is analyzed using a technique that examines
plant nutrients in bio-fermented water to determine primary and secondary nutrients, such as nitrogen, which
is digested and distilled, and then titrated with acid to measure the amount of nitrogen (Kjeldahl method). We
digest phosphorus with acid, color it, and measure it using a UV-visible spectrophotometer. Calcium,
magnesium, and potassium, as well as other cationic elements, can be digested with acid and then measured
with an atomic absorption spectrophotometer. A pH and conductivity meter directly measures the pH and
conductivity tests [39]. Liquid organic bio-fertilizer from fermentation process results and the values of the
Macronutrients obtained from the laboratory analysis, the bio-organic liquid fertilizer contains the
macronutrients in the amount that will be used for cultivation: Bio-3, contains 2.23 % of total macronutrients,
Bio-2 contains 0.89 % of macronutrients, and Bio-1 contains 0.72 % of macronutrients [40]. Spraying liquid
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organic biofertilizer both through the roots and through the leaves will begin when the plants have been in
place for 2 months or more, similar to the application of chemical fertilizers. In this trial, the cassava cultivation
in both experimental plots had sandy loam soil. The soil analysis revealed the following characteristics from 9
experiment plots before planting cassava: most of the soil in all plots was highly acidic, with an average pH of
4.98, and the average potassium content across all plots was 18.83%. As for organic matter (OM) in the soil
from the analysis results, all soils are at low levels with an average of 1.2% and the suitable soil for cassava
cultivation should be 1.5 - 2.5% (Land Development Department, referring to OM, Walkley and Black). Only
phosphorus (P,Os) is available in high quantities, especially in the soil of the cassava experiment plot 1, which
is as high as 31%. Therefore, an appropriate median phosphorus value for cassava cultivation plots is 11-15%
(Land Development Department, referring to Available P, Bray II). pH 4.98, organic matter 1.12%, phosphorus
18.83%, and potassium 29.33% [41].

The synthetic fertilizer usage for the synthetic fertilizer plot (Treatment B) was 46-0-0, 15-15-15, and 0-
0-60 at a total quantity of 100 kg per 1600 m? [42]. The liquid organic biofertilizer plot (experimental plot C)
received 100 liters of liquid organic fertilizer per 1600 m?, while Treatment A applied no fertilizers (Control
plot). We applied chemical fertilizer and liquid organic biofertilizer to the soil when cassava had been planted
for 2, 3, and 4 months, and harvested the product 12 months later. The cultivation activities of cassava remain
consistent, except for the types and amounts of fertilizer applied. (1) Fuel and other petrol use. We used a
tractor to plow the soil in the planting plots. We plowed furrows to plant cassava stems and remove fresh
cassava roots. Diesel was mainly used. At 1 rai per hour, it has a fuel consumption rate of approximately 1.5-5
liters per rai (T1, T2, T3). Tillage the cassava experimental plots. Cassava cultivation does not involve tillage
to reduce soil compaction, as cassava is sensitive to growth in compacted soil with poor water drainage. The
procedure restores the physical and chemical properties of the soil to their original state while also enhancing
the soil's potential to improve the stability of the soil structure in the plot. Then, cassava can be grown without
tillage, allowing the plant to grow optimally and produce the desired yield while maintaining the physical
properties of the soil [43].

- Raise the ridges to plant cassava stalks in every experiment plot. Raise the ridges to plant cassava, as
the rainy season floods the area. Plow the planting furrows with a height of 30-40 centimeters and a distance
between furrows of 100-120 centimeters to drain water and facilitate weeding and harvesting [44]. The
planting area is raised to form a ridge, allowing for efficient drainage and preventing water retention. This
prevents the cassava roots from absorbing oxygen, which can cause fungal diseases and limit nutrient
absorption [45].

(2) And, no fertilization activities were performed in the control plots (TA)

(3) Chemical fertilizer application (TB). Cassava plants were fertilized 2 months after planting, and
the soil in the cassava plantation was fertilized three times:

- Ist apply fertilizer formula 46-0-0, 25 kg,

- 2nd apply fertilizer formula 15-15-15, 50 kg,

- 3 apply fertilizer formula 0-0-60, 25 kg,

(4) The experimental plot (TC) serves as the testing ground. An aerobic fermentation process produces
liquid organic fertilizer. The process employs a solid fermentation technique that utilizes cassava roots left in
the field after previous harvests as the raw material for fermentation. It is ground and dipped into a stirred
fermentation tank, and actinomycete microorganisms are added. Molasses is used as a carbon source, and
specific organic materials are utilized as culture media to produce liquid bio-fermented water, which is used
in cassava cultivation. The electricity in the fermentation process, both stirring and electrolysis, comes from
solar panels. The selected microbial strains are bacteria that are efficient in decomposing agricultural products
or waste, and there is also a beneficial Aspergillus fungus. Liquid organic biofertilizer from the three reactor
tanks process was collected and sprayed on the soil 3 times after planting cassava in the 2nd, 3rd, and 4th
months:

- 1+t soil spray with Bio formula .25-.02-.45, 20 L [06].

- 2nd s0il spray with Bio formula .25-.04-.60, 30 L [06].

- 31 soil spray with Bio formula .20-.83-1.2, 50 L [06].

(5) Herbicide is used to control weeds with chemicals. We can classify the chemicals for weed control
into two categories based on the duration of their use: 1) use of pre-emergence herb control chemicals,
sometimes called control agents or contraceptives, using chemical sprays (500 cc) as soon as cassava planting
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is finished or no more than 3 days before weeds and plants germinate, and 2) chemicals to control weeds after
emergence (weed killer), using herbicides when the cassava is more than 4 months old (T1, T2, T3) and the
stem is more than 70 centimeters tall [46].

(6) Harvesting cassava products. When it's time to harvest fresh tubers for sale to the sub-purchasing
yard, the harvesters gather cassava. Agricultural machinery is used to dig up cassava roots, and labor is used
to collect cassava production [47].

2.4 Impact of the emission factor.

Emission factor values are associated with emissions. Precise information on EF is crucial for
estimating emissions from a given system, as outlined in the guidelines provided by the IPCC report. We
express EF by dividing the weight of a specific gas by the unit weight, volume, distance, or duration of the
polluting activity. This study is based on a methodology for evaluating emissions and emission factor values,
as outlined in guidelines for the carbon footprint of products. The evaluation of life cycle results in this
experiment suggests the possibility of global warming over the next 100 years, focusing solely on the quantities
of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N20O) that will be emitted. We adjusted the global
warming potential (GWP) over 100 years in 2021 to align with the country's GHG emissions assessment. The
GWPs of CO2, CHs, and N20 are 1, 28, and 265. GHG emissions to the atmosphere as kg COze were calculated
according to the following formula: Equation 1

CF = Y.(Activity data; x EF;) 1)
Where:
CF = Carbon footprint (kg COzeq)
Activity data = Quantity of input or activity (e.g., kg of fertilizer, liters of fuel)
Emission factor = Emission factor for each input/activity (kg CO.eq per unit), as

shown in Table 3.

Table 3. Thailand National Database emission factor (IPCC).

Items Unit EF* (kg COzeq/unit)
Urea fertilizer as N (46-0-0) kg 3.3036
Fertilizer as K20 (0-0-60) kg 0.4974
Fertilizer as N, P, K (15-15-15) kg 1.5083
Cassava kg 0.0489
Molasses kg 0.1381
Diesel kg 0.3522
Gasoline kg 0.4024
Glyphosate kg 16.0000

Source: (TGO.; Thailand Greenhouse Gas Management Organization) [17]

3. Results and Discussion
3.1Life cycle inventory of cassava cultivation.

The carbon footprint of cassava cultivation was evaluated across 9 treatment plots (1600 m?/plot),
where the 1st treatment plot served as the control (T1), the 2nd treatment applied synthetic fertilizer (T2), and
the 3rd treatment applied liquid organic biofertilizer (T3), with three replicates (n =3). The evaluation of carbon
emissions included soil preparation, planting, fertilizing, weed control, and harvesting. The data were
gathered from the experiments, and to assess GHG emissions, only the average inputs from planting and
harvesting cassava were considered for the results in each experiment. The collection of environmental
inventory data used to evaluate the carbon footprint from cassava cultivation in Chaiyaphum Province,
Thailand, was conducted during planting activities using the KU-50 cassava variety in 1,600 m? experimental
plots. We studied the data obtained from the experimental plots. The control plots yielded an average of 1658
kg/1600 m?, using chemical fertilizers produced a yield of an average of 3552 kg/1600 m? and using
biofertilizers produced a yield of an average of 7605 kg/1600 m?2. The list of acquisitions of 1000 kg of cassava
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was analyzed, and the weight of fresh cassava roots per area was taken from the average weight of each
experimental cassava planting plot. In summary, the results showed that the plot using liquid organic
biofertilizer (Bio-1, 2, 3) had the best effect on total yield and was significantly different from the other planting
methods (P < 0.05), as indicated in Table 4.

Table 4. Average cassava root yields per experiment plot.

Treatment Applied Root yield Root yield Root yield Average root
(kg, L/rai) Ry, (kg /rai) Ro, (kg /rai) Rs, (kg /rai) yield (kg /rai)
Control (T1) 0-0-0 1520 1488 1968 1658.67¢
Che-Fertilizer (T2) 100 kg 4496 3008 3152 3552.00P
Biofertilizer-1,2,3 (T3) 100 L 8336 6864 7626 7605.332
Mean = 4272
P =0.000 ot

Note*** = statistically highly significant difference (P < 0.000); Different letters labeled in the same column
showed statistically highly significant differences (P <0.000) using Tukey’s family error range test.

Cassava will be planted using three methods: a control plot, chemical fertilizers, and organic liquid
fertilizers, with each method applied three times. Apply chemical fertilizers and liquid organic biofertilizers
to cassava plants 45 days after planting, using chemical fertilizers at a rate of 100 kg per rai and biofertilizers
at a rate of 100 Liters per Rai. This approach will evaluate the planting activities until the cassava harvest,
including the yield rate, which affects greenhouse gas emissions. Preliminary results: The plot using
biofertilizers (T3) produced root yield at a rate of 7.6 tons/rai and increased by 114% compared with the plot
using chemical fertilizers (T2) and 358% compared to the control plot (T1).

Carbon Footprint (CF) from cassava cultivation, control, nitrogen fertilizer, and biofertilizer plots.

Calculation of carbon footprints from cultivation to estimate greenhouse gas emissions associated
with various activities from cassava cultivation to harvest, considering emissions from land preparation,
fertilizer use, herbicides, and energy (machinery) use, to use data for life cycle assessment (LCA) framework,
considering emissions from all steps from cultivation to final harvest. The amount of pollutant emissions from
plowing the ridges and harvesting in cassava plantation areas is expected to be affected by the use of pollutant
factors, including the type of fuel used for land preparation machinery and fuel consumption of 4.5 liters.
Emissions related to the production of glyphosate, a weed control chemical, and the burning of weeds that
have already sprouted in cassava fields, with an average of 1 liter used. In control plots, gasoline is used in
sprayers, with no electricity used, and the average consumption is 5 liters. The calculations indicate that 1000
kg of cassava can produce 11.80 kg COzeq, and CF/ton is calculated from (4.5 x 0.3522) + (5 x 0.4024) + (16 x 1)
/1.658 = 11.80, and the carbon footprint of the total yield was 19.60 kg COzeq, and CF/yield is calculated from
(4.5x0.3522) + (5 x 0.4024) + (16 x 1) =19.60, as shown in Table 5.

Table 5. Life Cycle Inventory (LCI) data of cassava root production with Control plot (T1), (1658 kg/1600 m?2).

Carbon footprint

Control plot Quantity Source Use Total
(kg/1600 m?)
(kg COz2eq) (kg COzeq) (kg COzeq)

2nd month, no fertilizing 0 0 0 0
3 month, no fertilizing 0 0 0 0
4% month, no fertilizing 0 0 0 0
Fuel — Diesel (Land prepare & harvest) 4.50 1.58 - 1.58
Gasoline (Spray herbicide) 5.00 2.01 - 2.01
Glyphosate (Weed killer) 1.00 16.00 - 16.00
Total 19.60 19.60

Total (kg CO2eq/1000 kg) 11.80 - 11.80
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In the control plot, the use of glyphosate herbicide in cassava cultivation was evaluated against the
yield per ton and total yield, and the results indicated that it affected greenhouse gas (GHG) emissions by
49.24% and 81.63%, respectively, of the average yield and total yield from the plot, as shown in Figure 2.

Control Treatment

49.24%
Glyphosate .
81.63%
6.19%
Gasoline ’
10.26%
. 4.86%
Fuel Diesel
8.06%

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00% 80.00% 90.00%

B CO2eq/1000 kg W CO2eq/yields

Figure 2. The contribution to the carbon footprint from the weight of 1000 kg and total yields of the unfertilized plot.

The degradation and absorption of chemicals into soil and water can generate nitrous oxide (N»O), a
greenhouse gas that affects the ecosystem and biodiversity.

Chemical fertilizers (TB).

Preparing the land: It is estimated that plowing and harvesting in cassava fields release 4.5 liters of
pollutants for every 1,600 m? based on the type of fuel used by the machinery and the amount of fuel
consumed. Fertilizing: A total of 100 kg of nitrogen fertilizer is used for cultivation, including the formulas 46-
0-0, 15-15-15, and 0-0-60. Herbicides: We use glyphosate, a weed control chemical, to burn weeds that have
already sprouted in the cassava fields. We use an average of 1 liter per 1600 meters. Sprayers and weed sprays
consume an average of 5 liters of gasoline.

A total of 51.83 kg CO2eq / 1000 kg of cassava weight, and CF/ton is calculated from: (0.46x3.3036) +
(55x0) =1.5196 x 25 =37.9914 + (0.15x3.3036) + (0.15x1.5716) + (0.15x0.4974) + 0.55x0 = 0.8059 x 50 = 40.29 + (0.60x0.4974)
+ (40x0) = 0.29844 x 25 = 7.461 + (0.46x25/100) x 44/28 = 0.1807142857 x 265 = 47.8892857105 + (0.15x50/100) x
44/28 = 0.1178571429 x 265 = 31.2321 + (0.3522x4.5 = 1.5849) + (0.4024x5 = 2.012) + (16x1=16) /7.605 = 52.07).

And carbon footprint of total yield was 184.44 kg COzeq, which CF/yield is calculated from: (0.46x3.3036) +
(55x0) =1.5196 x 25 = 37.9914 + (0.15x3.3036) + (0.15x1.5716) + (0.15x0.4974) + 0.55x0 = 0.8059 x 50 = 40.29 + (0.60x0.4974)
+ (40x0) = 0.29844 x 25 =7.461 + (0.46x25/100) x 44/28 = 0.1807142857 x 265 = 47.8892857105 + (0.15x50/100) x 44/28 =
0.1178571429 x 265 = 31.2321 + (0.3522x4.5 = 1.5849) + (0.4024x5 = 2.012) + (16x1=16) = 184.44), as shown in Table 6.

Table 6. Life Cycle Inventory (LCI) data of cassava root production using synthetic N, P, and K fertilizer (T2),

(3552 kg/1600 m?).
Quantity Carbon footprint
Chemical fertilizer (N, P, K) (Kg, L/1600 m?, Source Use Total
T2n,25) (kg CO2eq) (kg CO2eq) (kg CO2eq)
2nd month, apply 46-0-0 25 37.99 47.88 85.87
34 month, apply 15-15-15 50 40.29 31.23 71.52
4t month, apply 0-0-60 25 7.461 - 7.46
Fuel - Diesel & 35 hp, tractor usage (hr.) 4.5 1.58 - 1.58
Gasoline 5.0 2.01 - 2.01
Glyphosate 1.0 16.0 - 16.00
Total 105 79 184.4
Total (kg CO2eq/1000 kg) 29.60 22.23 51.83

Note: All three chemical fertilizer formulas are used in different quantities.



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e257702. 11 0f 17

The carbon footprint of 1000 kg of cassava roots produced using chemical fertilizers is
approximately 51.83 kg CO,eq/1000 kg of cassava yield, which relates to chemical fertilizer application and

was as high as 25.17 percent, on average, as shown in Figure 3.

Synthetic fertilizer

- 2.44%
ciyproute | —
0.31%
.
asoline L 1.09%
Fuel Diesel L‘”""‘"
. 1.14%
K20 (0-0-60) hwm
NPRA15-19 h
38.78%
N0 h
46.56%

0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00% 45.00% 50.00%

mC02q/1000 kg W CO2eqlyields

Figure 3. The contribution to the carbon footprint from the weight of 1000 kg and the total yields of cassava roots
when using chemical fertilizers.

The use of chemical fertilizers in cassava production is a significant contributor to the overall carbon
footprint of cassava cultivation, particularly in the production and application of synthetic fertilizers. Nitrogen
fertilizers are a significant source of greenhouse gas emissions, accounting for 85.34% of the total emissions
from cassava yield, which was 184.44 kg COzeq.

Liquid organic biofertilizer was applied to the plots.

Land preparation: The 35 HP tractor is used to plow the ridges and harvest in cassava plantation areas
to estimate the effect of using pollutant factors of fuel used for land preparation machinery and fuel
consumption of 4.5 liters per 1600 m2. Biofertilizer application: Using liquid organic biofertilizers with low
plant nutrient content will result in a lower carbon footprint compared to synthetic fertilizers, potentially
significantly reducing greenhouse gas emissions. The production of organic biofertilizers can help reduce
greenhouse gas emissions. The biofertilizers used in cassava cultivation are produced using a developed
fermentation process that lowers the cost of compost material and reduces energy consumption during
biofertilizer production. Apply 100 liters per 1600 m? experiment plot. Moreover, the raw materials used to
make biofertilizers are as follows:

Bio-1 uses 1kg of cassava + 1kg of molasses.
Bio-2 uses 1kg of cassava + 2kg of molasses.
Bio-3 uses 1kg of cassava + 3kg of molasses.

Herbicides, such as glyphosate, a weed control chemical, are used, and weeds that have already
sprouted in cassava fields are burned, typically using an average of 1 liter.Energy use: Gasoline emissions for
use in sprayers in the control plot and no electricity use, averaging 5 liters. A total of 2.74 kg COzeq / 1000 kg
of cassava weight, and CF/ton is calculated from: (0.0489x9) + (0.1381x6) + (0.3522x5) + (0.4024x4.5) + (16x1)/7.605 =
2.80. The carbon footprint of the total yield was calculated to be kg CO2eq, as well as CF/yield, which is
calculated from: (0.0489 x 9) + (0.1381 x 6) + (0.3522 x 6.5) + (2.02 x 5) + (16 x 1) = 20.85, as shown in Table 7.
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Table 7. Life Cycle Inventory (LCI) data of cassava root production in liquid organic biofertilizer applications
(T3) (7605 kg/1600 m?).

Carbon footprint

Biofertilizer (N, P, K) Quantity Source Use Total
(L/1600 m?)
(kg CO2eq) (kg COzeq) (kg CO2eq)

2nd month, spray bio-1, 0.25-0.02-0.45 20 0.28 - 0.28
3rd month, spray bio-2, 0.25-0.04-0.60 30 0.42 - 0.42
4% month, spray bio-3, 0.20-0.83-1.20 50 0.56 - 0.56
Fuel Diesel (soil preparation & harvest) 4.5 1.58 - 1.58
Gasoline (spraying herbicide) 5.0 2.01 - 2.01
Glyphosate (weed control) 1.0 16.0 - 16.0
Total 20.85 - 20.85
Total (kg CO2eq/1000 kg) 2.74 - 2.74

Note: All three formulas of liquid organic biofertilizer are made from cassava roots and molasses fermented
in different quantities.

The carbon footprint of cassava grown in a sandy loam soil plantation, using liquid organic bio-
fertilizer and sprays, yielded approximately 2.74 kg CO,eq (0.79%/ton) for every 1000 kg produced per 1600
m?, which is lower than that of other planting materials used in the plot, as shown in Figure 4.

Biofertilizer

~ 10.09°
Clyphosate — 7674
76.74%
. 1.27%
Gasoline
9.64%

Fuel Diesel

.35%
Bio-3, (0.20-0,83-1.20) u ’
2.69%

,26%

Bio-2, (0.25-0.04-0.60) H 2010

Bio-1,( 0.25-0.02-045) I“i““

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00% 80.00°% 90.00%

W CO2eq/1000kg W CO2eq/yields

Figure 4. The contribution to the carbon footprint from the weight of 1000 kg of cassava roots when using
liquid biofertilizers.

Using liquid organic biofertilizers in cassava cultivation can help reduce carbon emissions when
compared to the total weight of cassava roots per area. The greenhouse gas emissions from liquid organic
biofertilizers per 1,600 m of cassava production are 20.85 kg COq (6.04%). The emissions are related to production, which is
the main factor affecting the overall carbon stock of cassava cultivation.
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Figure 5. Total contribution of carbon footprint fertilizers.

3.2 Life cycle inventory results and discussion.

The carbon footprint of cassava cultivation from "cradle to farm-gate" for the TA, TB, and TC methods,
as well as the carbon footprint associated with cassava root yield, was 11.80 kg CO2eq/1000 kg, 51.83 kg COzeq
/1000 kg, and 2.80 kg CO2eq/1000 kg, respectively; this was observed in an experimental design that varied
fertilizer types and amounts. The carbon footprint in cassava cultivation is primarily attributed to the use of
chemical fertilizers, which release N,O gas during their production and application. Cassava cultivation using
chemical fertilizers (TB) still significantly impacts approximately 89% of the carbon footprint on cassava yield.
On the other hand, the yield of TB cassava was only 50% higher than that of TA and 50% lower than that of
TC. At the same time, the cultivation cost was higher than that of all other cultivation methods, and the impact
of greenhouse gas emissions was greater than that of other plantations. The carbon footprint of cassava
cultivation treatment A (control) with no fertilizing and harvesting of yields, evaluated in kg CO2eq per 1000
kg, was 11.80. B, including cultivation and harvesting of yields, was evaluated in kg CO,eq per 1000 kg and
was 51.83. The carbon footprint of cassava cultivation treatment C, including cultivation and yield harvesting,
was 2.80 kg CO,eq/1000 kg of root product. The impact of global warming potential varied depending on the
type of fertilizer used, and a significant increase in yield was observed. This means that using chemical
fertilizers in cassava cultivation will increase the quantity of GHG emissions every year. The use of liquid
organic biofertilizers is considered to have minimal GHG emissions. A more carbon-neutral strategy would
be to switch from synthetic to liquid organic biofertilization of cassava crops. Furthermore, yields were
increased when using liquid organic fertilizers, demonstrating the advantages of this type of fertilizer, which
has a significantly reduced environmental impact. This study was conducted over a single growing season in
a specific region of northeastern Thailand, which may limit the generalizability of the findings to other regions
or agricultural conditions. We did not thoroughly analyze the economic feasibility and supply chain
constraints of liquid organic biofertilizers, particularly in terms of production costs, scalability, and farmer
accessibility. These limitations suggest that, while promising in terms of environmental benefits, broader
adoption would require further study across multiple seasons, agro-climatic zones, and economic contexts.
However, we must adopt a sustainable approach to reduce production costs without compromising the
environment.

Liquid organic bio-fertilizers can vary significantly in nutrient concentrations and are pricier than
chemical fertilizers. Large-scale and prolonged use can accumulate salts, nutrients, and heavy metals, which
can have adverse effects on plant growth, soil organism development, water quality, and human health. Large-
scale use of organic bio-fertilizers is necessary for the soil because they contain fewer nutrients than chemical
fertilizers. Primary nutrients may not be sufficient for plant growth and development, and nutrient
deficiencies may occur, which are caused by low transfer of primary and secondary nutrients. To overcome
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the limitations of liquid organic biofertilizer production, low-cost techniques should be employed. For
instance, liquid organic biofertilizer can be made from inexpensive cassava roots and supplemented with
organic nutrients, such as those obtained through aerobic fermentation processes, which can help reduce CH,
emissions. Collecting the remaining cassava roots in the field after harvest, instead of letting them decompose
naturally (anaerobically), crushing them, and fermenting them in an aerobic reactor tank to produce an organic
liquid biofertilizer, can reduce CH, emission during decomposition. Clean energy sources, such as solar
panels, operating at low DC voltage, should be considered to create a redox balance reaction by producing
reduced carbon compounds (fermentation) and reducing electricity use in biofertilizers.

4. Conclusions

From a study of the carbon footprint of cassava, calculated per 1000 kg of cassava yield, the scope of
the study encompasses the entire process, from acquiring raw materials through cultivation and harvesting to
the production of the final product. This study was conducted in nine planting plots, each of 1600 m?, in the
Khon Sawan District, Chaiyaphum Province. This study found that planting cassava using chemical fertilizers
resulted in an average cassava yield of approximately 3,552 kg per 1,600 m2. The carbon footprint analysis
results for fresh cassava were estimated to be approximately equal to 51.83 kg CO,eq/1,000 kg and 184.4 kg
CO4eq/1,600 m? of planting area. Meanwhile, the treatment using organic liquid biofertilizers yielded an
average cassava yield of approximately 7,605 kg/1,600 m2. The carbon footprint analysis results for fresh
cassava were estimated to be approximately equal to 2.74 kg CO,eq/1,000 kg. The total per area was 20.85 kg
CO2eq/1600 m?2. Considering the carbon footprint from Thailand’s average cassava planting area of
13,064,186,880 m? in 2018-2022, chemical fertilizer applications would result in GHG emissions equivalent to
1,505,647,537 kg COeq/year. Using liquid organic biofertilizer would result in a much lower GHG emissions
rate of 170,242,685 kg COzeq/year. Therefore, experimental plots with cultivation methods using chemical
fertilizers have the highest GHG emissions over the entire life cycle. Meanwhile, liquid organic biofertilizers
and fertilizers have the lowest GHG emissions. Therefore, liquid organic biofertilizers that use agricultural
waste materials would significantly reduce cassava’s carbon footprint. In addition, the yield of cassava using
liquid organic biofertilizers alone has been shown to increase by over 2 times that when using chemical
fertilizers alone. Hence, liquid organic biofertilizers from agricultural products have high economic and
environmental value, reduce the cost of agricultural crop production, are less harmful to people than inorganic
fertilizers, reduce pollution, and improve soil fertility without the accumulation of heavy metals and long-
term residues from biodegradation, resulting in higher yields while having less impact on the environment.
However, nationwide implementation would face challenges related to scalability, cost-effectiveness, farmer
acceptance, and the development of the supply chain. These factors must be addressed to realize the full
potential of GHG reduction at the national level.
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1. Introduction

Napier grass, scientifically known as Pennisetum purpureum, originates
from the African region and belongs to the Gramineae family[1-3]. It is also
commonly referred to as Napier Grass or Elephant Grass. Napier grass is widely
cultivated due to its large stems and leaves, which provide high nutritional value
for animal feed. It grows rapidly, has a high yield per acre, and can be harvested
year-round for 5-7 years per planting cycle. It thrives well in tropical climates, is
a perennial plant with clump-forming and erect stems, and propagates through
cuttings similar to sugarcane. There are several varieties of Napier grass,
including the common Napier and hybrid varieties. When fully grown, the grass
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can reach a height of up to 4 meters and can form dense clumps. Commonly studied and cultivated varieties
include Giant Napier (Pennisetum purpureum x P. glaucum Hybrid cv. King grass), Pakchong 1 (Pennisetum
purpureum x P. glaucum Pakchongl), and Alfalfa Napier (Pennisetum purpureum x P. glaucum Hybrid),
which, at 45 days of growth, have volatile solid contents of 21.4%, 18.2%, and 23.0%, respectively [2, 4, 12]
Additionally, another variety, the Dwarf Napier (P. purpureum), has been studied and found to have a total
solid content of 23.1% per fresh weight, volatile solid content of 21.5% per fresh weight, and a carbon-to-
nitrogen ratio of 59.1:1 [1, 3, 8]. Based on these characteristics, Napier grass is suitable for microbial
degradation processes, serving as a substrate for ethanol production. Research indicates that the ethanol yield
from Napier grass after microbial degradation, following pretreatment, ranges between 6 and 45 g/L,
depending on various production system factors [3, 7, 14]. Napier grass, also known as Elephant Grass,
originates from the African region and belongs to the Poaceae (formerly Gramineae) family. This grass is
widely cultivated due to its high nutritional value, making it an excellent source of animal feed, thanks to its
large stems and leaves. Additionally, Napier grass thrives well in tropical climates, grows in clumps, and
propagates through cuttings similar to sugarcane. Napier grass is primarily composed of cellulose,
hemicellulose, and lignin, which are resistant to degradation. Cellulose is a polysaccharide chain consisting of
D-glucose units linked by (3-1,4 glycosidic bonds, containing over 10,000 glucose units. Hemicellulose is a
branched polysaccharide composed of various sugars, including hexoses (glucose, galactose, and mannose)
and pentoses (xylose and arabinose). Lignin, an organic polymer consisting of phenylpropane units, exceeds
10,000 units and acts as a binding agent for cellulose and hemicellulose fibers, contributing to the structural
rigidity and resistance to degradation of the grass [2]. Pretreating Napier grass before converting it to biogas
is crucial to breaking down its rigid lignocellulosic structure, allowing enzymes or microorganisms to access
and digest it more easily. Pretreatment methods include chemical (acid-alkaline), biological, thermal, and
combined treatments. Chemical pretreatment (acid-alkaline) is particularly effective for rapid structural
breakdown. This research aims to determine the optimal conditions for decomposing Napier grass and
maximizing the efficiency of preliminary lignocellulose analysis, as well as the total dissolved solids, reducing
sugar content, and total sugar content [3, 6]. This knowledge will enhance the process of ethanol production
from Napier grass [4-5]. Therefore, the objective of this research is to investigate suitable conditions for the
decomposition of Napier grass to achieve maximum efficiency in analyzing the preliminary lignocellulose
content, total dissolved solids, reducing sugar content, and total sugar content. This study aims to advance the
potential of ethanol production processes from Napier grass.

2. Materials and Methods

2.1 The preparation of Napier grass

The Napier grass should be cut into pieces of 4-5 cm. Then, it should be dried in an oven at 70 °C for
48 hours. After drying, the grass should be finely ground using a sample grinder. The ground material should
be sieved using an automatic sample sieving machine to ensure the particle size is less than or equal to 125
microns. Finally, the sieved grass powder should be packed in plastic bags and stored in a desiccator at room
temperature to maintain its dryness [3, 5-6].

2.2 The determination of the Moisture Content of Napier Grass

Fresh Napier grass, aged 5 years, is chopped into small pieces, approximately 1-2 cm long, using a
knife. A portion of the sample is used to study the moisture content by drying the container in an electric oven
at 105°C for 2-3 hours for moisture determination. Then, remove the container from the hot air oven and place
itin a desiccator. After that, weigh the sample and dry it again in the same manner as in step 1, until the weight
difference between the two consecutive weighings is no more than 1-3 milligrams. Weigh the treated sample
accurately to a known weight and place it in a moisture determination container of known weight. Then, dry
it in an electric oven at 105°C for 5-6 hours. Please remove it from the oven and place it in a desiccator. After
that, weigh the sample, dry it again for approximately 30 minutes, and repeat the process until the weight
difference between the two consecutive weighings is no more than 1-3 milligrams. Calculate the moisture
content using the formula according to equation 1 [7-9]. A portion of the Napier grass sample is used to
determine the yield, standard wet basis moisture content (as per equation 2), and standard dry basis moisture
content (equation 3) [10-11]. This is done by weighing the sample with a four-decimal-place balance to record
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the initial weight. Then, the sample is dried in a hot air oven at 105°C for 24 hours. The experiment was
performed in triplicate [6,12].

100x(Initial sample weight—Final sample weight)

Moisture content (%) = 1
( 0) Initial sample weight ( )
, . 100x(Weight of water in sample
Wet basis moisture content (%) = Weight of ple) ()
Total weight of sample
. . 100x(Weight of water in sample
Dry basis moisture content (%) = Wetght of ple) 3)

Weight of dry matter sample

2.3 Study on Optimal Conditions for Napier Grass Pretreatment

The sample was analyzed for initial lignocellulosic content, then pretreated using a 0.5% sulfuric acid
solution and a 0.5% sodium hydroxide solution at temperatures of 80, 100, 120, and 140°C for durations of 30
and 60 minutes. The pretreated samples were analyzed for initial lignocellulosic content, total dissolved solids,
reducing sugars, and total sugars. The best pretreatment conditions were selected based on these analyses.
The selected pretreated sample was then subjected to microwave treatment at 700 watts for durations of 5 and
15 minutes. Cellulase enzyme was added at concentrations of 10 and 20 U for 48 hours. Samples were collected
every 2 hours to measure total dissolved solids, total sugars, and reducing sugars [5,19]. The experimental
data were then statistically analyzed to determine the optimal conditions. The experiments were conducted in
triplicate to ensure accuracy and reliability.

2.4 Analysis of Reducing Sugars and Total Sugars

2.4.1 Analysis of Reducing Sugars

The sample solution was pipetted into a test tube at 1 milliliter. DNS reagent was added 1 ml to the
test tube. The mixture samples were heated in a boiling water bath at 100°C for 10 minutes. The test tube was
immediately cooled by placing it in an ice bath. Add 10 milliliters of distilled water to the cooled mixture. The
absorbance of the resulting solution was measured at 540 nanometers using a spectrophotometer. The
experimental results were compared to a standard curve prepared using glucose solutions with concentrations
ranging from 0 to 2.0 mg/mL [5, 10, 16].

2.4.2 The analysis of total sugar content

The total sugar content is measured by preparing a sample with varying concentrations of glucose
solution (1 mL each), adding a 5% phenol solution (1 mL), and mixing thoroughly using a Vortex mixer. Then,
5 ml of concentrated sulfuric acid is added and left to stand for 10 minutes. After that, the sample is incubated
in a water bath at 30 °C for 20 minutes. The absorbance at 490 nanometers is then measured. The standard
graph of sugar concentration versus absorbance values is then created on these measurements [5, 15, 17-18].

3. Results and Discussion

3.1 Yield results obtained from Napier grass

The experiment investigated the yield (%) of Napier grass by cutting it into 4-5 cm pieces and then
drying it at 70°C for 48 hours. Subsequently, the grass was finely ground and sieved to a particle size of <125
microns using automated grinding and sieving equipment. The experiment yielded an average production
of 6.81 +2.98% of fresh Napier grass, indicating the maximum production achievable through chemical
processing. The study demonstrated the potential to enhance the yield efficiency of Napier grass through
controlled temperature and precise timing, coupled with automated grinding and sieving, ensuring reliable
and accurate data. Therefore, this study is crucial for developing more efficient production processes for
Napier grass in the future.

3.2 Moisture content of Napier grass

The study on the moisture content of Napier grass includes both the standard dry basis moisture
(%db) and wet basis moisture (%wb). Fresh Napier grass was partially cut into pieces approximately 1-2 cm
in size and oven-dried in containers at 105°C for 2-3 hours. Subsequently, the samples were removed from the
oven and placed in desiccators to cool, after which they were weighed to determine their moisture content.
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This process was repeated until the weight difference between consecutive weighings did not exceed 1-3
milligrams. Samples adjusted to a precise weight were then oven-dried in an electric oven at 105°C for 5-6
hours. After removal from the oven, they were placed in desiccators to cool and be weighed. This oven-drying
process was repeated in 30-minute intervals until the weight difference between consecutive weighings did
not exceed 1-3 milligrams. The moisture content was calculated according to the standard formula. The results
indicate that the standard dry basis moisture content of Napier grass is 93.19 + 3.45%, and the wet basis
moisture content is 1.21 + 0.36%.

3.3 Results of the optimal conditions for Napier grass pretreatment and saccharification

This study investigated the optimal conditions for decomposing Napier grass using 0.5% sulfuric acid
and 0.5% sodium hydroxide solutions. The experiments were conducted at four different temperatures —80,
100, 120, and 140°C—for durations of 30 and 60 minutes. The results showed that, as both temperature and
treatment time increased, the lignocellulosic content, total reducing sugars, and total sugars in the solubilized
solids also increased. These results effectively stimulate the decomposition process of Napier grass, enhancing
its efficiency. The analysis results of cellulose, hemicellulose, and lignin content from Napier grass treated
with 0.5% sulfuric acid solution at temperatures of 80, 100, 120, and 140°C for 30 minutes showed that
untreated Napier grass had cellulose, hemicellulose, and lignin contents of 33.19 + 5.65%, 43.24 + 7.29%, and
12.32 + 2.33%, respectively. Treated at 80°C, the contents were 40.65 + 2.62%, 20.65 + 3.65%, and 6.98 + 1.69%,
respectively. At 100 °C, the contents were 51.18 + 5.36%, 19.65 + 1.98%, and 5.32 + 1.52%, respectively. At 120
°C, the contents were 64.22 + 5.32%, 12.63 + 2.06%, and 2.1 + 0.98%, respectively. At 140°C, the contents were
75.39 + 5.95%, 9.65 + 2.25%, and 1.95 + 1.29%, respectively, as shown in Figure 2. All conditions showed
statistically significant differences at a 95% confidence level (P < 0.05), as shown in Table 1. The treatment
temperature with 0.5% sulfuric acid had a statistically significant effect on the cellulose content in Napier grass
at the 95% confidence level (P = 0.000252). The F value (17.88) was higher than F crit (3.89), confirming that the
difference between each temperature group was significant. Therefore, it can be concluded that increasing the
treatment temperature had a clear effect on the change in cellulose content in Napier grass. The findings
underscore the effectiveness of 0.5% sulfuric acid treatment in enhancing cellulose enrichment and reducing
hemicellulose and lignin content in Napier grass. These results are pivotal for advancing biomass conversion
technologies, particularly in biofuel production and biorefinery processes. Future studies could further
explore optimal treatment conditions and scale-up strategies to maximize the efficiency and sustainability of
biomass utilization in industrial applications.

Table 1. Analysis of Variance in Cellulose Content (%) of Napier Grass Treated with 0.5% Sulfuric Acid for
30 Minutes at Various Temperatures.

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 5789.99 2 2894.99 17.88 0.000252* 3.89
Within Groups 1943.38 12 161.95

Total 7733.37 14
Note*: Cellulose content (%) of Napier grass treated with 0.5% sulfuric acid by volume at temperatures of 80,
100, 120, and 140 °C for 30 minutes differs significantly statistically at a confidence level of 95% (P < 0.05).

The analysis of cellulose, hemicellulose, and lignin content from Napier grass treated with 0.5%
sulfuric acid at temperatures of 80°C, 100°C, 120°C, and 140°C for 60 minutes yielded the following results: At
80°C: Cellulose content was 45.33% + 5.35, hemicellulose was 17.32 + 5.22%, and lignin was 4.33+1.95%. At
100°C: Cellulose content increased to 58.65 + 4.66%, hemicellulose decreased to 12.32+2.65%, and lignin
decreased further to 2.11+ 0.39%. At 120°C, Cellulose content continued to increase to 72.98% + 6.32,
hemicellulose decreased to 7.65+ 2.63%, and lignin decreased significantly to 1.03 + 0.59%. At 140°C, cellulose
content reached its highest at 89.62 + 8.33%, hemicellulose decreased to 5.22 + 1.11%, and lignin was lowest at
0.58 +0.21%, as shown in Figure 2. Statistical analysis confirmed significant differences (P < 0.05) in cellulose,
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hemicellulose, and lignin content across all treatment temperatures, indicating that temperature variation has
a significant impact on the chemical composition of Napier grass treated with sulfuric acid. This study found
that treating Napier grass with 0.5% sulfuric acid at different temperatures (80°C, 100°C, 120°C, and 140°C)
for 60 minutes significantly impacted the cellulose content, which consistently increased from 45.33% at 80°C
to 89.62% at 140°C. Meanwhile, hemicellulose decreased from 17.32% at 80°C to 5.22% at 140°C, and lignin
decreased from 4.33% at 80°C to 0.58% at 140°C, as shown in Table 2. These results demonstrate the ability to
modify the chemical composition of Napier grass, which is crucial for producing biofuels and refining biomass
materials industrially [11-14]. The study provides scientifically robust insights and is beneficial for advancing
more efficient technologies in the future.

Table 2. Analysis of Variance (ANOVA) of Lignocellulose Content in Napier Grass Treated with 0.5% Sulfuric
Acid for 60 Minutes under Various Treatments

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 9852.72 2 4926.36 37.57 4.2852E-05 4.26
Within Groups 1180.39 9 131.16

Total 11033.11 11
Note: *The lignocellulose content of Napier grass treated with 0.5% sulfuric acid (volume by volume) at
temperatures of 80, 100, 120, and 140 °C for 60 minutes shows statistically significant differences at the 95%
confidence level (P <0.05).

The analysis of cellulose, hemicellulose, and lignin content in Napier grass treated with 0.5% sodium
hydroxide solution at temperatures of 80, 100, 120, and 140 °C for 30 minutes revealed the following results:
Napier grass treated at 80 °C contained 35.26 + 3.35%, 37.32 + 4.65%, and 8.36 + 1.65% of cellulose, hemicellulose,
and lignin, respectively. At 100 °C, the content was 40.25 + 6.33%, 28.32 + 4.09%, and 7.65 + 3.54%, respectively.
At 120 °C, the content was 49.63 + 4.19%, 17.32 + 4.11%, and 5.32 + 1.52%, respectively. At 140 °C, the content
was 56.65 + 8.19%, 12.48 +2.29%, and 2.29 + 1.05%, respectively. All conditions showed statistically significant
differences at a 95% confidence level (P < 0.05), as shown in Table 3. The results indicate that the cellulose
content increases significantly as the temperature rises, while the hemicellulose and lignin contents decrease.
This demonstrates that higher temperatures in sodium hydroxide treatment can significantly increase the
cellulose content in Napier grass.

Table 3. Analysis of Variance (ANOVA) of Lignocellulose Content in Napier Grass Treated with 0.5% Sodium
Hydroxide for 30 Minutes under Various Treatments

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 3136.02 2 1568.01 21.08 0.000402* 4.26
Within Groups 669.61 9 74.40
Total 3805.63 11

Note: *The lignocellulose content of Napier grass treated with 0.5% sodium hydroxide (weight by volume) at
temperatures of 80, 100, 120, and 140 °C for 30 minutes shows statistically significant differences at the 95%
confidence level (P <0.05)

The analysis of cellulose, hemicellulose, and lignin content in Napier grass treated with 0.5% sodium
hydroxide solution at temperatures of 80, 100, 120, and 140 °C for 60 minutes revealed the following results:
Napier grass treated at 80 °C contained 48.32 + 4.29%, 18.62 + 2.96%, and 6.12 + 1.29% of cellulose, hemicellulose,
and lignin, respectively. At 120 °C, the content was 57.62 + 5.65%, 15.32 +2.29%, and 1.78 + 0.65%, respectively.
At 140 °C, the content was 72.66 + 7.09%, 11.32 + 2.48%, and 1.28 + 0.19%, respectively. All conditions showed
statistically significant differences at a 95% confidence level (P < 0.05), as shown in Table 4.
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Table 4. Analysis of Variance (ANOVA) of Lignocellulose Content in Napier Grass Treated with 0.5% Sodium
Hydroxide for 60 Minutes under Various Treatments

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 5492.39 2 2746.19 35.41 5.43E-05 4.26
Within Groups 697.9291 9 77.55
Total 6190.319 11

Note: *The lignocellulose content of Napier grass treated with 0.5% sodium hydroxide (weight by volume) at

temperatures of 80, 100, 120, and 140 °C for 60 minutes shows statistically significant differences at the 95%
confidence level (P < 0.05).

The result shows that using sulfuric acid to pretreat Napier grass is more effective than using sodium
hydroxide. Increasing the treatment time also enhances the effectiveness of the pretreatment. Statistically
significant results were obtained for removing hemicellulose and lignin at a 95% confidence level (P < 0.05).
Napier grass treated with 0.5% sulfuric acid (by volume) at 140°C for 60 minutes yielded the highest cellulose

content of 89.62 + 8.33%, and the maximum removal of hemicellulose and lignin was 5.22 +1.11% and 0.58 + 0.21%,
respectively, as shown in Figure 1.
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Figure 1. Napier grass treated under different conditions. A) Treated with 0.5% sulfuric acid for 30 minutes.
B) Treated with 0.5% sulfuric acid for 60 minutes. C) Treated with 0.5% sodium hydroxide for 30
minutes. D) Treated with 0.5% sodium hydroxide for 60 minutes.

The solution of Napier grass, treated with 0.5% sulfuric acid and 0.5% sodium hydroxide, was tested
at temperatures of 80, 100, 120, and 140 °C for 30 and 60 minutes and then analyzed for total dissolved solids,
total sugar content, and reducing sugar content, the following results were observed: For 0.5% sulfuric acid at
temperatures of 80, 100, 120, and 140 °C for 30 minutes, the total dissolved solids were 2.5, 3.7, 5.62, and 6.81
°Brix, the total sugar content was 2.12, 3.11, 3.75, and 5.22 g/L, and the reducing sugar content was 1.98, 2.85,



ASEAN ]. Sci. Tech. Report. 2025, 28(4), €257505. 7 of 12

3.02, and 4.25 g/L, respectively. For 60 minutes, the total dissolved solids were 3.29, 4.45, 6.27, and 7.32 °Brix,
the total sugar content was 2.57, 3.75, 4.01, and 6.38 g/L, and the reducing sugar content was 2.19, 3.04, 3.65,
and 4.91 g/L, respectively. For 0.5% sodium hydroxide at temperatures of 80, 100, 120, and 140 °C for 30
minutes, the total dissolved solids were 1.92, 2.45, 3.63, and 5.33 °Brix, the total sugar content was 1.48, 2.11,
3.09, and 4.56 g/L, and the reducing sugar content was 0.85, 1.57, 2.44, and 3.29 g/L, respectively. For 60
minutes, the total dissolved solids were 2.32, 2.97, 4.12, and 6.05 °Brix, the total sugar content was 1.91, 2.45,
3.44, and 5.26 g/L, and the reducing sugar content was 1.12, 1.99, 3.01, and 4.23 g/L, respectively. As shown in
Figure 2, the results indicate that higher temperatures and longer treatment times increase the total dissolved
solids, total sugar content, and reducing sugar content. Furthermore, sulfuric acid treatment proved to be more
effective than sodium hydroxide treatment. This research aims to minimize the use of chemicals, as high
concentrations of chemicals can impact the conversion of biomass to furfural [9, 20]. The pretreatment of
biomass was noted to be effective at breaking bonds, but high concentrations of chemicals do not lead to the
desired main products.
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Figure 2. Total Dissolved Solids, Total Sugar Content, and Reducing Sugar Content of Napier Grass Solutions
Treated Under Various Conditions A) Treated with 0.5% Sulfuric Acid for 30 Minutes B) Treated
with 0.5% Sulfuric Acid for 60 Minutes C) Treated with 0.5% Sodium Hydroxide for 30 Minutes D)
Treated with 0.5% Sodium Hydroxide for 60 Minutes.

Napier grass was selected from the above conditions (pretreated with 0.5% sulfuric acid by volume at
140°C for 60 minutes) and subjected to hydrolysis by heat and cellulase enzyme addition. The samples were
then pretreated using a microwave at 700 watts for 5 and 15 minutes. Then, cellulase enzyme was added at 10
and 20 U for 48 hours, with samples collected every 2 hours. In these conditions, heat was applied using a
microwave at 700 watts. Increasing the duration resulted in higher dissolution and an increase in total sugar
and reducing sugar content. The initial total dissolved solids were 7.15 + 0.39 (5 minutes) and 8.13 + 1.52 (15 minutes),
as shown in Table 5 and Figure 3. The total sugar and reducing sugar were 6.71 + 0.95 (5 minutes) and 7.03 + 1.12
(15 minutes) grams per liter, respectively. The initial reducing sugar content was 81.06 + 5.29 (5 minutes) and
91.34 + 3.66 (15 minutes) milligrams per gram of dry weight of Napier grass, as shown in Table 6 and Figure 4.
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Table 5. Comparison of Total Soluble Solids between Treatments of Treated Napier Grass under Different
Incubation Conditions

Test Value = 0.05

95% Confidence Interval of the

. . Mean
T df Sig. (2-tailed) Difference
Difference
Lower Upper
A 23276 24 000 798 791 805
B 119.82 24 000 827 813 841
C 250.63 24 000 835 828 841
D 12533 24 000 865 851 879

Note: Incubation with cellulase enzyme from 0 to 48 hours with statistically significant differences at a 95%
confidence level (P < 0.05). A) Using microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase B) Using
microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase C) Using microwave for heating at 700 Watt,
15 minutes with 10 U of cellulase D) Using microwave for heating at 700 Watt, 15 minutes with 20 U of cellulase
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Figure 3. Total Soluble Solids Content of Treated Napier Grass

Table 6. Comparison of Total Sugar Content between Treatments of Treated Napier Grass under Different
Incubation Conditions

Test Value = 0.05

Mean

95% Confidence Interval of the

t df Sig. 2-tailed) Difference
Difference
Lower Upper
A 30.08 24 000 828 771 8385
B 2190 24 000 886 8029 9.69
C 3124 24 000 859 8.029 917
D 2167 24 000 944 854 10.34

Note: Incubation with cellulase enzyme from 0 to 48 hours with statistically significant differences at a 95%
confidence level (P < 0.05). A) Using microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase B) Using
microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase C) Using microwave for heating at 700 Watt,
15 minutes with 10 U of cellulase D) Using microwave for heating at 700 Watt, 15 minutes with 20 U of cellulase
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15.00 —e—Heat 700 Watt, 5 min at 10 U of Cellulase
Heat 700 Watt, 5 min at 20 U of Cellulase
Heat 700 Watt, 15 min at 10 U of Cellulase
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Figure 4. Total Sugar Content of Treated Napier Grass

When Napier grass preheated at 700 watts was treated with 5 U and 10 U of cellulase enzyme, it was
found that the hydrolysis rate was reasonable in all conditions. However, there were significant differences at
a 95% confidence level (P <0.05). The best hydrolysis condition was when 20 U of cellulase enzyme was added
and incubated for 48 hours after pretreatment by heating at 700 watts for 15 minutes, resulting in 9.28 degrees
Brix, with a total sugar content of 13.95 + 1.62 grams per liter and a reducing sugar content of 165.61 + 9.22
milligrams per gram of dry weight of Napier grass. As shown in Table 7 and Figure 5. These findings highlight
the effectiveness of microwave pretreatment and enzymatic hydrolysis in enhancing sugar yields from Napier
grass, crucial for improving the efficiency of biofuel production processes [14, 20]. Acid pretreatment at high
temperatures can produce inhibitory compounds that affect fermentation, including furans (HMF, furfural)
derived from six-carbon and five-carbon sugars, phenolic compounds from lignin, and organic acids (acetic
acid, formic acid) from hemicellulose. These compounds can inhibit the growth of microorganisms and the
production of ethanol, butanol, or biogas. [4, 15, 19]

Table 7. Comparison of Reducing Sugar Content between Treatments of Treated Napier Grass under Different
Incubation Conditions with Cellulase Enzyme
Test Value = 0.05

95% Confidence Interval of the

. . M
t df Sig. 2-tailed) ean Difference
Difference

Lower Upper
A 8323 24 000 8727 85.16 8944
B 27.82 24 000 101.33 93.82 108.85
C 93.01 24 000 9755 95.39 99.71
D 2497 24 000 11728 107.58 12697

Note: Incubation with cellulase enzyme from 0 to 48 hours with statistically significant differences at a 95%
confidence level (P <0.05) A) Using microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase B) Using
microwave for heating at 700 Watt, 5 minutes with 20 U of cellulase C) Using microwave for heating at 700 Watt,
15 minutes with 10 U of cellulase D) Using microwave for heating at 700 Watt, 15 minutes with 20 U of cellulase.
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—e—Heat 700 Watt, 5 min at 10 U of Cellulase
—o—Heat 700 Watt, 5 min at 20 U of Cellulase
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Figure 5. Reducing Sugar Content of Treated Napier Grass

When the best-treated Napier grass was examined under a scanning electron microscope at a
magnification of 3,000x and an accelerating voltage of 20 kV, the microstructural images revealed significant
surface degradation. The cell walls of the Napier grass appeared to be severely damaged —scattered, torn, and
peeled off into thin sheets. The surface morphology was rough and uneven, with numerous holes and gaps
visible. The application of microwave pretreatment effectively disrupted the hydrogen bonds within the
cellulose fibers, causing the rapid evaporation of intracellular water and resulting in internal pressure buildup
and cell rupture, thereby forming porous structures. In addition, the action of cellulase enzymes facilitated
further biodegradation by accelerating the hydrolysis of glycosidic bonds in cellulose, resulting in the release
of fermentable sugars, including high-purity glucose. The SEM images demonstrated extensive structural
breakdown, indicating that the enzymes could efficiently penetrate and access the internal matrix of the
biomass. Consequently, such a high degree of pretreatment effectiveness is expected to significantly enhance
the production of biofuels, such as bioethanol, biobutanol, or biogas, by improving the digestibility of the
biomass and yielding more efficient substrates for microbial fermentation, as shown in Figure 6.

3 =

SEM5800|20 KV/|300 x|455.1 um|PSU —100 pm——

Figure 6. SEM micrograph of napier grass after microwave pretreatment and cellulase hydrolysis showing
extensive cell wall bio-degradation
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4. Conclusions

Developing an efficient decomposition process for Napier grass revealed that sulfuric acid is more
effective than sodium hydroxide in pretreating the grass. Increased processing time significantly improved
the pretreatment results, effectively removing hemicellulose and lignin with a 95% confidence level (P < 0.05).
Napier grass treated with 0.5% (v/v) sulfuric acid at 140°C for 60 minutes yielded the highest cellulose content
at 89.62 + 8.33% and achieved the most substantial removal of hemicellulose and lignin, at 5.22 + 1.11% and
0.58 + 0.21%, respectively. When the pretreated Napier grass was further decomposed under optimal
conditions by heating and the addition of cellulase enzyme, microwave treatment at 700 watts for 15 minutes
resulted in an initial total dissolved solids concentration of 8.13 + 1.52 g/L. The total sugar and reducing sugar
concentrations were 7.03 + 1.12 g/L, with an initial reducing sugar concentration of 91.34 + 3.66 mg/g of dry
Napier grass. After the addition of 20 U of cellulase enzyme for 48 hours, with sampling every 2 hours, the
total sugar concentration increased to 13.95 + 1.62 g/L, and the reducing sugar concentration rose to 165.61 +
9.22 mg/g of dry Napier grass. Microwave pretreatment of Napier grass, combined with cellulase enzymes,
effectively enhanced the degradation of cellulose structures. SEM images revealed cell wall degradation and
porosity formation, facilitating better access and enzymatic degradation, which led to the release of
fermentable sugars.
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Abstract: This study focused on the technical feasibility and optimization of
formulation performance characteristics to explore the potential of water
hyacinth (Eichhornia crassipes) for biodegradable cat litter development. Five
water hyacinth-based formulations (T1-T5) were developed and compared with
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1. Introduction

Thailand's population has steadily declined from 66.56 million in 2019
to 66.05 million in 2023, continuing a decade-long trend of falling birth rates [1].
Concurrently, pet humanization has surged, with pets increasingly treated as
family members. BrandAge Team [2] reports Thailand's pet-related market is
now valued at 35-40 billion THB, with owners spending 10,000-20,000 THB
annually per pet. Previously, it was reported that cat-related product sales now
exceed other pet categories, with cat litter representing the second-highest
expense for owners after dry food [3]. The cat litter market is divided into two
primary segments: synthetic and natural options. Synthetic products include
magnesium oxide-based litter (good absorbency, non-clumping), bentonite-based
litter (forms clumps upon moisture contact), and silica gel-based litter (lightweight
with effective odor control but expensive). Natural-based alternatives derive
from plant materials such as sawdust, pine wood, barley, and soybean residue,
offering biodegradability but typically at higher costs [4].

Increasing environmental awareness has led to a prioritization of eco-
friendly cat litter options. Radanova [5] documented a growing consumer
preference for biodegradable pet products, prompting researchers to explore
alternative plant-derived materials as a solution. Various natural sources have

ASEAN |. Sci. Tech. Report, 2025, 28(4), e258185. https://doi.org/10.55164/ajstr.v28i4.258185


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

ASEAN ]. Sci. Tech. Report. 2025, 28(4), e258185. 20f13

shown potential, including wood bark, grains, coffee, coconut, bamboo, citrus fruits, and byproducts from
ethanol production [6]. Ideal cat litter should comprise natural materials, contain harmless chemicals, cause
no irritation, biodegrade readily, absorb effectively, produce minimal dust, control odors efficiently, remain
lightweight, and avoid artificial fragrances [6]. The development of bio-based pet products aligns with broader
trends in sustainable materials science and the implementation of a circular economy. The utilization of natural
fibers in consumer products builds upon established cellulosic material theory [7], while addressing the
growing environmental consciousness in pet product markets [8]. Invasive species valorization represents an
emerging paradigm combining ecosystem management with sustainable manufacturing principles [9]

Water hyacinth (Eichhornia crassipes), known locally by various names including pak top and pak bua
loi, presents an intriguing raw material option. Its chemical composition has been analyzed, reporting
approximately 52.2% neutral detergent fiber (NDF) and 90% acid detergent fiber (ADF) [10]. These
components contain hydroxyl (-OH) groups that efficiently bind with water molecules. Documented water
hyacinth's water absorption capacity at 38.8%, suggesting potential utility for moisture-absorbent applications
[11]. This abundant aquatic plant has become problematically invasive in natural water sources, negatively
affecting ecosystems through excessive growth and resource competition. This research investigates water
hyacinth's feasibility as a biodegradable cat litter material, specifically evaluating water hyacinth-based
formulations (T1-T5) for essential cat litter properties (water absorption, drying rate, structural integrity),
comparing performance against commercial cat litter products (T6), and identifying optimal formulation for
potential commercialization.

Umor et al. [12] demonstrated successful cat litter production from other plant materials, including
pinewood, tofu waste, and palm oil byproducts. Saikeaw et al. [13] found that cassava trunks could be
effectively processed into biodegradable cat litter with the use of appropriate binders. These studies support
the potential application of water hyacinth. Saxena [14] demonstrated that natural fibers can achieve
performance comparable to synthetic alternatives in various applications when adequately processed and
combined with appropriate binding agents. This study aligns with Thailand's environmental management
priorities while addressing market demands for affordable, biodegradable pet products. The findings may
inform the commercial development of water hyacinth-based cat litter as an environmentally responsible
alternative to conventional products, potentially creating economic opportunities in regions where this
invasive plant proliferates. High-quality cat litter should produce minimal dust to minimize respiratory
irritation, exhibit strong clumping ability for easy removal of waste and urine, provide effective odor control
both before and after use, and offer high moisture absorption to keep the litter box dry. It should also be made
from materials that are safe for pets and environmentally friendly. These characteristics serve as key criteria
for evaluating and developing new cat litter formulas that meet market demands.

This research scope aims to establish technical feasibility and optimize formulation performance as
the foundational phase of product development. Introducing the water hyacinth as a problematic plant in eco-
friendly cat litter products. The approach addresses two key challenges: mitigating the impact of invasive
species while meeting the growing demand for sustainable pet products. The methodology follows the
approach of Nidarath [4] in evaluating cat litter, examining water absorption capacity, drying properties, and
structural integrity. Modifications include formulations incorporating varying ratios of water hyacinth with
additives such as glycerol, guar gum, xanthan gum, and carboxymethyl cellulose to enhance performance
characteristics. This research contributes to the development of circular economy principles by transforming
environmental liabilities into valuable resources.

2. Materials and Methods

2.1 Preparation of cat litter from water hyacinth

2.1.1 Processing of water hyacinth

Freshwater hyacinth 6-month mature water hyacinth plants (pre-flowering stage plants with fully
developed petioles) were collected from a clean water source. Only petioles with cylindrical structures and
sponge-like interiors were selected. These parts were thoroughly washed, cut into approximately 1 cm pieces,
and sun-dried until completely dry (fully dried pieces are light in weight and exhibit a hard, brown outer
surface). The dried material was ground using a Powder Grinder model HR20B and sieved through a 1 mm
mesh to obtain a fine powder.
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2.1.2 Formulation of cat litter
The water hyacinth powder was mixed with various raw materials to develop six different
formulations (T1-T5, plus commercial tofu-based litter T6), as shown in Table 1.

Table 1. Proportion of raw materials in each experimental formulation

Formula (g)

Ingredients T1 2 T3 T4 T5 T6
Dry Water Hyacinth 79.7 59.7 39.7 62 61.7 -
Glycerol 10 20 30 - - -
Guar gum 5 10 15 3 3 -
Xanthan gum 5 10 15 - -
Activated carbon 0.3 0.3 0.3 - 0.3 -
Carboxymethyl cellulose - - - 35 35 -
Commercial Cat Litter (Made from

. - - - - - 100
Soybean Residue)

2.2 Molding process

Sterilized water (50 mL) was poured into a 250 mL beaker. Thickening agents were gradually added,
starting with CMC, followed by Guar Gum, Xanthan Gum, and Activated Carbon while continuously stirring.
Glycerol was incorporated slowly, with water hyacinth powder gradually added until the moisture was
evenly distributed. The mixture was transferred to a smooth surface and kneaded by hand until thoroughly
combined to achieve a clay-like consistency. If too crumbly, small amounts of water were added. The material
was divided into approximately 0.5 g portions, hand-molded into cylindrical shapes (2-3 mm diameter), and
rested for 20 minutes. It was then cut into 1-2 cm sections and dried in a hot air oven at 70 + 2 °C with a fan
and ventilation at 50% for 24 hours. The oven was preheated to the target temperature and allowed to stabilize
for 30 minutes before the sample was inserted. After drying, all samples were immediately transferred to
sealed desiccator chambers containing silica gel to maintain a moisture content below 5% and prevent
reabsorption of atmospheric moisture.

2.3 Water absorption test

Approximately 5 g of each formulation was placed on a petri dish and equilibrated at room temperature for
30 minutes. Using a calibrated dropper (0.08 + 0.01 mL per drop, verified by 100-drop calibration), distilled
water was applied from a consistent height of 2.5 cm at a controlled rate of 1 drop every 3 seconds. Water was
added in increments of 10 drops (rapproximately 0.8 mL) with 30-second equilibration intervals between each
addition. The saturation endpoint was defined as visible surface water persisting across more than 50% of the
sample area for 60 seconds without absorption. Excess water was removed using the same dropper. The test
was repeated 5 times per formulation. Water absorption was calculated using Equation 1: Nidarath [4]

Absorption (%) = % X 100 (1)

Where:

Ms is the weight of the material after absorbing water (in kilograms),

Md is the weight of the dry material (in kilograms).

2.4 Testing of drying properties

Samples from water absorption testing were immediately transferred to a pre-heated hot air oven
maintained at 70+2°C with fan and ventilation at 50%. The initial wet weight was recorded before the sample
was inserted into the oven. Samples were weighed at 10 and 20 minutes using an analytical balance (+0.001g
precision) with minimal exposure time (< 30 seconds per measurement). All samples were handled identically
with immediate return to the oven after weighing. Moisture content and drying rate were calculated using
Equations 2 and 3: Nidarath (2019) [4]
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oy _ (Mw—-Md)

MC (%) = =2 x 100 ?)
. -Md .dMC

Drying rate = —— (—~ 3)

Where MC = Moisture content
Mw = weight of wet material (grams)
Md = weight of dry material (grams)
A = Area used for evaporation (square meters)
t = Time taken (seconds)

2.5 Shape retention ability

The pellets of water hyacinth from different formulations, which have undergone the drying process,
along with commercially available cat litter products, were tested for shape retention using the Drop Test
method [4]. A total of 30 g of each cat litter formulation was dropped from heights of 1, 2, and 3 m, respectively.
After the samples were dropped, they were sieved through mesh screens with 4.00 mm and 2.80 mm sizes.
The remaining pellets were then weighed, and the percentage of breakage was calculated using the following
formula (4).

weight of the broken sample

breakage percentage = x 100 4)

weight of the sample used for testing

2.6 Statistical analysis

All statistical analyses were performed using R Statistical Software (version 4.3.3) [15]. Data normality
was assessed using Shapiro-Wilk tests. One-way ANOVA followed by LSD (Least Significant Difference)
evaluated differences between formulations. Results were expressed as mean + standard deviation (SD), with
the coefficient of variation (CV %) used to assess data precision; values <10% indicated good precision. Pearson
correlation examined relationships between variables, while linear regression models determined
relationships between formulation and performance outcomes. Multivariate analysis included cluster analysis
using Euclidean distance and Ward's linkage, validated by silhouette analysis. Principal component analysis
(PCA) identified patterns. MANOVA was used to test overall cluster differences, with results considered
significant at p < 0.05.

3. Results and Discussion
3.1 Water absorption capacity analysis of different formulations

The water absorption capacity test revealed significant differences among formulations. Formulation
T5 demonstrated the highest capacity (64.23+2.31%), followed by T4 (61.01+3.47%), T1 (57.47+3.60%),
commercial cat litter T6 (47.42+1.00%), T2 (43.87+2.54%), and T3 (32.59+6.62%) (Table 2). The superior
absorption performance of optimized formulations compared to literature values for untreated water hyacinth
(38.8% vs 64.23% for T5) demonstrates the effectiveness of composite formulation approaches [11]. This
improvement aligns with the natural fiber composite theory, where the selection of an appropriate binder can
significantly enhance the properties of the base material. Somchai and Thanongsak (2023) [11] reported that
100% dry water hyacinth has a water absorption capacity of 38.8%, indicating that blending water hyacinth
with complementary materials can enhance its absorption properties. The superior performance of
formulation T5 (64.23%) aligns with findings from Nidarath (2019), who showed similar capacities for cassava
residue (67%) and pine wood (60%) cat litter [4]. The absorption capacity of the bentonite-based litter (49%)
reported in that study approximates our T6 and T2 formulations. Umor et al. (2023) [12] found that cat litter
from palm oil waste mixed with pine wood and tofu absorbed 100-131 mL of water. Comparatively, our
formulations T1, T4, and T5 (50 g each) absorbed 118 mL, 129 mL, and 141 mL, respectively, while commercial
tofu-based litter T6 absorbed 95 mL.
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Table 2. Water absorption properties of water hyacinth cat litter formulations (T1-T5) compared with commercial
tofu-based cat litter (T6)

Formula Water Absorption Capacity (%) + SD Absorption Volume (mL/50 g) + SD
T1 57.47 +3.60 b 118 £10.69 b
T2 43.87£254 c 95+4.17c
T3 32.59+6.62 d 75+7.34d
T4 61.01 + 3.47 ab 129 +11.6 ab
T5 64.23+2.31 a 141+844a
T6 47.42 +1.00 c 95+1.81c¢

Note: LSD (Least Significant Difference) analysis with letter groupings, different letters indicate statistically
significant differences (P<0.05)

The exceptional absorption capacity of formulations T4 and T5 primarily stems from the fibrous
structure of water hyacinth, rich in cellulose and hemicellulose, which naturally binds water molecules. The
drying process preserves the porous, cellular structure that facilitates water retention. Water hyacinth has a
lignocellulosic structure, with cellulose and hemicellulose components playing a key role in water absorption.
Water hyacinth contains an average of approximately 25-30% cellulose and 20-25% hemicellulose by dry
weight [16-17]. These components are rich in — OH functional groups, which readily form hydrogen bonds
with water molecules, enabling the fibers of water hyacinth to serve as an effective water-absorbing material.

Additionally, incorporating carboxymethyl cellulose (CMC) significantly enhances water absorption
while maintaining structural integrity. Maryam et al. [18] confirmed that CMC increases moisture retention in
food products, while Harsono et al. [19] demonstrated that CMC at 0.5-2% alters moisture content in rice bran-
enriched bread. T5's superior performance reflects its optimized ingredient ratio, which is based on material
science theory: the combination of water hyacinth's natural porosity and CMC's hydrophilic enhancement
creates synergistic absorption mechanisms. The slower drying reflects stronger water-polymer interactions,
consistent with hydrocolloid theory, where carboxymethyl groups increase water binding energy. Despite T1
containing a greater amount of water hyacinth compared to T4 and T5, its absorption capacity is lower due to
the absence of carboxymethyl cellulose (CMC). Conversely, T3's lower performance stems from reduced water
hyacinth content and high concentrations of Guar Gum and Xanthan Gum, which primarily increase viscosity
rather than absorption. Saikeaw et al. [13] found that 5% of Guar Gum did not enhance hydration in cassava-
based cat litter, while Xanthan Gum did improve hydration compared to cassava alone. While water hyacinth-
based formulations demonstrated absorption capacities comparable to or exceeding commercial products,
they lacked the clumping property exhibited by the tofu-based T6 formulation. This difference stems from the
protein structure of tofu residue, which forms gel-like networks through hydrogen bonding, and its
manufacturing process, which creates micropores that facilitate capillary action and osmosis [20-22], as shown
in Figure 1.

Absorption

Before

After

Figure 1. Shows the characteristics of each cat litter formula before and after the water absorption test
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3.2 Comparison with commercial cat litter (T6)

Several significant variations in performance attributes were noted when comparing the commercial
tofu-based cat litter (T6) with the water hyacinth-based formulations. The optimal water hyacinth formulation
(T5) demonstrated superior water absorption capacity (64.23%) compared to the commercial product (47.42%).
This result aligns with Nidarath [4] findings about similar absorption capacities in other plant-based materials.
The enhanced absorption of T5 can be attributed to the synergistic effect of water hyacinth's fibrous structure
and the addition of carboxymethyl cellulose (CMC), which Saxena [14] identified as an effective hydrophilic
binding agent. Regarding drying properties, T6 exhibited the fastest drying rate (0.21 g/m?2/s) compared to all
water hyacinth formulations, with T5 being the slowest (0.11 g/m?/s). Cliff and Heymann [23] emphasized that
drying rates significantly impact the reusability of cat litter and odor control. The slower drying rate of water
hyacinth formulations represents a limitation that could affect practical application. The drop test revealed
superior structural integrity in water hyacinth formulations compared to T6. When dropped from heights of
1-3 m, T6 showed progressive breakage (0.90-2.10%), while most water hyacinth formulations remained intact.
Saikeaw et al. [13] similarly found that natural fiber reinforcement enhances structural stability in
biodegradable cat litter. The most significant functional difference was the ability to clump.

The comparison of clumping ability revealed a significant functional difference between the water
hyacinth formulations (T1-T5) and commercial tofu-based cat litter (T6). All water hyacinth formulations
demonstrated poor clumping ability, failing to form cohesive masses upon moisture absorption and retaining
their pellet shapes, despite incorporating various binding agents, including CMC (35 g in T4, T5), glycerol,
guar gum, and xanthan gum. T6 demonstrated excellent clumping, forming cohesive masses after absorbing
moisture, whereas the water hyacinth formulations retained their shapes. Wu and Wang [22] explained this
phenomenon through the formation of protein-based gel networks in soy-derived products, such as tofu. This
clumping limitation represents a critical area for improvement in future water hyacinth formulations. Despite
these differences, the overall performance of T5 suggests that water hyacinth-based cat litter represents a
viable, eco-friendly alternative to commercial products, particularly in markets where biodegradability
outweighs the need for clumping functionality. As Radanova [5] noted, the increasing consumer preference
for sustainable pet products creates market opportunities for innovative biomass applications.

The comparative analysis reveals that while the water hyacinth-based formulation T5 demonstrates a
superior absorption capacity (35.4% higher than T6) and exceptional structural integrity (zero breakage vs.
2.10% for T6), the commercial product maintains advantages in drying efficiency (90.9% faster) and clumping
functionality. These findings suggest that water hyacinth-based cat litter could serve specific market segments
prioritizing absorption capacity and durability over rapid drying, particularly among environmentally
conscious consumers willing to trade some convenience for sustainability benefits. Our analysis revealed that
the commercial tofu-based litter's clumping ability comes from its protein-based gel formation through
hydrogen bonding, combined with its manufacturing process that creates micropores facilitating capillary
action and osmosis. In contrast, water hyacinth formulations based on cellulosic fiber structure and CMC
binding enhance absorption but lack the protein matrix necessary for a gel-like clumping behavior.

3.3 Drying rate analysis

The drying properties of cat litter formulations revealed significant performance differences, as shown
in Table 3. Commercial cat litter (T6) demonstrated the highest drying rate (0.21 g/m?/s), substantially
outperforming all water hyacinth formulations. Cliff and Heymann [23] identified drying rate as a critical
factor for cat litter reusability, noting that optimal products could dry within 14.5 hours, while suboptimal
formulations required 30-65 hours. Among water hyacinth formulations, T3 exhibited the fastest drying (0.17
g/m?/s), followed by T1 and T2 (both 0.15 g/m?/s), T4 (0.12 g/m?/s), and T5 (0.11 g/m?/s). The slower drying of
water hyacinth-based products compared to tofu-based litter suggests inherent differences in material
structure and moisture retention. Formulation T3, with the lowest water hyacinth content (39.7 g), dried more
rapidly than other experimental formulations. Khantiwatanakul [24] explained that additives like glycerol,
xanthan gum, and guar gum contribute to moisture retention. Clarke and Franklin [25] noted that glycerol
reduces water surface tension at higher T3 concentrations, potentially facilitating faster evaporation. Gravelle
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[26] further suggested that glycerol reduces the viscosity of the mixture, thereby affecting water evaporation
rates. Formulations T4 and T5, containing carboxymethyl cellulose (CMC), exhibited the slowest drying rates.
Choi [27] identified CMC as a hydrophilic substance that absorbs water and increases viscosity, impeding
moisture evaporation. Saxena [14] confirmed that CMC binds and retains water within structures, explaining
the reduced drying efficiency of T4 and T5. The optimization challenge centers on the competing requirements
created by CMC's dual role as both the primary absorption enhancer and the main factor limiting drying rate.
Simple CMC reduction would improve drying but potentially compromise the absorption advantage that
differentiates water hyacinth formulations from commercial alternatives. Nidarath [4] reported that cat litter
made from cassava pulp had a drying rate of 1.09 g/m?/s, which significantly exceeded that of all other
formulations in this study. This comparison highlights the relatively poor drying performance of water
hyacinth-based formulations, a limitation that requires further optimization. The inverse relationship between
absorption capacity and drying rate presents a design challenge. Formulation T5, with the highest absorption
(64.23%), exhibited the slowest drying (0.11 g/m?/s). Future research should explore additives or processing
techniques that balance these competing properties.

Table 3. Mean comparison of drying rate (g/m?/s) and % moisture content after 10 and 20 minutes in each
formulation with 100% of initial moisture

Formula Main Components Drying Rate % Moisture Content after + SD

(g/m?/s) £ SD 10 min 20 min

T1 WH (79.7 g), Guar/Xanthan (5 g each) 0.15+0.02 bc 51.00+1.56 ¢ 41.73+1.93 c

T2 WH (59.7 g), Guar/Xanthan (10 g each) 0.15+0.02 bc 47.1942.01 cd 37.63+2.74 cd

T3 WH (39.7 g), Guar/Xanthan (15 g each) 0.17£0.02 b 44.64+3.33 d 34.10+4.10d

T4 WH (62 g), CMC (35 g) 0.12+0.02 cd 59.83+2.99 ab 52.53+4.19 ab

T5 WH (61.7 g), CMC (35 g) 0.11+0.02 d 62.72+2.43 a 55.84+3.65 a

T6 Commercial (Tofu-based) 0.21+0.03 a 57.43+1.55 ab 44.24+2 .80 ab

Note: LSD (Least Significant Difference) analysis with letter groupings, different letters indicate statistically
significant differences (p < 0.05), WH = Water Hyacinth, CMC = Carboxymethyl cellulose.

3.4 Shape retention and durability assessment

Impact testing revealed substantial differences in durability between water hyacinth formulations and
commercial cat litter (Table 4). Commercial tofu-based litter (T6) exhibited significant fragmentation when
dropped from various heights, with breakage percentages of 0.90%, 1.27%, and 2.10% at heights of 1 m, 2 m,
and 3 m, respectively. In contrast, formulations T2-T5 maintained complete structural integrity at all tested
heights, while T1 showed minimal breakage (0.03% at 2 m and 0.07% at 3 m). Formulation T1's limited
structural integrity compared to other water hyacinth formulations can be attributed to its high water hyacinth
content (79.7 g) combined with a minimal amount of glycerol (10 g). BeMiller and Whistler [28] noted that
insufficient binding agents in fiber-rich materials can lead to brittle structures that are prone to fracture under
impact. The excellent durability of T2 and T3 aligns with Gravelle [26] findings that increased glycerol content
enhances material flexibility and cohesiveness. Saikeaw et al. [13] similarly observed that xanthan gum
significantly increases material agglomeration compared to guar gum alone, explaining the superior
performance of these formulations.

Formulations T4 and T5, containing 35 g CMC, demonstrated exceptional structural integrity at all
drop heights. Silalai et al. [29] reported that incorporating 0.4% CMC in noodle formulations significantly
enhanced tensile strength. This reinforcing effect is evident in our cat litter formulations, where CMC functions
as an effective binder while maintaining flexibility. Nidarath [4] observed that cassava-based cat litter
exhibited fractures at 2 m drops with more pronounced breakage at 3 m, indicating that water hyacinth
formulations offer superior impact resistance compared to other biodegradable alternatives. The experimental
data suggest that glycerol, gums, and CMC create synergistic effects with water hyacinth fibers, producing cat
litter pellets with exceptional durability. This structural integrity advantage over commercial products
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represents a significant selling point for water hyacinth-based cat litter, particularly in terms of transportation
and handling considerations.

Table 4. Shape retention properties of cat litter formulations under impact testing

Breakage Breakage Breakage Integrity
Formula Composition Highlights atlm at2m at3m Rating
(%) (%) (%)

T1 High WH (79.7 g), Low glycerol (10 g) 0.00 0.03 0.07 Good
T2 Medium WH (59.7 g), Medium glycerol (20 g) 0.00 0.00 0.00 Excellent
T3 Low WH (39.7 g), High glycerol (30 g) 0.00 0.00 0.00 Excellent
T4 High WH (62 g), High CMC (35 g) 0.00 0.00 0.00 Excellent
T5 High WH (61.7 g), High CMC (35 g) 0.00 0.00 0.00 Excellent
T6 Commercial (Tofu-based) 0.90 1.27 2.10 Poor

*WH = Water Hyacinth, CMC = Carboxymethyl Cellulose

3.5 Discussion of the role of key ingredients (CMC, glycerol, guar gum, xanthan gum)
According to Table 5, the type and quantity of additives had a significant impact on the functional
and physical characteristics of the water hyacinth cat litter.

Table 5. Role of key ingredients in water hyacinth cat litter formulations

Effect on Optimal
. Primary Effect on Water Effect on Drying Content-
Ingredient . . Structural
Function Absorption Rate . Range per
Integrity
100 g
Water Hyacinth  Base Moderate Slow drying due to It provides bulk 60-65¢g
material absorption the fibrous but is brittle alone
(38.8%) structure
Carboxymethyl  Binding Significantly Decreases drying ~ Enhances cohesion 30-35¢g
Cellulose agent increases rate and strength
(CMC) absorption
Glycerol Plasticizer =~ Moderate Increases drying Improves 20-30 g
reduction in rate by reducing flexibility, reduces
absorption surface tension brittleness
Guar Gum Thickening Minimal impact Slows drying Improves cohesion 3-10g
agent on absorption through moisture ~ at moderate levels
retention
Xanthan Gum Viscosity Moderate Significantly slows  Strengthens 5-15¢g
enhancer increase in drying internal bonding
absorption
Activated Odor Negligible Negligible impact ~ Negligible impact 03g
Carbon control impact

Carboxymethyl cellulose (CMC) emerged as the most influential additive in formulations T4 and T5,

substantially enhancing water absorption and structural integrity. Saxena [14] described CMC as a hydrophilic
derivative of cellulose that creates strong hydrogen bonds with water molecules. Maryam et al. [18] confirmed
its efficacy in enhancing moisture retention in food products, while Silalai et al. [29] demonstrated its ability
to increase tensile strength when added at a concentration of 0.4%. The superior performance of formulation
T5 (64.23% absorption) can be attributed primarily to the synergistic interaction between water hyacinth fibers
and CMC. Glycerol, incorporated in formulations T1-T3, demonstrated complex effects on performance
properties. Clarke and Franklin [25] noted that glycerol reduces the surface tension of water, facilitating faster
evaporation during drying. This explains T3's higher drying rate (0.17 g/m?/s) than CMC-containing
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formulations. Gravelle [26] described glycerol's function as a plasticizer that enhances flexibility while
reducing brittleness, accounting for the excellent impact resistance observed in T2 and T3. However, Saikeaw
et al. [13] cautioned that glycerol absorbs atmospheric moisture over time, potentially causing dimensional
changes in the final product.

Guar gum and xanthan gum, present in formulations T1-T3, primarily functioned as viscosity
modifiers with secondary effects on water retention. Khantiwatanakul [24] found that these gums increase the
cohesiveness of the mixture during processing. BeMiller and Whistler [28] differentiated their functions,
noting that xanthan gum forms stronger gel networks than guar gum, which explains the observation by
Saikeaw et al. [13] that xanthan gum increased hydration capacities more effectively than guar gum in cassava-
based cat litter. The optimal water hyacinth formulation (T5) achieved its superior performance through
balanced ingredient proportions: moderate water hyacinth content (61.7 g) providing fiber structure, high
CMC content (35 g) enhancing absorption and cohesion, minimal guar gum (3 g) improving processability,
and carbon (0.3 g) for odor control. This combination maximized absorption capacity (64.23%) while
maintaining excellent structural integrity, though at the cost of reduced drying rate (0.11 g/m?/s).

3.6 Environmental and economic benefits
The development of water hyacinth-based cat litter offers significant environmental and economic

advantages over conventional products (Table 6).

Table 6. Environmental and economic benefits of water hyacinth cat litter

Benefit Category Water Hyacinth Cat Litter Commercial Synthetic Litter

Raw Material Cost LOW.(II“lvaSIVG species removal canbe  High (b?ntomte mining, silica gel
subsidized) [30] production) [4]

Biodegradability 2-3 mqnths under composting Non-biodegradable or very slow
conditions [31] (years to decades)

Carbon Footprint Low (.rrurumal processing, local High (mll‘lll“lg, intensive processing,
sourcing) [30] transportation)
Positive (removes harmful invasive Negative (resource extraction, waste

E tem I t
cosystem tmpac species) [32] generation) [30]

Compostable, reduced landfill burden
[4]

Waste Management Contributes to landfill accumulation

Production Energy Low—.moderate (drying, grinding, High (n.unmg, heating, chemical
molding) processing)
. High (abundant raw material in Medium (dependent on mineral
Scalability . ) )
tropical regions) deposits)

Water hyacinth (Eichhornia crassipes) is recognized as one of the world's most invasive aquatic plants.
Prapaiphan [10] documented its rapid growth rate and negative impacts on water quality, biodiversity, and
infrastructure. Repurposing this problematic species creates a dual benefit: ecosystem restoration and
sustainable product development. From an economic perspective, the harvesting and utilization of water
hyacinths creates value from waste. Hejlik [6] noted that natural-based cat litter typically retails at higher
prices than synthetic alternatives despite potentially lower raw material costs. The present study suggests
potential cost advantages, as environmental management programs could subsidize the harvesting of water
hyacinth. Radanova [5] highlighted the growing consumer demand for biodegradable pet products,
presenting market opportunities for alternatives such as water hyacinth cat litter. The biodegradability of these
formulations addresses waste management concerns raised by Umor et al. [12], who estimated that
conventional cat litter contributes significantly to landfill volumes with minimal degradation. The
manufacturing process for water hyacinth cat litter requires less energy than bentonite or silica-based
products. While commercial products involve mining, high-temperature processing, and long-distance
transportation, water hyacinth processing primarily entails harvesting, drying, grinding, and molding at
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moderate temperatures (70 °C). Furthermore, the localized nature of water hyacinth harvesting and processing
creates economic opportunities in rural communities where the plant is abundant. This aligns with circular
economy principles, transforming an environmental liability into a valuable resource while supporting the
Sustainable Development Goals (SDGs) 6, 12, 13, 14, and 15. A preliminary environmental assessment
indicates significant benefits; however, future research should quantify these impacts through a systematic
life cycle assessment methodology, including carbon footprint calculation, energy consumption analysis, and
a comprehensive evaluation of ecosystem impacts.

3.7 Drying rate limitations and optimization pathways

The slower drying rate of the optimal formulation T5 (0.11 g/m?/s) compared to commercial
alternatives (0.21 g/m?/s) presents the primary limitation that requires mitigation. Several approaches can
address this constraint while preserving superior absorption capacity. Immediate optimization strategies
include reducing CMC concentration from 35 g to 25-30 g, which preliminary calculations suggest could
improve drying rates by 25-35% while maintaining absorption above 55%. Alternative approaches involve
incorporating hybrid binding systems combining reduced CMC with glycerol or developing pellet geometries
with enhanced surface area for accelerated evaporation. Future research should systematically evaluate these
modifications through factorial experimental design, targeting drying rates of 0.15-0.17 g/m?/s while
preserving the absorption advantages that position water hyacinth formulations as superior alternatives to
commercial products.

3.8 Statistical analysis

3.8.1 One-way ANOVA, Coefficient of Variation, and LSD Analysis

All six formulas (T1-T6) demonstrated acceptable normal distribution patterns based on standard
deviation ratios (2.29-2.56) and skewness values (-0.20 to 0.62). One-way ANOVA confirmed highly significant
differences between formulations for all measured parameters (p < 0.001): water absorption capacity (Fs,24 =
52.84, R? = 0.917), drying rate (Fs,24 = 15.18, R? = 0.760), and absorption volume (Fs,24 = 49.25, R? = 0.911). CV
values ranging from 2.1% to 20.3% across treatments, with 5 out of 6 formulations showing CV <15% for water
absorption, indicating reliable and consistent measurements. LSD analysis (LSDy.;s = 4.817% for water
absorption, 0.028 g/m?/s for drying rate, and 10.587 mL/50g for absorption volume) confirmed that formulation
T5 exhibited significantly higher water absorption capacity (64.23 + 2.31%) compared to all other treatments
except T4 (61.01 + 3.47%), with both CMC containing formulations significantly outperforming the commercial
benchmark T6 (47.42 +1.00%). Commercial litter T6 demonstrated a significantly faster drying rate (0.21 + 0.03
g/m?/s) compared to all water hyacinth formulations (0.11-0.17 g/m?/s), while formulations T2, T3, T4, and T5
showed no significant differences among themselves for drying rate.

3.8.2 Pearson correlation and linear regression

Pearson correlation analysis revealed significant relationships between key performance variables and
formulation parameters. Strong positive correlations were observed between water absorption capacity and
absorption volume (r = 0.98, p < 0.001), as well as between water absorption and moisture retention at 20
minutes (r=0.87, p <0.001), indicating that higher absorption capacity directly translates to greater functional
volume and enhanced moisture retention. The strong positive correlation (r = 0.71, p < 0.001) between CMC
content and water absorption capacity is attributed to the inherent hydrophilic properties of CMC. A moderate
negative correlation existed between water absorption and drying rate (r =-0.59, p < 0.01).

Linear regression analysis established predictive models for key performance relationships:
absorption volume demonstrated a strong linear relationship with water absorption capacity (y =1.99 +2.075x,
R?=0.95). At the same time, moisture retention at 20 minutes showed good predictability (y = 12.28 + 0.628x,
R? =0.75). The correlation validates the formulation where treatments T4 and T5 (both containing 35g CMC)
achieved superior absorption performance compared to CMC-free formulations. The linear regression
equation (Water Absorption (%) = 45.34 + 0.494 x CMC content (g)) provides a reliable tool for predicting
absorption capacity based on CMC content.
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3.8.3 Cluster analysis

Multivariate statistical analysis was performed to classify the T1-T6 based on their performance
characteristics systematically. Hierarchical cluster analysis using Euclidean distance and Ward's linkage
method identified three distinct formulation groups with statistically significant differences (MANOVA:
Wilks' A = 0.023, F = 156.7, p < 0.001). The optimal 3-cluster solution demonstrated good clustering quality
(silhouette width = 0.68). Cluster 1 comprised formulations T4 and T5, characterized by superior water
absorption (61.01-64.23%), excellent structural integrity, and CMC-based binding systems. Cluster 2 included
T1 and T2, showing moderate absorption performance (43.87-57.47%) with glycerol-gum binding systems.
Cluster 3 contained T3 (low absorption, fast drying) and T6 (commercial benchmark with unique clumping
properties).

3.8.4 Principal component analysis (PCA)

PCA revealed that 2 components explained 81.0% of the variance in performance. PC1 (52.3%
variance) represented an absorption drying axis, while PC2 (28.7% variance) captured structural integrity and
moisture retention characteristics. The PCA biplot separated T4 and T5 in the high performance quadrant,
confirming their superior absorption and structural properties.

4. Conclusions

Investigating water hyacinth-based biodegradable cat litter yielded promising results for sustainable
product development in pet care. Formulation T5, comprising water hyacinth (61.7 g) and carboxymethyl
cellulose (35 g), exhibited superior performance with the highest water absorption capacity (64.23%),
surpassing commercial tofu-based litter (47.42%). Water hyacinth formulations demonstrated exceptional
structural integrity in impact testing, with minimal to no breakage when dropped from heights of up to 3 m,
significantly outperforming commercial litter, which exhibited progressive fragmentation (up to 2.10% at 3
m). This durability advantage represents a key selling point for transportation and handling. The primary
limitation identified was the drying rate, with water hyacinth formulations drying more slowly (0.11-0.17
g/m?/s) than commercial alternatives (0.21 g/m?/s). Additionally, water hyacinth formulations lacked the
clumping property of tofu-based litter, which could potentially affect ease of use. Particularly regarding the
removal of feces and urine, this limitation may stem from the primary materials in the formulation, such as
water hyacinth fibers and the binding agents used, being unable to form a sufficient network structure or
achieve the necessary bonding strength to enable clumping upon exposure to moisture. Therefore, future
development should consider improving the formulation by adding clumping agents, such as Guar Gum or
Xanthan Gum, at appropriate ratios to enhance the clumping properties. Clumping ability should be tested
after incorporating these additives, along with evaluations of clump strength, ease of removal, and the impact
on water absorption and drying properties. This research demonstrates the feasibility of converting an
invasive aquatic plant into a value-added biodegradable product, addressing environmental challenges and
consumer demand for eco-friendly pet care products. Future development should focus on improving drying
rates and developing clumping properties while maintaining the excellent absorption and structural integrity
of the current formulations. Future studies should include (1) comprehensive production cost analysis, (2)
market price comparison with existing biodegradable products, (3) economic feasibility assessment for
commercial scale-up, (4) break-even analysis for different market segments, (5) biodegradability testing
methods in natural conditions such as ASTM D5338 (Aerobic Biodegradation Test), and (6) practical durability
assessment such as simulated cat behavior testing, moisture cycling and long-term stability evaluation to
ensure commercial viability.
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1. Introduction

Most of the plastic produced is not reprocessed and tends to end up in
landfills or become marine waste. Only about 25% of plastic produced globally
is reprocessed [1]. Plastic waste can be classified into several types. PET
(Polyethylene terephthalate) is used for beverage bottles, LDPE (Low-density
polyethylene) is used for trash bags, HDPE (High-density polyethylene) is used
for buckets and detergent bottles, PVC (Polyvinyl chloride) is used for
plumbing, PP (Polypropylene) is used for food boxes, PS (Polystyrene) is used
for toys and disposable tableware, and PE (Polyester) is used for seat belts and
conveyor belts [2]. The use of plastic waste in the construction sector aims to
overcome environmental issues and to save non-renewable natural resources [3,
4]. Plastic waste can be used as material for making plastic bricks. High-Density
Polyethylene (HDPE) and Polypropylene (PP) plastics, which are melted at a
temperature of 230 °C, are used as materials for making plastic bricks. The
compressive strength of HDPE bricks is higher than that of conventional bricks,
and the compressive strength of PP bricks is lower than that of conventional
bricks [5].
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It is possible to utilise PET waste as both an aggregate and a fibre in the production of concrete. The
incorporation of PET waste as an aggregate in concrete does not affect the compressive or flexural strength of
the resulting concrete. However, excessive use may impact the quality of the construction [6]. Polyethylene
terephthalate (PET) plastic is employed as a coarse aggregate in the production of concrete. The plastic waste
derived from PET is melted at a temperature of approximately 300°C to create artificial aggregates. It was
observed that as the percentage of coarse aggregate substituted with artificial PET aggregate increased, the
compressive strength, flexural strength, and density of the concrete exhibited a corresponding decline. PET
aggregate can be employed in the production of lightweight concrete, which is utilized in non-structural or
semi-structural applications [7].

Polyethylene terephthalate (PET) waste is employed as a fibre, while low-density polyethylene
(LDPE) waste is utilised as a fine aggregate in the production of mortar [8]. The use of shredded PET
(polyethylene terephthalate) waste as a substitute for conventional coarse aggregate in the production of
concrete is investigated at proportions of 0%, 5%, 10% and 20% by volume [9]. The melted plastic waste, which
is a combination of HDPE and LDPE, is employed as a binder in the production of mortar. The use of liquid
plastic waste as a binder in mortar has been found to result in superior performance compared to paving with
Portland cement [10]. The utilisation of melted plastic waste as a binder represents a contribution to waste
reduction. Recycled plastic waste (RPW), including polyethylene bags, sachet water bags, wrappers, and other
materials, can be employed as an alternative binder in the production of paving blocks. RPW exhibits
thermoplastic properties that permit reforming when melted [11]. The manufacture of sand-plastic composite
bricks involves the use of LDPE and HDPE plastic waste in conjunction with sand. LDPE and HDPE plastic
waste are melted and combined with sand. The maximum compressive strength achieved was 4.95 MPa, with
a plastic waste content of 60% (40% LDPE and 20% HDPE) and a sand content of 40% (25% size 1.18 mm and
15% size 0.5 mm) [12].

Polyethylene terephthalate (PET) is one of the most widely produced polymers globally, with
applications in the manufacture of synthetic fibres and bottles. The incorporation of PET fibres into concrete
can enhance flexural strength while reducing density, thereby creating a structure that is both lightweight and
earthquake-resistant [13]. The utilisation of PET plastic waste and river sand in the production of roof tiles has
been demonstrated. Polyethylene terephthalate (PET) waste is employed as a cement substitute in the
production of roof tiles. The weight ratio of PET waste to sand employed is 10%:90%, 20%:80%, 30%:70%,
40%:60%, 50%:50%, 60%:40%, and 100%:0%. The PET waste is melted at 230°C and subsequently combined
with sand to create roof tiles. The highest compressive strength was observed at a weight ratio of 40%:60%,
with a value of 1.5868 MPa. The utilisation of PET waste as a cement substitute has been observed to result in
enhanced compressive strength and absorption properties [14]. Polyethylene plastic waste is used as a binder
in making sand bricks. The ratio of plastic waste and sand used is 1:3, 1:4, and 1:5 based on weight ratio. Plastic
waste is melted at a temperature of 105°C to 115°C, then sand is added and mixed until homogeneous. The
highest compressive strength occurred in a ratio of plastic waste and sand of 1:4. Absorption for ratios 1:3, 1:4,
and 1:5 is zero [15]. The utilisation of PET plastic waste and sand in the production of plastic sand bricks
represents a novel approach to the utilisation of these materials. The weight ratio of PET plastic waste to sand
is 1:2, 1:3, and 1:4. The PET plastic waste is melted at a temperature range of 180°C to 200°C and mixed with
sand to create plastic sand bricks. The resulting plastic sand bricks exhibit low porosity, a lightweight
composition, and a higher compressive strength than conventional clay bricks [16].

The utilisation of PET plastic waste and sand as materials for the production of tiles has been
demonstrated. The melted PET plastic waste is combined with sand, agitated, and subsequently shaped into
tiles. The proportion of PET plastic waste utilised is 20%, 30% and 40%. The compressive strength of tiles
manufactured using PET plastic waste is superior to that of conventional bricks and concrete blocks [17].
Bricks are manufactured from melted PET plastic waste and crushed glass. The mass ratio of PET plastic waste
to crushed glass employed is 20%:80%, 30%:70%, and 40%:60%. The findings of the research indicated that the
tensile strength of bricks produced from a mixture of melted PET plastic waste and crushed glass was 70.15%
higher than that of conventional clay bricks, while the compressive strength was 54.85% higher [18]. Mixed
plastic waste from polyethylene terephthalate (PET) and high-density polyethylene (HDPE), melted at a
temperature of 257-315°C, is combined with sand in varying weight ratios, specifically 1:2, 1:3, 1:4, and 1:5, to
create hollow blocks. The mean compressive strength of the ratios 1:2, 1:3, 1:4, and 1:5 is 3.87 MPa, 3.41 MPa,
3.29 MPa, and 3.09 MPa, respectively. The absorption ratios for the 1:2, 1:3, 1:4, and 1:5 mixtures were found
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to be 1.67%, 2.51%, 2.62%, and 2.81%, respectively [19]. Three types of waste are employed as substitutes for
cement in mortar production: sawdust, shredded polyethylene terephthalate (PET) plastic bottles, and
shredded used diapers. The proportion of cement substituted with waste material is 0%, 5%, 10%, 15%, and
20% by weight. The compressive strength of mortar with cement substitution using shredded PET plastic
bottles is observed to be higher than that of the other materials [20]. In the manufacture of sand bricks, plastic
waste, glass bottle waste, and paper waste are employed as alternative materials. The plastic waste employed
is a combination of polyethylene terephthalate (PET), high-density polyethylene (HDPE), and low-density
polyethylene (LDPE). The compressive strength obtained exceeds the requisite compressive strength for
masonry. The absorption values are below the maximum absorption requirements for sand bricks [21].

In the province of D.I. Yogyakarta, Indonesia, plastic waste represents 26.37% of the province's total
waste. This is the second most significant component of the waste stream after food waste [22]. Given this
context, it is necessary to manage plastic waste for use in the production of sand bricks, a material with a clear
and pressing need for such materials. This study aims to determine the effect of using melted PET waste as a
binding material in sand bricks on compressive strength and water absorption.

2. Materials and Methods

The PET waste utilised in this process is derived from mineral water bottles sourced from the province
of D.I. Yogyakarta in Indonesia with a specific gravity of 1.3. The sand utilized in this process is sourced from
the riverbeds of the Indonesian province of D.I. Yogyakarta with a specific gravity of 2.6 and a size of 0.15 mm
- 5 mm. The weight ratios of PET waste to sand employed are as follows: 1:2, 1:2.2, 1:2.5, 1:2.9, 1:3.3, 1:4, and
1:5. These ratios are based on trial results. The weight ratio of PET waste to sand exceeds 5; consequently, the
melted PET plastic is insufficient to bind the sand. The test specimen is a cube with dimensions of 6 cm on
each side, as shown in Figure 2. Each variant comprises five test specimens. The methodology employed for
this research project is as follows:

a. Cleaning: The collected PET Plastic bottles were cleaned to remove adhering dirt.

b. Shredding: The collected PET Plastic bottles were shredded into small pieces to speed up the melting
process.

c. Weighing: Weighing PET plastic bottles and sand according to the needs of each variation.

d. Melting: The shredded PET plastic bottle waste was melted.

e. Mixing: The sand and melted PET plastic bottle waste were mixed and stirred until a homogeneous
mixture was achieved.

f.  Molding: The mixtures were moulded on a wooden mould.

g. Curing: The test specimens were removed from the mould after 24 hours.

The methodology employed in the production of sand bricks is illustrated in Figure 1. The tests carried
out were absorption testing and compressive strength testing. Compressive strength testing based on ASTM
C109 using a digital compression test machine with a capacity of 2000 kN. The hardened sand bricks are
weighed, then soaked in water for 24 hours. The sand bricks are removed from the soaking, the surface is
dried, and then weighed. Absorption is calculated by subtracting the weight of the sand bricks after soaking
from the weight of the sand bricks before soaking, then dividing by the weight of the sand bricks before soaking.

PET plastic waste PET plastic waste PET plastic waste PET plastic waste h
were cleaned were shredded were melted at
135°C )
v

Absorption testing and ix sand and melted)

Molded on a PET plastic waste
wooden mold

Results and

. . compressive strength testin
Discussion p & &

J

Figure 1. Process of making sand bricks
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Figure 2. Sand bricks

3.Results and Discussion

3.1 Compressive strength of sand bricks
The average compressive strength of sand bricks with various weight ratios of PET plastic waste to
sand is shown in Table 1 and Figure 3.

Table 1. Compressive strength of sand bricks

Weight ratio of PET plastic waste to sand Average compressive strength (MPa) P-Value

1:2 4.79

1:2,2 4.05

1:2,5 477

1:2,9 4.29 0.0517

1:3,3 4.64
1:4 4.00
1:5 2.56

Table 1 and Figure 3 illustrate that the highest compressive strength is observed at a weight ratio of
PET plastic to sand of 1:2. In contrast, the lowest is observed at a weight ratio of 1:5. The compressive strength
of the weight ratio of 1:2 to 1:4 exhibits fluctuations between 4.79 MPa and 4 MPa. This result is not much
different from the report of Maunahan and Adeba [19]. This phenomenon can be attributed to the continued
utilisation of a relatively rudimentary compaction technique, namely the use of a trowel. The compressive
strength at a weight ratio of 1:5 is low due to the insufficient quantity of melted PET plastic to bind the sand.
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500 1 477 477 4,64

Average compressive strength (MPa)

1:2 1:2,2 1:25 1:2,9 1:33 1:4 1:5

Weight ratio of PET plastic waste to sand

Figure 3. Compressive strength of sand bricks

Following the Indonesian National Standard SNI 03-0349-1989 [23] about concrete bricks for walls, the
weight ratio of 1:2 to 1:4 is deemed to satisfy the criteria for quality level 3, with a minimum average
compressive strength of 4 MPa. The weight ratio of 1:5 meets the requirements of quality level 4 with a
minimum average compressive strength of 2.5 MPa. It can therefore be concluded that sand bricks with
various weight ratios of PET plastic waste to sand meet the compressive strength requirements. From the
ANOVA analysis, the P-value was obtained as 0.0517 > 0.05, which shows that the weight ratio of PET plastic
waste to sand used does not have a significant effect on compressive strength.

3.2 Absorption of sand bricks
The average absorption of sand bricks with various weight ratios of PET plastic waste to sand is shown

in Table 2 and Figure 4.

Table 2. Absorption of sand bricks

Weight ratio of PET plastic waste to sand Average absorption (%) P-Value
1:2 8,69
1:2,2 8,57
1:2,5 8,79
1:2,9 8,55 0.84016
1:3,3 7,62
1:4 7,93
1:5 9,18
10,00 -

8,00 -

6,00 A

4,00 4

Average absorption (%)

2,00 A

0,00 -

1:2 1:22 1:2,5 1:2,9 1:33 1:4 1:5

Weight ratio of PET plastic waste to sand

Figure 4. Absorption of sand bricks
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Table 2 and Figure 4 indicate that the highest absorption is 9.18%, while the lowest is 7.62%. Following
the Indonesian National Standard SNI 03-0349-1989 [23] about concrete bricks for walls, the weight ratio of 1:2
to 1:5 is deemed to satisfy the requisite quality level 1 standards, with a maximum average absorption of 25%.
Following the Indonesian National Standard SNI 15-2094-2000 [24] about clay bricks, the maximum
permissible absorption is 20%. In light of the findings above, it can be posited that sand bricks comprising
varying proportions of PET plastic waste satisfy the requisite absorption standards. From the ANOVA
analysis, the P-value was obtained as 0.84016 > 0.05, which shows that the weight ratio of PET plastic waste to
sand used does not have a significant effect on absorption.

3.3 Density of sand bricks
The average density of sand bricks with various weight ratios of PET plastic waste to sand is shown
in Table 3 and Figure 5.

Table 3. Density of sand bricks

Weight ratio of PET plastic waste to sand Average density (kg/m’) P-Value
1:2 1140
1:2,2 1102
1:2,5 1076
1:2,9 958 0.00003
1:3,3 958
1:4 885
1:5 994
1200 4 HHO 00
994

> 1000 4 958 958 .

=

2 800 A

=

7600

<

% 400 1

Z 200 -

0 4
2 122 125 129 133 L4 L5

Weight ratio of PET plastic waste to sand

Figure 5. Density of sand bricks

As illustrated in Table 3 and Figure 5, the highest density is observed at weight ratios of PET plastic
waste to sand of 1:2. In contrast, the lowest density is observed at weight ratios of 1:4. This phenomenon can
be attributed to the fact that the melted PET plastic content at weight ratios of 1:2 is the highest, while at weight
ratios of 1:4, it is the lowest. The density of the sand bricks produced in the course of the experiment ranged
from 885 to 1140 kg/m?3. The density of sand bricks with various weight ratios of PET plastic waste to sand is
less than that of clay brick masonry, which has a density of 1700 kg/m3. From the ANOVA analysis, the P-
value was obtained as 0.00003 < 0.05, which shows that the weight ratio of PET plastic waste to sand used has
a significant effect on density.

4. Conclusions

The incorporation of melted PET plastic waste as a binder in the production of sand bricks effectively
enhances the material’s properties, ensuring it meets necessary construction standards, including compressive
strength and water absorption requirements. The addition of PET plastic, which acts as a bonding agent,
significantly contributes to achieving the required compressive strength, thereby making these bricks
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structurally sound and suitable for various building applications. Moreover, the integration of this plastic
waste results in sand bricks with improved absorption characteristics, aligning with established building
material standards. Another advantageous property of utilizing PET plastic as a binder is the resultant
decrease in the bricks' overall weight compared to traditional clay-based bricks, which can facilitate easier
handling and reduce transportation costs. This approach not only provides an innovative solution to plastic
waste management but also offers a sustainable and potentially cost-effective alternative to conventional
building materials.
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Abstract: A Vigna aconitifolia (V.aconitifolia), also known as moth bean, is a
nutrient-rich legume that is commonly consumed in many parts of the world.
Germination is a process that can enhance the nutritional and functional
properties of legumes. However, there is limited information on the effects of
germination on the physicochemical, functional, and cooking attributes of V.
aconitifolia. The objectives of this study were to evaluate the effects of
germination on the physicochemical, functional, and cooking attributes of V.
aconitifolia and to compare the properties of germinated and ungerminated V.
aconitifolia seeds. Seeds were germinated for 24 hours and then dried and
milled into flour. The physico-chemical properties of the flour, including
moisture content, ash content, and pH, were evaluated. The functional
properties, including water absorption, oil absorption, and emulsification
capacities, were also evaluated. The cooking characteristics, including
cooking time, water uptake ratio, and swelling power, were evaluated using
standard methods. The results showed that germination significantly
improved the physicochemical properties of V.aconitifolia, including moisture
content, ash content, and pH. The functional properties, including water
absorption, oil were also
significantly improved. The cooking characteristics, including cooking time,
water uptake ratio and swelling power, were significantly reduced. The
results suggest that germination can enhance the nutritional and functional
properties of V.aconitifolia, but may also affect its cooking characteristics. The

absorption, and emulsification capacities,

findings of this study have significant implications for the food industry, as
they suggest that germination can be a simple and effective method to
enhance the quality and functionality of legume flours.

Keywords: V.aconitifolia; germination; physico-chemical & functional properties;
cooking characteristics; nutritional quality

1. Introduction

Vigna aconitifolia (V.aconitifolia), a nutrient-rich legume native to western
and northern India, has been an underutilized crop in regular diets, despite its
potential as a valuable source of protein, fiber, and antioxidants [1]. This
legume plays a vital economic role, particularly in rural India, where it serves
as a cash crop, providing income for farmers. Moreover, V.aconitifolia 's
nutritional profile makes it an attractive alternative to cereals, which
dominate Indian diets but often lack protein digestibility [2].However,
V.aconitifolia’s utilization is hindered by limitations such as low protein digestibility,
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high phytic acid content, and a coarse texture. Germination, a cost-effective and straightforward processing technique,
has been shown to enhance the nutritional and functional properties of legumes[3]. This process involves
soaking, sprouting, and drying the seeds, which activates enzymes that break down phytic acid and other
anti-nutrients. Germination has been demonstrated to improve protein digestibility, mineral bioavailability,
and antioxidant activity in V.aconitifolia [4].The findings of this study have significant implications for the
food industry, particularly in the development of novel, nutrient-dense food products. By enhancing the
nutritional and functional properties of V.aconitifolia, germination can unlock new opportunities for food
manufacturers, processors, and marketers. Moreover, the increased availability of nutrient-rich, germinated
V.aconitifolia can contribute to addressing malnutrition, promoting sustainable agriculture, and supporting
the growth of the food industry in India and beyond.

2. Methodology

2.1 Selection and Processing of V.aconitifolia

V.aconitifolia (moth bean) is a nutrient-rich legume that is widely cultivated in Tamil Nadu, India.
Two genotypes of V.aconitifolia, TN 12 (wild type) and TN 27 (cultivation), were identified by Tomooka et al.
[5] and Tomooka et al. [6]. Based on cultivation and availability throughout the year, TN 27 was selected for
this study. The selected variety was procured from farmers in the Namakkal district of Tamil Nadu. The
legume was manually winnowed to remove dust and other unwanted solid matter. The selected legume was
authenticated by the Botanical Survey of India, Southern Regional Center, Coimbatore, Tamil Nadu. The
V.aconitifolia seeds were cleaned, washed, and sun-dried at 38°C for 24 hours. The seeds were then roasted in
an iron tawa and finely powdered using a high-speed food processor equipped with a stainless steel blade.
The powder was processed to achieve a uniform particle size, passing through a 60-mesh sieve (particle size
<250 um). The powder was stored in an airtight container for later use.

2.2 Germination

The germination process of V.aconitifolia was initiated by selecting healthy, mature seeds. To prevent
fungal growth, the seeds were washed with distilled water to remove any residual mercuric chloride, and
then soaked in distilled water for 8 hours to facilitate germination. The soaked seeds were transferred to a
germination tray lined with moist paper towels, covered with a thin layer of moist paper towels, and
maintained at a temperature of 25°C and relative humidity of 80%. The seeds were allowed to germinate for
different periods, namely 12, 24, 36, and 48 hours, and monitored for changes in color intensity, which was
evaluated using a subjective scale (High, Medium, Low). The color intensity was recorded at each time point
to assess the progression of germination. The germination process was terminated by drying the germinated
seeds in a hot air oven at 50°C for 2 hours [7].

2.3 Physicochemical characteristics of Ungerminated and Germinated V.aconitifolia Flour

The physical characterization of V.aconitifolia was determined, as its characterization indicates the
adaptability of the legume. Analyzing the physical characteristics of the legume is most important, as it
helps to anticipate the performance of the legume. The most common parameters used for assessment were
shape, size, weight, volume, sphericity, and Density [8]. The understanding of the physical characterization
of legumes, such as surface area, true density, sphericity, volume, bulk Density, projected area, and
dimensions, is crucial to counter the difficulties and enhance the capacity of the legume during post-
harvesting, processing, and storage. The procedure followed is explained under the following headings.
Physico-chemical properties influence the processing, storage period, preparation process, and consumption,
and hence, palatability increases when the quality of physico-chemical reactions is within a proper range [9].
The following physicochemical characteristics of V.aconitifolia flour (ungerminated and germinated) were
studied using standard procedures (triplicate):

2.3.1 Thousand Legume Weight
The thousand legumes were randomly selected and weighed using an electronic weighing
balance. The weight of V. aconitifolia was taken as the mean of triplicate measurements and noted in grams [10].



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e256897. 3of14

2.3.2 Thousand Legume Volumes
The thousand selected legumes were taken in a measuring cylinder. A measured quantity of
distilled water (250 ml) was added, and the difference obtained was recorded in milliliters [10].

2.3.3 Length, Breadth, and Thickness of the Legume

The three dimensions were calculated by taking an average of 100 legumes using a vernier
caliper (least count = 0.01 cm). If the arrangements of starch matrix in the granules are high, then the
thickness of the legume or granule strip is also high [11-12].

2.3.4 Equivalent Diameter
The equivalent diameter or geometric mean of the V.aconitifolia was determined by using the
given formula by Mohesenin [13]. The measurements were expressed in mm.

Dm = (LBT)"*Where L= length, B= Breadth, T=Thickness
2.3.5 Sphericity

The sphericity of the ungerminated and germinated V.aconitifolia was determined as the proportion of
the volume of the seed with the same surface area as a sphere. It is calculated by the given formula [14].

Sh (%) = 1-b-1)1/3 =1

2.3.6 Density
The Density of V. aconitifolia was determined using the formula Mass/Volume, where V = ((1)
x (b) x (h)), and it is expressed in mm. Less moisture and crystallinity result in less Density [11].

2.3.7 Standardization of Germination

The V.aconitifolia was soaked for 12 hours and allowed to germinate over four different periods,
as follows, and the growth of the sprout was noted [15]. The temperature was under control at 300 °C (Table
I). The International Seed Testing Association (ISTA) has standardized testing procedures for several
medicinal plants and seeds. It also exposed the procedures [16]. The calculated parameters included shoot
length, seed germination, and weight [17]. The properties of germinated legumes with different germination
hours were calculated and discussed in the results.

2.3.8 Bulk density

Bulk Density of ungerminated and germinated V.aconitifolia flour was calculated by the
measurement of proportion of mass of the legumes to its volume in total (Ungerminated & germinated) was
determined (g/ml) by the formula and method used in the article Shreelalitha [14]. When the
physicochemical factors of a legume are said to be beneficial, the impact of anti-nutritional factors in the
legume will be lower [10].

2.3.9 True Density

True Density of V.aconitifolia flour (Ungerminated & germinated) was estimated by the method
of sand displacement [18]. When the moisture content is high, the true density will decrease. True density
was determined by the following equation quoted by Matouk et al. [19].

Pt =7 kg /m3.

Where, Pt True Density of V.aconitifolia, kg/
M3 Ms; Weight of the V.aconitifolia, kg;

Vi: Displaced Volume of Toluene, M3

2.3.10 Porosity
Porosity of V.aconitifolia flour (Germinated & ungerminated) was estimated by measuring the
percentage of space of the inner volume of the legume into the volume of legume bulk [19].
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Porosity = P1-P2/ P2

Where P= Porosity of V.aconitifolia flour (%);
P1 - Constant pressure inside the tank 1

P2 - Constant pressure inside the tanks 1 and 2

2.3.11 Scanning Electron Microscope (SEM)

SEM analysis was done in the laboratory of Periyar University a clear picture of starches present
in ungerminated and germinated V.aconitifolia (The morphological study of starch)were recorded with the
magnification of 300x, 1000x 2000x, 3000x and 5000x with the range of 100pum,20 um, 10pum,10 um and 5
um(Make: Carl Zeiss Microscopy GmbH Germany). The SEM analysis helps in understanding the structure
of films present in both ungerminated and germinated V.aconitifolia flour [11].

2.3.12 Fourier Transform Infrared (FT-IR) Spectra

V.aconitifolin germinated, and a PerkinElmer FT-IR spectrophotometer analyzed non-
germinated flour to find the chemical composition of the flour qualitatively; a Vector 22 model made
inGermany was used to record the FT-IR in solid state with the Frequency range — 4000 — 400 cm™[20].

2.4 Functional characteristics of Ungerminated and Germinated V.aconitifolia Flour

The good functional properties of legumes result in good output during processing, storage,
development, and consumption of the food product. The functional characterization of V.aconitifolia, which
includes Water absorption capacity, Oil absorption capacity, water solubility index, foaming capacity and
index, emulsification, and antinutritional factors, was determined as it determines the quality of the legume.
A functional characteristic purely depends on the activities of physicochemical properties, structure, and
composition of the legume [14]. The functional properties of legumes depend on the structure and
composition of proteins and amino acids, as well as the influence of other external components [21]. The
procedure followed is explained under the following headings

2.4.1 Water Absorption Capacity

Water Absorption Capacity (WAC) is used to determine the legume's ability to absorb water.
The assessment is more important because legumes that possess lower WAC have less water-holding
capacity, resulting in a poor food product. Legumes that possess high WAC have a high water-holding
capacity, which results in achieving brittle and dry conditions [9]. WAC was determined by adding 40 mL of
water to the mixture of 2 g of V. aconitifolia flour and stirring well at a continuous speed for one hour using a
Griffin flask shaker. The mixture was then centrifuged at 220 rpm for 10 minutes. The following formula was
used for the calculation of the capacity of water absorption [22], and the results obtained were denoted in
grams/grams

Final weight — initial weight
WAC = g g

X100
initinl weight

2.4.2 Oil Absorption Capacity

Oil Absorption Capacity (OAC) or Fat Absorption Capacity (FAC) was high when the legume
contains a high amount of fibre, because of the fibre’s capability of holding or trapping fat ata higher level
[9]. OAC was determined by the reference of Shuang et al. [23]. 2.5 g of both the ungerminated and
germinated V.aconitifolia flour in separate test tubes were mixed with peanut oil (30 mL). The mixture was
stirred for one minute, left undisturbed for 30 minutes, and then centrifuged for 30 minutes at 3000 g. When
the oil formed as a separate layer, it was filtered out using a pipette, and the remaining oil was removed by
keeping the tube inverted for 30 minutes. The quantity of oil absorbed by the sample was measured and denoted in
grams per gram.

2.4.3 Water Solubility Index
Water solubility index indicates the quantity of the polysaccharide present or released from the
legume by adding excess water. The mixture was constantly stirred to control the higher speed during
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centrifugation and also to prevent the putrefaction of the starch granules. Both samples were heated in a
controlled temperature environment at 85 °C for half an hour with continuous stirring. After heating, the
samples were kept outside to cool down to room temperature. The samples were centrifuged at 560g for 15
minutes. The capacity of solubility was determined by evaporating the supernatant solution. The remaining
residues were weighed. Using the formula provided below, the water solubility index was calculated [22].

Weight of the dissolvred solid in supernatant

WSI (%) = X100

weight of the dry solids

2.4.4 Foaming Capacity and Stability

Foaming capacity was determined by the reference of Salma, H. A., Nahid et al. [24]. 2g of the
sample was mixed with 10 ml of buffer solution at pH ranges in a blender (Moulinex) for 2 minutes at “HI”
speed. The blended mixture was transferred to a measuring cylinder (250 ml) After 30 seconds, the volume
of foam was measured and noted in %.

Volume of flour after whipping—Velume of flour before whipping
FC (%) = s FEEX 100

Volume of flour before whipping

Where FC = Foaming Capacity

Foaming stability was determined using the same procedure, but the volume of foam was
measured after a 15-minute time interval. The formula used was taken from the reference of Nahid etal. [24],
and it was given below

Foam rolume of the flour after L5 minutes

FS (%) = X100

Initial foam volume of the flour

Where FS = Foaming Stability

2.4.5 Emulsification Capacity

The capacity used to determine the emulsifying property of the legume flour was determined
by the method followed by Shuang et al. ([23] and Adeleke and Odedeji[25]. 3.5 g of ungerminated and
germinated V.aconitifolia flour was mixed with distilled water in a separate test tube and homogenized at
10,000 rpm for 30 seconds using a High-Speed Homogenizer. Then another 25 ml of oil (peanut) was mixed
with the same sample and homogenized for another 90 seconds. The formed emulsion was equally divided
and transferred into centrifuge tubes, which were then centrifuged for 5 minutes at 1100 g. The capacity of
emulsification was calculated by dividing the volume of foam produced after centrifugation by the volume
before centrifugation.

2.5 Cooking Characteristics of Ungerminated and Germinated V.aconitifolia Flour

When compared to the utilization of pulses, the use of food in the form of legumes is less due to
multiple factors. The hardness present in the legumes makes difficult to cook and decreases the palatability;
inhibiting enzymes etc but good quality cooking can help in counteract those factors [26]. cooking
characteristics of the legume can be assessed to precise the value of a legume to develop a good food product
and also for the process of incorporation of a food product.

2.5.1 Optimum Cooking Time (min)

The cooking time of V.aconitifolia was determined by cooking 2g of V.aconitifolia grains in 20 ml
of distilled water. The distilled water was kept in a 100 ml beaker and heated using a boiling water bath. The
V.aconitifolia grains were taken after 25 minutes of cooking and pressed between two plates; the time taken for
optimum cooking was recorded [14].

2.5.2 Water Uptake Ratio (%)
The water uptake ratio of V.aconitifolia grains was calculated by cooking 2 grams of grains with 20
ml of distilled water. The grains were then placed in a 100 ml beaker with water and allowed to heat in an
electric heater. After the grains were cooked, they were removed. It was calculated using the formula below [14].
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. Weight of cooked i
Water uptake ratio (%) = edghtt of onked grains

= x 100
Weight of uncooked grains

2.5.3 Elongation Ratio (mm)

The average length of the uncooked V.aconitifolin grains was recorded. Then, 2g of V.
aconitifolia grains were taken in a beaker with 20 ml of distilled water and cooked using an electric heater.
When the grains reached their optimum cooking time, they were taken to measure the length of the grain.
The elongation ratio was calculated using the formula below[14].

Legthofthe cooked groins
length of the uncooked grains

Elongation ratio (mm) =

2.5.4 Alkali Spreading Value

V.aconitifolia (10 seeds) were taken and placed with individual spacing in a petri dish with 1.7%
Potassium Hydroxide solution (10 ml). The petri dish was then placed in an incubator at a temperature of 27.8 °C
for 24 hours. The value of the spreading of each grain was measured by a 7-point numerical scale [22].

2.5.5 Swelling Power (%)

Swelling power was determined by the Reference of Malomo et al. [22-27]. 40 ml of distilled
water was added to a 50 ml centrifuge tube, along with 1 gram of ungerminated and germinated V.
aconitifolia flour, and the volume was denoted in ml/grams. The divergence in positioning of starch and
amylase within the granules influences the capacity for swelling and solubility [27].

2.6 Statistical Analysis

The data were analyzed using descriptive statistics to summarize the physical and functional
properties of V.aconitifolia. The mean and standard deviation (SD) were calculated for each parameter.
The experiment was conducted in triplicate (n = 3). The data were presented in tables to provide a clear
overview of the results. All statistical analyses were conducted using SPSS version 20.

3. Results and Discussion
3.1 Standardization of Germination

Table 1. Growth of the sprout with different colours based on hours

Variation Germination Hours Colour intensity
I 12 High
II 24 High
I 36 Medium
v 48 Low

The changes in color intensity of the sprout over time (Table 1) can be attributed to physiological
changes during germination. Initially, the high color intensity observed at 12 and 24 hours may be due to the
breakdown of seed dormancy and the initiation of germination, characterized by enzyme activation and the
mobilization of stored nutrients. As germination progresses, the seedling's reliance on stored nutrients
decreases, transitioning to a photosynthesis-based food production system. This shift may be reflected in the
decrease in color intensity from medium to low between 36 and 48 hours.

The decrease in color intensity over time may also be related to pigment degradation, such as
anthocyanins responsible for initial sprout coloration [28]. As the seedling grows, new pigment production
(e.g., chlorophyll) may contribute to changes in color intensity. This is consistent with studies showing that
chlorophyll biosynthesis and photosynthesis increase during germination [29]. Additionally, physiological
and biochemical changes during germination, such as the breakdown of stored nutrients and the activation
of enzymes, can also influence seedling coloration.
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3.2 Physicochemical Characterization of Ungerminated and Germinated V.aconitifolia
The physical properties like legume length, breadth, thousand kernel weight, equivalent diameter,
and sphericity of V.aconitifolia are presented in Table .2.

Table 2. Physical characterization of V.aconitifolia legume

S. . . Ungerminated Germinated
Physical Properties ip 1 o o

No. V.aconitifolia legume V.aconitifolia legume
1.  Thousand Legume weight (g) 4.00+0.23 6+0.22
2. Thousand kernel volume (ml) 3.640.16 5.4+0.27
3. Legume length(cm) 0.46+0.02 0.57+0.03
4.  Legume breadth (cm) 0.3+0.01 0.6+0.01
5. Thickness (cm) 0.47+0.02 0.52+0.03
6. Equivalent diameter(cm) 0.0135+0.001 0.0148+0.001
7. Sphericity (cm) 0.03+0.001 0.05+0.002
8.  Density (mm) 1.1+0.01 1.6+0.02

The physical properties of V.aconitifolia legume were significantly affected by germination. The
thousand-legume weight and thousand kernel volume increased by 50% and 50%, respectively, after
germination. This increase in weight and volume is consistent with previous studies, which reported that
germination can improve the physical properties of legumes [3-4]. The legume length, breadth, and thickness
also increased after germination, indicating an overall increase in size. The equivalent diameter and
sphericity of the legume increased slightly from 0.03 to 0.05 after germination, indicating a minor change in
shape.

These results are in agreement with a recent study, which reported that germination can improve

the physical properties of legumes, including size, shape, and texture [14].
The density of the legume also increased after germination, indicating an improvement in compactness. This
result is consistent with previous studies, which reported that germination can improve the density of
legumes [3-4]. Overall, the results suggest that germination can significantly improve the physical properties
of V.aconitifolia legume, making it a more desirable ingredient for food applications.

Table 3. Physical characterization - Bulk Density, True Density, and Porosity

. .. Ungerminated Germinated

5.No. Physical Characterization V.uconigtifoliuﬂour (g V.aconitifoliaflour(g)
1. Bulk density (ml) 0.783 +0.02 0.691 £ 0.02
True Density (ml) 1.349 + 0.01 1.234 +0.01
Porosity (%) 41.76 + 2.66 4431 +2.04

The physical characterization (Table 3) of V.aconitifolia flour revealed interesting results. The bulk
density and true density values were found to be similar, indicating minimal porosity or void space between
the particles. This suggests that the germination process may not have significantly altered the physical
structure of the V.aconitifolia flour. The similar density values could be attributed to the dense packing of
particles, which may not have been affected by the germination process.

The porosity of ungerminated V.aconmitifolia flour was 41.76%, which increased to 44.31% after
germination. This increase in porosity can be attributed to the breakdown of complex cellular structures and
the activation of enzymes during the germination process. Specifically, the enzymes a-amylase, 3-amylase,
and proteases are activated, breaking down starches and proteins into simpler molecules [4]. This breakdown
creates more spaces within the flour, leading to increased porosity. Furthermore, the germination process
also involves the degradation of phytic acid, a compound that can inhibit enzyme activity and bind minerals
[3]. The reduction of phytic acid during germination can contribute to the increased porosity and improved
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nutritional availability of the flour. Overall, the results suggest that germination can improve the physical
properties of V.aconitifolia flour, making it a more desirable ingredient for food applications.”

Table 4. Scanning Electron Microscopy (SEM) Analysis of Ungerminated and Germinated V.aconitifolia Flour

V.aconitifolia Flour
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The SEM micrographs of V.aconitifolia flour and germinated V.aconitifolia flour (Table 4) revealed
distinct topographical features, underscoring the impact of germination on the physical properties of the
flour. The images, captured at various magnifications, showcased a range of surface morphologies, including
triangular, elliptical, pipe arch, and oval shapes, which were more pronounced in the germinated sample.

The SEM analysis revealed a soft and smooth surface texture for both ungerminated and
germinated V.aconitifolia flour, with no visible pores. This observation is consistent with previous studies,
which reported similar surface characteristics in moth bean granules [30]. Furthermore, the SEM images
revealed the presence of both small and large starch granules in both ungerminated and germinated
V.aconitifolia flour, with shapes ranging from cylindrical to oval and elliptical. This finding is corroborated
by the high starch content reported in V.aconitifolia[4].

The germinated sample exhibited a more heterogeneous surface morphology, with a greater
presence of irregularly shaped starch granules. The SEM analysis revealed changes in the starch granule
structure of V.aconitifolia flour after germination, suggesting potential alterations in its functional properties.
During germination, the activity of enzymes such as amylase and protease can lead to the partial degradation of
starch granule structures, resulting in changes to the molecular structure and breakdown of starch. These
changes may impact the flour's texture, solubility, and digestibility. Further research is needed to fully understand
the effects of germination on starch breakdown and molecular structural changes in V. aconitifolia flour.
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Figure 1. Graphical Representation of Fourier Transform Infrared (FT-IR) Spectra of ungerminated V.aconitifolia

The FTIR spectral imaging comparison between ungerminated and germinated V.aconitifolia flour
reveals significant biochemical differences associated with germination. FTIR absorbance intensity at various
wave numbers is indicative of the concentration of biomolecular functional groups such as proteins, lipids,
and phenolic compounds.

Fourier Transform Infrared (FTIR) spectroscopy was employed to investigate germination-induced
alterations in the molecular composition of V.aconitifolia flour. Comparison between ungerminated (51) and
germinated (S2) samples revealed significant changes in the infrared absorption patterns, particularly in
regions corresponding to key biomolecules. The germinated sample exhibited higher mean absorbance
intensity (3.47) compared to the ungerminated one (4), indicating an increased presence of functional groups
associated with bioactive and nutritional compounds. This molecular enrichment is consistent with the
activation of enzymatic and metabolic pathways during germination, leading to hydrolysis of macromolecules
and synthesis of simpler, more bioavailable compounds [31].
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Figure 2 Graphical Representation of Fourier Transform Infrared (FT-IR) Spectra of germinated V.aconitifolia

Characteristic absorption bands observed near ~3300 cm™ (O-H stretch) were more prominent in the
germinated sample, signifying an increase in hydroxyl-containing compounds, such as phenolics and
carbohydrates. These compounds contribute to enhanced antioxidant activity and improved
physicochemical functionality. Likewise, the elevated peak intensity around ~2940 cm™, attributed to C-H
stretching in lipids, suggests changes in lipid profiles, possibly through lipid mobilization or remodeling
during germination. The bands observed at ~1650 cm™ and ~1540 cm™ correspond to amide I and II regions
respectively, and their increased intensity in the germinated flour points to elevated protein levels or
conformational changes in existing proteins—alterations that are closely linked with improved dough-
forming ability, water absorption, and textural properties relevant to cooking performance.

These structural changes, highlighted by FTIR imaging, support the observed enhancements in the
functional and cooking properties of the germinated flour. Improved solubility, emulsifying activity, and
thermal behavior, as documented in similar studies, can be attributed to these biochemical transformations
[32]. The molecular insights from FTIR spectroscopy thus reinforce the potential of germination as a natural
and effective method to enhance the physicochemical and functional value of V.aconitifolia flour for use in
nutritionally enriched food formulations.

3.3 Functional Properties of Ungerminated and Germinated V.aconitifolia

The functional properties (Table 5) of V.aconitifolia flour were significantly affected by germination.
The water absorption capacity (WAC) of germinated V.aconitifolia flour was significantly higher (21 + 1.65%)
compared to ungerminated flour (18 + 1.66%). This increase in WAC can be attributed to the structural
changes in starch granules upon germination. Specifically, the activation of enzymes such as amylase during
germination can lead to the disruption of starch granules, increasing the availability of hydrophilic groups,
such as hydroxyl and amino groups, on the surface of the starch granules [4]. Additionally, the breakdown
of starch molecules into simpler sugars can also contribute to the increased water absorption capacity. These
changes in starch structure and composition can enhance the hydrophilic properties of the flour, leading to
improved water absorption capacity
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Table 5. Functional Properties

S.No. Functional Properties Ungern‘uflate.:d Germ1'n.atec-1
V.aconitifolia V.aconitifolia
1. Water Absorption Capacity (%) 18 +1.66 21 +1.65
2. Oil Absorption Capacity (%) 23 +1.95 15.62 +1.20
3. Foaming capacity (%) 25+2.05 28 +1.85
4. Emulsification capacity (%) 10.5+0.95 13 +£1.06
5. Water solubility index (%) 71.17 £ 4.66 82+4.44

In contrast, the oil absorption capacity (OAC) of germinated V.aconitifolia flour was lower (15.62 + 1.20%)
compared to ungerminated flour (23 = 1.95%). This decrease in OAC can be attributed to the increased
availability of hydrophilic groups on the surface of the starch granules after germination, which reduces the
ability of the flour to absorb oil [14]. The foaming capacity (FC) of germinated V.aconitifolia flour was higher
(28 £1.85%) compared to ungerminated flour (25 +2.05%).

This increase in FC can be attributed to the increased availability of proteins and other surface-active
compounds after germination, which enhances the ability of the flour to form and stabilize foams [3]. The
emulsification capacity (EC) of germinated V.aconitifolia flour was higher (13 * 1.06%) compared to
ungerminated flour (10.5 + 0.95%). This increase in EC can be attributed to the increased availability of
proteins and other surface-active compounds after germination, which enhances the ability of the flour to
form and stabilize emulsions [4].

The water solubility index (WSI) of germinated V.aconitifolia flour was significantly higher (82 *
4.44%) compared to ungerminated flour (71.17 * 4.66%). This increase in WSI can be attributed to the
enhanced enzyme activity during germination, which leads to partial starch degradation. The breakdown of
starch molecules into simpler sugars and the increased availability of hydrophilic groups on the surface of
the starch granules contribute to improved water solubility [14]. Specifically, the activation of enzymes such
as amylase during germination facilitates the hydrolysis of starch molecules, resulting in increased solubility
and enhanced ability of the flour to dissolve in water.

3.4 Cooking properties of Ungerminated and Germinated V.aconitifolia

The cooking properties (Table 6.) of V.aconitifolia flour were significantly affected by germination.
The optimum cooking time (OCT) of germinated V.aconitifolia flour was shorter (18 + 1.40 minutes)
compared to ungerminated flour (25 + 1.90 minutes). The decrease in Optimum Cooking Time (OCT) can be
attributed to the structural modifications of starch and proteins caused by enzymatic activity during
germination. Specifically, enzymes such as amylase may partially hydrolyze starch, leading to a softer
structure and a shorter cooking time. Additionally, the increased availability of hydrophilic groups on the
surface of the starch granules after germination may also contribute to enhanced water absorption, further
reducing the cooking time [4].

Table 6. Cooking properties

S.No. Cooking Properties Ung('er.mir}ated Ger.n.lina.ted
V.aconitifolia flour V.aconitifolia flour
1. Optimum cooking time (min) 25+1.90 18 £1.40
2. Water uptake ratio (%) 18.5+1.22 20+1.82
3. Elongation ratio(mm) 2.25+0.15 2.95+1.67
4. Swelling Power (%) 15+0.95 21+1.35

The water uptake ratio (WUR) of germinated V.aconitifolia flour was higher (20 + 1.82%) compared to
ungerminated flour (18.5 + 1.22%). This increase in WUR can be attributed to the increased availability of
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hydrophilic groups on the surface of the starch granules after germination, which enhances the ability of the
flour to absorb water [14].

The elongation ratio (ER) of germinated V.aconitifolia flour was significantly higher (2.95 + 1.67 mm)
compared to ungerminated flour (2.25 + 0.15 mm). This increase in ER can be attributed to the changes in
protein structure and composition during germination, which in turn affect the starch structure. Specifically,
the breakdown of protein-starch complexes and the increased availability of proteins and other surface-
active compounds after germination can enhance the flexibility of the starch structure, leading to improved
gel formation and stability [3]. A higher ER indicates better gel formation in starch, which can contribute to
improved texture and structure in food products made from germinated V.aconitifolia flour.

The swelling power (SP) of germinated V.aconitifolia flour was higher (21 + 1.35%) compared to
ungerminated flour (15 + 0.95%). This increase in SP can be attributed to the increased availability of hydrophilic
groups on the surface of the starch granules after germination, which enhances the ability of the flour to
absorb water and swell [4].

4. Conclusion

In conclusion, the present study investigated the effect of germination on the physical, functional,
and cooking properties of V.aconitifolia flour. The results showed that germination significantly altered the
physical properties of the flour, including bulk Density, true Density, and porosity. Specifically, germination
led to a decrease in bulk density and true density, while increasing porosity. These changes can impact the
functionality and cooking behavior of the flour.

The functional properties, such as water absorption capacity, foaming capacity, and emulsification
capacity, were also enhanced after germination. Furthermore, the cooking properties, including optimum
cooking time, water uptake ratio, elongation ratio, and swelling power, were improved after germination.

Overall, the study suggests that germination can be a useful technique to improve the physical,
functional, and cooking properties of V.aconitifolia flour, making it a more desirable ingredient for food
applications. The improved properties of germinated V.aconitifolia flour can be attributed to the increased
availability of hydrophilic groups, proteins, and other surface-active compounds after germination.

The findings of this study have important implications for the food industry, as they suggest that
germination can be a simple and effective way to improve the quality and functionality of legume flours.
Further research is needed to explore the potential applications of germinated V.aconitifolia flour in specific
food products, such as gluten-free baked goods, starch-based gel formulations, or functional snack foods,
where its modified physical and functional properties can be leveraged to enhance nutritional value, texture,
and overall product quality.
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Abstract: Nitrogen is a vital nutrient that becomes a growth-limiting factor in
alkaline soils. Opting for high-quality ammonia fertilizer ensures that crops
receive optimal nutrition, tailored to their specific requirements, and facilitates the
easier absorption and utilization of nutrients by the soil. A field experiment was
conducted to determine the response of corn varieties in alkaline soil applied with
different ammonium fertilizers in terms of growth, yield, and physicochemical
characteristics. The study was laid out in Randomized Complete Block Design
looking into four varieties; two high yielding and two low yielding, applied with
two kinds of ammonia fertilizer: di-ammonium phosphate (18-46-0, 187.5 grams/
linear meter) and ammonium sulfate (21-0-0, 225 grams/linear meter) based on the
90 N recommended rate. To supplement the P and K requirement, 10 t/ha of
organic fertilizer was applied to all treatments. Regarding the high-yielding
varieties, one favored ammonium sulfate fertilization in terms of plant height
(185.10 + 0.59 cm), days to silking (57.70 + 6.05 days), and tasseling (51.83 + 0.66
days), as well as total soluble solids (1.53 + 0.08 Brix). The other favored di-
ammonium phosphate fertilization in terms of ear weight (118.21 + 13.91 g/ear),
grain weight (98.42 + 6.35 g/ear), and ear diameter (4.09 + 0.16 cm). On the other
hand, neither of the low-yielding varieties was affected by the type of ammonium
fertilizer, except for titratable acidity (34.50 + 0.49%). Showing, therefore, high-
yielding varieties being more responsive to the type of ammonium fertilizer.

Keywords: Ammonium sulfate; di-ammonium phosphate; total soluble solids;
hybrid corn; drought

1. Introduction

Corn (Zea mays L.) ranks as one of the world's most essential crops and is
regarded as the leading cereal cultivated in tropical and subtropical regions [1].
This crop holds significant economic value as it provides a rich source of energy,
minerals, vitamins, and essential amino acids [2]. Corn is primarily utilized as
food for humans, animal feed, seed, and as an industry in its own right, with
around 20% of the population consuming it. It serves as the main component in
animal feed production, making up roughly 60-70% of feed ingredients, and is
also used in various food and industrial products [3]. More importantly, corn
provides a livelihood for 600,000 small farming families [4].

Alkaline soils, which have a high pH, can limit nutrient absorption,
posing a challenge to achieving optimal crop yields. Using high-quality
fertilizers based on ammonia ensures that crops receive the optimal nutrition for
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their specific requirements and enables the soil to absorb and utilize these nutrients efficiently. Nitrogen is
frequently a limiting factor for plant growth in both natural ecosystems and agricultural crop production.
Ammonium plays a crucial role in the assimilation of nitrogen into organic compounds, regardless of whether
the nitrogen comes from ammonium absorption, nitrate reduction, or nitrogen fixation [5]. Effective
management of nitrogen fertilization is crucial for both productivity and profitability. However, the existing
fertilization system results in the loss of about 60 to 70% of the nitrogen applied [6]. These losses are attributed
to various factors, including the type of nitrogen fertilizer, application method, varietal differences, soil
characteristics, and cropping systems [7].
This study was conducted to determine how varieties grown under alkaline soil respond to different

ammonium fertilizers.

2. Materials and Methods

2.1 Site Description

The study was conducted in the experimental area of Cebu Technological University-Barili Campus,
situated approximately 10° 7 57.96" N latitude, 123° 32'41.2" E longitude. The experimental area has alkaline
soils with distinct physical and chemical characteristics that impact crop performance and nutrient status. The
color of soils ranges from dark brown to yellowish brown, with significant differences in consistency between
wet and dry states —hard and compact when dry but plastic and sticky when wet. The soils contain high clay
content of 46-70% and retain a water-holding capacity of more than 40%. They are alkaline with pH values
always above 7.5 [8]. The field experiment was conducted from March to June 2024. This period in Cebu,
Philippines, was marked by progressively worsening drought conditions, which are typical for the dry season.
During March, temperatures were between 25°C and 31°C, with moderate rains amounting to around 103mm
spread over only8 days, suggesting unpredictable precipitation patterns. April showed the beginning of
drought stress conditions with temperatures increasing to their peak at 32°C, accompanied by considerably
low rainfall of about 81 mm within just 7 days. This was a 21% drop in precipitation from March and defined
water-limiting conditions. May witnessed the increase in drought stress with temperatures going into their
peak season at 33°C. Even as rainfall rose to 127-147 mm over 8-9 days, the high temperatures and high
evapotranspiration levels formed high water deficit conditions. The patches of rainfall formed instances of
intense water stress during the inter-catch intervals. June maintained the drought trend with a prolonged high
of 30°C, which was very warm for the area. Though a 65% daily average probability of rain, rainfall during
the growing season averaged just 11.6 mm per day, which caused cumulative drought stress during the season
[9]. These conditions were natural drought conditions for assessing hybrid corn performance in alkaline soils.

2.2 Experimental Design and Treatment

The study was conducted using a Randomized Complete Block Design with three replications.
Four varieties of corn were tested, two high-yielding and two low-yielding. The high-yielding and low-
yielding designation of the varieties was performed based on past yield performance. These were:

High-yielding 1- A genetically engineered hybrid corn with high grain yield potential
(Generally 8-10 t/ha), featuring drought tolerance and excellent stalk strength.

High-yielding 2- A top-performing hybrid type with a yield potential of over 9 t/ha, tolerance to key pests
and diseases, and excellent dryland adaptation.

Low-yielding 1 — An open-pollinated variety (OPV) with comparatively low yields (3-5
t/ha) often used for local consumption, with average yield potential and long maturity duration.

Low-yielding 2 — A conventional type with average yield performance (2.5-4 t/ha), adapted to
marginal conditions but with lower productivity when under stress.

The experiment was conducted to evaluate the varietal performance of corn under alkaline soil
conditions through the application of two ammonium-based fertilizers: Di-ammonium phosphate (DAP, 18-
46-0) and Ammonium sulfate (AS, 21-0-0).

To provide balanced nutrition and fulfill the phosphorus (P) and potassium (K) needs of the crop, 10
t/ha of fully decomposed poultry manure was basally and uniformly applied to all treatments before sowing.
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2.3 Preparation and Application of Fertilizer

Poultry manure was selected because of its high nutrient concentration and availability in the study
region. The fertilizer was obtained from a nearby poultry farm and dried in sunlight for seven days to lower
the moisture level and reduce pathogen load. The dried material was crushed and sieved to present a uniform
particle size before use. The nutrient content was constituted by: nitrogen (N): 4%; phosphorus (P.Os): 3.0%;
and potassium (K;O): 2.0%. Manure from poultry was broadcast uniformly by hand and mixed with the soil
one week before planting to provide time for partial decomposition and mineralization of nutrients.

Fertilizers based on ammonium —diammonium phosphate (18-46-0) and ammonium sulfate (21-0-0-—were
applied during the V8 corn growth stage based on the suggested rate of nitrogen application of 90 kg N/ha..

2.4 Plot Size and Planting Arrangement

Each experimental unit was 5 linear meters long with 20 corn plants. One treatment involved a single
5-meter row. Row planting was used to allow for even spacing and ease of data collection. Each of the 5 meters
wide by 16 meters long blocks consisted of eight treatments. The experiment was based on the Randomized
Complete Block Design (RCBD) with three replications. Therefore, each block had all eight treatments in a
randomly arranged manner, and the whole experiment was repeated three times

2.5 Land Preparation

The field was cleared by cutting all grasses and other vegetation, and was plowed to a depth of 15
to 20 cm. Plowing was done twice, followed by harrowing, which was alternated weekly to pulverize the
soil, promote weed seed germination, and allow for their eventual removal. After the final harrowing,
furrows were made 50 cm apart.

2.6 Seed Preparation and Sowing

Seeds were obtained from trusted sources and soaked in coconut water for 24 hours before sowing.
Following the soaking process, the seeds were sown directly into the field at a rate of 2 to 3 seeds per hill.
One week after emergence, the plants were thinned to one seedling per hill to ensure optimal growth
conditions.

2.7 Management and Pest Control

The corn was watered daily, and weeding was carried out throughout the study period. Cartap
hydrochloride was applied as a last resort to control insect pests during the reproductive growth stage of the
target pests. Harvesting was done at the physiologically mature stage, 120 days after planting (DAP).

2.8 Data Gathered
The data of the following parameters were collected in this study:
e Plant height (cm)- measured with a tape measure from the base of the plant to the base of the tassel
at 30 DAP and 60 DAP
e Days to tasseling- recorded by counting the number of days from sowing until 85% of the plants had
developed tassels
e Days to silking- recorded by counting the number of days from sowing until 85% of the plants had
developed silks.
e Ear weight and weight of grains/ear- weighed using a digital balance to measure the ear and the grains.
e Ear diameter (cm)- measured with a caliper at the ear's broadest point, usually around the center.

¢ Total Soluble Solids (TSS, “Brix)- five grams of blended kernels homogenized with 50mL distilled
water were measured by digital refractometer (Hanna brand, HI-96801, USA)

e Titrability acid (%)- five ml of juice from blended samples prepared from TSS diluted with 45ml
distilled water was measured and put into an Erlenmeyer flask and added with 2 drops of 1%
phenolphthalein indicator, this was titrated with 0.1% NaOH until paint pink color was achieved
using a Cordial 1642TF Glass burette and the volume of NaOH was recorded. TA was calculated as
described by [10].



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e257403. 40of7

3. Results and Discussion

3.1 Agronomic Characteristics

The agronomic characteristics of the combined effect of variety and fertilizer showed that at 30 and
60 DAP, high-yielding variety 1 (V1) fertilized with Ammonium sulfate (F2) produced the tallest plant
height, with a height of 95.15 cm and 185.10 cm which is significantly taller compared to those fertilized with
Di- ammonium Phosphate (F1) (Table 1). These findings concur with those reported in [11], which
demonstrated that maize treated with ammonium sulfate exhibited increased plant height. Furthermore,

applying ammonium sulfate increased the heights of maize plants compared to those applied with other
ammonium fertilizers [12].

Table 1. Plant Height at 30 and 60 Days after Planting as Affected by Ammonium Fertilization and Corn Varieties.

Ammonium Fertilizers

Varieties Di-ammonium Ammonium Di-ammonium Ammonium
Phosphate (F1) Sulfate (F2) Phosphate (F1) Sulfate (F2)
30 DAP 30 DAP 60 DAP 60 DAP
High-yielding 1 (V1) 87.38¢C 95.15a 170.75¢ 185.102
High-yielding 2 (V3) 83.15d 89.50b 169.80d 179.25b
Low-yielding 1 (V2) 72.63f 74.73¢€ 146.67f 154.44€
Low-yielding 2 (V4) 74.50€ 76.018 150.408 150.518
CV (%) 1.30 0.95

Moreover, high-yielding variety 1 (V1) fertilized with Ammonium Sulfate (F2) also exhibited a faster
time to tassel (51.83 days) and silk (57.70 days), indicating earlier development (Table 2). Ammonium Sulfate
(F2) fertilization resulted in superior agronomic performance across all varieties compared to Di-ammonium
Phosphate (F1). The high-yielding varieties, particularly variety 1 (V1), showed the most significant positive
response, demonstrating the highest plant height and the earliest time to silk and tassel. The results suggest
that the choice of ammonium fertilizer plays a critical role in optimizing corn performance, especially in
challenging soil conditions. Ammonium sulfate provides critical plant nitrogen and sulfur nutrients compared
with other N fertilizers, such as urea, diammonium phosphate, and ammonium nitrate [13]. Sulfur (S) is an essential
element for crops and is vital to ensuring food security [14]. It plays a vital role in many physiological processes.

Such as photosynthesis, enzyme regulation, protein and lipid synthesis, stress resistance, and other
metabolic pathways [15-19].

Table 2. Days to Tasseling and Silking as Affected by Ammonium Fertilization and Corn Varieties.

Ammonium Fertilizer

Varieties Di-ammonium Ammonium Di-ammonium Ammonium
Phosphate (F1) sulfate (F2) Phosphate (F1) sulfate (F2)
Days to Tasseling Days to Silking
High-yielding 1 (V1) 53.438 51.83h 64.97f 57.708
High-yielding 2 (V3) 57.67¢ 55.90f 69.50€ 68.40@
Low-yielding 1 (V2) 69.82a 68.60ab 78.302 70.67d
Low-yielding 2 (V4) 62.53d 65.60€ 72.53¢ 76.270
CV (%) 1.07 0.89

3.2 Yield Performance

The result showed that high yielding variety 2 (V3) fertilized with Di-ammonium Phosphate (F1)
resulted to highest ear weight (118.21 g/ear), heaviest grain weight (98.42 g/ear) and largest ear diameter (4.09
cm), suggesting this combination exhibit the most excellent responsiveness to ammonium fertilization,
leading to superior ear and grain weights as well as larger ear diameters (Table 3). This agrees with the
findings of other studies that the increased yield of maize cultivar is due to the nitrogen and phosphorus
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held by the doses of Di-Ammonium Phosphate (DAP) [20]. The cultivar receiving DAP fertilizer significantly
produced heavier fresh and dry weights. Nitrogen is an integral component of many compounds, associated
with photosynthetic activity and a major yield-determining factor required for maize production [21]. Its
quantity availability during the growing season is crucial for the highest possible yield of maize. Phosphorus
is another essential nutrient required to increase maize yield; the lack of phosphorus is as significant as the
lack of nitrogen in limiting maize performance [22]. Phosphorus is essential for grain formation, ripening, and
the reproductive parts of the maize plant [23].

Table 3. Yield Performance as Affected by Ammonium Fertilization and Corn Varieties.

Ear Weight (g/ear) Grain Weight (g/ear) Ear Diameter
Di- . Ammonium Di- . Ammonium Di- . Ammonium
ammonium ammonium ammonium
sulfate sulfate sulfate
Phosphate (F2) Phosphate (F2) Phosphate (F2)
(F1) (F1) (F1)
High-yielding 1 109.17>  102.984 83.93> 77414 3.96 3.89°
(VD)
High-yielding 2 118.21=  107.13be 98.42a 80.07¢ 4.092 3.71«
(V3)
Low-yielding 1 89.90¢ 81.22f 70.92f 63.378 3.60d 3.674
(V2)
Low-yielding 2 85.15f8 77.088 76.18¢ 54.43h 3.83b¢ 3.43¢
(V4)
CV (%) 5.50 6.39 2.12

3.3 Physico-chemical Properties

The results indicate that high-yielding variety 1 (V1) fertilized with Ammonium Sulfate (F2) promotes
higher TSS but harms the low-yielding varieties (V2 and V4). This conforms to other studies that the highest
TSS of fruit was obtained by using ammonium sulfate. Mineral nutrient, especially sulfur and nitrogen
supplied by ammonium sulphate, promotes the photosynthetic rate of the chloroplast, phloem transport of
photosynthates to sink tissues, and finally improve the quality and yield of the fruit, which is associated with
high sugar content [24]. In contrast, fertilizing Di-ammonium Phosphate (F1) leads to higher TA levels,
particularly in the low-yielding variety 2 (V4), which shows an exceptionally high TA content. This suggests
that while Ammonium Sulfate may enhance sugar content, Di-ammonium Phosphate tends to promote
greater acid accumulation, potentially affecting the flavor and storage characteristics of the corn varieties.
Phosphorus from fertilizers like DAP can enhance the production of organic acids in plants. The increased
production of organic acids can raise the acidity level in certain plant tissues, which may extend to fruits or
kernels, such as corn [25].

Table 4. Physico-chemical Properties as Affected by Ammonium Fertilization and Corn Varieties.

Ammonium Fertilizers

Di-ammonium Ammonium Di-ammonium Ammonium
Phosphate (F1) sulfate (F2) Phosphate (F1) sulfate (F2)
Varieties TSS TA
High-yielding 1 (V1) 1.17b 1.53a 22.672 15.200
High-yielding 2 (V3) 0.47€ 0.67d 27.674 13.63bc
Low-yielding 1 (V2) 0.83€ 0.23fg 16.900 11.17¢
Low-yielding 2 (V4) 0.30f 0.108 34.502 24.502

CV (%) 133 149
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4. Conclusions

High-yielding varieties are more sensitive to the type of fertilizer, which affects either growth or
yield characteristics. Ammonium sulfate fertilizer affects mainly plant growth and the soluble solid content.
While di-ammonium phosphate fertilizer greatly influences yield and yield components. However, the type
of nitrogen fertilizer employed has less of an impact on low-yielding maize cultivars.
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1. Introduction

The management of sewage has been a critical issue since the advent of
human settlements, necessitated by the need to process large volumes of
wastewater, primarily human excreta [1]. Urbanization and industrialization
have intensified water pollution, driving the development of advanced
wastewater treatment systems [2]. These advancements, while necessary for
managing effluent, have inadvertently increased the production of sewage
sludge, creating a growing waste management challenge. Similarly, managing
swine waste represents a substantial challenge, characterized by the large
quantities produced and its elevated pathogen concentrations, highlighting the
urgent need for innovative treatment and resource recovery strategies to
mitigate environmental and public health risks [3].
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Lately, there has been increased interest regarding thermal processing of this waste. In addition to
the conventional methods of sewage sludge disposal such as direct application in agriculture, incineration,
and landfilling. The pyrolytic conversion of sewage sludge to biochar is a promising method to manage this
waste and simultaneously take advantage of the aforementioned environmental benefits [4]. Thermal
treatment offers a promising alternative to traditional approaches, with options like pyrolysis and gasification
gaining traction for their ability to reduce waste volume and convert it into useful byproducts. Among the
various alternative methods, microwave thermal treatment has also emerged as a potential technique,
offering efficient energy use and rapid processing times for sludge management [5].

This study investigates the feasibility of producing biochar from swine waste in varying amounts.
The study focuses on evaluating its potential for agricultural use, specifically improving soil and plant
characteristics in Arugula cultivation. This approach aims to enhance agricultural soil functions and promote
plant growth. The response of plants to biochar is influenced by its interaction with soil properties, nutrient
availability, and environmental conditions. However, the effect of biochar application on plant growth can
be different due to the variability in the quantity of biochar. In this study, the effect of different amounts of
biochar application on the growth of Arugula (Eruca sativa) was assessed in a pot experiment.

2. Materials and Methods
2.1 Sewage Sludge

Sewage sludge was obtained from the pig pens of Cebu Technological University —Barili Campus in
Cagay, Barili, Cebu, Philippines. The sewage sludge was filtered, sorted and impurities such as leaves and
other materials were removed. Sludge was then laid out on a canvass and air dried. Air drying lasted for one
month, until it attained a crumbling texture (Figure 1).

Figure 1. Proper texture of dried swine sewage sludge for ready for biochar.

2.2 Biochar Production and Application

Initially, samples were crumbled into pieces about 7-9 cm in diameter to allow for even heat
distribution during pyrolysis. Once loaded into the pyrolyzer, the samples were heated to 500°C and regularly
checked if the samples had reached the desired blackened state without turning into ash. One hundred grams
of dried swine sewage sludge (DSSS) when pyrolyzed will yield approximately 50g of biochar. After
complete pyrolysis, the biochar was pulverized with a mortar and pestle and passed through a 0.5mm sieve.
The biochar was then weighed according to the study’s treatment levels: TO (DSSS, 100g), T1 (Biochar, 20g),
T2 (Biochar, 40g), T3 (Biochar, 60g), T4 (Biochar, 80g), and T5 (Biochar, 100g). Each treatment was thoroughly
mixed with soil to ensure even distribution.

2.3 Soil and Biochar Analysis

2.3.1 Laboratory Site

Soil and biochar analysis were conducted in the Department of Chemistry Laboratory at the University
of San Carlos — Talamban Campus, Cebu City, Philippines.



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e257297. 3of 11

2.3.2 Sample Preparation

Upon arrival in the laboratory, the raw soil and biochar samples were air dried for one week, sieved
using 180 um mesh, and homogenized using a ball mill. The samples were then placed in a resealable plastic
container for storage and moisture analysis.

2.3.3 Available Phosphorus

The available phosphorus was analyzed using the Chlorostannous Method (Senthilkumar et al. [6]). A
0.5-gram portion of < 2mm air-dried soil was placed in a 50 mL shaking bottle. Fifty milliliters of extracting
solution were added, the bottle was stopped, and the contents were shaken for 30 minutes. The supernatant
liquid was filtered using Whatman No. 42 filter paper. An aliquot of the sample was transferred to a 50 mL
volumetric flask, and a standard P solution containing 2-40 pug P was also prepared using TraceCERT certified
reference material (CRM), Pcode: 101743260, in 2% HNO; (Sigma Aldrich, Switzerland). Ten milliliters of
ammonium molybdate solution and 1 mL of dilute SnCl, solution were added. The flask was brought to
volume with deionized water and mixed well. The absorbance was measured using a UV-Visible
Spectrometer at 660 nm after 5-6 minutes but before 10 minutes. A blank, containing all the reagents except the
phosphate solutions, was also prepared. The samples were analyzed in triplicate and a recovery test was performed.

2.3.4 Available Potassium

Exactly 5 grams of < 2mm air-dried soil were placed in a 50 mL shaking bottle. Twenty-five milliliters
of 1.0 M ammonium acetate extracting solution were added, the bottle was stopped, and the contents were
shaken for 30 minutes. The supernatant was filtered using Whatman No. 42 filter paper. The sample was
diluted by pipetting a 0.2 mL aliquot and bringing the volume to 10 mL with the extracting solution. The
unknown concentration was determined by preparing a standard calibration curve of 10, 20, 30, and 40 ppm
using potassium standard solution (TraceCERT certified reference material (CRM), Pcode: 101731961, in 2%
HNO;, Sigma Aldrich, Switzerland) and a wavelength of 766 nm in a microwave plasma atomic emission
spectroscopy (MP-AES 4210) following EPA Method 3050B.

2.3.5. Available Nitrogen

Analysis was conducted following the Kjeldahl method. One gram of sample was weighed and placed
in an 800 mL Kjeldahl flask that contained approximately 10 grams of sodium sulfate and 0.3-0.5 grams of
copper sulfate. Thirty milliliters of concentrated sulfuric acid were added. If any portion stuck to the side of
the flask, it was washed down with the acid. The flask was shaken to ensure all sample portions were wet.
Digestion was started until all the organic matter was oxidized and a clear blue liquid remained. The mixture
was cooled and diluted to 450 mL with deionized water. Exactly 50 mL of 4% boric acid were delivered into
a 500 mL Erlenmeyer flask, and 5 drops of methyl red-methylene blue indicator were added. The flask was
placed at the collection end of the distillation setup. Seventy milliliters of 50% NaOH were measured and
carefully added to the Kjeldahl flask through the side to avoid mixing with the content. Two to three zinc
granules were added to prevent bumping during boiling. The flask was stoppered and connected to the
distillation apparatus, and the contents were mixed by gently swirling the flask. A low boil was maintained
for 15 minutes, then boiling was increased until about 350 mL of distillate was collected in the Erlenmeyer
flask. The distillate was titrated with 0.1N sulfuric acid standard solution until a light pink color was
observed. A correction blank was run with every batch of determination. Each sample was analyzed in
triplicate. The percentage of nitrogen was calculated using the equation provided below:

Ts—Th)x N H2504 x N) /1000
weight sample, g

%N =

x 100

2.3.6 Analysis of Iron

The samples were oven-dried at 50 °C and 0.5 g of air-dried soil samples were accurately weighed and
passed through 2 mm sieve. Wet digestion procedure using EPA Method 3050B using acid mixture of
HCIOs/HNOs3/H2504 was used for total digestion of soil samples before elemental analysis at a wavelength of
373 nm in Microwave Plasma Atomic Emission Spectrometry (MP-AES 4210).
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2.3.7 Analysis of Copper, Zinc, Manganese and Calcium

The samples were oven-dried at 50 °C and 1.000 g of air-dried samples were accurately weighed and
passed through 2 mm sieve. Wet acid digestion procedure using EPA Method 3050B was used for total
digestion of samples before elemental analysis using Flame Atomic Absorption Spectroscopy (FAAS). A
recovery test was also performed.

2.4 Plant Management
Plants were monitored and watered twice daily, or three times on hot days. Each pot received 10 mL
of water in the early stage, increasing to 30 mL in the later stage.

2.5 Measurement of Growth Parameters

2.5.1 Number of Leaves

The number of leaves (NL) per plant was obtained by counting the leaves of the Arugula plant.

2.5.2 Plant Height

The plant height (PH) was measured from the base of the plant at the soil level to the tip of the tallest leaf.

2.5.3 Plant Mass Above and Below Ground

The plant mass above ground was obtained by weighing all the parts of the plant that are above

ground, while the plant mass below ground was obtained by weighing all the parts of the plant below ground.

2.6 Chlorophyll Content (Chlorophyll A and B, Total Chlorophyll)

The chlorophyll content was estimated spectrophotometrically by the method of Sadasivan and
Manicham [7]. Mashed Arugula was macerated with the addition of 20 ml of 80 % acetone to a fine pulp in a
mortar and pestle. The paste was centrifuged for 5 min at 5000 rpm. The supernatant was decanted, and the
left residue was then ground with 20 ml of 80 % acetone, centrifuged for 5 min at 5000 rpm, and the
supernatant was again decanted. The extraction was repeated 4-5 times until the residue was colorless. The
extracts were collected in a beaker, filtered and made up to 100 ml with 80 % acetone in a volumetri c flask.
The absorbances of the extracted solutions were recorded (Shimadzu UV-1800, Kyoto, Japan) at 645 nm and
663 nm against the solvent (80 % acetone) blank. The amount of chlorophyll present in extract i.e. mg of
chlorophyll per gram of tissue on fresh weight basis, was calculated using the following equations:

Chlorophyll ‘a’(mg/g of tissue)=[12.7+X-2.69*Y]xv(1000xW)
Chlorophyll ‘b’(mg/g of tissue)=[22.9%Y—4.68+X]xv(1000xW)
‘Total chlorophyll’(mg/g of tissue)=[20.2+Y+8.02+X]xv(1000xW)

Where:

X = absorbance at 663 nm

Y = absorbance at 645 nm

W = weight of fresh tissue extracted (1 g)

V = final volume of extract in 80 % acetone (100 ml)

2.7 Total Soluble Solids (TSS)

Five grams of freshly harvested Arugula was soaked with 200ml. distilled water for one (1) hour and
was mashed with mortar and pestle and filtered. The filtrate was subjected to TSS measurement. TSS in °Brix
was measured using a hand-held digital refractometer (Hanna HI 96801) calibrated with distilled water by
placing 1-3 drops of juice on the instrument's prism and taking the reading.

2.8 Titratable Acidity (TA)

The TA was determined by titration. A volume of 49.0 mL of distilled water was added to 1.0 mL of
pulp in an Erlenmeyer flask, and after stirring, it was titrated with a standardized solution of NaOH at 0.1 M
using 1% phenolphthalein as an indicator. The results were expressed in grams of citric acid per 100 g of pulp
[8] with the data expressed as a percent TA.
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2.9 Experimental Design and Treatments

The study was laid out in a Completely Randomized Design (CRD) with six treatments in four
replications. Each replication had five pots that served as a buffer for the unexpected death of the plant. The
treatments are the following:

To= Dried Swine Sewage Sludge 100g

Ti= 20g biochar

T»= 40g biochar

Ts= 60g biochar

Ts= 80g biochar

Ts=100g biochar

Microsoft Excel was used to compute the average values and data variability. Analysis of variance
(ANOVA) was performed in STAR Program to assess differences in the parameters across treatments.

3. Results and Discussion

3.1 Nutrient Profile

Values for river water samples ranged from 6.71 to 6.82 ppm for dissolved oxygen. The dissolved oxygen
values indicate sufficient oxygen supply to support aquatic life in the river. pH values also ranged between
6.68 and 6.77 for water samples and sediments and 6.71 and 6.82 for sediments.

The nutrient analysis shows significant differences among dried swine sewage sludge, soil, and
biochar (Figure 2). Dried sludge had the highest levels of copper (0.15145%), zinc (0.58425%), and
manganese (0.5106%), making it a potent source of these trace metals, though high levels raise potential
toxicity concerns. These trace metals could have come from the commercial feed additives Mu et al. [9].
On the other hand, soil contained the most iron (4.807%), about 3.5 times higher than in sludge and 43
times higher than in biochar, marking it as the best iron source.

For macronutrients, potassium was highest in sludge (0.7057%), followed by biochar (0.5583%),
with soil being much lower (0.0807%). Soil had the highest calcium (0.8914%), while sludge led in
magnesium (0.2324%). Biochar was nutrient-dense in nitrogen (2.52%) and phosphorus (9.85%),
surpassing soil and sludge, which supports its role as a valuable soil amendment.

mT0

mTl
W DSSS T
SOIL

' 4
4 BIOCHAR e 3 T3
, nT4
: . I I Iﬁ I T5
I I TE I o el Wemb__
TotalN, %Total %Total %K %Ca %Mg %Fe %Zn

% Concentration of Nutrients
% Concentration

Mn  %Cu B Total N, % Total %Total %K % Ca % Mg %Fe %Zn %Mn %Cu

A P,P205 K20

Figure 2. Nutrient Profile (%) of the Raw Materials for Potting Medium (A) and Nutrient Profile (%)
of Different Experimental Treatments (B) after Harvest.

Overall, biochar provides essential nutrients like nitrogen, phosphorus, and potassium, while
sludge is rich in trace metals and magnesium. Soil, though lower in several nutrients, remains an important
calcium and iron source. These distinctions highlight the potential of combining biochar and sludge to
enhance soil fertility, though monitoring of trace metals is advised to prevent harmful accumulation.

Trace metal analysis showed copper (Cu) levels increasing from 0.1296% in To to 0.1448% in Ts,
while iron (Fe) rose from 3.8141% in To to 5.44895% in Ts, indicating Fe accumulation. Zinc (Zn) peaks
at 0.6053% in T2 but drops sharply to 0.1951% in T5, suggesting reduced Zn retention in higher treatments.
Manganese (Mn) steadily increases from 0.51% in To to 0.61375% in Ts, implying improved retention.
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For macronutrients, potassium (K) content rises from 0.7217% in To to 0.9561% in Ts, and calcium
(Ca) also increases from 0.4173% to 0.69275%. However, magnesium (Mg) declines from 0.73645% in To
t0 0.39935% in Ts, suggesting reduced availability over time. In overall nutrient content, total nitrogen
(N) fluctuates slightly but is lower in Ts than in To. Phosphorus (P.Os) increases significantly from
4.551% in TO to 7.964% in Ts, while potassium oxide (K;O) grows from 1.66% to 2.303%. Overall, T4
and Ts are nutrient-rich, particularly in phosphorus and potassium, while nitrogen and magnesium
show less consistent trends.

Biochar can influence soil nutrients by reducing leaching losses, a process where nutrients are
washed away from the soil profile Laird et al. [10]. Its porous structure, extensive surface area, and
negative surface charge enhance the soil's cation exchange capacity, enabling the retention of essential
nutrients such as potassium (K) Bird et al. [11], Cheng et al. [12], Downie et al. [13], Novak et al. [14].
Additionally, biochar reduces cation loss by altering soil water movement, promoting a shift from bypass
flow to matrix flow, which allows for more efficient nutrient transport and retention Laird et al. [10].
Phosphorus (P), in particular, can adhere to biochar’s surface, effectively slowing its leaching and
enhancing nutrient availability in the soil Laird et al. [10], Beck et al. [15].

3.2 Horticultural Characteristics

Variations in germination time across treatments were observed in Table 1. Germination times
varied slightly among treatments but showed no significant differences. DSSS-alone treatment averaged
7.3 days, serving as a baseline. Treatment with 40g biochar was the fastest at 5.45 days, while with 100g
biochar was the slowest at 8.35 days. Intermediate averages were recorded for treatments with 20g, 60g
and 80g at 7.05, 7.2 days, and 6.1 days, respectively. This suggests that, while some treatments appeared
to promote faster or slower germination, these differences were not substantial enough to indicate a
meaningful impact on the germination process. Various studies have also yielded varying results on the
effect of biochar on germination rates; high-dose biochar had significant negative effect on germination
rate, shoot length and root length of rice and corn seeds Bai et al. [16]; corn-cub bio mixed with soil have
positive effects on seed germination of maize seedlings Ali et al. [17], while the study of Carril et al. [18]
resulted to no effect on the germination of lettuce.

In terms of number of leaves, varying mean values were observed. For DSSS alone, the number of
leaves ranged between 6.25 and 6.75, with an average of 6.65 leaves, marking the lowest leaf count among
the treatments. The average number of leaves per plant increased as the level of biochar was increased
at 20g increment, peaking at 80g application with an average of 7.6. It decreased to 7.25 leaves when
biochar was increased to 100g. Biochar enhances leaf production by improving soil fertility, water
retention, and nutrient cycling, supporting vegetative growth. Optimal application boosts leaf development,
while excessive amounts may hinder growth due to imbalances or soil alkalinity (Yu et al. [19]. Statistical
analysis revealed significant differences in the number of leaves between treatments. This suggests that
the treatments had an effect on leaf development, indicating that variations in the number of leaves could
be attributed to the different treatments applied. In the study conducted by Jabborova et al. [20], on
ginger (Zingiber officinale), showed that 2% and 3% addition of biochar significantly increased the
number of leaves compared to the control.

Biomass, both above- and below-ground, was highest at 20g and 60g biochar but declined as
biochar level was increased, suggesting inhibition. Excess biochar levels appeared inhibitory (Wang et al.
[21], though differences were not statistically significant. According to Schulz et al. [22], biochar had no
significant impact on plant biomass when applied to sandy substrates. However, on loamy substrates,
biomass yield was significantly reduced at the highest application. No consistent trend was observed
with increasing biochar application rates.
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Table 1. Horticultural characteristics of Arugula as affected by levels of biochar application.

Number of Plant Mass Plant Mass

Treatment Days to Germination umbero Above Below
Leaves

(gram/plant) (gram/plant)
To=100g DSSS 7.30msd 6.65° 2.26rsd 0.33nsd
T1=20g Biochar 7.05nsd 7.00%® 2.550sd 0.3]nsd
T2 = 40g Biochar 5.45nsd 7.502 3.69nsd 0.49nsd
Ts = 60g Biochar 7.20rsd 7.30%® 3.28nsd (0.49nsd
Ta=80g Biochar 6.10msd 7.602 1.98nsd (0.29nsd
Ts =100g Biochar 8.35nsd 7.25% 1.43rsd 0.14nsd

Values with the same letter are not significantly different (p>0.05)
nsd = no significant difference

3.3 Plant Height

At 15 days, significant differences in plant height emerged among treatments, with 40g biochar
exhibiting the highest average (37.75mm) implying significant effect at this critical stage. The 15th day
provides a valuable snapshot of early plant vigor and the treatment's potential to enhance growth,
offering both scientific and practical relevance in agricultural research Baker et al. [23]. The first 15 days,
being crucial for seedling establishment, help to gauge how biochar modifies nutrient availability, root
development, and overall plant vigor, which are essential for determining its potential in enhancing
crop growth and productivity in the long term (Shamim et al. [24], Uslu et al. [25], Liu et al. [26].
Therefore, this early observation period is vital for identifying how biochar treatments might influence
the early plant development stages, helping to optimize biochar application in agricultural practices.

These results underscore that biochar application at 40g and 60g positively impacted plant height,
with the former showing significantly faster growth by the 15-day mark. The study of Murtaza et al. [27]
Medicago sativa, Amaranthus caudatus and Zea mays in saline soils showed that biochar significantly
improved by 30% of these crops.

Table 2. Plant Height (n) days from planting, measured in (mm) as affected by levels of biochar application.

Treatment 5 days 10 days 15 days 20 days 25 days
TO =100g DSSS 3.85nsd 8.5nsd 25.65%® 56.1nsd 86.4nsd
T1 =20g Biochar 6.4nsd 12.250sd 29.742b 63.95nsd 98.2nsd
T2 = 40g Biochar 9.8nsd 17.95nsd 37.752 71.3nsd 104.85nsd
T3 = 60g Biochar 6.7nsd 13.65nsd 27.92b 61.3nsd 94.7nsd
T4 = 80g Biochar 7.750sd 14.3nsd 33.452b 67.80sd 109.350sd
T5 =100g Biochar 4.35nsd 8.15nsd 22.3b 48.2nsd 76.1nsd

Values with the same letter are not significantly different (p>0.05)
nsd = no significant difference

3.4 Chlorophyll Content

Chlorophyll content increased from dried sewage sludge application to increasing levels of
biochar. The control treatment with dried swine sewage sludge consistently recorded the lowest levels
of chlorophyll in all measurements while the treatments with highest biochar had the highest
chlorophyll concentrations, indicating they most effectively enhanced chlorophyll production in plants
(Fig. 3). The results are consistent with other studies that showed biochar treatment significantly
increasing the chlorophyll a, chlorophyll b, total chlorophyll and carotenoid relative water of leaf cover
Hafeez et al. [28], Yousaf et al. [29] by enhancing soil nutrient availability, improving soil structure, and
promoting water retention Zhang et al. [30]. These factors support better overall plant health, which in
turn leads to increased chlorophyll levels. It was found that biochar application increased the
photosynthesis, chlorophyll content, and transpiration rate in different plants Murtaza et al. [27].
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Figure 3. Chlorophyll a (A), b (B) and Total Chlorophyll (C)

3.5 Total Soluble Solids and Titratable Acidity

Figure 4 (A) highlights significant variation in Total Soluble Solids (TSS) across treatments. DSSS-
treated plants exhibited the highest TSS mean at 9.63 °Brix indicating maximum soluble solids without
biochar application. Conversely, increasing biochar levels reduced TSS, with the most substantial
declines observed at 60-100 g biochar. This trend suggests that excessive biochar may suppress soluble
solids, likely due to altered nutrient dynamics or stress responses, consistent with findings that high
biochar levels can adversely affect plant growth parameters Wang et al. [21]. While biochar has generally
been associated with improving plant growth and fruit quality in many cases, its effect on TSS seems to
vary depending on factors like the type of biochar, soil conditions, and other treatments applied [31].

Figure 4 (B) shows that the DSSS-treated Arugula had the lowest titratable acidity (TA) at 22.42%,
while 80g and 100g biochar showed the highest TA at 28.82% and 32.02%, respectively, suggesting a link
between higher biochar levels and increased acidity. Despite these variations, statistical analysis revealed
no significant differences in TA across treatments.

Total Soluble Solids (°Brix) Titratable Acidity (%)
0.12 35
a
0.1 30
0.08 ab 25
0.06 b b b c 20
0.04
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Figure 4. Total Soluble Solids (A) and Titratable Acidity (B).
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4. Conclusion

The research indicates that biochar derived from the pyrolytic conversion of swine sewage sludge
is a nutrient-rich soil amendment, containing high levels of nitrogen and phosphorus. In contrast, dried
sludge is particularly high in potassium. Both materials can be valuable for enhancing soil fertility, with
the choice depending on the nutrient needs of specific crops and soil conditions. For optimal results, a
biochar application rate of 40 grams per treatment is recommended. This dosage significantly improves
soil nutrient content, particularly iron, manganese, potassium, calcium, and phosphorus, while avoiding
the inhibitory effects observed with higher application rates. Within just 15 days of application, biochar
has been shown to enhance key plant growth parameters, including increased total soluble solids, higher
chlorophyll content, a high number of leaves, and improved plant height. These improvements reflect
biochar’s dual benefit: enhancing crop productivity and soil quality while contributing to sustainable
waste management. Careful application based on crop and soil requirements is essential to maximize the
agronomic benefits of biochar without risking nutrient imbalance or growth suppression.
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Abstract: This research aims to investigate the factors influencing the purchase
of insurance for solar rooftop systems with a capacity of not more than 10
kilowatts. The sample consists of 513 households that install such systems
nationwide. To use convenient sampling online and analyze the data using
descriptive statistics. It is necessary. And the standard control sets the
significance level at 0.05. The research report found that the sample group
examined efficiency (62.4%), individuals aged 40-50 years old (44.5%),
frequency (53.2%), system operation (38.4%), and an average monthly income of
50,000 baht (37.6%). The average rate is 4.63 (SD = 0.13). Consider reviewing the
overall purchase by the respondent, who is reviewing the insurance for the first
time, to ensure the organization supports the repair or replacement of products
annually.

Keywords: Solar Roof Top; Insurance; Solar PV panel installation; Marketing mix;
Service decision

1. Introduction

Electrical energy is a crucial factor in performing various daily activities.
The current electricity demand tends to increase in both the industrial sector, the
business and administrative sectors, and households. In addition, most people
are aware of the importance of the global warming problem and have begun to
pay more attention to alternative energy sources. Alternative energy sources,
such as hydroelectric power, wind power, and solar power, can help mitigate
the adverse effects and pollution that harm the environment. Therefore, current
electricity producers and service providers are more interested in electricity
production, product production, and various services related to alternative
energy [1].

Solar energy is a renewable energy that can be naturally regenerated. It
is clean and has high potential. The use of solar energy can be divided into 2
types: using solar energy to generate electricity and using solar energy to
generate heat (drying technology and hot water production technology). The
most popular technology for using solar energy to generate electricity today is
solar PV or what is known as solar PV. Solar energy is one of the renewable
energy sources that has received significant support, as it is well-suited for
Thailand, which experiences strong sunlight almost year-round. The government
has set a target for the solar cell power generation project at 3,286 MW. The
government has established a clear strategic plan to promote the installation of
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solar PV rooftop power generation systems, including a measure to buy back electricity from residential
groups that can generate electricity from sunlight. The electricity buyback rate is 1.68 baht/unit for 10 years,
and there is a connection cost to the electricity grid with PEA of 8,500 baht (this price does not include 7% VAT
and does not cover the cost of installing the Solar PV Rooftop system). Additionally, special criteria are in
place for reducing the cost of connecting to the grid and related equipment for those interested in joining the
project. Electricity generation from renewable energy is considered a technology that can help the country
reduce fuel imports from abroad. It is also the use of clean energy, which is environmentally friendly and
helps create energy security for the country. Solar PV on the roof of the house to produce electricity for own
use (Rooftop PV system) is an electricity generation technology suitable for both city and rural houses,
reducing electricity costs for homeowners. It also helps reduce the electricity shortage during peak load
periods. It serves as a good starting point for promoting and expanding the business of electricity generation
from rooftop solar energy, which can be widely adopted in the household sector to create benefits for
electricity users and support national policies [2].

Therefore, those interested in such business must give more importance to the solar cell system, as
most people's behavior when deciding to install solar cell energy is a key factor. And what are the reasons that
make people decide to install or not install solar cell energy? What factors affect consumers' decisions to invest
in solar cell energy? Siripoj studied the factors affecting the decision to install A solar power generation system
for residential houses of consumers in Chiang Mai Province and found that the overall marketing mix factors
that affect the decision to install a solar power generation system for residential houses of consumers in Chiang
Mai Province are at the highest level, with most respondents giving importance to price, distribution channels,
products, physical characteristics, marketing promotion, personnel, and processes, respectively [3]. Factors of
decision to install a solar power system for residential homes by using the Analytic Hierarchy Process from
experts in the energy business, 20 samples, and also collecting information about the satisfaction of various
factors, 400 samples from consumer groups, to provide complete information. The results of the study were
as follows: The most important main factor of decision is the reliability factor, with an importance factor level
of 38.94%, and the most important sub-factor is the service quality factor. The primary factor that follows is
the marketing mix, with a 34.17% importance level, and the most significant sub-factor is the price factor. From
processing, the Consistency Ratio is based on the principle of comparison in the Analytic Hierarchy Process,
and it ensures the satisfaction of both the expert group and the consumer group [4]. From the study of
demographic factors and marketing mix factors (7Ps) that affect the decision to purchase solar cells of retail
electricity users in Nonthaburi Province, it was found that the demographic factors of gender, age and
occupation that are different affect the decision to purchase solar cells of retail electricity users in Nonthaburi
Province with statistical significance at the .05 level of significance. In addition, the marketing mix factors of
product, price, promotion, and physical environment, which differ significantly, affect the decision to
purchase solar cells for retail electricity users in Nonthaburi Province at the .05 level of significance [5].

Currently, the solar power generation system installed on the roof and various buildings has started
to require additional solar rooftop installations. However, there are still concerns about the impact of the
installation, particularly in terms of electrical fires in the house due to the installation, as well as the cleaning
of the panels, which can affect the system's efficiency. These concerns, therefore, affect the decision not to
install the Solar rooftop system. Therefore, insurance for the Solar Roof Top System is another option that can
alleviate concerns and encourage homeowners to install the System. Currently, no company has taken action
on this matter, so customers’ concerns persist.

From the problems mentioned above, the researcher has studied the factors affecting the decision to
purchase insurance for the insured Solar Rooftop System with a size not exceeding 10 kWp in Thailand. The
objective is to survey the insurance purchasing behavior of individuals with solar rooftop systems to
understand their needs and attitudes towards purchasing insurance for systems with a size not exceeding 10
kWp. This will be used to develop, improve, and enhance the solar cell system, including services, to better
respond to the needs of consumers.

Research objectives

1. To survey the needs of users and those who have never used Solar Roof Top system services of no
more than 10 kWp in Thailand.
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2. To study the marketing mix factors (7Ps) that affect the decision to purchase insurance for installing
a Solar Roof Top system with a size not exceeding 10 kWp.

Expected benefits

1. To enable entrepreneurs to understand the marketing mix factors (7Ps) that affect the decision to
use a Solar Roof Top system service of no more than 10 kWp, and to be able to use this research as a database
for planning, developing strategies, improving, and expanding services.

2. To enable operators to know the factors in deciding to use the Solar Roof Top system and the trends
of users of the Solar Roof Top system, and to use the information to think and analyze in determining the
strategies of the Solar Roof Top system to meet the needs of users.

3. To inform entrepreneurs about demographic factors, occupations, and average monthly income,
which influence their decision to use the Solar Roof Top system or not, to use as a database for improving,
developing, and planning future service strategies.

2. Materials and Methods

The statistical method is divided into four steps as follows:

1. Collection of data is the collection of news, information, or facts required from the
population with characteristics that are consistent with the needs. The collection and compilation of this data
is considered to be the most important step in statistical methodology Because collecting data that is less
reliable will result in the results of analysis and interpretation being of low reliability Therefore, this step
requires planning for data collection, control of the data collection process, and thorough inspection of the
data to ensure it can be analyzed.

2. Data presentation is a presentation of collected statistical data for dissemination to the
general public to understand and prepare data for further analysis. There are various ways to present data,
depending on the type of data and its volume.

3. Analysis of data. It involves analyzing the collected data and processing it in accordance
with the established objectives, hypotheses, and research questions. For example, this involves comparing the
difference in means between two populations using the Z or t test, and comparing the difference between the
means of more than two populations. By using the variance test, the test statistic is F, which is used to test the
relationship between qualitative variables. Alternatively, X2 is used to test the relationship between two sets
of quantitative data, such as using correlation analysis, testing influence, forecasting, or using regression
analysis. Additionally, advanced multivariate statistics, including MANOVA, canonical analysis, factor
analysis, and discriminant analysis, can be employed. Processing can be done by hand or with a computer.
Currently, there are ready-made statistical programs that can help analyze data efficiently and quickly, and
can be used at every step, such as SPSS for Windows, MINITAB, and SAS. The processing can be done
manually or by computer. Currently, there are ready-made statistical programs that can help analyze data
efficiently and quickly, and can be used at every step, such as SPSS for Windows, MINITAB, and SAS.

4. Interpretation or conclusion of data. It involves using the results from the analysis to draw
a conclusion. Written as a report of results, such as t = 3.1, what does it mean? Is there a difference between
the means of the two population groups? The value R =-0.85 indicates a significant relationship. How much
or little? What direction is there? This requires further study to acquire the necessary knowledge.

Theories and concepts related to marketing mix factors (7PS)

The marketing mix refers to the variables or marketing tools that can be controlled and manipulated.
Companies often use them together to meet the needs and wants of their target customers. Traditionally, the
marketing mix consisted of only four variables. These include product, price, product distribution location or
channel, and promotion. Later, three additional variables were developed. It consists of People, Physical
Evidence, and Process to align with the important concepts of modern marketing, especially in service
businesses. Therefore, together they can be called the 7Ps marketing mix.

2.1 Product aspect refers to things that the company offers for sale to generate interest through
consumption or by using services that can make customers satisfied. This satisfaction may come from tangible
or intangible aspects, such as design, packaging, smell, color, price, brand, product quality, and the reputation
of the manufacturer or distributor.
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2.2 Price refers to the amount of money that must be paid to receive the company's products, goods,
or services, or it may be the total value that the customer perceives to receive benefits from using the products,
goods, or services that are worth the amount paid. Which customers use to compare prices that have to be
paid out with value. What customers will receive in return for the product. If the value is higher than the price,
the customer will make a buying decision. However, the business should consider the following factors when
determining its pricing strategy: the market situation, conditions, and forms of competition, as well as direct
and indirect costs.

2.3 Distribution channels refer to the distribution channels of products or services, including methods
for delivering those products or services to consumers to meet demand. Specific criteria must be considered
to determine the target group and through which channels products or services should be distributed to
consumers to be most effective.

2.4 Promotion refers to marketing communication tools to create motivation, thoughts, feelings, needs,
and satisfaction in products or services. This will be used to motivate target customers to want the product or
remind them of it. It is expected that marketing promotions will have an influence on feelings, beliefs, and
behavior in buying products or services, or may involve communication to exchange information between
sellers and buyers. However, a combination of various marketing communication tools must be used.

2.5 Personnel refers to employees who work to benefit various organizations, including business
owners, top executives, middle executives, lower executives, general employees, housekeepers, etc. Personnel
are considered an important part of the marketing mix, as they are the ones who think, plan, and operate to
drive the organization in the strategic direction. Additionally, personnel play another important role in
forming relationships with and interacting with customers, which is crucial in ensuring customer satisfaction.

2.6 Process aspect refers to activities related to procedures and practices in the service that are offered
to service users to provide services correctly and quickly. In each process, there can be numerous activities,
depending on the organization's structure and operational methods. If the various activities within the process
are linked and coordinated, the overall process will be efficient, resulting in customer satisfaction.

2.7 Physical characteristics refer to things that customers can experience from choosing the
organization's products or services. It is a creation of outstanding and high-quality differences, such as store
decoration, the clothing of store employees, the way they interact with customers, and fast service. These
things are necessary for business operations, especially service businesses that should create quality.

Related research

Kamontip Yubol [6] said: The objective of the research study was: 1) to study the marketing factors
affecting the decision to install a solar roof among people in Bangkok, and 2) to study the relationship model
of marketing factors affecting the decision to install a solar roof among people in Bangkok. The study
population consisted of individuals in Bangkok who had installed solar roofs. A total of 400 people were
surveyed using questionnaires and statistical processing, including Frequency Distribution, Percentage, Mean,
and Standard Deviation. The results of hypothesis testing used the Pearson product-moment correlation
coefficient and Multiple regression analysis. The research results show that:

Most respondents were female, 222 people amounts to 55.5%, 31 - 40 year of age, 150 people amounts
to 37.5%, graduated with bachelor’s degree, 302 people amounts to 75.5%, worked in Government
officials/state enterprise employees, 145 people amounts to 36.2% and average incomes 20,001 — 30,000 Baht,
171 people amounts to 42.7%

The marketing factors affecting the decision to install a solar roof among people in Bangkok were
found to be the highest. The most critical factors were product, physical evidence, place, process, promotion,
price, and people, in that order. A study on the decision to install solar roofs among people in Bangkok found
that the overall level was the highest. Customers provided the most opinions in terms of purchasing decisions,
post-purchase behavior, evaluation of alternatives, and searching for information, respectively.

Hypothesis testing revealed that the marketing factors affecting the decision to install a solar roof
among people in Bangkok were statistically significant at the 0.01 level. The main factor influencing the
decision to install a solar roof for people in Bangkok was price. The following ranking was promotion, people,
product, place, and physical evidence, in that order. The least factor was process. The marketing factors
affecting the decision to install a solar roof for people in Bangkok can be predicted with about 85.3 percent
accuracy, with the statistical significance at the level of 0.05.
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Siriphon Sriwirat [7] stated that this study aimed to examine the factors affecting customers' decision-
making in Chiang Mai Province regarding the installation of home solar power systems. Samples for this study
were identified among 400 individuals who expressed interest in and had the decision-making authority to
install solar power systems in their homes in Chiang Mai. Data were analyzed by descriptive statistics:
frequency, percentage, mean, and standard deviation (S.D.), and the inferential statistics: T-test to compare
differences between the means of two sample groups and One-Way Analysis of Variance: ANOVA to compare
means of more than two groups of variables.

The findings showed that most respondents were female, under 30 years of age, and employed as
employees or private individuals. Their educational background was a bachelor’s degree or its equivalent.
They held the status of owners of a single-attached three-story house, and 3-4 members resided in the house.
They mostly used electricity between 6:00 p.m. and 12:00 a.m.

Results of the study showed that in an overview, service marketing mixed factors, which affected
decision-making of customers in Chiang Mai province towards installing home solar power systems at the
highest level and on which they paid the highest level of concern were price, place, product, physical evidence,
promotion, people, and process, respectively.

Conceptual framework of the research

From the study of research data, theories, and various articles mentioned above, the
researcher has used information from the literature review to determine the conceptual framework of the
research to be used as a guideline for conducting research on the factors of decision making in purchasing
insurance for installing a Solar Roof Top system of no more than 10 kWp., using information on marketing
mix factors (7Ps) that influence the decision making in purchasing insurance for installing a Solar Roof Top
system of no more than 10 kWp.

Occupational demographic factors

1. Gender.

2. Age. Factors affecting the

3. Education level » | decision to install insuralTlce

4. Occupation. Solar Roof qu system Size
. not exceeding 10 kWp

5. Average monthly income.

Marketing Mix Factors (7Ps)

Figure 1. Research Framework

3. Research Methodology
This research is survey research, which has the following details:

The study of “Factors affecting the decision to purchase insurance for installing a Solar Roof Top
system of no more than 10 kWp” is quantitative research. It is survey research. Use questionnaires to collect
data, analyze statistical data using ready-made programs, and summarize research results to present them in
the form of tables and lectures.

3.1 Population and sample group

The target population for this research study is the population residing in Thailand, specifically the
consumer group that decides to purchase solar PV in Thailand, comprising 513 households across all regions
of the country.

3.2 Creation of research instruments

The research instruments used in this study were questionnaires, which were used to collect data. The
data collection instruments for this study were questionnaires on the marketing mix, focusing on the decision-
making factors in purchasing insurance for installing a Solar Rooftop system of no more than 10 kWp. These
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questionnaires were developed by the researcher based on a review of the relevant literature to address the
research objectives. By dividing the details of the questionnaire into 3 parts, the details are as follows:

Part 1 is a question about the personal characteristics of the respondents, including gender, age,

educational status, and monthly income.

Part 2 Information on marketing mix factors (7Ps) for solar cell systems for Solar Roof Top systems,

size not exceeding 10 kWp.

Part 3 is a question about Part 3: Information, specifically creating an insurance business model and a

solar cell system for small Solar Rooftops.
For data analysis in sections 2 and 3, the questionnaire employed a rating scale in the form of a Likert Scale,
allowing respondents to select only one answer. There were 5 levels of scores, using an Interval Scale type of
data measurement level. The scoring criteria were as follows:

A score of 5 means the most

A score of 4 means a lot

A score of 3 means moderate

A score of 2 means little

A score of 1 means the least

3.3 Checking the quality of research tools

Testing Tools from the questionnaire created for the study. The researcher has tested for reliability
and confidence of the questionnaire as follows: 1) Take the designed questionnaire to ask for advice from an
advisor, and consider and check the accuracy of the content. 2) Take the questionnaire that has been checked
and has suggestions from the advisor, edit and improve the questionnaire to make it more accurate, complete,
and cover more content. 3) The questionnaire was used to find the quality of the instrument, and the researcher
tested its reliability by finding the Cronbach's Alpha Coefficient with a ready-made statistical program. If the
reliability of the questionnaire is greater than or equal to 0.70, it is considered reliable. The researcher therefore
used the questionnaire to calculate the reliability using the method above and obtained the Cronbach's Alpha
Coefficient (0.83).

3.4 Data collection

The researcher developed and refined the questionnaire until it reached a high quality and then used
Google Forms to distribute the questionnaire link through various online channels to a sample of 513
households that had decided to purchase solar PV in Thailand. The collected questionnaire was checked for
accuracy and completeness. Then save the information and analyze the data.

3.5 Data Analysis

Once the data on factors influencing the decision to install a solar rooftop system with a capacity not
exceeding 10 kilowatts has been collected completely and sufficiently, the researcher will analyze the data
using Microsoft Excel. Descriptive statistics, including frequency distribution, percentage, mean, and standard
deviation, will be used to summarize and describe the general characteristics of the data obtained from the
sample group.

4. Results and Discussion
1. Demography group

From the analysis of the questionnaire data, it was found that the sample group had a higher
proportion of males than females, with 62.4% males, 33.9% females, and 3.7% unspecified gender. Most of the
sample group were 40-50 years old, accounting for 44.5 percent, and had a bachelor's degree, accounting for
53.2 percent of the sample group. Most of them worked as employees of private companies, accounting for
38.4 percent, and the majority had an average monthly income of less than 50,000 baht, which comprised 37.6
percent of the sample group.
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Table 1. Data of the demographic respondents

Category Respondents (%)
Gender
Male 320 (62.4)
Female 174 (33.9)
Not specific 19 (3.7)
Age
Lower than or equal to 40 years 147 (28.6)
41-50 Years 228 (44.5)
51-60 Years 127 (24.7)
More than 60 years 10 (1.9)
Marital status
Married 308 (60)
Single 147 (28.7)
Widowed/divorced/separated 58 (11.3)
Highest level of education
Undergraduate 48 (9.4)
Bachelor's degree 273 (53.2)
Master's degree or above 192 (37.4)
Occupation
Business Owner 160 (31.2)
Civil servants/state enterprises 108 (21.1)
Private employees 197 (38.4)
Students 13 (2.5)
Other 35(6.8)
Average family monthly income
Below 50,000 baht 193 (37.6)
50,001 — 100,000 baht 179 (34.9)
100,001 — 150,000 baht 69 (13.5)
150,001 baht or more 72 (14)
Resident location
North 90 (17.5)
Northeast 66 (12.9)
Middle 237 (46.2)
East 47 (9.2)
South 73 (14.2)

Personal factors that affect the decision to purchase insurance for installing a Solar Roof Top system
of no more than 10 kWp are as follows:

Categorized by gender, age, and education, it can be concluded that gender, age, and education have
different effects on the decision to choose insurance for installing a Solar Rooftop system. And it affects
choosing to get solar cell insurance. People with less than a master's degree are worried about deciding to
install solar PV. People with lower education levels than a master's degree are more concerned about deciding
to install solar PV than those with a master's degree, who think that installing solar PV will be worthwhile and
that the benefits will be received from its use, including the service provider's reliability and truthful
information.

Classified by monthly income, it can be concluded that there are groups of consumers with different
monthly incomes. It affects the decision-making factors in selecting insurance for installing a Solar rooftop
system. The products are different. It was found that consumers with a monthly income of less than 50,000
baht and those with an income of more than 50,001 baht exhibit different market factors when choosing solar
cell products. Due to the high price of the product
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2. Marketing mix factors

From the analysis of data on marketing mix factors (7Ps) that affect the decision to purchase Solar Sell
for the installation of a Solar Roof Top system size not exceeding 10 kWp.

Table 2. Mean and Standard Deviation of Market Factors Affecting the Decision to Purchase Insurance for the

Installation of Solar Rooftop Systems with a Capacity of Up to 10 kWp.

Marketing mix factors x SD level
1. Product factors
Solar Cell panels and Inverters are brands that must have distributors  4.74 0.50 the most
in Thailand.
Materials and equipment must comply with installation standards. ~ 4.95 0.24 the most
Installation companies require their installers to receive installation 4.95 0.24 the most
training from a reliable institute or organization.
2. Price factors
The insurance price should be calculated based on the quality of the 4.53 0.70 the most
products selected for installation, including PV, Inverters, and
equipment that meet electrical standards, as well as the business
credit of the installer.
The price of insurance should be calculated based on the reliability 4.63 0.55 the most
and experience of the installer.
The price of the insurance should be calculated based on the warranty 4.54 0.73 the most
period provided by the installer.
3. Factors related to distribution channels
It is convenient and easy to contact, with immediate responses 4.58 0.68 the most
available through various channels, including Facebook, Line,
telephone, and Email.
The service location looks trustworthy. 4.56 0.70 the most
The service location provides knowledge and training for solar cell 4.59 0.68 the most
system installers. for homes to help make decisions, buy additional
insurance
4. Marketing promotion factors
There are various advertising channels, such as Facebook, Line@, 4.47 0.78 a lot
YouTube, and Email, among others.
There are discounts, promotional prices, free maintenance services, 4.60 0.71 the most
and free panel cleaning for 2 years, among other benefits.
There is a request for a parallel electricity permit at a special price. 4.60 0.71 the most
5. People factors
The staff can provide accurate, quick, and straightforward advice on 4.59 0.68 the most
insurance premium rates.
The staff are polite and speak nicely. 4.67 0.59 the most
The staff are knowledgeable and experienced in providing solar 4.70 0.62 the most

power generation system services and guaranteeing solar cell
systems for residential homes.
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Table 2. Mean and Standard Deviation of Market Factors Affecting the Decision to Purchase Insurance for the
Installation of Solar Rooftop Systems with a Capacity of Up to 10 kWp. (Continue)

Marketing mix factors x SD level

6. Physical environmental factors

Entrepreneurs must provide the public with helpful information. 4.55 0.67 the most
The entrepreneur guarantees a physical store where you can visitand = 4.58 0.71 the most
view the product before making a purchase decision.

Entrepreneurs have access to standard and reliable tools. 4.67 0.61 the most

7. Service process factors

Insurance operators must be reliable and have a good image. 4.65 0.61 the most
Insurance operators must have experience in underwriting various 4.63 0.64 the most
types of insurance.
The insurance operator must be able to meet your needs exactly as 4.60 0.62 the most
you want, with flexibility like the insurance.

Total 4.63 0.13 the most

From Table 2, it is found that the factors affecting the decision to choose insurance for installing a Solar
Rooftop system with a size not exceeding 10 kWp are overall at the level that most significantly affects the
purchase decision (X = 4.63), at the highest level. When considering each aspect, it was found as follows:

Product factors at the highest level. Consumer groups who have purchased solar cell products believe
that the brand must be reliable, the product must be of high quality, and it must meet a certified standard
(TIS), which influences their decision to purchase Solar Sell and their choice of insurance for installing a Solar
Rooftop system.

Price factors are at the highest level. Groups of consumers who have previously purchased solar cell
products believe that the price of the product is commensurate with its quality. And it is worth it, as it affects
the decision to buy solar and choose to get insurance for installing a solar rooftop system.

Distribution channels at the highest level. Groups of consumers who have previously purchased solar
cell products believe that the place of sale is a reliable source of information. This affects the decision to choose
to buy solar panels and opt for insurance for installing a Solar Rooftop system.

Marketing promotions at the highest level. A group of consumers who have previously purchased
Solar sell products commented that providing information and product recommendations affects their
decision to choose Solar sell and opt for insurance for installing a Solar Rooftop system.

The staff at the highest level. Service affects the decision to install a Solar rooftop system. The
company's delivery process is fast and accurate. After-sales service is provided. The company's product
installation process is correct. The technicians are experienced and have received thorough training.

Physical environment at the highest level. The solar power generation company provides a warranty
after delivery. The solar power generation company provides a convenient service.

The service process is at the highest level. The personnel who influence the decision to choose the
Solar Roof Top system, the employees of the solar power generation system company, provide excellent
service and have polite manners, smiling and dressing well, which makes them look trustworthy. The
company's employees possess good knowledge and ability regarding solar power generation systems.

5. Conclusions

The marketing factors that affect the decision to purchase solar energy and choose insurance for
installing a Solar Rooftop system with a size not exceeding 10 kW. Include product, price, location, and
marketing promotion. The researcher can discuss the results of each aspect as follows:
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1. Seven marketing mix factors influence the decision to install Solar Sell. Overall, it is at the highest
level. Consumers make purchase decisions based on product quality, user manual, and long service life. There
are promotions for low-priced purchases, discounts, and installment plans. There are gifts and a website. This
finding is consistent with the research of [8], which studied the marketing mix factors from the customer's
perspective that influence the decision to purchase scientific equipment online. The research results found that
factors affecting the purchase decision include product safety, a price appropriate for the product quality, cash
on delivery, fast contact channels for ordering, timely information updates, quick contact, warranty for
damaged products, receiving the correct product, and speedy delivery.

2. Different statuses and incomes affect the decision to buy solar cell products. Different occupations
affect the decision. Because the price of the product is relatively high, it affects the decision to buy. While
different occupations have other knowledge about the product, it is a factor that affects the decision to buy.
This finding is consistent with the research of [9], which analyzed factors affecting the social acceptance of
rooftop solar power generation projects. The study found that income and occupation are related to the
acceptance of household solar power generation systems. The most important factor influencing the decision
to accept is the reduction of global warming. The guidelines for creating acceptance found that the
entrepreneur's sales promotion measures are the most important, such as insurance or compensation for
damages caused by natural disasters and after-sales service, especially maintenance, including tax deduction
measures.

Therefore, most people are still concerned about deciding to install a Solar Roof Top system due to
the contractor's work standards and the quality of materials and equipment used to install solar panels on the
roof, which can cause "fires". Most contractors lack sufficient knowledge and understanding of electrical
safety. In addition, homeowners who install Solar Rooftop systems often lack the budget to hire consultants
to oversee the installation. The installation of Solar Rooftop systems should be designed and installed by an
electrical engineer who is an expert in solar cell system installation, directly from a relevant agency. Quality
equipment should be used to install solar cell systems on the roof. Additionally, annual maintenance is
necessary to ensure that the solar panels and other equipment continue to function safely and without damage
during operation. Including being able to check various protection systems, to ensure it is still in a safe
condition, and can be protected in the event of an emergency
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Citation: optimize transportation in glove manufacturing by Forest Stewardship Council
Mihad, M.; Suthummanon, S.; (FSC) standards. The objective is to minimize total transportation costs across a
Buakum, D. Solving multi-tiered network comprising rubber farmers, small-scale intermediary

transshipment problem in traders, large-scale intermediary traders, a concentrated latex factory, and a
glove manufacturing under rypber glove factory. Unlike conventional transshipment models, this approach
the FSC standard. ASEAN J. oy plicitly distinguishes parallel product flows from FSC-certified and non-FSC-

Sci. Tech. Report.‘2025, 284, cortified sources, reflecting segregation requirements mandated by FSC
€259187. https://doi.org/10.55164

Jajstr.v28i4.259187 standards. This dual-flow structure introduces unique routing constraints and

decision variables that are rarely addressed in the existing literature. The model
incorporates real-world constraints related to supply availability, demand
fulfillment, and transportation capacity, based on empirical data from a
representative case study. The optimization problem was solved using LINGO

Article history:
Received: May 6, 2025
Revised: July 14, 2025

Accepted: July 20, 2025 software. The case study involved 250 farmers (125 non-FSC-certified and 125
Available online: August 16, FSC-certified), 125 small-scale intermediary traders, 6 large-scale intermediary
2025 traders, a concentrated latex factory, and a rubber glove factory producing

approximately 50% FSC-certified and 50% non-FSC-certified gloves. This
separation is critical for ensuring FSC compliance and achieving precise cost

Publisher’s Note: S ] ) )

This article is published and ~ OPtimization. Before implementation, transportation costs totaled 82,228 baht
distributed under the terms per million gloves produced. Upon applying the model, costs decreased to
of Thaksin University. 75,503.33 baht per million gloves, indicating a reduction of 6,724.67 baht or

approximately 8.18%. These results affirm the effectiveness of mathematical
modeling in reducing logistics costs within sustainable supply chains and offer
a framework adaptable to other industries with similarly structured supply chains.

Keywords: Transshipment model; logistics cost reduction; transportation cost
optimization; rubber glove manufacturing; mathematical model

1. Introduction

Thailand's rubber glove manufacturing industry is crucial in the global
market, particularly during the COVID-19 pandemic, which significantly
increased global demand for rubber gloves. As a result, Thailand became one of
the leading producers and exporters of high-quality rubber gloves. However,
despite Thailand's production capabilities, the process of transporting raw
materials from production sources to factories is complex and faces several
challenges, particularly high transportation costs. This is due to the multiple
stages in the supply chain and the involvement of many stakeholders, ranging
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from farmers who grow rubber to small and large intermediaries, then to latex concentration factories, and
finally to rubber glove manufacturing plants. These factors contribute to the high transportation costs, which
affect the industry's competitiveness in the global market [1]. Additionally, the rubber glove manufacturing
industry faces pressure to adhere to sustainable management standards, as requested by customers, such as
the Forest Stewardship Council (FSC) standards.

The Forest Stewardship Council (FSC) standard represents an internationally recognized certification
for sustainable forest management. Products bearing this certification must be produced in a manner that is
environmentally, economically, and socially responsible. For example, rubber trees harvested during
production must be replanted or allowed to regenerate naturally. Forest management under FSC guidelines
requires careful consideration of environmental impacts, biodiversity, and the well-being of surrounding
communities [2]. While compliance with FSC standards promotes sustainability, it also adds complexity to the
supply chain due to the need for strict oversight and comprehensive control throughout both production and
transportation processes. These requirements can lead to increased operational and logistics costs.
Nevertheless, FSC-certified products often gain a competitive edge, with studies showing potential sales
growth of over 4%. 66% of consumers express a willingness to support brands that demonstrate environmental
commitment [3]. In 2020, the European Union (EU), Japan, and several other countries announced that they
would cease importing wood, rubber, and derivative products unless sourced from FSC-certified plantations.
This shift has elevated the importance of FSC compliance in industries such as rubber glove manufacturing.
Although FSC-certified gloves are generally more expensive to produce than their conventional counterparts,
global demand has surged to approximately 280 billion pieces annually. To remain competitive while adhering
to FSC standards, manufacturers must adopt advanced technologies and decision-support tools to enhance
the efficiency of their logistics operations. Among these tools, the LINGO optimization program has proven
particularly effective for solving complex supply chain problems. Additionally, building a sustainable supply
chain by FSC principles requires systematic planning and strategic optimization. Mathematical models play a
crucial role in simulating complex supply chain networks and identifying cost-saving opportunities [4-7]. For
instance, Mula et al. developed models for coordinating production and transportation across multi-stage
supply chains, addressing both cost and capacity constraints [8]. In the agri-food sector, Ahumada and
Villalobos demonstrated how mathematical programming can facilitate efficient resource allocation and
strategic planning [9].

Lingo is a powerful software tool developed by LINDO Systems Inc. that is used to solve mathematical
models that have already been developed. This program is designed to assist analysts and researchers in
solving complex optimization problems, particularly those that require finding the best solution under
specified constraints [10]. Several studies have confirmed Lingo's effectiveness in solving logistics network
problems, especially in uncertain or complex environments, such as stochastic supply chain network planning
[11], fresh food supply chain simulation [12], and milk run transportation optimization [13]. Lingo has been
widely applied in both agricultural and industrial logistics research [16], providing precise and cost-efficient
solutions for complex decision problems [10, 15, 18]. For example, the case study by F. M. Puspita et al. [14]
focused on optimizing waste collection routes in the Kalidoni district of Palembang. The objective was to
minimize both transportation distance and time by considering critical factors such as “time windows” and
“deadlines.” Waste was categorized into work zones, and the RC-OCVRPTWD model was solved using
LINGO 13.0. Results showed that Work Area 1 had a distance of 28.6 km with a completion time of 2 hours
and 51 minutes, Work Area 2 covered 23.6 km in 1 hour and 42 minutes, and Work Area 3 covered 38 km in 3
hours and 16 minutes. Dandi Nurdiansyah [15] also demonstrated Lingo’s usefulness in optimizing egg
delivery costs at AyamSehat.com in Cimahi. Initially, the North West Corner (NWC) method was used,
resulting in a cost reduction from Rp. 278,000 to Rp. 255,000. Further optimization with LINGO reduced the
cost to Rp. 240,000. This study highlights how combining heuristic methods, such as NWC, with mathematical
tools, like LINGO, can significantly improve distribution efficiency. In a related study, E. Yuliza et al. [16]
addressed the Capacitated Vehicle Routing Problem (CVRP) in the context of LPG gas distribution. They first
applied the Clarke and Wright heuristic and then refined the solution using Lingo. The heuristic approach
resulted in a total distance of 151.94 km, while Lingo yielded 161.59 km, suggesting that the heuristic method
was more efficient for this particular case. This reinforces the value of hybrid approaches in routing



ASEAN ]. Sci. Tech. Report. 2025, 28(4), €259187. 3of12

optimization. Finally, D. Buakum and W. Wisittipanich [17] proposed a mixed-integer programming (MIP)
model to solve internal task scheduling in a cross-docking terminal, inspired by operations at Thailand Post
Distribution Co., Ltd. Their model, solved with LINGO 14.0, aimed to minimize makespan while managing
limited resources such as working teams and transfer equipment. The results showed that while LINGO
provided optimal solutions for small instances, larger problems posed computational challenges. The study’s
cost and sensitivity analysis confirmed the trade-off between resource usage and operational efficiency.
Together, these studies confirm Lingo’s reliability and flexibility in solving diverse logistics optimization
problems from waste management and food distribution to cross-docking and industrial routing. These
findings support the application of this approach in the current research to enhance cost efficiency within the
FSC-certified rubber glove supply chain. While these studies collectively demonstrate the broad applicability
and effectiveness of LINGO in solving various logistics optimization problems, they primarily address general
transportation, routing, or scheduling challenges without explicitly incorporating sustainability certification
requirements. Unlike prior models, the transshipment model proposed in this study directly integrates FSC
Chain of Custody constraints by explicitly separating FSC-certified and non-certified latex flows through
dedicated decision variables and independent supply-demand constraints. This structural distinction ensures
compliance with rigorous FSC standards throughout all transportation stages, setting this work apart from
conventional transshipment approaches that do not address certification-mandated segregation. As a result,
the model contributes a novel framework for simultaneously optimizing logistics costs and sustainability
compliance within certified supply chains.

In this study, the goal is to determine the most cost-effective transportation route from the rubber
plantations to the rubber glove manufacturing factory, which involves multiple stakeholders, including 250
farmers, 125 small intermediaries, 6 large intermediaries, a latex production factory, and a rubber glove
manufacturing plant. The supply chain includes both FSC-certified and non-FSC-certified raw materials,
which adds complexity to the logistics process. Lingo software is used to solve the mathematical model that
calculates transportation costs, addressing the Transshipment Problem, which involves intermediate
distribution points in the supply chain. The objective is to reduce transportation costs under the FSC standard
while optimizing the multi-stage supply chain. By applying the Lingo program, the study aims to identify the
lowest-cost transportation methods while ensuring compliance with sustainability standards. Ultimately, this
research seeks to enhance the competitiveness of Thailand's rubber glove manufacturing industry in the global
market. Furthermore, to demonstrate the robustness and adaptability of the proposed model, this study also
includes a sensitivity analysis on key parameters such as fuel prices and product demand levels. By simply
modifying the input data used in the computations, the model can evaluate different economic scenarios and
assess the impact of fluctuations in operational costs and market demand. This highlights the flexibility of the
mathematical framework to accommodate diverse conditions, thereby reinforcing its practical value as a
decision-support tool for sustainable and cost-efficient supply chain management under FSC standards.

2. Materials and Methods

To enhance the accuracy and effectiveness of transportation cost reduction in the rubber glove
manufacturing industry, adhering to Forest Stewardship Council (FSC) standards, this study was designed
using a mathematical modeling approach. The methodology involves collecting real-world supply chain data,
constructing a transshipment model to simulate transportation flows, and applying the Lingo program to
solve and optimize the model. The following sections describe the data collection process, model development,
and solution approach.

2.1 Data Collection

This research aims to reduce transportation costs in the rubber glove manufacturing supply chain,
adhering to Forest Stewardship Council (FSC) standards, by utilizing real-world data from a powder-free
glove factory certified by FSC. The supply chain in this case study comprises 250 farmers, consisting of 125
non-FSC-certified farmers and 125 FSC-certified farmers, 125 small-scale intermediary traders, 6 large-scale
intermediary traders, 1 concentrated latex factory, and 1 rubber glove factory. The key data used to develop
the model includes
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2.1.1 Transportation distances between supply chain points
2.1.2 Supply and demand quantities at each stage

2.1.3 Transportation capacity limits

2.1.4 Unit transportation costs

All data were collected through structured questionnaires and in-depth interviews with
stakeholders across the supply chain, conducted between March and April 2023. An overview of the supply
chain structure is illustrated in Figure 1.

-l -a—a—a- \\\.

ﬂf .. —
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| ] | | B = I P P o P e P
Non-FSC-certified farmers Small-scale Large-scale Concentrated latex factory ~ Rubber glove factory Customer
and FSC-certified farmers  intermediary traders intermediary traders

Figure 1. Rubber Glove Industry Supply Chain.

2.2 Transshipment Model Development

This research developed a transshipment model, a type of linear programming model, to identify the
most cost-effective multi-stage transportation routes for latex in the supply chain. The model aims to minimize
total transportation costs while adhering to the constraints of the FSC system, which includes environmental,
social, and economic considerations.

2.2.1 Transportation Network Structure

The model is structured into five stages, reflecting the actual sequence of the supply chain

i : Non-FSC-certified farmers

i : FSC-certified farmers

j : Small-scale intermediary traders
k : Large-scale intermediary traders
l : Concentrated latex factory

m : Rubber glove factory

2.2.2 Definition of constraints
The objective of the model is to minimize total transportation costs, subject to the following three key
constraints
2.2.2.1 Supply constraints at the farmer level
2.2.2.2 Demand constraints at the rubber glove factory
2.2.2.3 Capacity constraints for each transportation route
To ensure compliance with FSC Chain of Custody (CoC) standards, the mathematical model explicitly
separates the transportation flows of FSC-certified and non-FSC-certified latex. This segregation is enforced
by using distinct decision variables and independent supply-demand constraints for each type of latex. As a
result, the model prevents the mixing of FSC and non-FSC materials across all transportation and
transshipment stages. This directly affects routing decisions by mandating dedicated transportation trips and
transshipment handling for FSC latex, reflecting the operational requirements imposed by FSC certification.
Additionally, the model incorporates parameters such as the number of vehicles and their capacities,
which are based on actual transportation data collected from the case study. Each vehicle type (n=1, 2, 3, 4)
corresponds to a specific transportation link in the supply chain, reflecting operational realities. For example,
n=1 and n=2 represent trips from farmers to small-scale intermediary traders, n=3 covers transportation from
small to large intermediaries, and n=4 handles movements from the latex factory to the glove factory. These
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parameters ensure that vehicle assignment and capacity constraints are realistically applied, directly
influencing transportation planning and cost optimization within the FSC-certified supply chain.

Furthermore, by ensuring the strict segregation and traceability of FSC-certified latex throughout the
supply chain, the model inherently upholds the social and environmental objectives of the FSC standard. This
includes supporting fair practices for certified smallholder farmers and protecting ecosystems by maintaining
the integrity of certified sourcing. The mathematical constraints thus do not merely enforce logistical
separation but also safeguard the environmental stewardship and community welfare principles embedded
in FSC certification.

2.2.3 Mathematical Model Formulation

The transshipment model was formulated using a linear programming approach.
Indices

i : Non-FSC-certified farmers

i’ : FSC-certified farmers

j : Small-scale intermediary traders

k : Large-scale intermediary traders

[ : Concentrated latex factory

m : Rubber glove factory
Parameters

Cij : Transportation cost from non-FSC-certified farmers to small-scale intermediary traders (Baht
per trip)

Cirj : Transportation cost from FSC-certified farmer to small-scale intermediary traders (Baht per
trip)

Cik : Transportation cost from small-scale intermediary traders to large-scale intermediary traders
(Baht per trip)

Crl : Transportation cost from large-scale intermediary traders to concentrated latex factory (Baht
per trip)

Cim : Transportation cost from concentrated latex factory to rubber glove factory (Baht per trip)

S; : Latex production capacity of non-FSC-certified farmer (kilograms per lot)

Siy : Latex production capacity of FSC-certified farmer (kilograms per lot)

Sj : Latex receiving capacity of small-scale intermediary traders (kilograms per lot)

Sk : Latex receiving capacity of large-scale intermediary traders (kilograms per lot)

) : Latex receiving capacity of concentrated latex factory (kilograms per lot)

D; : Latex demand of small-scale intermediary traders (kilograms per lot)

Dy : Latex demand of large-scale intermediary traders (kilograms per lot)

D, : Latex demand of concentrated latex factory (kilograms per lot)

Dp, : Latex demand of rubber glove factory (kilograms per lot)

capa;,, : Transportation capacity of latex from FSC-certified farmer (kilograms per trip)

capa;, :Transportation capacity of latex from non-FSC-certified farmer (kilograms per trip)

capaj, : Transportation capacity of latex from small-scale intermediary traders (kilograms per trip)

capay, :Transportation capacity of latex from large-scale intermediary traders (kilograms per trip)

capay, :Transportation capacity of latex from concentrated latex factory (kilograms per trip)

dist;; :Transportation distance from FSC-certified farmer to small-scale intermediary traders
(kilometers)

dist;; : Transportation distance from non-FSC-certified farmer to small-scale intermediary traders
(kilometers)

distj, : Transportation distance from small-scale intermediary traders to large-scale intermediary
traders (kilometers)

disty; :Transportation distance from large-scale intermediary traders to concentrated latex factory
(kilometers)

disty, :Transportation distance from concentrated latex factor to rubber glove factory (kilometers)

tran, :Transportation cost per kilometer for vehicle type n (Baht per kilometer)

n : Type of vehicle (n=1,2,3,4)
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Decision Variable

xij
x,',j
xjk
Xki
Xim
Yi'j
Yij
YVik
Ykt

Yim

: Number of trips from non-FSC-certified farmers to small-scale intermediary traders (trips)

: Number of trips from FSC-certified farmers to small-scale intermediary traders (trips)

: Number of trips from small-scale intermediary traders to large-scale intermediary traders
(trips)

: Number of trips from large-scale intermediary traders to concentrated latex factory (trips)

: Number of trips from concentrated latex factory to rubber glove factory (trips)

: Quantity of latex transported from FSC-certified farmers to small-scale intermediary traders
(kilograms per lot)

: Quantity of latex transported from non-FSC-certified farmers to small-scale intermediary
traders (kilograms per lot)

: Quantity of latex transported from small-scale intermediary traders to large-scale
intermediary traders (kilograms per lot)

: Quantity of latex transported from large-scale intermediary traders to concentrated latex
factory (kilograms per lot)

: Quantity of latex transported from concentrated latex factory to rubber glove factory
(kilograms per lot)

The mathematical model formulated to solve this transportation optimization problem is as follows.

Objective function

Min Cost = X; X ¢ij xij + Xir Xj Curj Xirj + 2j Xk Ci Xk + Lk 2t Crt Xrr + Xt Xom Com X D

Constraints
Supply Constraints: Ensure that the amount of latex transported does not exceed the supply capacity at each
stage.

XiVirj < S ;Y (1)

XiYij S si 7 Vi (2)

Yk Vjk < Sj ;Y 3)

21 Vi < Sk 7 Vi 4)

YmYim < St ;Y (&)
Demand Satisfaction: Ensure that the demand at each downstream node is met.

YuYij = Dj ;Y (6)

XiYij = Dj ;Y (7)

2 Yjk = Dy 5 Vi )

2V =Dy ;Y 9)

Zlylm = Dm ; Vm (10)

Capacity Constraints: Ensure that the transported amount is consistent with the transportation capacity.
YuYuj <capaggnxy; ; Vyn=12 (11
YiYij < capamXx;j ; Vpn =12 (12

Yk Vi < CapagnXp ; Vpn =4 (14

)
)
XiVik < capajnXj ; Vien =3 (13)
)
)

2iVim < CapamXpn, ; Viun=4 (15

Cost Calculation: Used to determine transportation costs based on distance and vehicle type.

cyj =disty; tran, ; Yuj =12 (16)
cij =dist;; trany, ; Vi om=12 (17)
Cjx = distjy trany, ; Vi ,m=3  (18)
Ci = disty, tran, ; Vi on=4  (19)
Cm = disty, tran, ; Vim on=4  (20)
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Balancing Constraints: Ensure flow continuity where no storage is allowed: inflow equals outflow at each
intermediate node.

XiVijtXuYuj =XkVik VY (21)
2 Yk =2V 5V (22)
2k Yk =XmYm Vi (23)

Negativity Constraints: Ensure that all decision variables are non-negative.
Xirj» Xijs Xjker Xty Xim = 0 5 Vitjijkkum  (24)
Cirjr Cijo Cikr Cietr Cim = 0 5 Yujijjikiim  (25)
Sirs Sis Sj» Sk St >0 ; vi’,i,j,k,l (26)
Dj, Dy, Dy, Dy, =0 5 Vikim (27)
Yirj» Yij» Vit Yt Yim = 0 5 Virjijkkum  (28)
capa;m, capQin, Capajn: Capaknlcapaln =0 ; vi’n,in,jn,kn,ln (29)
dist;,, dist;,, distjn, distyy,, dist;, =0 i Vitnin jnin,in (30)

tran, = 0 5 Vn (31)
Assumption: All intermediary traders (both small-scale and large-scale), concentrated latex factories,
and rubber glove factories are assumed to be able to accept latex from both non-FSC-certified and FSC-certified farmers.

2.3 Using the Lingo Program to Solve the Transshipment Model

After the transshipment model was developed, it was solved using the LINGO program, a
mathematical optimization software suitable for solving linear and nonlinear programming problems. In this
study, Lingo was applied to compute the most cost-effective transportation routes from farmers to the rubber
glove factory by minimizing the total transportation cost. In this study, the model formulation was input into
Lingo using a matrix representation of the transportation flow, with the variable denoting the quantity of latex
transported from farmer Non FSC Standards i, through under FSC Standards i’, small-scale intermediary
traders j, large-scale intermediary traders k, concentrated latex factory [ to the rubber glove factory m. The
program computed the optimal routing that minimized transportation costs while satisfying all supply,
demand, and capacity constraints. The optimization results obtained from Lingo were then compared to the
actual transportation costs before model implementation. The comparison demonstrated the model's
effectiveness in significantly reducing logistics costs while maintaining full FSC compliance across the entire
supply chain. Finally, the assessment of Lingo’s effectiveness in computing the most cost-efficient
transportation routes highlighted its benefits in reducing logistics costs. Not only did it improve transportation
efficiency, but it also supported sustainability goals within the FSC-certified rubber glove supply chain.

This study adapts the general multi-stage transshipment optimization frameworks previously applied
in logistics and supply chain contexts, such as the cross-docking scheduling model formulated by Buakum
and Wisittipanich [17]. While their work focused on optimizing internal task scheduling to minimize
makespan under resource constraints, the current study extends such mathematical programming approaches
by explicitly incorporating FSC Chain of Custody (CoC) requirements. The main contribution lies in enforcing
the segregation of FSC-certified and non-certified latex flows through separate decision variables and
constraints within the transshipment model, ensuring full compliance with sustainability certification
standards—an aspect not addressed in the earlier models.

3. Results and Discussion

3.1 Supply Chain Characteristics from Collected Data

The supply chain for FSC-compliant rubber gloves consists of three main segments: upstream,
midstream, and downstream. The upstream segment comprises smallholder latex farmers or farmer groups
that grow rubber trees and tap latex by FSC principles. These farmers must be certified by an authorized
organization and maintain traceability through an FSC license code. The midstream segment includes FSC-
certified latex processing plants that purchase raw latex from upstream farmers. These facilities process raw
latex into concentrated latex, strictly adhering to FSC Chain of Custody (CoC) standards. The entire process,
from receiving and storage to transportation and processing, must meet the FSC criteria before the product is
passed on to the downstream stage. In the downstream segment, FSC-certified rubber glove manufacturers
receive the processed latex and produce gloves while maintaining full product traceability. These
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manufacturers are also required to obtain FSC CoC certification. The finished products are then packaged and
labeled with the FSC logo to signify that they meet social and environmental responsibility standards. The
gloves are subsequently distributed to customers worldwide, including hospitals, retailers, and wholesalers.

In this study, the actual supply chain data were collected from an FSC-certified powder-free rubber
glove manufacturer in southern Thailand. The structure analyzed includes 250 farmers (a mix of FSC-certified
and non-certified), 125 small-scale intermediary traders, 6 large-scale intermediary traders, 1 concentrated
latex factory, and 1 rubber glove factory. These stakeholders encompass the entire spectrum of supply chain
roles, ranging from raw material production to final product distribution.

Quantitative data were collected on transportation distances between nodes, the quantity of latex
supplied and demanded at each node, vehicle capacity limitations, and unit transportation costs. These data
inputs reflect the real operational constraints, enabling the formulation of a transshipment model that captures
the actual complexity of logistics operations within the FSC-certified supply chain. Incorporating both certified
and non-certified nodes reflects real-world practices, particularly in terms of supply integration and logistical
efficiency. This multi-tier data collection approach ensures the mathematical model can simulate various cost-
minimization scenarios under both economic and sustainability constraints.

3.2 Cost Optimization Results Using Lingo

In this study, a transshipment model was developed to minimize transportation costs across the FSC-
certified glove manufacturing supply chain. The model comprises 250 rubber farmers, including 125 non-FSC-
certified farmers and 125 FSC-certified farmers, 125 small-scale intermediary traders, 6 large-scale
intermediary traders, one concentrated latex factory, and one rubber glove factory. It incorporates practical
operational constraints, including supply-demand balancing, transportation capacity limits, and route
distances. The model was solved using an exact optimization method via the LINGO Solver (version 21.0.37),
which was executed on a system equipped with an Intel Core i7 processor. Figure 2 presents the optimized
transportation flows of latex across the supply chain tiers, along with the associated transportation costs.
Before optimization, the total cost of transporting latex to produce 1 million gloves was THB 82,228. After
solving the model, the optimized cost was reduced to THB 75,503.33, achieving a total reduction of THB
6,724.67, or 8.18%. These results demonstrate the model’s effectiveness in achieving cost efficiency while
maintaining feasibility across a multi-tiered supply network.

B File Edit Solver Window Help

DAB& - TB5C A0 v IABBE 7@

LINGO/WIN€é4 21.0.37 (13 Jan 2025), LINDO API 15.0

email.psu.ac.th

Objective value:
Infeasibilities

Total solver iterations:

Elapsed runtime seconds: 104.86
Model Class: LP
Total variables: 63€€3

Nonlinear variables: 0
Integer variables: 0

Nonlinear nonzeros: o

Figure 2. Transshipment Model Output via LINGO
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To evaluate the accuracy and applicability of the model, the predicted transportation costs were
compared with actual transportation costs from the case study, as shown in Table 1. The model’s outputs
closely aligned with real transportation expenditures, confirming the reliability of the proposed approach.
Each dataset, structured according to the network size parameters (i—i'—j—k—I-m), successfully generated
feasible solutions with accurate transportation quantities and minimized total costs.

Table 1. Preliminary Experimental Result by LINGO Optimization Solver.

No Data set Number of Quantity of Minimum Supply
(i—i"—j—k=1-m) Transport Trips Transported Latex Chain Cost
1 2*2*2*2*1%1 v v v
’ 3*3*3*3*1*1 v v v
3 442474414 v v v
4 5*5*5*5+1%1 v v v
5 6*6*6*6*1*1 v v v
6 7776141 v v v
v 8*8*8*6*1*1 v v v
8 9%9*9*6*1*1 v v v
9 10%10*10%6*1*1 v v 4
10 20%20*20%6*1*1 v 4 4

Note: ¥ is correct solution by proposed model

Note: (i—i'—j—k—I-m)denotes the number of Non-FSC-certified farmers, FSC-certified farmers, Small-scale
intermediary traders, Large-scale intermediary traders, Concentrated latex factory, and Rubber glove factory.

This table presents the results obtained from various network configurations, verifying the model’s
ability to handle different supply chain scales. As the complexity of the dataset increases, so too does the
computational effort required to reach optimal solutions. Figure 3 illustrates the exponential growth in
computation time as the number of supply chain nodes increases. While the model remains computationally
feasible for small to medium-sized networks, the extended solution time for larger datasets may hinder its
practical, real-time application in large-scale operations.

Time (seconds)

Data Set

Figure 3. Relationship between dataset size and computation time
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This performance trend highlights a fundamental trade-off between solution accuracy and
computational efficiency. While exact methods, such as LINGO, are capable of delivering exact solutions, their
scalability is inherently limited due to the exponential growth in processing time as the problem size increases.
3.3 Sensitivity Analysis on Fuel Prices and Demand Variations

A sensitivity analysis was conducted to assess the impact of changes in key economic parameters on
total transportation costs. When fuel prices increased by 20%, the optimized transportation cost rose from THB
75,503.33 to THB 80,419. This represents a 6.5% increase, demonstrating that while costs are sensitive to fuel
volatility, the model continues to provide cost-optimized routing compared to manual planning. Similarly, a
10% increase in demand (requiring additional latex volumes) resulted in a proportional rise in transportation
cost to THB 83,053, reflecting the model’s capacity to scale under varying operational scenarios. These findings
reinforce the practical robustness of the model as a decision-support tool adaptable to different market and
cost environments.

4. Conclusions

This study addressed the challenge of high transportation costs in the rubber glove manufacturing
supply chain, adhering to Forest Stewardship Council (FSC) standards, by developing a mathematical
transshipment model and solving it using the LINGO optimization program. The model was constructed
based on real-world data from a certified powder-free glove factory, incorporating multiple stakeholders
across five stages: from non-FSC and FSC-certified farmers to small-scale and large-scale intermediary traders,
then to the concentrated latex factory, and finally to the rubber glove factory.

The model was solved using exact methods via the LINGO optimization software, which enabled the
identification of the most cost-efficient transportation routes while satisfying various real-world constraints,
including supply availability, factory demand, and vehicle capacity limits. LINGO's ability to process large-
scale linear programming models with multiple variables and constraints proved essential to the successful
resolution of the complex transshipment network. The results indicate a significant reduction in total
transportation costs from THB 82,228 to THB 75,503.33 per one million gloves produced, representing an 8.18%
improvement in logistics efficiency. Additionally, sensitivity analysis on key parameters such as fuel prices
and demand levels demonstrated that while total logistics costs adjust under different scenarios, the model
continues to deliver cost-optimized solutions, underscoring its robustness and practical applicability in real-
world operations. This outcome demonstrates the effectiveness of the mathematical model and LINGO in
identifying optimal transportation pathways in a constrained and sustainability-focused logistics
environment. Beyond the numerical optimization, this study highlights the critical role of quantitative
modeling in aligning supply chain efficiency with environmental certification standards. The inclusion of FSC-
related parameters such as traceability, chain-of-custody compliance, and differentiated treatment of certified
and non-certified farmers ensures that the model aligns not only with cost-saving goals but also with social
and environmental imperatives. The proposed model thus reinforces the viability of integrating sustainability
constraints within a formalized mathematical framework, making it especially relevant in today's global
market, where eco-certification is both a regulatory requirement and a competitive differentiator. In practical
terms, the findings provide a decision-support tool for logistics planners, supply chain analysts, and
policymakers in the agro-industrial sector. The methodology developed in this research is replicable and can
be adapted to other sectors that involve multi-stage production and distribution systems with sustainability
requirements. For instance, agricultural cooperatives, bio-based chemical farmers, and eco-labeled consumer
product manufacturers could all benefit from a similar optimization framework.

To address this limitation, future research should explore hybrid optimization strategies that integrate
exact algorithms with heuristic or metaheuristic approaches. These methods offer a promising path forward,
enabling improved scalability and faster response times without sacrificing the level of accuracy required in
FSC-certified logistics systems where transparency, traceability, and cost control are critical. Moreover, the
study's findings emphasize the strategic value of optimization-based tools in supporting sustainable logistics
planning within certified supply chains. In the context of FSC-certified glove manufacturing, achieving
transportation cost efficiency must be accompanied by adherence to environmental and ethical standards. The
proposed transshipment model not only demonstrates substantial cost-saving potential but also respects the
structural complexity and rigorous traceability requirements imposed by the FSC system. As supply chains
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become increasingly dynamic and multi-tiered, the integration of advanced decision support systems, such as
the LINGO-based transshipment model, will be essential. With further enhancement, particularly through
hybrid algorithmic techniques, this modeling framework holds promise as a scalable and adaptable solution
for a wide range of industries seeking to balance sustainability, operational efficiency, and compliance.

Moreover, the study offers a platform for future research that could include dynamic or stochastic
modeling approaches to address demand variability, seasonal fluctuations in latex production, and changes
in fuel prices or transportation availability. Multi-objective optimization could also be introduced to balance
cost reduction with carbon footprint minimization. Additionally, integrating geospatial data with the LINGO
model could enable real-time route adjustments and enhance the practical implementation. In conclusion, this
research not only validates the use of LINGO as a robust optimization tool but also contributes a novel
transshipment modeling approach tailored for FSC-certified supply chains. It provides empirical evidence and
practical guidelines for improving cost efficiency while adhering to international sustainability standards. As
such, it stands as a valuable contribution to both academic literature and the operational management of
sustainable supply chains. Looking forward, the adoption of such optimization-driven frameworks could be
instrumental in shaping policy decisions around green logistics and sustainable certification systems.
Governments and international organizations could leverage similar models to establish guidelines that
encourage eco-compliance while promoting economic viability. In a global landscape increasingly shaped by
climate targets and responsible sourcing, the integration of mathematically rigorous, sustainability-aware
tools represents not only an operational necessity but also a strategic advantage. Therefore, the continued
advancement and application of transshipment models such as the one presented in this study will play a
crucial role in supporting resilient, transparent, and cost-effective supply chains of the future.
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Abstract: The current work examined UDASP-HB, a novel herbal formulation
comprising Urtica dioica methanol leaf extract and Angelica sinensis
polysaccharide, for its pharmacological activity. It examined the total flavonoid
content and its antioxidant and anti-inflammatory activity. UDASP-HB
exhibited high concentrations of flavonoids, with considerable inhibition of lipid
peroxidation in egg yolk and liver homogenate model compared with controls.
UDASP-HB inhibited COX-1 and COX-2 enzymes and, therefore, can exhibit
anti-inflammatory activity. Additionally, six new topical gel formulations and
preparations were developed and examined for their physicochemical
properties and in vitro drug delivery studies. All six preparations facilitated
sustained delivery and effective dermal delivery.

Keywords: Urtica dioica; Angelica sinensis; Flavonoid content; Angelica sinensis
polysaccharide; Lipid peroxide inhibition; Antioxidant activity

1. Introduction

Oxidative stress and inflammation represent two crucial biological
processes with critical functions in cellular signaling and protection, but with the
potential for chronic disease when not properly regulated. Oxidative stress
occurs when a disproportion between ROS production and detoxification,
and/or restoration of generated damage, takes place in a living organism [1, 2].
Inflammation, a physiologic reaction to noxious stimuli present in all tissues, can
become persistent and disease-producing, as seen in conditions such as arthritis,
diabetes, and cardiovascular disease. Regulation of such processes is not only
critical for acute diseases, but also for long-term diseases, including degenerative
diseases [1, 3, 4]. The modulating effects of oxidative stress and inflammation
are well-established in traditional medical practice and are increasingly
supported by scientific experiments. Application of such drugs is preferred for
their lesser side effects, availability, and economy over conventional drugs [5-7].
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Medicinal herbs contain a diverse range of bioactive compounds with high antioxidant and anti-inflammatory
properties. Such compounds can trap free radicals, enhance antioxidant defense in the organism, and
modulate inflammatory processes, thereby conveying protection against a variety of oxidative and
inflammation-related ailments [1, 7-10].

Urtica dioica, or stinging nettle, has been used in traditional cultures, such as Ayurveda and Western
herbalism, for centuries to control disease processes including arthritis, anaemia, and long-term
dermatological conditions [11-13]. All its therapeutic efficacy can be attributed to its rich content of
phytochemicals such as flavonoids, lignans, and polysaccharides. Angelica sinensis, popularly known as Dong
Quai or female ginseng, is famous in traditional Chinese medicine for its use in treating gynaecologic diseases,
weakness, mild anaemia, and high blood pressure. Polysaccharides of Angelica sinensis (ASP) have been shown
to possess strong anti-inflammatory and immunomodulatory properties, making them a beneficial constituent
in herbal drugs for wound healing and anti-inflammatory activity [2, 14].

The premise for developing a herbal mixture of Urtica dioica leaf methanol extract and polysaccharide
of Angelica sinensis (ASP) for the development of herbal gels is the synergistic effect between their bioactivities,
enhancing anti-inflammatory activity and wound healing. Complementarily, it leverages Urtica dioica’s high
anti-inflammatory activity and ASP's proven wound healing ability [15, 16]. Such a preparation not only aims
to counteract the processes of inflammation but also to accelerate tissue regeneration and healing processes
[15]. Gels, when locally applied, have the added advantage of localized delivery, which can maximize
therapeutic activity at the site of trauma and inflammation while minimizing systemic toxicity. In harmony
with a growing demand for effective and natural substitutes for traditional drugs in controlling trauma and
inflammation and healing wounds, such an approach holds a lot of hope for future development in herbal
therapy [17].

Therefore, the purpose of the current study is to investigate the pharmacological potential of a
methanol extract derived from Urtica dioica leaves with a microwave-assisted extraction process. The
pharmacological potential of Angelica sinensis polysaccharides is another goal of the investigation.
Additionally, the study aims to develop a topical herbal gel formulation using an herbal blend of Angelica
sinensis polysaccharide and Urtica dioica methanol leaf extract. Building on their traditional uses and earlier
research, these historically prized medicinal plants will be evaluated in various models to determine their
effects on inflammation and oxidative stress. The purpose of this study is to advance our understanding of its
therapeutic applications and encourage its potential integration into contemporary medical procedures.

2. Materials and Methods

2.1 Drugs, Chemicals, Polymers, and Reagents

Zen Pharmaceuticals, Karnal, India, generously supplied free samples of Catechin and quercetin.
Himedia Biosciences Company in India provided the following: Triethanolamine, disodium edetate, DTNB
solution (Ellman's reagent), sodium nitroprusside, Griess Reagent, thiobarbituric acid, sodium dodecyl
sulphate, and tris-KCl buffer. The trichloroacetic acid (TCA) was purchased from Sigma Aldrich in India.
Additionally, Sigma-Aldrich in India provided propylene glycol, Carbopol 934, and Carbopol 940. All
additional chemicals and reagents utilised in this investigation, bought from verified vendors such as SRL
Mumbai and E. Merck India, were of reagent grade and ensured high-quality standards.

2.2 Plant material collection and authentication

Between November 2023 and February 2024, Urtica dioica leaves were carefully collected from their
natural environment to ensure a steady supply of mature and healthy plant material. The polysaccharide of
Angelica sinensis was sourced from Herbal Waves in Mandi, Himachal Pradesh, India. During leaf collection,
special attention was paid to preserving the Urtica dioica habitat in its natural setting. A local herbalist named
Mr. Ashok Gupta, who works with Herbal Waves in Himachal Pradesh, India, verified and identified the
samples after they were harvested. During the authenticity stage, voucher samples stored in the Department
of Pharmacognosy Herbarium (MSK/ACP/2023/3398-72) were carefully examined. This meticulous analysis
ensured that the plant material under study was appropriately classified through taxonomy.

2.3 Preparation of extraction utilizing a microwave-assisted method
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The collected Urtica dioica leaves were gently washed to remove contaminants, such as dust and grime.
The cleansed leaves were then dried in a shaded area to preserve the integrity of the phytochemicals and
prevent deterioration from direct sunlight. The leaves were dried and then ground into a fine powder using a
motorised grinder to achieve consistency in particle size for efficient extraction. According to Mandal et al.
(2007), the extraction method employed a microwave-assisted extraction approach [18]. Twenty-five grams of
the powdered leaves were combined with 200 millilitres of methanol in a 1:8 powder-to-solvent ratio.
Microwave irradiation was applied to the mixture with a power setting of 160 W. During the first six minutes
of the extraction procedure, the mixture was heated to the optimal temperature for maximum extraction. To
ensure the full extraction of bioactive components, the temperature was then allowed to drop to room
temperature before initiating a second 2-minute microwave cycle. Particulate materials and plant debris were
eliminated from the resultant extract using filtering. After the solvent was removed from the filtrate using a
water bath, a dense and concentrated extract was produced. Angelica sinensis polysaccharide (ASP) was
subsequently added to the finished extract in a 1:1 ratio. The final herbal blend was subsequently codenamed
UDASP-HB and stored for future testing.

2.4 Determination of total flavonoid content

A spectrophotometric aluminum chloride technique, described earlier with minor modifications, was
utilized for the determination of the total flavonoid content of UDASP-HB [19]. Aluminium chloride (AlCl;),
which exhibits a detectable absorption peak at a specific wavelength with flavonoids, was used in this
protocol. Flavonoid contents were calculated in terms of milligrams of equivalent quercetin (mg QE/g) per
gram of extract in a plant. In a 1-mL UDASP-HB solution (1 mg/mL), 1 mL and an equivalent (1 mL) 2%
methanolic solution of AICl; were mixed in a test tube to form a sample for analysis. After a brief vortex to
achieve homogeneity, the mixture was kept at room temperature for 1 hour to allow the reaction between the
flavonoids and AlCl; to proceed to completion. After incubation, the absorption at 415 nm was measured using
a Shimadzu UV-1900 spectrophotometer in a solution. Since 415 nm is equivalent to the absorption at a
maximum for the AlCl;-flavonoid complex, it was used to enable proper determination. All samples were
prepared and analyzed three times for repeatability and accuracy. Additional computations were performed
using the mean values for absorption in these samples. In a similar manner, a series of solutions with a range
of known concentrations of quercetin was used to obtain a standard curve. A calibration curve, used as a
guideline for determining the extract level of flavonoids, was produced by plotting the values for absorption
of these standards concerning their respective concentrations. Value for absorption of the sample was
interpolated from the curve for the standards for quercetin in an attempt to calculate UDASP-HB level of
flavonoids. The quantitation of the extract level of flavonoids was provided in the output, expressed in terms
of equivalent milligrams of quercetin per unit extract per gram (mg QE/g). It is an efficient and effective
method for determining flavonoids in plant samples.

2.5 Evaluation of the lipid peroxidation inhibition using egg yolk and liver homogenate model

Using egg yolk as a lipid-rich medium and a modified thiobarbituric acid reactive species (TBARS)
assay, the amount of lipid peroxide product generated was quantified [20]. Using egg yolk/liver homogenate
as a source of high fat, inhibition of lipid peroxidation was examined using a modified thiobarbituric acid
reactive species (TBARS) assay, according to Badmus et al. (2011). By testing for malondialdehyde (MDA)
production, a significant metabolite of lipid peroxides, through its reaction with thiobarbituric acid (TBA),
analysis for inhibition in lipid peroxidation is performed. As a substrate for lipids, 0.7 mL of 14% (v/v) egg
yolk/liver homogenate emulsion and 0.5 mL of extract (UDASP-HB) at variable concentrations (15-180 pg/mL)
were mixed to make a reaction mixture. To create a uniform reaction mixture, 1.6 mL of distilled water was
added. Lipid peroxidation was initiated by incubating the mixture with 0.06 mL of a freshly prepared ferrous
sulfate (FeSOs) solution. Incubation of the reaction mixture at 37°C for 35 minutes provided a sufficient
duration for oxidative degradation of the lipids. Following incubation, 1.7 mL of acetic acid and 1.8 mL of TBA
in sodium dodecyl sulphate (SDS) solution were added to it. TBA and MDA react readily in an acidic
environment to form a pink-colored chromogen, the presence of which can be determined using a
spectrophotometer. After shaking the mixture well to achieve homogeneity, it was placed in a water bath and
incubated for 1 hour at 95°C. Heating helps in intensifying the reaction between TBA and MDA. For the
extraction of the TBA-MDA complex into an organic layer, 6 mL of butanol was added when the mixture was
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cooled to room temperature. For phase partitioning, the mixture was centrifuged for 15 minutes at 4000 rpm.
TBA-MDA complex-containing organic upper layer was collected with extreme care, and a UV-visible
spectrophotometer was used to determine its absorption at 532 nm.

100 — XsampLE

) % 100
CONTROL

% Lipid peroxidation inhibition (

2.6 Appraising the Anti-inflammatory activity: Cyclooxygenase (COX) inhibition assay

The assay for Cyclooxygenase-1 (COX-1) and Cyclooxygenase-2 (COX-2) enzymes was conducted
using the protocol described elsewhere [21, 22]. The UDASP-HB extract's cyclooxygenase (COX) inhibitory
activity was measured through COX-1 and COX-2 enzyme tests following protocols designed by Red] et al.
(1994) and Aguilar et al. (2002). Inhibition of COX-1, an enzyme responsible for prostaglandin synthesis for a
normal physiologic function, was measured through the COX-1 test. 195 uL of 0.4 M Tris-HCI (pH 7.4), 20 pL
of L-adrenaline-D-hydrogentartrate working as a reductant, 15 pL of haematin working as a cofactor, and 15
uL of a sample solution were added to the reaction mixture before starting the experiment. 0.4 U of COX-1,
added later, initiated incubation for 7 minutes at 37°C to initiate the reaction in the enzyme. 7 uL of arachidonic
acid, serving as a substrate, was added later, and the mixture was incubated at 37°C for 35 minutes to initiate
the reaction. The addition of 15 uL of 14% formic acid later inhibited the enzyme's activity. The COX pathway
produced prostaglandin E2 (PGE2), and its activity level was determined using a PGE2 enzyme immunoassay
kit (R&D Systems). Likewise, in the COX-2 study, a similar sequence of operations was conducted to assess
the inhibition of COX-2 by UDASP-HB, an enzyme with a predominantly causative role in producing
inflammation. In its reaction mixture, 15 uL of sodium edetate (Na,-EDTA) was added to chelate metal ions,
15 pL of haematin, 20 pL of L-adrenaline-D-hydrogentartrate, 195 uL of 0.4 M 7.4-pH Tris-HC], and 15 uL of
a sample solution were added. After the addition of 0.4 U of COX-2 enzyme, the mixture was incubated for 6
minutes at 37°C. After the addition of 7 pL arachidonic acid substrate, a 35-minute reaction at 37°C, and a 35-
minute reaction duration, 14 uL of 14% formic acid was added, which inhibited its activity. In its
determination, the generated PGE2 level in the COX-2 pathway was measured using a PGE2 enzyme
immunoassay kit (Cayman Systems) [21, 22]. For accuracy and repeatability, both tests were conducted in
triplicate. By comparing the results with and without the extract blend, the inhibition level of PGE2, the
inhibition of COX activity, and the percentage inhibition of COX activity were calculated. By employing this
technique, a comprehensive analysis of the inhibition of the extract on COX-1 and COX-2 enzymes could be
conducted.

2.7 Formulation development: The fabrication of the herbal gel

2.7.1 Preparation of the gel base

The gel base preparation involved careful homogeneity and uniformity in any preparation form. In
preparation, 1.5 g of Carbopol 934 was added first under slow and continuous stirring in such a form that no
clumps and uniformity in form existed. It was a key stage in hydrating the polymer and creating a uniform
dispersion, a crucial property for achieving uniformity in the finished form, as well as its stability and shape.
A triethanolamine and disodium EDTA solution was prepared in a separate form after hydrating the
Carbopol. To maintain chemical integrity in the gel, 0.005 g of disodium EDTA was utilized in a chelating and
chemical integrity-maintaining role, and 1.5 g of triethanolamine was used in a pH-adjusting and neutralizing
role. To allow proper solubilization, both chemicals were vigorously mixed in a combined form with deionized
water. Following continuous stirring, the drop-by-drop addition of triethanolamine and disodium EDTA, and
slow, drop-by-drop blending, a transparent and thick gel matrix is developed in its presence, with a pH level
of about 7.4 before addition. This critical stage offers an opportunity for Carbopol neutralization. Similarly,
5.5 g of propylene glycol, a humectant and solvent, was added to moisturize and strengthen the gel, providing
a transparent, uniform base for the developed gel. This was achieved by blending all ingredients under
continuous stirring for proper integration [23].

2.7.2 Preparation of gel formulation
The drug formulation manual was followed in the preparation of a total of six topical gel formulations
[24]. Following base gel preparation, six individual gel preparations, HGF1 to HGF6, were prepared with
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variable UDASP-HB concentrations (a mixture of Urtica dioica methanol leaf extract and Angelica sinensis
polysaccharide). UDASP-HB concentrations ranged in gradation, starting with 0.5 g in HGF1 and increasing
by 0.5 g in each successive preparation, with a final concentration of 3.0 g in HGF6. One could evaluate the
impact of a mixture of polysaccharides on the therapeutic activity of the gel with such a gradation. To ensure
a uniform proportion of basis materials in each preparation, a portion of UDASP-HB was added to a base gel
and brought to a 100 g weight with a mixture of demineralized water. In terms of anti-inflammatory activity
and wound healing, each batch was properly prepared for future testing and therapeutic application by using
a consistent preparation for both the base and subsequent formulations.

Table 1. The list of components used in the formulations of herbal gels.

Gel Formulation code

Ingredients HGF1 HGEF2 HGF3 HGF4 HGF5 HGF6
UDASP-HB (g) 0.5 1.0 15 2.0 2.5 3.0
Carbopol 934 (g) 1.5 1.5 1.5 1.5 1.5 1.5
Triethanolamine (g) 1.5 1.5 1.5 1.5 1.5 1.5
Disodium EDTA (g) 0.005 0.005 0.005 0.005 0.005 0.005
Propylene Glycol (g) 5.5 5.5 5.5 5.5 5.5 5.5
D.M. water (100 g) q.s q.s q.s q.s q.s q.s

2.8 Characterization of the gel formulation

2.8.1 Assessment of active constituents

To precisely identify the phenolic contents as an assay method for the active elements in the herbal
gel preparation, effective techniques were used, including total phenolics analysis using the Folin-Ciocalteu
method. A 1 g portion of the gel was taken in a 50 mL volumetric flask, and methanol was added to make a
solution for the active contents. Methanol and the flask contents were mixed vigorously to form a
homogeneous solution of the contents in methanol. Whatman filter paper was then used to remove any
residues that did not dissolve in methanol. 0.1 mL of filtrate was measured with care and diluted to a final
volume of 10 mL with methanol to form a testing solution for analysis. Concentrations of active contents in
such a solution are calculated using two approaches with the use of UV spectrophotometry at a proper
wavelength, a wavelength at Amax for active compounds [25]. After preparing the herb gel in a mixture with
ethanol or methanol, a determined quantity of Folin-Ciocalteu reagent was added, and the mixture was
incubated for around ten minutes. Blue colour development was carried out for ninety minutes after sodium
carbonate was applied for neutralisation. The absorbance was measured at 765 nm. A gallic acid standard
curve was used to quantify the phenolic chemicals.

2.8.2 Extrudability

An essential factor for user convenience, the gel formulation's extrudability was evaluated to
determine how easily it could be extruded from the container. A common weight (such as 500 g) was placed
on top of the slide after a collapsible aluminium or plastic tube carrying the gel was sandwiched between two
glass slides. Weighing was performed to determine the amount of gel extruded in 10 seconds. The amount of
gel extruded per unit weight applied was used to express the extrudability of the gel. This test confirmed that
the gel had the ideal consistency for easy and smooth dispensing [26].

2.8.3 pH Measurement

To minimize irritation during use and ensure compliance with the skin's natural pH, the pH of the gel
preparation was determined. For the preparation of a uniform solution, a small portion (1 g) of gel was blended
with 10 milliliters of deionized water. A calibrated electronic pH meter with an inserted electrode was used to
measure and scan the pH value of the gel dispersion. For use in derms, its value in the acceptable range
(typically 6.8-7.5) was reached, and a value of 7.4 was maintained throughout the entire formulative exercise [27].
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2.8.4 Evaluation of appearance, viscosity, and homogeneity
Appearance

A visual examination was performed to evaluate the transparency, color, and overall cosmetic
properties of the gel preparation. Consistency in transparency and colour between the two sets of the gel was
examined to ensure compliance with the desired specifications for use in a topically applicable preparation [28].
Viscosity

The viscosity of the gel preparation was measured using a Brookfield viscometer to assess its
rheological properties. The spindle (which can be used for semi-solid preparations) was subjected to variable
velocities (in rpm) at room temperature with the gel loaded onto the viscometer. To analyze the flow behavior
of the gel, viscosity values were measured at a range of velocities. Shear-thinning or pseudo-plastic behavior
is ideal for a gel, allowing for spreadability and ease of application while maintaining long-term stability. To
maximize dermal application consistency of the gel, such viscosity determination was imperative [28].
Homogeneity

To assess the homogeneity of the gel, a small portion of the mixture was left on a sanitized glass slide
and inspected under a light source. We searched for lumps, clumps, and particulate matter in the gel. The easy
and unhindered dispersion of the ingredients suggested that the gel would be successfully prepared and
properly mixed [28].

2.8.5 Spreadability
One important property that controls the ease with which the gel can penetrate and cover the skin is
its Spreadability. Spreadability controls both happiness and comfort in use, as well as the therapeutic
effectiveness of a preparation, directly. The spreadability of a gel was measured using a slide and drag
technique. In it, two flawless plates of glass were placed between a definite amount of gel (e.g., 1 g). For
allowing the spreading of a gel, a uniform weight (500 g, for example) was kept on a top plate for a definite
duration, such as one minute. After removing the weight, the diameter or cover area was measured.
Spreadability of a formula was calculated through:
S=MxL/T
where:
e Sis the spreadability,
e Mis the weight applied (in grams),
e L is the length of gel spread (in cm),
e T is the time taken (in seconds).
Higher values for spreadability in the form of a gel mean easier and uniform application onto the
skin's surface. In testing, care is taken to ensure the gel is effective and convenient for topical distribution due
to its uniform dispersibility, requiring minimal effort [29].

2.8.6 In vitro Diffusion study evaluating the permeation through skin

Goat ear skin was then used in in vitro diffusion experiments to evaluate its capacity to penetrate
through dermal tissue and simulate transdermal distribution. Goat ear skin for use in experiments was
harvested at a nearby slaughterhouse, and peeling off of the dermal tissue was handled with care, with
consideration for keeping the dermal tissue intact. After peeling off fat and subcutaneous tissue, saline was
used to wash off the dermal tissue, and it was stored at -20°C for use as needed. Before use in experiments,
the dermal tissue was incubated in phosphate buffer (pH 7.4) for one hour at room temperature. A Franz
diffusion cell with a receptor compartment volume of 15 mL and an effective diffusion area of 2.5 cm? was
used in the study. With the stratum corneum towards the donor side and the dermis in touch with the receptor
medium, the hydrated skin was positioned between the donor and receptor compartments. The receptor
medium was phosphate buffer (pH 7.4), which was maintained at 37 + 1°C and stirred constantly to replicate
physiological conditions. The donor compartment was uniformly coated with a predetermined quantity of the
gel formulation (about 1 g). At specified intervals (e.g., 0, 1, 2, 4, 6, 8, and 12 hours), samples (1 mL) were
removed from the receptor compartment and replaced with an equivalent volume of new phosphate buffer to
preserve sink conditions. The active ingredients that penetrated the skin were measured by
spectrophotometric analysis of the collected samples as described earlier in the assay method. The permeation
profile was generated by plotting the cumulative amount of penetrated drug per unit area (ug/cm?) against
time. The linear portion of the permeation curve was used to determine the steady-state flux (Jss), and the flux
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was correlated with the active ingredient in the donor compartment to determine the permeability coefficient
(Kp). In the present work, it facilitated the optimization of the gel's form for effective transdermal delivery
and therapeutic activity by providing useful information about its penetration and release behavior in well-
regulated in vitro environments. A goat ear membrane was used as a model to evaluate the function of the gel
in closely monitored in vitro environments [29].

2.8.7 Release Kinetics of Gel Formulation

To evaluate the kinetics of release of the active components from the gel preparation, an in vitro Franz
diffusion cell setup was used with phosphate buffer (pH 7.4) at 37 + 1°C. A specific quantity of gel in the donor
chamber and samples extracted from the receiver medium at regular intervals are necessary to maintain sink
conditions. The volume was withdrawn, and a fresh buffer was added. Samples were examined using UV-Vis
spectrophotometry [30]. To ascertain the release mechanism, cumulative release data were plotted against time
and examined using mathematical models, including zero-order, first-order, Higuchi, and Korsmeyer-Peppas
models. The model with the highest correlation coefficient best represented the release kinetics. This procedure
verified that the gel formulation offered sustained, controlled release, which is necessary for its therapeutic
effectiveness and directs further optimisation for the required drug delivery profiles.

2.9 Statistical analysis

Statistical analysis was conducted to ensure the reliability and reproducibility of experimental results.
All experiments were performed in triplicate, with data expressed as mean + standard deviation (SD). For
significance testing between groups, one-way ANOVA followed by Tukey’s post hoc tests was used for
multiple groups, and independent t-tests were used for two groups, considering p-values less than 0.05 as
statistically significant. Regression analysis was used to fit the release data to various kinetic models,
evaluating model adherence through the correlation coefficient (r2), with higher r? values indicating a better
fit. All statistical procedures were executed using GraphPad Prism (Version 8), ensuring precision and
efficiency. The programs' R and Python were used for graphing. This robust statistical framework validated
the findings and supported interpretations of the gel formulations’ efficacy and performance.

3.Results and Discussion

3.1 Total flavonoid content estimation

UDASP-HB was found to have a total flavonoid content (TFC) of 357.75 mg/g of quercetin equivalent
(QE). The calculated absorbance values were used to estimate the flavonoid concentration using the calibration
curve equation, y = 0.0031x + 0.0693, with R? = 0.9691. The significant flavonoid content of the extract
emphasises its potential for antioxidant and therapeutic applications.
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Figure 1. Quercetin standard curve to estimate total flavonoid concentration in UDASP-HB.
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3.2 Inhibition of Lipid peroxidation in the egg yolk model

The inhibition activity of UDASP-HB on egg yolk model lipid peroxidation at varying concentrations,
compared to ascorbic acid, a well-known antioxidant, is presented in Table 2. UDASP-HB, at its highest under
investigation concentration (180 pg/ml), showed a high inhibition value of 84.87 + 1.26%, closely following
that of ascorbic acid, whose inhibition value at 95.39 + 1.22% was marginally increased. With a decrease in
UDASP-HB concentrations, its inhibition activity for egg yolk model lipid peroxidation consistently lowered:
75.68 +1.28% at 90 pg/ml, 67.91 +1.28% at 60 pg/ml, 56.82 + 1.22% at 30 pg/ml, and 44.71 + 1.14% at 15 ug/ml.
Ascorbic acid, in its part, showed lowered inhibition with a decrease in concentrations, but at a level higher
than UDASP-HB at all concentrations under investigation. That behaviour indicates UDASP-HB's dose-
dependent effectiveness, which is noteworthy for its antioxidant activity, although it is even less potent than
that of ascorbic acid. Notably, even at the minimum level (15 pg/ml), UDASP-HB exhibited a significant
inhibition percentage, confirming its effectiveness as a powerful antioxidant.

Table 2. In the model of egg yolk homogenates, the percentage of lipid peroxidation inhibition of UDASP-HB

Media Concentration (pg/ml) UDASP-HB (%) Ascorbic acid (%)
Egg yolk 180 ug/ml 84.87 +1.26* 95.39 +1.22%
90 pg/ml 75.68 + 1.28* 86.64 + 1.90*
60 pg/ml 67.91 + 1.28* 80.49 +1.78*
30 pg/ml 56.82 +1.22% 62.24 +1.67*
15 pg/ml 44.71 + 1.14* 56.54 +1.25

Values are expressed using the standard deviation (SD) plus the mean of three replicate measurements.
*p < 0.05 significant deviations from ascorbic acid.

3.3 Inhibition of Lipid peroxidation in liver homogenate model

Table 3 below shows the in vitro inhibition of LPO in liver homogenate at UDASP-HB doses of
catechin, a potent antioxidant. At 180 pg/ml, UDASP-HB exhibited a high inhibition value of 91.54 + 1.98%,
indicating high antioxidant activity, albeit somewhat lower than the 98.88 + 1.67% observed for catechin. The
efficacy of UDASP-HB decreases as concentrations rise: 82.63 + 1.93% at 90 ug/ml, 73.38 + 1.41% at 60 pg/ml,
plateaus at 72.91 £ 1.32% at 30 pg/ml, and then falls to its lowest value of 51.78 +1.22% at 15 pg/ml. Conversely,
catechin exhibited a strong inhibitory effect at all concentrations, but a steep decline at lower concentrations,
decreasing from 94.68 + 1.69% at 90 pg/ml to 69.84 + 1.37% at 30 pug/ml. While catechin exhibits slightly higher
antioxidant activity at comparable concentrations, the trend in this instance reflects the dose-dependent
efficacy of both UDASP-HB and catechin. In terms of *p <0.05 and **p < 0.01, statistical analysis demonstrates
that the inhibition rate differences between UDASP-HB and catechin are significant at any level, but
particularly at high concentrations. It also demonstrates that UDASP-HB is a potent antioxidant in its own
right, even when it does not exhibit the same level of efficacy as catechin.

Table 3. In vitro evaluation of lipid peroxidation (LPO) inhibition using liver homogenate

Media Concentration (ug/ml) UDASP-HB (%) Catechin (%)
Liver homogenate 180 pg/ml 91.54 +1.98** 98.88 £ 1.67**
90 pg/ml 82.63 +1.93** 94.68 + 1.69*
60 pg/ml 73.38 +1.41* 83.91 +1.43%
30 pg/ml 7291 +1.32* 69.84 +1.37*
15 pg/ml 51.78 + 1.22% 62.59 +1.27%

Values are expressed as the standard deviation (SD) plus the mean of three replicate measurements.
Differences from the Catechin group are significant at *p < 0.05 and **p < 0.01.
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Lipid Peroxidation Inhibition in Egg Yolk and Liver Homogenates
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Figure 2. In vitro lipid peroxidation (LPO) Inhibition of UDASP-HB using egg yolk homogenates and liver homogenates

3.4 Evaluation of anti-inflammatory activity

3.4.1 Assessing the cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) enzyme inhibition

The inhibitory activity of UDASP-HB, the herbal blend, towards COX-1 and COX-2 enzymes at the
indicated concentrations is shown in Table 4. There is an increased inhibition in a concentration-dependent
manner for both enzymes. At a concentration of 60 pug/mL, inhibition was relatively low, with 3.791+0.89%
inhibition for COX-1 and a relatively increased inhibition for COX-2 at 4.678+0.96%. With a heightened
concentration to 120 pg/mL, inhibition for COX-1 reached almost double at 6.272+0.97%, and for COX-2,
inhibition rose over double at 10.366+0.99%, with a reflection of a strong impact towards COX-2 at this level.
The trend continued with increased concentrations. In 180 pg/mL, COX-1 inhibition increased to 22.231+1.01%,
and COX-2 inhibition increased to 27.821+1.21%. It is a significant trend, suggesting a deeper inhibition of
COX-2, a target for anti-inflammatory drugs in most instances, due to its direct role in inflammatory processes.
In its most extreme inhibition, at 240 ug/mL, COX-1 inhibition increased to 45.306+1.21%, and COX-2
inhibition increased to 44.793+1.77%. These observations suggest that UDASP-HB has significant therapeutic
value as an anti-inflammatory agent, primarily through the inhibition of COX-2. Concentration-dependent
activity creates opportunities for individualized dosing tailored to specific therapeutic objectives.
Observations validate the need for continued investigation regarding UDASP-HB therapeutic use, specifically
in cases of disease where COX-2 is a significant participant.

Table 4. Percentage of COX system enzymes inhibited by the herbal blend (UDASP-HB).
% Enzyme Inhibition

Concentration (pug/mL) COX-1 COX-2
60 3.791 £ 0.89 4.678 +0.96
120 6.272 £ 0.97 10.366 + 0.99
180 22.231+£1.01 27.821+£1.21
240 45.306 +1.21 44.793 +1.77
300 94.698 £ 1.67 86.576 +1.82
ICso 233.21 ug/mL 229.89 ug/mL
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Inhibition of COX Enzymes by UDASP-HB
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Figure 3. Percentage of COX system enzymes inhibited by the herbal blend (UDASP-HB).

3.5 Herbal Gel Formulation: development and evaluation of the topical herbal gel

Gel formulations are typically preferred over other topical semisolid treatments for several reasons.
Their long-lasting effects on the skin, high viscosity, occlusive qualities that moisturise flaky skin, improved
bioadhesiveness, decreased irritation, independence from the water solubility of active ingredients, ease of
application, and improved release characteristics are just a few of their many benefits [31-33]. The anti-
inflammatory, antioxidant, protective, and anti-aging properties of flavonoids and phenolic compounds found
in herbs have been the subject of numerous studies. Furthermore, it has been shown that these polyphenolic
flavonoids can permeate human skin [34-37]. These results led to the development of a topical herbal gel
formulation that includes extracts high in flavonoids and phenolic components for the prevention and
treatment of inflammation, wounds, and related disorders [38-40].

3.6 Fabrication and Characterisation for the Formulated Topical Herbal Gel

Table 5 presents the characteristics of various prepared topical gel formulations, each prepared with
1.5% Carbopol 934, highlighting differences in pH, viscosity, spreadability, and net content across six
formulations coded HGF1 through HGF6.

3.6.1 pH Levels: The pH of all formulations is near neutrality (approximately 7.4), which is optimal for
dermal use, as it closely corresponds to the in-situ skin pH and reduces irritation. A slight deviation in pH
(ranging from 7.39 to 7.54) between the formulations is within a narrow range. It reflects a high level of
uniformity in terms of the acid-base character of the formulation.

3.6.2 Viscosity: A definite rise in viscosity with HGF1 through HGF6, with a range of 4.5 poise through
9.4 poise, was seen. A rise in viscosity will likely result in a thicker gel structure, making it easier for the gel to
maintain its placed position and not drip excessively. Viscosity can work beneficially when applied directly
to the skin, particularly with a thicker level used for an extended duration of activity.

3.6.3 Spreadability: Correspondingly, with increased viscosity, spreadability also increases; for instance,
35.71 g/cm/s in HGF1 and 79.36 g/cm/s in HGF6. Spreadability is an important property for topical gels,
describing how a gel spreads when it comes into contact with the skin. Greater spreadability will mean less
force is required to spread the gel, providing increased comfort and efficiency in covering larger areas of skin.

3.6.4 Net Content: The net contents of all samples have remarkably similar 100% values, with little
variation (98.96% to 101.00%). Such homogeneity in net contents ensures precise dosing, confidence in
consumption, and superior manufacturing without overfilling or underfilling. In general, the improvement in
viscosity and spreadability between HGF1 and HGF6 reflects that the formulations have been optimized for
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application performance improvement, and thus can function even better for subjects with variable
requirements for gel textures and spreading velocities. High accuracy in all formulations' net contents reflects
a high level of care and accuracy in production.

Table 5. Characteristics of the topical gel formulations prepared with 1.5% Carbopol 934 Concentration.
Net Content (%

Code pH Viscosity (poise) Spreadability (g cm/sec) wiw)
HGF1 7.41+0.17 45+0.11 35.71+1.14 98.96 + 1.45
HGE2 7.39 £0.18 5.5+0.12 4744 +1.34 99.95 +1.99
HGF3 7.54 +0.16 5.9+0.13 58.81 +1.39 100.20 +1.94
HGF4 7.46 +0.19 72+0.21 66.77 +1.45 101.00 +1.89
HGF5 7.51+0.13 8.6 £0.18 73.62 +1.60 100.00 +1.85
HGEF6 7.39+£0.11 9.4 +0.01 79.36 +1.72 99.91 +1.85
pH and Viscosity of Topical Gel Formulations
7.54F
-9
7.52
7.50 ‘g
7.48} g
T . i
7.46 .::8
§
7.44}1
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-5
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Formulation Code

Figure 4. pH and Viscosity (poise) of Gel Formulations

3.6.5 Extrudability and Physical Appearance

The following is a general overview of the extrudability and physico-morphology of a range of topical
gel forms, prepared at 1.5% w/w of Carbopol 934, coded HGF1 to HGF6, respectively.
Extrudability: One of its key functions is user-friendliness, which reflects how easily the gel can be extruded
from its packaging. Since HGF1, HGF4, and HGF5 have "Excellent" extrudability, these gels should be quite
easy to squeeze out, perhaps as a result of viscosity at the optimal level for unhindered free flow. Although
they are effective, HGF2, HGF3, and HGF6 exhibit "Good" extrudability and less free flow than "Excellent."
Physical Appearance: All of these formulations have been uniformly described as dark greenish, transparent,
and homogeneous in form. Homogeneity in form is an indicator of correct mixing during production, ensuring
that no form separation or variation in colours occurs, which can be important for trust in consumption and
product consistency. Transparency and homogeneity in form in the gels also mean that particulate impurities
have been circumvented and successfully stabilized, which can be important for cosmetic appearances and
uniformity in application over the skin. In inference, these observations in Table 6 validate the successful
development of these topical gels, both functionally and cosmetically. Overall, good to excellent extrudability
in all cases confirms ease of use and effectiveness during use, as well as a uniform, pleasing physical
appearance that enhances marketability and acceptance, and promotes increased patient acceptance and use.
All these, in addition to the physical characteristics mentioned in the preceding tables, contribute to the overall
quality and therapeutic efficacy of these gel preparations.
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Figure 5. Spreadability and Net Content of Gel Formulations

Table 6. Extrudability and Physical Appearance for the topical gel formulations fabricated with Carbopol 934 at
1.5% concentration.

Code Extrudability Physical Appearance

HGF1 Excellent Dark-greenish, homogeneous, and transparent
HGF2 Good Dark-greenish, homogeneous, and transparent
HGF3 Good Dark-greenish, homogeneous, and transparent
HGF4 Excellent Dark-greenish, homogeneous, and transparent
HGF5 Excellent Dark-greenish, homogeneous, and transparent
HGF6 Good Dark-greenish, homogeneous, and transparent

3.6.6 Diffusion profile in vitro and kinetics of drug release

Table 7 presents the in vitro diffusion profile for six gels with variable compositions (HGF1 to HGF6),
with a five-hour duration for cumulative drug release expressed as a percentage. Comparing each one, one
can see how each releases its active compound over a period, which is relevant in terms of understanding its
efficacy and potential application in a therapeutic scenario. HGF4 and HGF2 exhibit a significantly accelerated
one-hour release of the drug, with values of 21.41 +1.20% and 21.28 + 1.21%, respectively. That kind of accelerated
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delivery could be beneficial in cases with a rapid onset of action demand. HGF1 and HGF5 have a slow and
intermediate level of release, and that could be useful for use in cases in which an immediate increase in drug
level is not desired. By three hours, HGF2 prevails with a high cumulative release of 73.38 + 1.24%, followed
closely by HGF4 and HGF6. Sustained diffusion could represent a less viscous preparation or one with high
solubility of the active ingredient, facilitating quick absorption. By four hours, HGF2 reaches a high value of
93.37 +1.31%, then dips a little at five hours to 83.31 + 1.29%. HGF4 reaches an unprecedented high reading of
102.42 + 1.33% at five hours, which may be attributed to an experimental flaw, possibly over-saturation,
resulting in an overshoot reading. HGF3, HGF5, and HGF6 build slowly and level off, eventually achieving a
sustained release for long-term therapeutic activity. The overall diffusion profiles reveal that each gel
possesses specific properties, making them applicable for a variety of therapeutic requirements. HGF2 and
HGF4 are best suited for therapeutic requirements with a demand for rapid drug delivery, while HGF1, HGF3,
HGF5, and HGF6 may be applicable for extended drug delivery, providing therapeutic efficacy over a
prolonged period. Differences in the composition of the gel matrix probably cause these differences, with an
impact on the kinetics of drug release and diffusion behaviour. This investigation is crucial for developing
targeted topical drugs for specific medical conditions by manipulating these formational properties.

Table 7. Diffusion profile in vitro

TIME Gel Formulations
(Hr)
% Cumulative drug release
HGF1 HGF2 HGEF3 HGF4 HGF5 HGF6
1 11.89£1.20 21.41+1.20 1428 £1.19 21.28 +1.21 1491 +£1.20 17.39+1.28
2 20.00 £ 1.19 38.01+1.22 28.45+1.20 3717 £1.22 30.06 £1.20 31.00 £ 1.29
3 36.26 +1.22 73.38+1.24 51.47 +1.26 56.34 +1.22 54.09 + 1.27 58.99 +1.32
4 4497 +1.23 93.37 £1.31 67.20 £1.29 73.27 +1.27 71.40+1.28 69.08 +1.30
5 69.38 £ 1.30 83.31+1.29 82.40 £ 1.30 102.42 +1.33 87.41+1.29 86.90 + 1.33

Cumulative Drug Release Profiles Over Time
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80

60
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Time (Hours)

Figure 6. In vitro diffusion profile of topical herbal gels.

3.6.7 Kinetic modelling of data from in vitro releases
Table 8 presents a detailed examination of the kinetic modeling of six gel formulations (HGF1 through
HGF6) under three kinetic models: Zero Order, First Order, and Higuchi Diffusion Model. For determining
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the best-fitting model for each, a high value for R? is selected as the best-fit model for explaining the mechanism
of drug delivery. The Zero Order model, which represents a constant release in terms of concentration, best
fits HGF1, HGF3, HGF4, HGF5, and HGF6, with R? values of 0.9645, 0.9941, 0.9860, 0.9947, and 0.9816,
respectively. That such a model holds for these drugs tells us that such drugs deliver at a constant level, a
property beneficial in sustained level maintenance over a duration of time. High values for R? for such drugs
confirm them to have a high probability of delivering drugs over a sustained duration, a property beneficial
for long-term dosing needs. For HGF2, in contrast, the Higuchi model best describes it, with the delivery of
the drug determined via diffusion in the gel matrix, yielding an R? value of 0.8876. That such a model best
characterizes HGF2 informs us about its behavior, being most determined by the physico-mechanical
properties of the gel, such as its porosity, compatibility with drugs, and its constituent materials. In general,
kinetic modelling of such preparations not only helps describe their mechanism of delivery but also optimizes
them for a desired therapeutic demand in terms of the desired profiles of delivery. All such information helps
develop effective delivery systems capable of delivering a predictable and sustained therapeutic effect.

Table 8. Kinetic modelling of drug release data in vitro

Code f?r Zero order First Order Higuchi diffusion Best-fitted model
Formulations model
R2 R2 R?
HGF1 0.9645 0.8921 0.9214 Zero Order
HGF2 0.8468 0.7051 0.8876 Higuchi
HGF3 0.9941 0.9635 0.9843 Zero Order
HGF4 0.9860 0.9470 0.9524 Zero Order
HGF5 0.9947 0.9466 0.9843 Zero Order
HGF6 0.9816 0.9425 0.9764 Zero Order

3.7 The optimum formulation

HGF5 stands out with its exceedingly high R? value (0.9947) in Zero Order, indicating an exceedingly
predictable and constant release profile. That will work ideally for therapies in which dosing accuracy is
critical and in scenarios where variation in drug levels can threaten the efficacy of the therapy or patient safety.
Thus, HGF5 can be considered an ideal delivery form for the long-term and sustained delivery of drugs,
provided its physico-mechanical properties (viscosity, pH, etc.) and spreadability meet the requirements for
therapeutic use. With such a form, one can hope for increased compliance, fewer side effects, and successful
treatment for this disease.

4. Conclusions

The conclusion of this research work confirms the effectiveness of UDASP-HB in providing
antioxidant and anti-inflammatory activity, supported by its high flavonoid level and its capacity to inhibit
key anti-inflammatory enzymes. Optimal delivery performance was achieved for developed topical gel forms,
characterized by sustained kinetics that support therapeutic activity. Most importantly, the herbal topical gel
formulation, HGF5, exhibited the best release behavior, with implications for its application in long-term
treatment. All observations validate UDASP-HB as a worthy therapeutic modality for the treatment of
inflammatory diseases, providing a basis for future development in a clinical environment.
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Abstract: This research aimed to evaluate the potential of tobacco extract for
controlling stable flies (Stomoxys calcitrans L.) in beef cattle. The study was
divided into three experiments: 1) determination of nicotine concentration in
tobacco extract using different fermentation times, 2) laboratory assessment of
tobacco extract efficacy against stable flies, and 3) field evaluation of tobacco
extract efficacy against stable flies. Results showed that fermenting tobacco with
95% ethanol for 48 hours yielded the highest nicotine content at 46.71 ug/mg,
which was significantly different (P<0.001) compared to other fermentation
periods. Laboratory studies revealed that the efficacy of tobacco extract in
eliminating stable flies increased with concentration and exposure time. The 20%
tobacco extract showed maximum efficacy with mortality rates of 98.33% at 24
hours and 100% at 48 hours, while 3% tobacco extract achieved 95% mortality of
stable flies at 72 hours. In field trials, 3% tobacco extract demonstrated
significantly better control of stable flies compared to the control treatment
(distilled water) (P<0.001), but was less effective than 35% cypermethrin. The
efficacy of tobacco extract decreased after 96 hours post-application,
corresponding with increased fly-repelling behaviors in cattle, including tail
flicking, skin twitching, foot stamping, and head swinging. Results from this
study indicate that tobacco extract has potential as an alternative to synthetic
chemicals for controlling stable flies in beef cattle, which helps reduce chemical
use and is environmentally friendly.

Keywords: Tobacco extract; Nicotine; Stable fly; Beef cattle; Biological insecticide

1. Introduction

Stable flies (Stomoxys calcitrans (L.) [Diptera: Muscidae]) cause significant
economic damage to the livestock industry by irritating and inflicting painful
bites on animals as they feed on their blood [1]. Several species of stable flies
exist, but S. calcitrans L. is the most prevalent in Thailand [2]. According to
Arjkumpa et al. [3], blood-feeding by stable flies can reduce cattle weight by 0.22
kg per day and decrease milk production by 30-40 percent. Additionally, stable
flies serve as vectors for lumpy skin disease, an emerging disease first detected
in Thailand in 2021. This severe disease results in morbidity rates of 5-45% in
infected animals, with mortality rates being particularly high in regions where
the disease had not previously occurred [4].

Farmers typically control stable flies using synthetic chemicals, which
may adversely affect the health of both animals and users [5]. Therefore, natural
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insecticidal extracts, such as tobacco extract, represent an enjoyable alternative to chemical pesticides [6].
Natural extracts offer several advantages, including specificity in targeting insects [7], low toxicity, rapid
degradation, and minimal environmental impact [8]. Tobacco extract contains nicotine as its primary active
compound, which is a natural alkaloid that acts on insect nervous systems through both contact and ingestion,
demonstrating high efficacy against insects. Currently, these compounds are effectively used to eliminate

household pests like ants, termites, and cockroaches [9].

In 2022, the Sa Kaeo Area Excise Office seized a large quantity of illegal tobacco products, including
165,959 packs of smuggled or counterfeit cigarettes. On May 10, 2023, 57,743 packs from finalized legal cases
were officially transferred to Valaya Alongkorn Rajabhat University under the Royal Patronage, Sa Kaeo, for
use in agricultural research. These seized cigarettes, previously designated for destruction, were repurposed
to study their potential as botanical insecticides in line with the Zero Waste concept and efforts to reduce
chemical pesticide use, minimize production costs, and avoid harm to humans, animals, and the environment.
Therefore, this study aimed to (1) determine the nicotine concentration in tobacco extracts after different
fermentation durations, (2) evaluate their insecticidal efficacy against stable flies under laboratory conditions,
and (3) assess their effectiveness in controlling stable flies in beef cattle under field conditions in Khok Sung
District, Sa Kaeo Province.

2. Materials and Methods

In this experiment, tobacco was provided by the Sa Kaeo Area Excise Office. This tobacco came from
illegal contraband that had completed legal proceedings and was authorized for destruction by the Sa Kaeo
Area Excise Office, according to official memorandum no. 0605/1162 dated April 24, 2023, regarding auction
authorization and minimum pricing determination for confiscated items under the authority of the Excise
Department of Thailand. The study on the efficacy of tobacco extract for controlling stable flies in beef cattle
was divided into three experiments: 1) determination of nicotine concentration in tobacco extract using
different fermentation times, 2) laboratory assessment of tobacco extract efficacy against stable flies in beef
cattle, and 3) field evaluation of tobacco extract efficacy against stable flies in beef cattle (Animal use license
number U1-03142-2559). The details are as follows:

2.1 Study of nicotine concentration in tobacco extracts using different fermentation times

The tobacco used in this study was obtained from confiscated cigarettes provided by the Sa Kaeo Area
Excise Office. Although the exact plant parts used in the cigarettes were not specified, commercial cigarettes
mainly contain tobacco leaves. Tobacco was unwrapped from its paper covering, weighed to 500 grams, and
fermented with 500 milliliters of 95% ethanol [10] for periods of 48, 72, 96, and 120 hours at 27+1°C and 60-
70% relative humidity under a 16:8 h light: dark cycle. The experiment followed a completely randomized
design (CRD) with three replications. After completing the fermentation period, the mixture was filtered
through a 10-micron filter cloth. The filtered solution was then evaporated to separate the solvent using a
rotary evaporator (BUCHI R-114, BUCHI Corp., USA) at 65°C. The tobacco extract obtained was weighed to
determine the yield in comparison to the initial tobacco weight. The prepared tobacco extracts were stored in
amber glass bottles at 4°C in darkness to maintain stability and prevent degradation. Storage stability testing
was conducted by monitoring the physical characteristics (color, pH, viscosity) and nicotine content of tobacco
extracts at various concentrations stored under these conditions for up to 240 days, with analysis performed
at intervals of 0, 15, 30, 60, 120, and 240 days. Results demonstrated good shelf-life stability with minimal
degradation when stored under proper conditions.

Tobacco extract samples from fermentation periods of 48, 72, 96, and 120 hours were analyzed for
nicotine content using High Performance Liquid Chromatography (HPLC) (Waters, Co., Ltd., USA). Nicotine
analysis followed a method modified from Mihranyan [11], using a Symmetry C-18 column, 150 mmx3.90 mm,
5 um particle size (Waters, Co, Ltd.). The mobile phase consisted of 0.1% (v/v) triethylamine in water:
acetonitrile (70:30 v/v) with a flow rate of 1.0 milliliter per minute, detected by a UV Detector (Waters 486
Tunable Absorbance Detector) at a wavelength of 260 nanometers. This experiment used (-)-Nicotine
hemisulfate salt >95% (TLC) 40% (w/v) as a standard, preparing standard solutions in methanol at
concentrations of 10, 20, 40, 60, 90, and 100 pug/mL. HPLC analyzed the standard solutions to create a standard
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curve between concentration and peak area. Nicotine content in each treatment's tobacco extract was
calculated using the standard curve. Data from each treatment were analyzed according to the experimental
design, and means were compared using Duncan's New Multiple Range Test at a 95% confidence level
(P<0.05).

2.2 Efficacy study of tobacco extracts in controlling stable flies in beef cattle in laboratory conditions

Stable flies (Stomoxys calcitrans L.) were collected using sweep nets from a beef cattle farm (GPS
coordinates: 13°46'20.2"N 102°10'59.6" E) at Valaya Alongkorn Rajabhat University under the Royal Patronage,
Sa Kaeo Province. The stable fly was identified based on morphological characteristics under a high-
magnification stereomicroscope. Diagnostic features included the presence of a forward-projecting proboscis
with piercing-sucking mouthparts, clear wings with distinct venation, and a checkered black pattern on the
abdomen. The body length was approximately 5-7 mm. The flies were raised in a laboratory in cages
measuring 20x30x20 centimeters, made from wire frames covered with white nylon fabric with a 30-centimeter
flap serving as an entrance-exit. The environment inside the breeding cage was arranged to simulate natural
conditions by placing grass in plastic bags with water in plastic containers. Fresh cattle blood on cotton was
provided as food daily. Fermented grass that had undergone a 7-day fermentation process was placed in a
circular plastic container (5.5x1 centimeters in diameter) to serve as an egg-laying site for stable flies.

When the eggs hatched into larvae, they were raised in plastic containers. The larval diet, modified
from Bailey et al. [12], consisted of wheat bran, bagasse, and water in a ratio of 3:1:5, placed in circular plastic
containers (3.1x1.9 centimeters in diameter). Cotton circles with a diameter of 3 centimeters were moistened
and placed on the food surface to prevent drying. The larval rearing containers were kept in a temperature-
controlled cabinet at 25 + 1°C with a relative humidity of 76-84%. Upon pupation, the pupae were transferred
to circular plastic containers of the same size as the larval containers, covered with nylon fabric. When the
pupae developed into adults, they were used in experiments.

Laboratory bioassays were conducted using 3-5 day old adult stable flies after emergence from pupae.
The sex ratio of flies used in testing was not predetermined, maintaining natural proportions from the colony.
No starvation period was applied before bioassay testing. During the observation period, treated flies were
maintained in cages measuring 20x30x20 centimeters under controlled environmental conditions. Fresh cattle
blood soaked in cotton and water were provided as food sources in circular plastic containers (4 cm diameter
x 3 cm height) placed inside each cage to ensure fly survival during the observation period. All bioassay
experiments were conducted under controlled laboratory conditions at 27+1°C and 60-70% relative humidity
under a 16:8 h light:dark cycle.

The experiments involved spraying tobacco extract from the previous experiment that yielded the
highest nicotine content. The extract was adjusted to concentrations of 1%, 3%, 5%, 10%, and 20% w/v).

Emulsifiers, including 10 grams of Tween 80 followed by 10 grams of Span 80, were added to increase product
stability, and the mixture was homogenized. Then, 100 grams of water was added to the mixture and
homogenized with a homogenizer [13]. The treatments were compared with distilled water (control) and a

commercial stable fly insecticide (35% w/v cypermethrin, used at a rate of 10 milliliters per 20 liters of water).

The direct spray method was used with a high-pressure water sprayer equipped with a hollow cone
nozzle (Disc and Core). The spray nozzle was positioned approximately 15 centimeters from the insects, and
0.5 milliliters of extract solution was evenly distributed. The experiment followed a completely randomized
design (CRD) with three replications, using 20 stable flies per concentration. The experimental treatments were
as follows:

Treatment 1: Distilled water (control)

Treatment 2: 35% cypermethrin (w/v) (used at a rate of 10 milliliters per 20 liters of water)

Treatment 3: 1% tobacco extract (w/v)
Treatment 4: 3% tobacco extract (w/v)
Treatment 5: 5% tobacco extract (w/v)
Treatment 6: 10% tobacco extract (w/v)
Treatment 7: 20% tobacco extract (w/v)
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Data on stable fly mortality was recorded at specific time intervals of 1, 3, 6, 12, 24, 48, and 72 hours
post-treatment. Flies were considered dead when they showed no movement after gentle prodding with a fine
brush. Mortality rates were calculated and the mortality rate data was statistically analyzed at a 95%
confidence level, with differences compared using Duncan's New Multiple Range Test (DMRT), and LCso
values determined by Probit analysis.

2.3 Efficacy Study of Tobacco Extracts in Controlling Stable Flies in Beef Cattle in Field Conditions

The study was conducted at a small-scale farm located in Moo 2, Non Mak Mun Subdistrict, Khok
Sung District, Sa Kaeo Province. Field trials were conducted under average meteorological conditions of 26°C
temperature, 60-65% relative humidity, no rainfall, with southeast winds at 10-30 km/h. Twelve native-
Brahman crossbred beef cattle were used, divided into three groups of four animals each. Cattle were
randomly allocated to treatments using a random number table, with each animal assigned a number from 1
to 12 and randomly distributed to ensure equal representation across treatments. The animals were kept in
individual pens. The experiment followed a completely randomized design (CRD) with three treatments as
follows:

Treatment 1: Distilled water (control)

Treatment 2: 35% cypermethrin (w/v) (used at a rate of 10 milliliters per 20 liters of water)

Treatment 3: Tobacco extract that demonstrated the best mortality effect on stable flies in laboratory tests

All three treatments were applied by direct spraying on the pen floor and the cattle using a high-
pressure water sprayer equipped with a hollow cone nozzle (Disc and Core).

The stable fly population on the front legs of the cattle was counted after spraying all three treatments
at 24, 48, 72, 96, and 120 hours, following the method of Mullens & Peterson [14]. An expert counted the flies
visually on the front legs from below the upper leg joint downward, with a survey time of 3 minutes per
animal. Data on the stable fly population per individual cow were recorded.

Additionally, fly-repelling behaviors of the cattle were studied after spraying all three treatments at
24, 48, 72, 96, and 120 hours. The frequency of four repelling behaviors was recorded: Tail flicking, skin
twitching, Foot stamping, and head swinging, for 2 minutes per animal, following the method of Mullens et
al. [15]. The frequency of all four repelling behaviors was recorded.

The collected data were statistically analyzed using analysis of variance in a completely randomized
experimental design, and the differences between means were analyzed using Duncan's New Multiple Range
Test at a 95% confidence level (P<0.05).

3.Results and Discussion
3.1 Determination of nicotine concentration in tobacco extract using different fermentation times

The HPLC method for nicotine quantification was validated with appropriate analytical performance.
The calibration curve showed strong linearity (R?=0.9991) across the concentration range of 77.2-619.6 ug/ml.
Method precision was assessed through replicate analyses, demonstrating excellent repeatability with relative
standard deviation (RSD) values ranging from 0.21% to 0.63% (average 0.44%) for all fermentation treatments,
which is well within acceptable limits (<2.0%). The extraction yield of tobacco extract varied significantly with
fermentation time. The highest extraction yield was obtained after 48 hours of fermentation (12.4 + 0.3%),
followed by 72 hours (11.8+0.2%). More extended fermentation periods showed decreased yields, with 96 hours
yielding 10.2 + 0.4% and 120 hours yielding 9.6+0.3% (Table 1). The study found that the fermentation time
significantly affected the nicotine content in tobacco extracts (P<0.001). Fermentation for 48 hours yielded the
highest nicotine content at 46.71 + 0.22 pg/mg, which was significantly different compared to other
fermentation periods. This was followed by fermentation for 72 hours, which produced a nicotine content of
42.76 + 0.09 ug/mg. More extended fermentation periods resulted in significantly decreased nicotine content,
with fermentation for 96 and 120 hours yielding only 25.07 + 0.16 and 21.44 + 0.10 pg/mg, respectively (Table 1).

These results demonstrate that the nicotine content in tobacco leaf solution tends to decrease as
fermentation time increases, especially after 72 hours, when the nicotine content decreases significantly. The
decrease in both extraction yield and nicotine content with extended fermentation time may be attributed to
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the degradation of nicotine and other extractable compounds during prolonged exposure to ethanol and
potential oxidation processes. Li et al. [16] studied tobacco fermentation at 60, 90, 120, 150, and 180 hours using
20 cigarettes with 100 ml of hexane solution. They found that the highest nicotine extract content was 115
pg/mL at 60 hours, with a decreasing trend to 106.55 pg/mL at 180 hours. Similarly, Tassew & Chandravanshi
[17] found a nicotine content of 4.2% when extracting tobacco leaves fermented with acid-base for 30 hours.
Furthermore, fermentation of tobacco with methanol and ethanol yielded 17.91-19.55% content at fermentation
periods of 48-60 hours [18]. Therefore, the 48-hour fermentation period was considered appropriate for further
insect testing.

Table 1. Extraction yield and nicotine content from fermentation at 48, 72, 96, and 120 hours.

Nicotine content in tobacco

Fermentation time (hours) Extraction yield (%) .
solution (ug/mg)
48 12.4£0.32 46.71 £ 0.222
72 11.8+0.2° 42.76 = 0.09°
96 10.2 + 0.4 25.07 £ 0.16¢
120 9.6 + (.34 21.44 +0.104
P-value <0.001 <0.001

ad Means in the same column with different superscripts are significantly different (P<0.001).

3.2 Efficacy study of tobacco extracts in controlling stable flies in beef cattle in laboratory conditions

The study of the efficacy of various concentrations of tobacco extracts in controlling stable flies in beef
cattle, when tested in laboratory conditions, showed that the mortality rates of stable flies differed with high
statistical significance (P<0.001) across all testing intervals. Treatment 2 (35% cypermethrin), a synthetic
chemical, provided the highest fly control efficacy with a mortality rate of 53.33% at 1 hour, increasing to 100%
after 24 hours. For tobacco extracts, the efficacy in eliminating flies increased with concentration and exposure
time. The 20% tobacco extract (Treatment 7) provided the highest efficacy among natural extracts, with a
mortality rate of 41.66% at 1 hour, increasing to 98.33% at 24 hours, and 100% at 48 hours. This was followed
by 10% tobacco extract (Treatment 6) and 5% tobacco extract (Treatment 5), both achieving 100% mortality at
72 hours. Meanwhile, 3% tobacco extract (Treatment 4) showed 95% mortality at 72 hours, and 1% tobacco
extract (Treatment 3) demonstrated the lowest efficacy with only 70% mortality even after 72 hours. Treatment
1 (water), which served as the control, showed very low mortality throughout the experiment, with only 6.67%
mortality at 72 hours, which was significantly different from all other treatments (Table 2).

Generally, the amount of nicotine extracted from tobacco leaves ranges between 2%-6% [19], which
aligns with Tayoub et al. [20], who measured nicotine content in the dry weight of five different tobacco leaves
using HPLC and LS-MS techniques, yielding approximately 3.3% to 6.7%. Djapic et al. [21] extracted nicotine
from two types of tobacco leaves using the SC-CO: extraction technique, with nicotine extraction ratios to dry
weight of raw materials equaling 2.33% and 2.99%, respectively.

From the study of stable fly mortality rates, the results demonstrated that tobacco extracts at
concentrations of 5-20% have potential for controlling stable flies in beef cattle, especially at 20% concentration,
which provided efficacy comparable to the synthetic chemical cypermethrin 35% as contact time increased.
Progressive increases in mortality rates over time were observed across all tobacco extract treatments, as
demonstrated in Table 2, where mortality percentages consistently increased from 1-hour to 72-hour exposure
periods. For example, a nicotine concentration of 25.2 mg/L showed LCso mortality of stable flies at 24 hours
after testing, with the mortality rate increasing after just 1 hour. Additionally, the results indicated that
nicotine efficacy improves with increased quantity and contact time. Therefore, insect mortality rates are
influenced by both concentration and time, consistent with the toxicity of essential oils extracted from various
plants such as tea tree oil (Melaleuca alternifolia), catnip (Nepeta cataria), and Indian borage (Plectranthus
amboinicus). When tested through contact and vapor methods against stable flies at a quantity of 20 milligrams,
these essential oils achieved 100% mortality within 19 minutes [22-24]. This aligns with Kanmani et al. [25],
where nicotine extract was the main active ingredient in eliminating adult Sitophilus oryzae. After 24 hours of
spraying, 100% mortality of adults was observed with an extract concentration of 5.00 mg/L. Nicotine extract
showed the highest percentage of adult mortality at the lowest concentration, with LDsoand LD9 values of
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1.62 and 2.85 mg/L, respectively. This trend remained consistent after 48 and 72 hours of exposure. It has been
reported that increased active ingredients can kill more insects at higher concentrations and longer exposure
times.

According to reports on the active ingredients of tobacco leaves against pest insects, nicotine is one of
the alkaloids extracted from plants that acts rapidly on the nervous system to eliminate insects [26], causing
severe tremors, seizures, followed by paralysis. Additionally, nicotine inhibits the functioning of the nervous
system, causing an imbalance in neural function. Stimulation of the nervous system is one of the most
important mechanisms of traditional insecticides such as organophosphates and carbamates [27].

This research also noted that besides the action of nicotine in eliminating stable flies, factors affecting
nicotine extract include the method used to apply substances to contact the insects, which affects the amount
of insecticide received, causing differences in efficacy. Insect mortality rates depend on whether they receive
a single dose or continuous exposure over a period. Additionally, the distribution and particle size of
substances are important factors affecting the amount absorbed by insects and the permeation rate of
pesticides into the insects. Moreover, the efficacy of extracts varies according to the sex of the flies. Langai,
Muthomi & Mbega [28] reported that male houseflies (Musca domestica) and green bottle flies (Chrysomya
megacephala) are more susceptible to eucalyptol than females because they are typically smaller. However, our
study did not evaluate the influence of sex on insecticide susceptibility.

Table 2. Efficacy of Tobacco Extracts in Controlling Stable Flies in Beef Cattle in Laboratory Conditions.
Mortality Rate (%)

Treatment 1 hour 3 hours 6 hours 12 hours 24 hours 48 hours 72 hours
Treatment 1 0.002 0.00a 0.00a 0.002 1.672 3.33a 6.672
Treatment 2 53.33¢ 70.00¢ 90.00¢ 95.0e 100.00¢ 100.00e 100.00¢
Treatment 3 11.67° 21.67° 31.67° 41.67° 50.00v 58.33b 70.00v
Treatment 4 16.67b¢ 31.67° 43.33¢ 56.67¢ 71.67¢ 81.67¢ 95.00¢
Treatment 5 25.00< 43.33¢ 60.00¢ 71.674 81.674 91.674 100.00¢
Treatment 6 1.674 55.00¢ 66.674 78.334 90.00de 95.00de 100.00¢
Treatment 7 41.66¢ 66.67¢ 78.33¢ 90.00e 98.33¢f 100.00e 100.00¢
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

*f Means in the same column with different superscripts are statistically significantly different.
Treatment 1: Distilled water (Control), Treatment 2: 35% Cypermethrin, Treatment 3: Tobacco extract 1% concentration,
Treatment 4: Tobacco extract 3% concentration, Treatment 5: Tobacco extract 5% concentration, Treatment 6: Tobacco
extract 10% concentration, Treatment 7: Tobacco extract 20% concentration

Furthermore, the LCso of tobacco extract that can cause 50% mortality of stable flies within 12 hours is
a concentration of 3% or higher. Treatment 4 using 3% extract concentration showed a mortality rate of 56.67%,
exceeding the specified 50% threshold. LCso and LCs values decreased significantly with increasing exposure
time, from 40.56% (95% CI: 21.51-76.49%) at 1 hour to 0.40% (95% CI: 0.04-4.26%) at 72 hours. Similarly, LCoo
values showed a dramatic reduction from 1850.27% (95% CI: 362.27-9450.02%) at 1 hour to 1.69% (95% CI:
0.46-6.16%) at 72 hours. The R? values ranged from 0.8166 to 0.9862, indicating strong dose-response
relationships across all time intervals. At 12 hours, the LCso was 1.73% (95% CI: 1.15-2.60%) and the LCo0 was
23.17% (95% CI: 13.89-38.66%), confirming that the 3% concentration selected for field studies provides
adequate control efficacy (Table 3). Although higher concentrations demonstrated better efficacy in
eliminating stable flies, they may result in higher production costs or increased environmental risks. Therefore,
the research team selected the 3% extract concentration (Treatment 4), which can control stable flies according
to the specified criteria, for further study of nicotine efficacy in controlling stable flies in field conditions.
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Table 3. Lethal Concentration (LCso and LCs0) of Tobacco Extract (Treatment 4: 3% concentration) Against
Stable Flies with 95% Confidence Intervals.

Time (hours) LCso (%) LC5095% CI LCo (%) LC9 95% CI R2
1 40.56 21.51-76.49 1850.27 362.27 - 9450.02 0.9787
3 7.55 5.93-9.60 164.56 74.39 - 364.03 0.9862
6 3.37 2.45 - 4.66 67.48 29.56 - 154.02 0.9750
12 1.73 1.15-2.60 23.17 13.89 - 38.66 0.9779
24 1.18 0.63-2.22 7.75 5.20 - 11.54 0.9637
48 0.70 0.34-1.44 5.12 3.55-7.39 0.9833
72 0.40 0.04-4.26 1.69 0.46 - 6.16 0.8166

3.3 Efficacy Study of Tobacco Extracts in Controlling Stable Flies in Beef Cattle in Field Conditions

Field trials were conducted under average meteorological conditions of 26°C temperature, 60-65%
relative humidity, no rainfall, with southeast winds at 10-30 km/h. No adverse effects were observed in any
cattle during the entire experimental period, including skin irritation, behavioral changes, or alterations in
feeding patterns following application of either cypermethrin or tobacco extract treatments. The results of the
efficacy study of tobacco extracts in controlling stable flies in field conditions showed that the number of stable
flies on the front legs of beef cattle differed with high statistical significance (P<0.001) between experimental
treatments across all counting periods. Cypermethrin 35% (Treatment 2) showed the highest efficacy in
controlling stable flies throughout the experimental period, with the lowest number of flies observed (5.75-
8.00 flies/cattle). This was followed by 3% tobacco extract (Treatment 3), which showed 7.75-11.00 flies/cattle,
while the control treatment (Treatment 1) had the highest number of flies (10.50-13.50 flies/cattle) (Table 3). It
was observed that the efficacy of both substances tended to decrease over time, especially the tobacco extract,
where the number of flies increased from 7.75 at 24 hours to 8.00 at 48 hours, 8.75 at 72 hours, 9.75 at 96 hours,
and 11.00 at 120 hours, becoming increasingly similar to the control group (13.50 flies). This indicates that the
residual effect of tobacco extract has a shorter duration than cypermethrin, likely because nicotine in tobacco
is a natural substance that degrades faster than synthetic chemicals (Table 4). However, safety considerations
must be addressed when using tobacco extracts containing nicotine. Neonicotinoids are a group of insecticides
composed of seven types of insecticides, including acetamiprid, clothianidin, dinotefuran, imidacloprid,
nitenpyram/nithiazine, thiacloprid, and thiamethoxam, which have been developed as safer alternatives
compared to other insecticide groups such as carbamates, organochlorines, and pyrethroids commonly used
worldwide. Studies by Leena et al. [29] reported that acetamiprid and imidacloprid cause reproductive
toxicity, genotoxicity, neurotoxicity, and hepatotoxicity in newborn mice, but in adult mammals, toxicity levels
are low. The effects of imidacloprid on the nervous system of adult mice require doses of 150 and 300 mg/kg
body weight [30]. Regarding effects on humans, studies of impacts on farmers in Greece by extracting genomic
DNA from blood samples of farmers and measuring levels of 8-hydroxydeoxy-guanosine (8-OHdG) found
that farmers who used neonicotinoid compounds for extended periods showed increased levels of
imidacloprid in their blood samples [31]. Furthermore, Loser et al. [32] studied certain metabolites of
imidacloprid in nicotine-like forms, studying metabolites desnitro-imidacloprid and imidacloprid-olefin, and
found low-level effects on human nervous systems. Farm workers should use appropriate personal protective
equipment when handling tobacco extracts, including gloves, masks, and protective clothing to minimize skin
contact and inhalation exposure. Regarding withdrawal periods for treated cattle, while nicotine is a naturally
occurring compound that degrades relatively quickly in biological systems, further research is needed to
establish appropriate withdrawal periods for meat and milk from cattle treated with tobacco extracts. The
rapid degradation of nicotine compared to synthetic insecticides suggests that withdrawal periods may be
shorter than those required for conventional chemical treatments. Still, comprehensive residue studies must
be conducted to ensure food safety and comply with regulatory requirements. The establishment of maximum
residue limits (MRLs) for nicotine in beef and dairy products would be essential for the commercial application
of tobacco extract treatments. From an organic farming perspective, nicotine cannot be used in organic crop
production because nicotine contains compounds that are classified as insecticides. Although nicotine is
extracted from tobacco leaves, which are plants, organic farming certification has restrictions regarding
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chemical residues in cultivated crops or in insect control applications. This limitation significantly restricts the
use of tobacco extracts in certified organic livestock operations, despite their botanical origin [33]. Comparing
the efficacy at 120 hours (5 days) after spraying, cypermethrin 35% could still reduce the number of flies by
approximately 40.7% (compared to the control group), while 3% tobacco extract could reduce the number of
flies by only 18.5%. This information is practically important for farmers in planning the frequency of spraying,
especially when using tobacco extract, which may require more frequent application than cypermethrin. From
an economic perspective, preliminary cost analysis reveals important considerations for practical
implementation. Commercial cypermethrin 35% costs approximately 80 baht per 100 mL, while tobacco extract
can be produced locally from waste tobacco products at significantly lower material costs. Although tobacco
extract requires more frequent application due to its shorter residual effect, using agricultural waste tobacco
materials offers substantial economic benefits, particularly for small-scale farmers who can produce extracts
on-farm. The economic viability of tobacco extract becomes more attractive when considering the dual benefits
of waste utilization and reduced dependency on imported synthetic chemicals, despite the increased labor
costs associated with more frequent applications. However, a comprehensive economic analysis should
include production costs, application frequency, labor requirements, and potential yield benefits from
improved animal welfare to provide farmers with complete cost-benefit information for decision-making.

Furthermore, when comparing this study's results with research by Mullens et al. [15], the number of
stable flies (S. calcitrans L.) in this study was considerably higher. The control group had an average of 10.50-
13.50 flies per front leg, while Mullens et al. [15] reported a maximum of only 3.0-3.5 flies per leg (in late May).
This difference may be due to geographical and climatic factors in Thailand, which have higher humidity and
temperature (average 26°C), conditions conducive to fly development. This aligns with research by Mullens
& Peterson [14], which indicated that March rainfall strongly correlates with stable fly density (R? = 0.726), as
moisture promotes egg-laying and larval development. Additionally, the semi-confined farming system in the
study area may have provided more breeding sites for flies compared to more strictly managed farms.

Table 4. Average number of stable flies on the front legs of cattle after spraying test substances.

Hours after spraying

Treatment
24 48 72 96 120
Treatment 1: Distilled water (control) 10.502 11.002 13.002 13.002 13.502
Treatment 2: 35% Cypermethrin 6.00¢ 5.75¢ 6.50¢ 8.00¢ 8.00¢
Treatment 3: 3% Tobacco extract 7.75b 8.00v 8.75b 9.75b 11.000
P-value <0.001 <0.001 <0.001 <0.001 <0.001

a< Means in the same column with different superscripts are statistically significantly different.

Comparison with other botanical insecticides reveals the diversity of plant-based pest control options.
Research has been conducted on the efficacy of various plant extracts in controlling Stomoxys calcitrans
through contact methods, demonstrating the diversity of plant resources with potential for development as
natural insect control agents. For tobacco leaf extract use, studies found that nicotine concentrations of 25.2
mg/L could achieve LCso mortality in stable flies within 24 hours after testing. Comparative efficacy studies of
various plant extracts found that rosalva (from rose flowers) had the highest efficacy with LDso values of 13.10
ug/cm? and LCoo values of 18.54 ug/cm?, followed by geranyl acetone (from cardamom, orange, and petitgrain
essential oils) with LDso values of 25.20 ug/cm? and LCso values of 34.97 ug/cm?. Citronellol (from eucalyptus)
had LDso values of 35.69 pg/cm? and LCs values of 50.10 pg/cm? Black pepper (Piper nigrum L.) extract had the
lowest efficacy in this group with LDso values of 78.37 ug/cm? and LCo values of 55.62 pg/cm? when tested
with 24-hour exposure periods [34-36]. These efficacy differences reflect the diversity of active compounds in
each plant species, which is valuable information for selecting and developing the most effective natural insect
control agents for stable fly management in livestock systems.

Additionally, recent studies have demonstrated the effectiveness of botanical insecticides in livestock
systems. Plant extracts have been used to control livestock insects such as flies, ticks, and mites. The use of
bioactive compounds extracted from plants has been studied as insecticides in livestock systems to be effective
against insect populations resistant to drugs and have relatively low environmental impacts [37]. The
biodiversity of plant extracts shows toxicity to insects in livestock systems, particularly regarding modes of
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action through contact or ingestion, with different mechanisms of action for insects in the order Diptera [38].
The efficacy of essential oils from lettuce (Lactuca sativa), chamomile (Matricaria chamomilla), anise (Pimpinella
anisum), and rosemary (Rosmarinus officinalis) against Lucilia sericata has been evaluated, showing LDsovalues
of 0.57, 0.85, 2.74, and 6.77%, respectively [39].

The potential for resistance development in stable fly populations is an important consideration for
long-term management strategies. While botanical insecticides like tobacco extract may have multiple modes
of action due to their complex chemical composition, repeated use of any single control method can lead to
selection pressure and potential resistance development. The diverse alkaloid profile in tobacco extracts,
including nicotine, nornicotine, and anabasine, may provide some protection against rapid resistance
development compared to synthetic insecticides with single active ingredients. However, monitoring
programs should be established to detect early signs of reduced efficacy in treated fly populations. Rotation
between different botanical extracts and integration with other control methods would help delay resistance
development and maintain the effectiveness of these natural alternatives.

Regarding fly-repelling behaviors, tail flicking and skin twitching showed highly significant
differences between treatments (P<0.001) across all time periods. Cattle in the cypermethrin 35% group
exhibited these behaviors least frequently, followed by the tobacco extract group, while the control group
showed these behaviors most frequently. For head swinging behavior, significant differences were found
across all time periods, with cattle in the cypermethrin 35% group showing this behavior least often. No
statistical differences were found between treatments in foot stamping behavior (P>0.05). However, at 96 and
120 hours after spraying, observational trends indicated declining efficacy of tobacco extract, with fly counts
increasing from 8.75 flies/cattle at 72 hours to 9.75 flies/cattle at 96 hours and 11.00 flies/cattle at 120 hours
(Table 4). Correspondingly, fly-repelling behaviors showed increasing trends, with tail flicking behavior rising
from 11.00 times at 72 hours to 11.25 times at 96 hours and 11.75 times at 120 hours, though tobacco extract
treatment remained significantly better than the control treatment at all time points (P<0.001) (Table 5).

Considering trends over time, the frequency of fly-repelling behaviors in both test substance groups
showed a slight increasing trend, corresponding with the increasing number of flies observed on the front legs
of cattle after spraying. This demonstrates that the efficacy of the test substances decreased over time. The
results of fly-repelling behavior in this research align with Mullens et al. [15], who found that tail flicking and
skin twitching occurred more frequently than foot stamping and head swinging, which is consistent with
natural cattle behavior. However, Mullens et al. [15] found that foot stamping was most effective in repelling
flies, with cattle that stamped more frequently tending to have fewer flies. An interesting observation in
Mullens et al. [15] was the adaptation of cattle to pain from fly bites (habituation to pain), with the ratio of foot
stamping and head swinging to fly numbers decreasing significantly over time. This may explain why this
study found no statistical differences in foot-stamping behavior between experimental groups, possibly
because cattle on the farm had already adapted to the disturbance of numerous flies. Additionally, Mullens et al.
[15] found that older cattle tended to have more flies and stamped less frequently than younger cattle.

This temporal reduction in efficacy may be influenced not only by the degradation of active
compounds but also by environmental factors, such as ambient temperature and relative humidity, which are
known to affect stable fly activity and cattle response [40]. These behaviors are primary reflexive responses to
biting flies and tend to increase with higher fly pressure. In support of this, Rencinova et al. [41] noted that fly
activity increased in association with dry, hot conditions, resulting in more pronounced behavioral responses
such as tail flicking and skin twitching in dairy cattle. Furthermore, ElAshmawy et al. [40] observed that
environmental conditions and management factors, such as the presence of trees around cattle pens and
specific feed components in the TMR, influenced stable fly activity, which in turn may alter the expression of
fly-repelling behaviors like foot stamping. Taken together, the findings from this study and those of Gerry et
al. [42] highlight the complexity of behavioral responses to stable flies, which are modulated not only by the
efficacy of repellent substances but also by broader environmental and management contexts that shape cattle
behavior over time.
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Table 5. Average frequency of fly-repelling behaviors after spraying test substances.

Hours after spraying

Treatment 24 48 72 9% 120
Tail flicking
Treatment 1: Distilled water (control) 14.502 14.502 14.502 14.502 15.002
Treatment 2: 35% Cypermethrin 8.00¢ 8.00¢ 7.75¢ 8.50¢ 9.25¢
Treatment 3: 3% Tobacco extract 11.00v 10.50v 11.00v 11.25b 11.75b
P-value <0.001 <0.001 <0.001 <0.001 <0.001
Skin twitching
Treatment 1: Distilled water (control) 11.502 11.502 11.502 11.502 12.002
Treatment 2: 35% Cypermethrin 7.50p 7.50p 8.00v 8.00° 8.50¢
Treatment 3: 3% Tobacco extract 9.00P 8.75b 9.25b 9.25b 10.00v
P-value <0.001 <0.001 0.003 0.001 <0.001
Foot stamping
Treatment 1: Distilled water (control) 2.50 2.50 2.50 2.00 2.50
Treatment 2: 35% Cypermethrin 1.25 1.50 1.50 1.50 1.50
Treatment 3: 3% Tobacco extract 1.75 2.25 2.50 2.25 2.50
P-value 0.241 0.73 0.57 0.532 0.57
Head swinging
Treatment 1: Distilled water (control) 5.00p 5.00a 4.752 5.00a 5.50a
Treatment 2: 35% Cypermethrin 2.00p 2.50b 2.50b 2.500 2.50¢
Treatment 3: 3% Tobacco extract 3.5020 2.75b 4.002 4.002 4.50P
P-value 0.007 0.035 0.009 0.003 <0.001

a< Means in the same column with different superscripts are statistically significantly different.

The integration of tobacco extract with other IPM strategies represents the most sustainable approach
to stable fly management. Integrated Pest Management (IPM) is a practical approach for controlling S.
calcitrans by combining biological, physical, and chemical control methods. However, managing this insect
species is challenging due to its behavioral characteristics of intermittent blood feeding rather than permanent
host residence. When considering the effectiveness of individual control methods, no single method can
provide complete control results. Therefore, using multiple methods in combination is essential.

Studies by Gonzalez et al. [43] during 2022-2023 on stable fly management in horses using natural
enemies combined with herbal plant extracts found that insect populations tended to decrease and horse
health improved. However, the study could not definitively conclude that the population decline was solely
due to IPM implementation, as other factors might affect changes in this livestock fly population, particularly
climatic factors including temperature, rainfall, and sunlight that differed between study periods. This data
aligns with research by Taylor et al. [44], which found that climate change affects stable fly flight behavior,
reproduction, and distribution, with population density varying seasonally due to temperature and rainfall
changes. Therefore, evaluating IPM effectiveness must consider the influence of these environmental factors
concurrently.

4. Conclusions

Tobacco leaf fermentation at 48 hours yielded the highest nicotine content, with a significant decline
in nicotine content as fermentation time increased. Laboratory test results showed that the efficacy of tobacco
extract in eliminating stable flies correlated with concentration and exposure time. At 20% concentration, the
extract showed maximum effectiveness (100% mortality at 48 hours), while the 3% concentration extract
caused 50% fly mortality within 12 hours (LCso) and was therefore selected for field testing. Field experiment
results confirmed that 3% tobacco extract significantly reduced stable fly numbers and decreased fly-repelling
behaviors in cattle compared to the control group. Nicotine extract from tobacco thus represents a potential
alternative for controlling stable flies, especially in environmentally friendly production systems.
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Abstract: The potential of nanotechnology in medical applications, particularly
Citation: for infection treatment, is increasingly recognized. This study synthesized zinc
Muhsin, Z.A.A.; Jihad, H.G.; oxidenanoparticles (ZnO NPs) using a green method, using Allium ampeloprasum
Yaaqoob, A.L. Green synthesis  (kurrat) plant extract as a reducing agent. These ZnO NPs were subsequently
of ZnO-TiO: nanoparticles used to fabricate ZnO-TiO, core—shell nanoparticles. The antibacterial activity of
using  Allium ampeloprasum  the synthesized nanoparticles was evaluated using the agar well diffusion
(Kurrat) - extract and their 4104, Results revealed notable antibacterial effects: Staphylococcus aureus
antﬂ?aderial activity. ASEAN (Gram-positive) exhibited a 25 mm inhibition zone, and Pseudomonas aeruginosa
J. Sei. Tech. Report. 2025, 25(4), (Gram-negative) showed a 20 mm inhibition zone at 100 pg/mL concentration.
€256572. https://doi.org/10.55164 . _ _ _
Jajstr.v28i4.256572. The nanoparticles were characterized using FTIR, UV-Vis spectroscopy, EDX,

and AFM. FTIR spectra confirmed core-shell formation at 813.90-613.32 cm™.

UV-Vis analysis indicated absorption peaks at 260 nm for ZnO NPs and 300 nm

g;z;lveegtsli?;g;mber 3, 2024 for ZnO-TiO, NPs. EDX analysis confirmed the presence of zinc, titanium, and
Revised: May 1, 2025 oxygen with no detectable impurities. AFM revealed an average diameter of
Accepted: May 26, 2025 46.74 nm for ZnO NPs and 148.9 nm for ZnO-TiO, core-shell NPs. These green-
Available online: August 25, synthesized nanoparticles exhibit promising antibacterial properties, supporting
2025 their potential in biomedical applications.
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This article is published and
distributed under the terms
of Thaksin University. 1. Introduction
The management of pathogenic microorganisms remains a critical
challenge in modern life. While many microbes coexist harmlessly with humans,
the uncontrolled growth of certain pathogenic strains can lead to serious health
threats [1]. As antibiotic resistance continues to rise, there is growing interest in
nanotechnology as a novel strategy to combat microbial infections [2—4]. Unlike
conventional antibiotics, nanoparticles (NPs) interact with multiple bacterial
components, making it difficult for pathogens to develop resistance [5].
Nanoparticles possess a high surface-area-to-volume ratio and exhibit unique
physicochemical properties compared to their bulk counterparts, enabling them
to interact with biological systems [6-8] effectively. Among various
nanomaterials, zinc oxide (ZnO) and titanium dioxide (TiO,) have been
extensively studied for their antibacterial activity and biocompatibility [9-11].
These nanoparticles operate at the atomic or molecular scale (1-100 nm), and
their reduced size enhances properties such as surface reactivity, optical
absorption, and bioavailability [12].

Antimicrobial activity
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Recent advances in green synthesis offer eco-friendly alternatives to conventional chemical and
physical nanoparticle fabrication methods. Plant extracts, rich in natural reducing and stabilizing agents such
as flavonoids, phenols, and sulfur-containing compounds, can replace toxic solvents and high-energy
processes traditionally used in nanoparticle synthesis [13-15]. This sustainable approach minimizes
environmental impact and may enhance the resulting nanoparticles' biological activity. Developing core—shell
nanostructures, such as ZnO-TiO,, has emerged as a further strategy to enhance nanoparticle stability,
functionality, and safety. The core—shell architecture can protect the inner core from oxidation or degradation,
reduce toxicity, and improve properties such as antibacterial activity, drug delivery efficiency, and catalytic
performance [16-18]. Using Allium ampeloprasum (commonly known as kurrat, wild leek, or great-headed
garlic) for this green synthesis is particularly advantageous due to its rich content of phytochemicals, including
flavonoids, sulfur compounds, and antioxidants [19-20]. Allium ampeloprasum serves as a natural reducing
agent and imparts bioactivity to the nanoparticles, potentially enhancing their antibacterial, antioxidant, and
anticancer properties. Additionally, this plant-based synthesis eliminates the need for hazardous chemicals,
making it a promising candidate for biomedical applications.

In this study, we first synthesized ZnO nanoparticles using Allium ampeloprasum extract, then
fabricating ZnO-TiO, core-shell nanoparticles by depositing a TiO, layer. The synthesized nanoparticles were
then evaluated for their antibacterial activity against Gram-positive (Staphylococcus aureus) and Gram-
negative (Pseudomonas aeruginosa) bacteria using agar well diffusion. This work explores the potential of
green-synthesized ZnO-TiO, nanoparticles in antimicrobial applications.

2. Materials and Methods

This experimental study was conducted in two stages. In the first stage, zinc oxide (ZnO) nanoparticles
were synthesized. In the second stage, ZnO-TiO, core—shell nanoparticles were prepared by coating ZnO with
titanium dioxide (TiO,). The antibacterial activity of the synthesized nanoparticles was then evaluated.

2.1 Materials and chemicals

Zinc acetate dihydrate (Zn(CHs;COO),-2H,O) was obtained from Sigma-Aldrich (Germany), and
titanium tetrachloride (TiCls) was purchased from ACROS Organics (France). Other materials used include
Mueller-Hinton Agar (MHA) from HI-Media (India) and deionized and distilled water supplied by local Iraqi
manufacturers.

2.2 Bacterial Strains and Culture Conditions

Two clinical bacterial strains were used Staphylococcus aureus (Gram-positive, standard strain) and
Pseudomonas aeruginosa (Gram-negative), obtained from the Department of Biotechnology, College of Science,
University of Baghdad. Each strain was cultured on Mueller-Hinton Agar using a sterile bacterial spreader.
Plates were incubated at 37°C for 24 hours to assess bacterial growth and activity. Confluent bacterial lawns
were observed after incubation.

2.3 Preparing Allium ampeloprasum (kurrat) extract plant

Fresh leaves of Allium ampeloprasum (kurrat) were collected from farms in Iraq. The leaves were
washed thoroughly with double-distilled water and blended using an electric blender until a juice-like
consistency was achieved. The resulting mixture was filtered through Whatman filter paper (0.2 mm pore size)
to remove plant residues. The filtrate was then centrifuged at 8000 rpm for 30 minutes, and the supernatant
was filtered again to obtain a clear extract. The extract was stored at 4°C and used for nanoparticle synthesis
[21]. The procedure must be done many times to gather sufficient nanoparticles. This exploratory research
began on January 3, 2024, and ended on January 6, 2024. (100) g were used, a liter of water (tap water) was
added and mixed in the electric blender and continue mixing until become like juice, Afterward, filtered via a
piece of cloth to get rid of plant residues, then filtered it anther time with filter papers with diameter (0.2) mm,
and filtered again until we have clear solution without of any impurities, subsequently transferred the solution
into tubes holding ten milliliters and centrifuged it for thirty minutes at a speed of at speed 60 cycle/ second.
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Then, it was filtered with filter papers to have a clear solution, and it was saved for use in the manufacture of
nanoparticles [22].

Figure 1. Kurrat leaves collection, 2. Kurrat leaves washing ( 100gm ) with 1000 ml Distilled water, 3. Mixing
in a blender, 4. Kurrat extract papers, 5. Filtration with a piece of paper, 6. Filtration with a piece of cloth.

2.4 Green Synthesis of ZnO Nanoparticles Using Allium ampeloprasum Extract

To synthesize zinc oxide (ZnO) nanoparticles, 200 mL of the prepared Allium ampeloprasum (kurrat)
extract was mixed with 20 g of zinc acetate dihydrate (Zn(CH3;COO),-2H,0) in a flask. The mixture was stirred
continuously on a magnetic stirrer at room temperature for 24 hours in the dark to prevent photochemical
reactions and ensure complete dissolution. After incubation, the solution was centrifuged at 60 cycles/second
for 30 minutes to collect the nanoparticle precipitate. The resulting pellet was washed twice with 5 mL of
deionized distilled water to remove residual impurities. The cleaned precipitate was then transferred to sterile
Petri dishes and incubated at 37 °C for 2-3 days to allow complete drying. Once dried, the solid product was
gently scraped off using a spatula and stored in a dark, moisture-free incubator until further use [22].
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Figure 2. Kurrat extract papers, 2. A centrifuge is used to remove plant extract after centrifugation, as well as
residue papers. 3. Extract after centrifugation papers, 4. Add zinc acetate salts, 5. stirring for 24 hours,
6. use the centrifuge twice, 7. Green Synthesis of ZnO Nanoparticles, 8. Net weight of ZnO Nanoparticles.

2.5 Green Synthesis of ZnO-TiO, Core-Shell Nanoparticles Using Allium ampeloprasum Extract

In the second stage, 150 mL of Allium ampeloprasum (kurrat) extract was mixed with 4.5 g of previously
synthesized ZnO nanoparticles. Under continuous stirring, 3 mL of titanium tetrachloride (TiCly) was
gradually added to the mixture, as illustrated in Figure 3. The resulting solution was kept under magnetic
stirring at room temperature in the dark for 24 hours to ensure proper reaction and shell formation. The
mixture was then centrifuged at 60 cycles/second for 30 minutes to collect the precipitate. The precipitate
containing ZnO-TiO, core-shell nanoparticles was washed twice with deionized distilled water to eliminate
residual plant material or unreacted components. The purified nanoparticles were dried overnight in a hot-air
oven at 40 °C, then carefully collected and stored in a light-protected, airtight container to avoid degradation
or moisture exposure [23].
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Figure 3. Synthesis of ZnO-TiO, Core-Shell Nanoparticles

2.6 Evaluation of Antibacterial Activity of ZnO-TiO, Core-Shell Nanoparticles

The agar well diffusion method assessed the antibacterial activity of green-synthesized ZnO-TiO,
core-shell nanoparticles. The assay targeted two bacterial strains: Staphylococcus aureus (Gram-positive) and
Pseudomonas aeruginosa (Gram-negative). Bacterial suspensions were uniformly spread on Mueller-Hinton
Agar (MHA) plates using a sterile cotton swab. Wells (6 mm diameter) were then created in the agar, and
various concentrations of ZnO-TiO, nanoparticles (25, 50, 75, and 100 pg/mL) were introduced into the wells.
The plates were incubated at 37 °C for 24 hours, after which inhibition zones were measured around each
well to determine antibacterial effectiveness [23].

2.7 Statistical Analysis of Inhibition Zones

For precision, the diameters of the inhibition zones were measured using Vernier calipers. All
measurements were performed in triplicate to ensure reproducibility and accuracy. Data were interpreted
following standardized protocols like those provided by the EUCAST (European Committee on
Antimicrobial Susceptibility Testing) guidelines.

3. Results and Discussion

3.1 Characterization of ZnO-TiO, Core-Shell Nanoparticles

3.1.1 UV-Visible Spectroscopy (UV-Vis)

The UV-Vis spectrum of Allium ampeloprasum (kurrat) extract reveals the presence of various
phytochemicals, particularly polyphenols, flavonoids, and other organic chromophores. As shown in Figure 4,
prominent absorption peaks are observed in the 200-300 nm region, which is typical of Allium species and
confirms the presence of bioactive compounds that likely act as natural reducing and stabilizing agents in
nanoparticle synthesis.
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Figure 4. UV-Visible absorption spectrum of Allium ampeloprasum (kurrat) plant extract.

synthesis of ZnO nanostructures.

The synthesized ZnO nanoparticles' UV-Vis absorption spectrum (Figure 5) exhibits a characteristic

peak in the 260-300 nm range. This absorption band corresponds to the intrinsic band-gap energy of ZnO and

serves as evidence of nanoparticle formation. The shift from the plant extract’s profile confirms the successful
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Figure 5. UV-visible absorption spectrum of green-synthesized ZnO nanoparticles

Further, the ZnO-TiO, core—shell nanoparticles showed an absorption peak around 300 nm, as

illustrated in Figure 6. This slight shift in peak position compared to pure ZnO suggests the formation of the
TiO; outer shell, which modifies the optical properties of the nanoparticles. These findings are consistent with
previous literature reports on ZnO-TiO, hybrid structures [24].
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Figure 6. UV-visible absorption spectrum of ZnO-TiO, core—shell nanoparticles.
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3.1.2 Fourier transform infrared (FTIR) ZnO-TiO:2 (core-shell) NPs

Functional groups, aliphatic primary amine at frequency 3423.41 cm!

600,00

and primary alcohol at

frequency 1064.63-1049.20 cm™ in an extract of the plant indicate the groups found in the plant [25] as shown
in Figure 7. The FT-IR spectrum of ZnO NPs (Figure 8) shows the wavenumbers at 3375, 2349, 1375, 915, and
481 cm-1, respectively. This was detected at 617.18-559.32 cm-1 frequency: which pointed to the zinc oxide
nanoparticles' fingerprint location [26]. The metal oxide of the ZnO-TiO: functional group could be detected
around 813.90-613.32 cm™ in Table 1, which indicates the formation of the core-shell structure, as shown in Figure 9.

Table 1. FTIR of the extract and nanoparticle

Frequency of

Compound class of

Samples Absorption (cm) Bonds Functional Groups
Plant Extract 3423.41 N-H stretching of aliphatic primary amine
1645.17 C=C stretching monosubstituted
1384.79 C-H bending gem dimethyl
1064.63-1049.20 C-O stretching Primary Alcohol
ZnO NPs 3421.48-3404.13 N-H stretch Primary Amine
1645.17-1566.09 C=C stretching cyclic alkene
1448.44-1402.15 C-H Alkane
1043.42 CO-0O-CO stretching anhydride
617.18-559.32 Metal oxide ZnO
ZnO-TiO2 3440.77-3296.12 N-H stretch aliphatic primary
(Core-shell) amine
1670.24-1645.17 C=C stretching alkene
1539.09-1517.87 N-O stretching nitro compound
1039.56 O-H phenol
bending
813.90-613.32 Metal oxide Zn0O - TiO2
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Figure 9. FTIR spectrum of ZnO-TiO, core-shell nanoparticles.
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3.1.3 Energy-dispersive X-ray (EDX) analysis

EDX analysis was performed to determine the elemental composition of the synthesized nanoparticles.
The EDX spectrum of ZnO nanoparticles (Figure 10 and Table 2) confirms the presence of zinc (Zn) as the
dominant element, with a minor contribution from oxygen (O). The absence of other elements indicates the
high purity of the green-synthesized ZnO nanoparticles [27].

Table 2. EDX elemental composition of ZnO nanoparticles.

Element Atomic % Atomic % Error Weight % Weight % Error
Zn 96.9 1.0 88.6 0.9
O 3.1 0.3 11.4 1.2
Zn
Zk;
Zn
Zln
1k-
| o
.0 ‘
J 2‘n
‘0 eV ‘ l ‘ 5 kleV ‘ l ‘ . 10 keV ‘ l ‘ l 15 keV l ‘ l ‘ 20 keV‘

Figure 10. EDX spectrum of green-synthesized ZnO nanoparticles.

The EDX spectrum of ZnO-TiO, core-shell nanoparticles (Figure 11 and Table 3) reveals the presence
of oxygen (O), titanium (Ti), and zinc (Zn) as the primary elements. This confirms the successful coating of
ZnO with TiO,, and the absence of any foreign elements suggests no significant contamination during
synthesis [24].

Table 3. EDX elemental composition of ZnO-TiO, core—shell nanoparticles.

Element Atomic % Atomic % Error Weight % Weight % Error
O 90.5 1.0 74.7 0.8
Ti 7.5 0.1 18.7 0.2
Zn 2.0 0.1 6.7 0.4
T OTi
2k-
Z h
1k- |
Zn I
] YU T Zn
0 iAot e N S N BN e R | . |
OeV . ‘ 5 kleV ‘ I ‘ I 10 i(eV ‘ 15 keV 20 keV

Figure 11. EDX spectrum of ZnO-TiO, core—shell nanoparticles.

3.1.4 Atomic Force Microscopy (AFM) Analysis

AFM was used to examine the surface morphology and grain size of ZnO and ZnO-TiO, core-shell
nanoparticles. The AFM images (Figures 12 and 13) show the 2D and 3D surface topographies. The average
grain size of ZnO nanoparticles was 46.76 nm, while the ZnO-TiO, core—shell nanoparticles exhibited an
increased average size of 76.32 nm, consistent with shell layer formation. Furthermore, surface roughness (Ra)
and root mean square (RMS) values indicate slightly increased surface irregularity for the core—shell structure
compared to pure ZnO nanoparticles.
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Figure 13. AFM image of ZnO-TiO, core—shell nanoparticles (2D and 3D views).

Table 4. AFM analysis: Average grain size, roughness, and RMS values..

Sample Average grain size (nm) Roughness (nm) (RMS) (nm)
ZnO 46.76 0.84 50.79
ZnO-TiO2 76.32 0.92 56.99

Based on the results, it appears that the laser energy has a direct impact on the average particle size.
As the laser energy increases, the nanoparticle size increases as well. As the laser energy increases, it provides
higher thermal and kinetic energy to the nanoparticles. This high energy increases the speed at which the
ablated nanoparticles hit the quartz substrate, causing nanoparticles to obtain high surface mobility at the
surface. Large clusters are formed to reduce the system's high surface energy. Hence, aggregations occur with
an overall increase in the nanoparticle's grain size.
The etched surface consists of pores distributed over the whole surface. These ores lead to increased surface
roughness, which is attributed to the etching parameters affecting the surface characterization.

3.2 Antibacterial Evaluation and Discussion:
Table 5 shows the outcomes of ZnO-TiO:2 nanoparticles' antibacterial activity against Pseudomonas
aeruginosa at various doses. Demonstrate that the diameter of the growth inhibition zone has shrunk as ZnO-
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TiO2 nanoparticle concentration has reduced and that the antibacterial efficacy of ZnO-TiO:z nanoparticles has
significantly diminished at a concentration of 25 ug/ml, as shown in Figure 14.

Figure 14. Inhibition zone of Pseudomonas aeruginosa bacteria at a)25 (ug/ml), b) 50 (ng/ml), c) 75 (ug/ml), and
d) 100 (ug/ml) concentrations.

Table 5. Zones where ZnO-TiO:2 nanoparticles inhibit Pseudomonas aeruginosa.

ZnO-TiO:2 NPs concentration (j1g/ml) Diameter of the inhibitory zone (mm)
25 8
50 12
75 18
100 20

Whereas the Staphylococcus aureus showed more antibacterial activity against ZnO-TiO: with
increasing the concentration of NPs, as shown in Figure 15, reaching (25 mm) at 100 pg/ml concentration, are
listed in Table 6.

Table 6. Zones where ZnO-TiO: nanoparticles inhibit Staphylococcus aureus.

ZnO-TiO:z NPs concentration (pg/ml) Diameter of the inhibitory zone (mm)
25 10
50 15
75 20

100 25
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Figure 15. Inhibition zone of Staphylococcus aureus bacteria at a)25 (pg/ml), b) 50 (ug/ml), c) 75 (ug/ml), and
d) 100 (ug/ml) concentrations.

Effect of Laser Energy on Nanoparticle Morphology

The results indicate a clear relationship between laser energy and nanoparticle size. As laser energy
increases, it imparts greater thermal and kinetic energy to the particles, enhancing their surface mobility upon
impact with the quartz substrate. This increased mobility leads to the formation of larger clusters, as
nanoparticles aggregate to minimize the system’s high surface energy. Consequently, a direct increase in
average particle size is observed with higher laser energy. In addition, surface etching produced a porous
texture uniformly distributed across the substrate. These pores contribute to increased surface roughness,
which is directly influenced by the etching conditions and parameters.

Antibacterial Susceptibility of ZnO-TiO, Nanoparticles

The agar well diffusion method assessed the antimicrobial activity of ZnO-TiO, core—shell
nanoparticles against Pseudomonas aeruginosa (Gram-negative) and Staphylococcus aureus (Gram-positive).

The results showed that the diameter of the inhibition zones increased proportionally with
nanoparticle concentration.

For P. aeruginosa, inhibition zones ranged from 8 mm at 25 pg/mL to 20 mm at 100 pg/mL, indicating
moderate sensitivity. S. aureus, on the other hand, displayed higher susceptibility, with inhibition zones
increasing from 10 mm to 25 mm over the same concentration range [28]. This differential activity can be
attributed to structural differences in the bacterial cell walls. The thicker peptidoglycan layer of Gram-positive
bacteria like S. aureus may enhance interactions with ZnO-TiO, nanoparticles, leading to more effective
antibacterial action. In contrast, the outer membrane in Gram-negative bacteria can act as a barrier, reducing
nanoparticle penetration [28].



ASEAN ]. Sci. Tech. Report. 2025, 28(4), e256572. 13 of 15

Nanoparticle Characterization Summary

The ZnO and ZnO-TiO, nanoparticles were thoroughly characterized using UV-Vis, FTIR, EDX, and
AFM techniques. UV-Vis spectroscopy revealed a characteristic absorption peak for ZnO nanoparticles at 260
nm, consistent with previously reported values. For ZnO-TiO, core-shell particles, a red-shifted peak
appeared at 300 nm, supporting the formation of the TiO, shell[30]. FTIR analysis confirmed Zn-O stretching
vibrations at 617.18-559.32 cm™ and Ti-O-Zn bonds at 813.90-613.32 cm™?, clearly indicating the formation of
a core—shell structure [29]. EDX spectra demonstrated the presence of zinc, titanium, and oxygen in the core—
shell nanoparticles, with no detectable impurities, confirming successful and clean synthesis [29]. AFM
measurements indicated an increase in average grain size from 46.76 nm (ZnO) to 76.32 nm (ZnO-Ti0O,),
consistent with surface coating and shell development. A moderate increase in roughness and RMS values also
reflected morphological changes [30].

4. Conclusions

This study demonstrates that ZnO-TiO, core—shell nanoparticles, synthesized via a green method
using Allium ampeloprasum (kurrat) extract, possess significant antibacterial potential, particularly against
Gram-positive Staphylococcus aureus. Characterization confirmed the successful synthesis and shell formation
through multiple techniques, including UV-Vis, FTIR, EDX, and AFM. The ZnO-TiO, nanoparticles showed
concentration-dependent antibacterial effects, with greater efficacy at higher concentrations. Their activity is
attributed to mechanisms such as membrane disruption, oxidative stress, and interference with DNA and
protein synthesis. These findings suggest that ZnO-TiO, core-shell nanoparticles may serve as promising
antimicrobial agents, especially in the context of antibiotic-resistant bacteria, offering an effective alternative
to conventional antibiotics. Plant-based synthesis also presents a sustainable, non-toxic, and scalable approach
for nanoparticle production.
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1. Introduction

Increased demand for poultry meat has led to the selection of rapid-
growing broiler chickens with better feed conversion efficiency. These economic
qualities, including breast output, have seen substantial advances as a result of
active selection to fulfill market demand. However, today's broilers tend to have
over-accumulation of fat in their abdominal region [1]. The quality of the carcass
and feed efficiency is negatively impacted by excessive abdominal fat buildup
[2]. There is a coincidental rise in the deposition of abdominal fat in genetically
modified chickens with enhanced development and early maturity [3]. This
results in lower-quality meat that may be deemed unhealthy, as well as an
increase in feed costs [4]. One potential method for reducing fat deposition in
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broiler chickens is the application of a ketogenic diet. The ketogenic diet has become one of the most popular
diet trends in human nutrition today. The objective is to get the majority of one's caloric intake from protein
and fat, with fewer calories coming from carbohydrates. In this type of diet, high production of ketone bodies,
which are derived from the breakdown of fat into energy, is induced [5]. A diet high in lipids, proteins, or
fiber can promote ketogenesis, the process by which ketone bodies are created. Fatty acids and glycerol are
the building blocks of lipids. Excess levels of these components are transformed into fatty acids (FA) and
stored as fats when this nutrient is consumed in large amounts. When blood glucose levels are low, the body
will use its fat reserves, go through beta-oxidation, and produce acetyl-CoA. However, the utilized acetyl CoA
will be used gradually because of low amounts of oxaloacetate, a glucose-dependent molecule. Excess acetyl-
CoA will encourage the ketogenesis process, which is the process of producing ketone bodies. Amino acids
(AA) make up proteins, and an excess of them encourages the synthesis of high concentrations of acetyl CoA,
which, if not used, can lead to FA synthesis and fat deposition. These lipids will undergo beta-oxidation and
create acetyl-CoA when blood glucose levels are low. Similar to this, when oxaloacetate levels are low, the
body uses less acetyl CoA, which can lead to ketogenesis when there is an oversupply. Some of these AAs
have a ketogenic nature and produce acetyl-CoA, which cannot be converted to glucose. Ketone bodies will
be created by synthesizing these acetyl-CoAs. A low-carbohydrate diet lowers the amount of oxaloacetate
produced, which is needed for the conversion of acetyl-CoA to citrate. Animals will turn to their body's fat
reserves when glucose is in limited supply. Acetyl CoA is produced through the beta-oxidation of these.
Oxaloacetate production will decrease due to the low glucose level, which will affect acetyl-CoA utilization.
Acetyl CoA in excess will then be converted into ketone bodies.

Numerous studies have demonstrated that nutritional interventions could alter the accretion of fat
deposits in the body, and the broiler industry is actively employing this strategy. Adjustments to the caloric,
protein, amino acid, and mineral levels in the diet, as well as the addition of feed additives, triggered a
decrease in abdominal fat deposition and carcass fatness[1]. However, it is not well understood and shown
which of these methods for lowering fat deposition in broilers will have the best performance in terms of
growth and carcass quality; hence, this study.

2. Materials and Methods

2.1 Procurement of Birds
A total of 128 day-old straight-run Cobb 500 strain of broiler chicks were acquired from a reliable
source. These birds were presumed to have been vaccinated as prescribed by the local supplier.

2.2 Preparation of the Study Area

Thirty-two (32) cages with an area of 4.80 sq. ft. per cage were constructed to accommodate 4 birds
each. The floor height of the cages was at least 1.80 meters from the ground to minimize the build-up of
ammonia. For optimum ventilation, the ceiling height was at least 2.40 meters from the cage flooring [6]. A
general light was also installed above the cages to stimulate feed and water intake and meet the birds' light
requirements. To sanitize and prevent the entry of disease-causing microorganisms brought by people
arriving from outside the study area, a foot bath and a hand washing station were positioned at the building's
entrance. At least three days before the chicks' arrival, the building, cages, and equipment were thoroughly
cleaned and disinfected.

2.3 Management of Birds

The brooder lamps were turned on at least 3-4 hours before the arrival of chicks. An electrolyte
solution was prepared ahead of time and provided to the chicks upon arrival. The temperature in the first
week was kept at 35°C. It was reduced by 2°C in the following week and continued until the 5th week. On the
1st day of brooding, a 24-hour lighting program was implemented and was reduced to 23 hours on the
following day until the 5th day. By the time the birds reached the age of 6 — 11 days, the lighting program was
reduced to 18 hours and was increased to 20 hours on days 12 - 35 [7]. Clean water was made available at all
times. A medication and vaccination program designed for broilers was administered to the birds. For the first
2 weeks, all broiler chicks were provided with the same brand of commercial booster feeds. All animals
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without ketogenic diet were provided with a commercial brand of broiler feeds (Table 1) upon entering the
age of 15 days, which was also the start of data collection, while the remaining animals were provided with a
ketogenic diet formulation for broiler starter (week 3) to broiler finisher (weeks 4 - 5) on ad libitum basis.

Table 1. Ingredient and Nutrient Composition of the Control Feed

Feed Guaranteed Analysis (%)

Ingredients
type Moisture CP EE CF Ca P

Broiler YC, SBM, RB, FM, WP, CM, 12 max 19 min 5min 4 max 0.9-1 0.70 min
Starter Mol, CCO, MDCP, Lime, VMP,
AA

Broiler YC, SBM, RB, FM, WP, CM, 12 max 18 min 6min 6 max 0.8-09 0.70 min
Finisher Mol, CCO, MDCP, Lime, VMP,
AA

YC - Yellow corn, SBM - Soybean meal, RB — Rice bran, WP — Wheat pollard, CM — Copra meal, Mol - Molasses, CCO
— Crude Coconut Oil, MDCP — Monocalcium Phosphate, Lime — Limestone, VMP — Vitamin-mineral premix, AA —
Amino acid, Min - Minimum, Max - Maximum

2.4 Design and Treatments

The study was conducted in a Randomized Complete Block Design (RCBD) using the location of cages
as a blocking factor. Blocking was done because the temperature, humidity, and other environmental factors
inside the broiler house are not automatically controlled. There were four treatments with eight blocks and
four birds per block. The following were the diets given during the starter and finisher stages of broilers: Diet

A — Commercial feed, Diet B — Lipid-based ketogenic diet, Diet C — Protein-based ketogenic diet, Diet D — Fiber-based
ketogenic diet.

2.5 Preparation of Dietary Treatments
All birds were provided with the same brand of commercial feeds at the booster stage. The birds were
given a broiler starter or finisher ration formulated using the Brill Feed Formulation Software (Tables 2 and 3).

The broiler nutrient requirement as reflected in the 4th edition of PHILSAN Feed Reference Standards was
used as a reference in feed formulation [8].

Table 2. Ingredient Composition of Different Dietary Treatments

Inclusion, %

Starter Finisher
Ingredient A B ¢ D A B. ¢ D
Control Lipid- Protein- Fiber- Control Lipid- Protein- Fiber-
based based based based based Dbased
YC 30.00 30.00 30.01 20.97 29.99 30.00
SBM 30.46 31.04 17.35 23.58 26.73 11.58
RBD1 10.00 10.00 - 15.00 5.00 -
FM 1.00 1.00 1.00 1.00 1.00 7.91
WP — 5.00 5.00 6.60 — 10.00 5.00 4.60
RBD2 = - - 15.00 e - - 20.00
CM = 5.00 10.00 10.00 = 10.00  15.00  10.00
Mol 3.00 3.00 3.00 4.70 5.00 5.00
CCO 8.50 5.00 5.50 10.00 6.00 6.10
MDCP 2.69 1.16 1.26 0.99 1.08 -

Lime 1.58 1.05 1.02 1.03 2.48 0.96
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Table 2. Ingredient Composition of Different Dietary Treatments (Continuation)

Inclusion, %

Starter Finisher
Ingredient A B ¢ D A B ¢ D
Control Lipid- Protein- Fiber- Control Lipid- Protein- Fiber-
based based based based based Dbased
VMP 0.20 0.20 0.20 0.20 0.20 0.20
AA 1.65 1.65 1.65 1.65 1.65 1.65
Salt 0.50 0.50 0.50 0.50 0.50 0.50
CC 0.01 0.01 0.01 0.01 0.01 0.01
Met 0.06 0.04 0.16 0.02 0.01 1.13
Lys S - - 6.33 S - - -
Enz = 0.10 0.10 0.10 = 010 010  0.10
Zinc 0.05 0.05 0.05 0.05 0.05 0.50
Threo - - 0.06 - - -
Tryp - - 0.01 - - -
TB 0.20 0.20 0.20 0.20 0.20 0.20
TOTAL 100 100 100 100 100 100

YC - Yellow corn, SBM - Soybean meal, RBD1 — Rice bran D1, FM - Fishmeal, WP — Wheat pollard, RBD2 -
Rice bran D2, CM - Copra meal, Mol — Molasses, CCO — Crude coconut oil, MDCP - Monodicalcium
phosphate, Lime — Limestone, VMP — Vitamin-mineral premix, AA — Acetic acid, CC — Choline chloride, Met
— Methionine, Lys — Lysine, Enz — Enzyme, Threo — Threonine, Tryp — Tryptophan, TB — Toxin binder

Table 3. Nutrient Composition of Different Dietary Treatments

Starter Finisher
Nutrient A B C D A B C D

I v
ME (kcal) 2901.00  2702.00 2700.00 2900.00  2700.00  2700.00
CP (%) 19.29 20.58 20.00 18.01 19.20 18.00
EE (%) ~ 12.25 9.32 9.71 _ 14.59 10.07 11.25
CF (%) ?: 3.92 4.38 4.84 %é 4.63 452 5.11
Ash (%) = 3.75 4.10 3.68 = 4.04 3.78 4.77
Ca (%) 1.30 0.87 0.81 0.81 1.40 0.76
P (%) 0.72 0.41 0.41 0.38 0.38 0.38

ME - Metabolizable Energy, CP - Crude Protein, EE - Ether Extract, CF - Crude Fiber, Ca - Calcium, P -
Phosphorus (Available)

2.6 Statistical Analysis

Data were analyzed using one-way Analysis of Variance (ANOVA) in RCBD in Proc GLM of SAS v.9.
Differences among treatments were determined using Tukey’s Honestly Significant Difference Test (HSD) and
declared significant when p<0.05. The results were presented as mean values and standard error of the means.
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3.Results and Discussion

3.1 Growth Performance

Table 4 shows the growth performance of broiler chickens fed with different ketogenic diet
formulations at 3-5 weeks old based on voluntary feed intake (VFI), body weight (BW), average daily gain
(ADG), weight gain (WG), and feed conversion ratio (FCR). Based on the result, significant differences can be
observed in all growth performance parameters (p<.0001).

The VFI for the whole duration of the study revealed that Diets A (control), B (lipid-based), and C
(fiber-based), with 2398.07 grams, 2335.39 grams, and 2290.73 grams, respectively, are comparable with each
other. Diet D (fiber-based) with 1,723.09 grams had the lowest overall VFI. Diet B (lipid formulation) was
formulated by reducing the corn inclusion in the diet and increasing the use of oil to provide the energy
requirement of broiler chickens. In the study of Benitez et al. [9], when conventional corn was substituted with
a high oil corn in the diet of broilers, comparable results in the VFI were observed. Diet C (protein-based),
which also had comparable VFI with Diet A (control), was formulated by reducing the inclusion of corn and
replacing it with materials that are high in protein. In the study of Ferguson et al. [10], no significant difference
in VFI was observed in broilers fed with low CP (21.9% in starter and 16.53% in grower) and medium diet
(24.13% in starter and 19.58% in grower). The combination of good quality raw materials in both Diet B (lipid-
based) and Diet C (protein-based) may have contributed to comparable VFI with Diet A (control) and better
VFI than Diet D (fiber-based). The VFI of Diet D (fiber-based) was consistent with the study of Khempaka et
al. [11], who found that fiber-based diets, such as 12% and 16% dried cassava pulp, reduced feed intake in
broilers between 14 and 35 days. According to the researchers, this could be attributed to the increased
bulkiness of the feed and reduced digestive capacity in broilers. Furthermore, an increase in mass has been
shown to diminish palatability, which may limit broiler feed intake. Moreover, Jha and Mishra [12] explained
that soluble fibers such as (3-glucans, arabinoxylans, and pectins increased intestinal viscosity and reduced the
rate of passage of feed, thereby reducing feed intake (FI) and the rate at which nutrients are absorbed, which
may influence the growth performance of poultry. Rice bran and wheat bran are rich sources of these dietary
fibers. Additionally, Cui et al. [13] mentioned that wheat bran has 46% non-starch polysaccharides, comprising
70% arabinoxylan, 24% cellulose, and 6% beta-glucan, with small amounts of glucoglucomannan and
arabinogalactan. Rice bran, on the other hand, contains about 12% dietary fiber, 90% of which is insoluble
dietary fiber such as cellulose, hemicellulose, and arabinoxylans. Soluble dietary fibers, such as pectin and (3-glucan,
are present in trace amounts [14].

Table 4. Growth performance of broiler chickens fed with different types of ketogenic diet at 3-5 weeks old

Parameters A — B _C - D SEM p-value
(Control)  (Lipid-based) (Protein-based) (Fiber-based)
VEF (g) 2398.072 2335.392 2290.732 1723.09® 47.03 <.0001
BW (g) 1819.292 1367.42b 1337.78b 1161.64° 27.94 <.0001
ADG (g) 62.522 42.11° 41.05° 33.48¢ 1.21 <.0001
WG (g) 1312.852 884.32°v 862.00r 703.14¢ 25.27 <.0001
FCR 1.832 2.67° 2.680 2.460 0.10 <.0001

*Means with the same superscript are not statistically significant

In terms of BW, significant differences can be observed (p<0.0001) with Diet A (control) weighing the
heaviest (1819.29 grams) upon completion of the study. It was followed by Diet B (lipid-based), Diet C (protein-
based), and Diet D (fiber-based), which had comparable BW of 1367.42 grams, 1334.78 grams, and 1161.64
grams, respectively. The higher VFI in Diet B (lipid-based) and Diet C (protein-based), as well as the
combination of highly digestible components of these dietary treatments may have contributed to the greater
BW of broiler chickens relative to Diet D (fiber-based). In a study by Tabook et al. [15], when the amount of
dietary fiber in the diet was increased from 10% to 15%, body weight gain was reduced by 8% and 12%,
respectively. The inclusion of more than 5% dietary fiber reduced daily gain, feed intake, and feed conversion
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ratio. Significant differences can also be observed in the ADG of broiler chickens (p<0.0001). Throughout the
study, ADG was highest in Diet A (control) with 62.52 grams, whereas Diet B (lipid-based) and Diet C (protein-
based) had no significant difference at 42.11 grams and 41.05 grams, respectively. The least was Diet D (fiber-
based) with 33.48 grams. The aim of providing ketogenic-based diets was to limit the intake of calories from
carbohydrates and increase intake from protein or fat. With this, inclusion of carbohydrate-rich raw materials such
as corn was minimized, allowing usage of other ingredients, mostly milling by-products, to be maximized. Corn is
a highly digestible feed material, and limiting the use of this ingredient may have affected the digestibility of the
feed. This is one reason why ketogenic-based diets have lower ADG compared to Diet A (control). At increasing
percentages of high fiber dietary ingredients, Loar et al. [16] also observed a decrease in broiler BW gain. Diet B
(lipid-based) and Diet C (protein-based), although they had lower ADG than Diet A (control), performed better
than Diet D (fiber-based) because of their higher nutrient level. Diet B (lipid-based) had the highest ME (kcal)
content while Diet C (protein-based) had the highest CP. In the study of Maiorka et al. [17], broilers fed the diet
containing 3200 kcal ME/kg had higher weight gain compared to those fed the diet containing 2900 kcal ME/kg.
Moreover, Gheisari et al. [18] observed higher total feed consumption and WG of birds in the high protein group
compared to the low and medium protein groups. The lower ADG of ketogenic-based dietary treatments compared
to the control (commercial) can also be attributed to the form of the feeds. The control diet was in the form of
crumble, while the ketogenic-based feeds were in mash form. In the study by Massuquetto et al. [19], broiler
chickens given pelleted/crumbled feed had higher ADG than those provided with mash. The outcome was
associated with the higher FI of pelleted diets as a result of the pellets' greater durability and physical quality.

For the WG of broiler chickens, a significant difference can be observed among treatments (p<0.0001),
and with 1312.85 grams WG, Diet A (control) had the best performance out of the four diets. Diet B (lipid-
based) and Diet C (protein-based) are comparable at 884.32 grams and 862.00 grams, respectively, while Diet
D (fiber-based) had the least WG (703.14 grams). Commercial feeds in the Philippines are usually formulated
on a corn-soya-based approach. They are much digestible compared to ketogenic diets that were formulated
low in digestible carbohydrate and high in either protein or lipid. The reason that the two ketogenic-based
diets, Diet B (lipid-based) and Diet C (protein-based), performed better in WG compared to Diet D (fiber-based)
was because of the combination of better-quality raw materials (more digestible) and higher digestible nutrient
levels, particularly energy and protein. A study by Gallinger et al. [20] in broiler chicks showed that the
addition of rice bran significantly reduced WG. At certain periods in the study, diets with rice bran performed
poorly on growth assessments compared to the control diet, and increasing its percentage in the diet from 30%
to 40% had a significant negative impact on WG.

FCR is a measure of how efficient an animal converts feed into live weight. It measures how many
kilograms of feed are needed to produce a kilogram of weight gain. Producers, therefore, are aiming to attain
a lower FCR in their production. Significant differences can be observed (p<0.0001) in the FCR of the
experimental animals. Diet A (control) had the best FCR (1.83), followed by Diet B (lipid-based), Diet C
(protein-based), and Diet D (fiber-based), which were statistically comparable at 2.67, 2.68, and 2.46,
respectively. Given the underwhelming results in VFI, BW, ADG, and WG of broilers fed ketogenic diets, it's
not surprising that these also led to poor FCR performance.

3.2 Carcass Quality

Table 5 shows the carcass weight (CW), dressing percentage (DP), abdominal fat (AF), and visceral fat
(VF) yield of broiler chickens fed with different ketogenic feed formulations at 5 weeks old. Significant
difference in CW (p<0.0001), DP (p<0.0001), and AF (p=0.0034) can be observed in the study, while visceral fat
results are comparable (p=0.3599) among treatments. Diet A (control) had the highest CW at 1241.50 grams.
Both Diet B (lipid-based) and Diet C (protein-based) had comparable CW at 871.13 grams and 895.50 grams,
respectively, while the lowest CW was in Diet D (fiber-based) at 738.75 grams. The DP of Diet A (control) was
the highest of all four diets, with 76.16% followed by Diet B (lipid-based), Diet C (protein-based), and Diet D
(fiber-based) with 71.69%, 72.10%, and 70.53%, respectively. The AF yield was highest in Diet B (lipid-based)
with 1.42%, comparable to Diet A (control) with 1.31%. It was followed by Diet C (protein-based) with 0.91%
and lastly by Diet D (fiber-based) with 0.83%. When it comes to the VF yield, despite having no significant
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result, Diet A (control) relatively had the highest yield at 1.86%, followed by Diet B (lipid-based) with 1.70%
and lastly by Diet C (protein-based) and Diet D (fiber-based) with both 1.37%.

A variety of factors, including breed, age, sex, environment, diet, and processing, can influence DP. Diets
high in energy and protein will result in a higher dressing percentage [21]. The increased DP of the control animals
can also be a result of commercial feeds that are high in digestible energy and protein, which promote better growth
and muscular development. Finishing diets high in fiber can minimize DP. Diets high in fiber are thought to
increase intestinal mass, reducing DP because intestinal mass accounts for a bigger share of live weight. This
assumption agrees with the result of the study showing lower DP of broilers fed ketogenic-based diets. The
abdominal fat also affected the DP of the carcass. Since this is included during the actual weighing of the broiler
carcass, overestimation of the actual DP may occur. Moreover, visceral fat and DP had an indirect relationship.
Since visceral fat is not included during carcass weighing but is included during live weighing, a higher percentage
may result in lower DP.

The reduced abdominal fat yield in a protein-based diet was consistent with the study of Jlali et al. [22].
Their study revealed that chickens fed a high CP diet had a lower (p<0.001) accumulation of abdominal fat than
chickens fed a low CP diet. It was also in agreement with the study of Sterling et al. [23] showing that dietary CP
level significantly affected abdominal fat pad for both genotypes (Arbor Acre and Ross 508) of broiler chicks.
Abdominal fat pad weights were higher for chicks fed the lower CP diets. Diet C (protein-based) had the highest
DP among ketogenic-based diets and one of the lowest abdominal fat levels in the study. This is a positive outcome
since abdominal fat, while included in the carcass weighing, is usually removed during fabrication. Diet B (lipid-
based) had reduced DP but more abdominal fat. Because of the increased abdominal fat, the actual DP of broilers
fed with this diet may be reduced even further. According to a study by Bhuiyan et al. [24], dietary fiber had a
substantial (p=0.0001) impact on abdominal fat. Compared to birds with low fiber diets, those with medium (and
high) fiber diets deposited less abdominal fat. Meanwhile, Nassar et al. [25] found that chickens fed a diet high in
lignocellulose had less visceral fat deposition and less intramuscular fat than those fed a diet low in fiber. In general,
crude fibers have three impacts on fat metabolism. First, they accelerate the flow of chyme through the intestinal
tract, hence decreasing the possibility that intestinal cells would absorb fat [26]. Second, through interacting with
bile acid in the digestive tract, crude fibers decrease lipid absorption and accelerate bile acid excretion [27]. Third,
restricting poultry's dietary energy absorption can reduce cholesterol and fat synthesis [28].

Table 5. Carcass quality of broiler chickens fed with different types of ketogenic diet at 5 weeks old

Parameters A — B - ¢ - D SEM p-value
(Control)  (Lipid-based) (Protein-based) (Fiber-based)
CW (g) 1241.502 871.13b 895.50P 738.75¢ 27.51 <.0001
DP (%) 76.162 71.69° 72.10P 70.53b 0.54 <.0001
AF (%) 1.31a0 1.422 0.971be 0.83¢ 1.12 0.0034
VF (%) 1.862 1.70a 1.37a 1.372 0.23 0.3599

*Means with the same superscript are not statistically significant

3.3 Cost to Produce (CTP) and Broiler Production Efficiency Factor (BPEF)

The CTP and BPEF of broiler chickens fed with different ketogenic feeds are shown in Table 6. CTP
was computed by dividing the total expenses of consumables (chick cost, feed cost, and medication) by the
BW of the broiler chicken. On the other hand, BPEF is a comprehensive indicator of broiler performance. It is
derived by dividing the BW of the broiler chicken by the FCR and multiplying the quotient by 100. Significant
differences can be observed in both CTP (p=0.0004) and BPEF (p<0.0001). Based on the result, Diet A (control)
had the lowest CTP at Php 89.43, whereas Diet B (lipid-based) with Php 101.68, Diet C (protein-based) with
Php 101.32, and Diet D (fiber-based) with Php 102.32 were statistically comparable. These three ketogenic-
based diets had higher CTP than the control, in terms of BPEF, Diet A (control) had the highest value with
99.72%. On the other hand, the three formulated ketogenic diets had comparable BPEF at 52.27%, 50.51%, and
48.27% for Diet B (lipid-based), Diet C (protein-based), and Diet D (fiber-based), respectively. ADG and FCR
play a major role in determining animal performance. Commercial feeds use low-fiber ingredients like corn,
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making them more digestible than ketogenic-based formulations. These ingredients can easily be broken down
and utilized by the animal's body. Due to the reduction in the sources of digestible carbohydrates, ketogenic-
based diets were typically high in dietary fiber. It was anticipated that poor growth performance would also
affect production efficiency. Diet D (fiber-based) was mainly affected by this intervention.

Table 6. CTP and BPEF of broiler chickens fed with different types of ketogenic diet

A B C D
P t SEM -val
arameter (Control) (Lipid-based) (Protein-based) Fiber-based) prvatue
CTP 88.082 100.21° 98.89p 100.93b 1.97 0.0004
BPEF 99.72a 52.27° 50.510 48.27° 2.72 <.0001

*Means with the same superscript are not statistically significant

4. Conclusions

This study found that Diet A (control) has the best growth results, notably in terms of BW, ADG, and
FCR. Additionally, it has the greatest BPEF and the lowest CTP. However, when solely comparing the three
ketogenic diets, Diet C (protein-based) outperforms the others across all growth performance metrics.
Moreover, Diet A (control) had the highest carcass yield and dressing percentage, but also the most abdominal
and visceral fat. In contrast, ketogenic diets, especially Diets C (protein-based) and D (fiber-based),
significantly reduced fat accumulation.
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1. Introduction

Publisher’s Note: The quest for sustainable and renewable energy sources has intensified,

This article is published and ~ with biodiesel emerging as a promising alternative to fossil fuels due to its

distributed under the terms  bjodegradability, lower greenhouse gas emissions, and potential production

of the Thaksin University. from waste materials, such as used cooking oil (UCO) [1, 2]. Among various
feedstocks, UCO is particularly advantageous due to its cost-effectiveness and
contribution to waste reduction, making it an ideal candidate for biodiesel
production [3, 4]. However, a major challenge with UCO is its high free fatty
acid (FFA) content, which reacts with alkaline catalysts to form soap during the
transesterification process, thus reducing biodiesel yield and complicating
purification [5, 6]

Traditional methods for FFA reduction in UCO, such as acid-catalyzed
esterification using sulfuric acid, are widely used but present high operational
costs, corrosion issues, and environmental concerns due to hazardous waste
[3, 7]. Alternatively, adsorbents like activated carbon can be used, but high costs
and limited reusability challenge large scale applications [1, 8]. Consequently,
the search for sustainable and cost-effective alternatives has driven research into
the use of industrial byproducts, such as fly ash [6, 9]. Fly ash, a waste product
from coal combustion, is abundantly available and has gained attention due to
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its potential in various applications, including as a catalyst or adsorbent in environmental and industrial
processes [6, 8]. Its composition, including oxides like silica, alumina, and iron oxides, and its porous structure
make it suitable for reducing FFAs in biodiesel feedstocks [2]. Recent studies suggest that fly ash can effectively
remove pollutants and contaminants, thus improving the quality of processed materials. However, its specific
application for FFA reduction in UCO is still underexplored, indicating a promising research areal[1, 3].

Current research into fly ash utilization in biodiesel production shows mixed results. Some studies
report that untreated fly ash can significantly reduce FFAs in UCO, enhancing biodiesel yield, while others
suggest that untreated fly ash may lack sufficient catalytic sites and may require modifications like acid or
base treatments to optimize its performance [5, 9]. This variation highlights the need for further investigation
into the catalytic properties of fly ash, particularly to determine effective treatment methods for biodiesel
applications. This study aims to explore the application of activated fly ash as a free fatty acid (FFA) reducer
in used cooking oil (UCO) to improve biodiesel production. Specifically, it evaluates the effectiveness of
modified fly ash in reducing FFAs by examining the influence of contact time and adsorbent mass on FFA
adsorption. By identifying optimal conditions for fly ash application such as reaction time and fly ash quantity
this research provides a comprehensive understanding of its potential as a sustainable solution in biodiesel
feedstock processing.

The significance of this study lies in its potential to contribute to more sustainable biodiesel production
practices by incorporating industrial byproducts like fly ash. This approach not only addresses technical
challenges associated with high FFA content in UCO but also supports broader environmental goals of waste
management and resource efficiency, ultimately advancing the field of renewable energy.

2. Materials and Methods

2.1 Material

This study employed various equipment, including an analytical balance, oven, magnetic stirrer,
heating stove, beaker, measuring cylinder, stirring rod, watch glass, stopwatch, filter paper, Erlenmeyer flask,
and burette. The materials utilized were fly ash from the steam power plant (PLTU) Cirebon, used cooking
oil, distilled water, ethanol, and phenolphthalein indicator. 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.

2.2 Methods

Fly ash was washed with hot distilled water to remove impurities. The fly ash was then dried in an
oven at 100°C until its mass was constant to remove moisture content. Subsequently, the fly ash was activated
using a NaOH solution with a mass-to-volume ratio of 1:5 for 6 hours. The fly ash was then separated from
the NaOH solution using filter paper and washed with distilled water until its pH was neutral. The fly ash
was dried in an oven at 100°C until its mass was constant to remove moisture content. The next step involved
adding 30 ml of used cooking oil into a glass beaker. 1-5 grams of fly ash were then added to the beaker. The
mixture was stirred using a magnetic stirrer for 0 - 240 min. The used cooking oil was separated from the fly
ash using a centrifuge at 3000 rpm for 20 minutes, and the FFA content was analyzed.

3.Results and Discussion

3.1 Effect of Reaction Time on %FFA Reduction

Figure 1 indicates that %FFA reduction improves significantly with increased reaction time across all
tested adsorbent masses. As the reaction time extends from 1 to 4 hours, each adsorbent mass shows a
consistent increase in %FFA reduction, highlighting the importance of adequate contact time for effective FFA
adsorption. This trend is well-aligned with adsorption kinetics principles, which state that longer contact times
enhance the interaction between FFA molecules and the adsorbent surface, leading to improved adsorption
efficiency[10]

For lower adsorbent masses, such as 1 gram, %FFA reduction begins at approximately 20% after 1
hour and gradually reaches around 35% at the 4-hour mark. In contrast, for higher adsorbent masses like 5
grams, the %FFA reduction exceeds 60% after 4 hours, demonstrating that both reaction time and adsorbent
mass play crucial roles in maximizing FFA removal. Manuale et al. (2013) observed similar results, noting that
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increased adsorbent mass provides more active sites for FFA adsorption, which amplifies FFA reduction rates
as reaction time increases[11].

Interestingly, the rate of increase in %FFA reduction begins to stabilize at longer reaction times,
particularly for higher adsorbent masses. This behavior suggests that the adsorption process is nearing
equilibrium, where most active sites on the adsorbent become occupied, leading to a plateau in FFA reduction.
Such equilibrium phenomena are typical in adsorption processes, as additional reaction time contributes little
to further reduction once the active sites are saturated [12].

The stabilization of %FFA reduction at extended reaction times implies that optimal adsorption time
is crucial for efficient biodiesel production. Rezayan & Taghizadeh (2018) emphasize that optimizing reaction
time not only enhances FFA reduction but also conserves resources, making the process more viable for
industrial applications[13].
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Figure 1. Effect of Reaction Time on % FFA Reduction

3.2 Effect of Adsorbent Mass on %FFA Reduction

The influence of adsorbent mass on the percentage reduction of free fatty acids (FFA) over a range of
reaction times is illustrated in Figure 2. The data in this figure show a positive relationship between adsorbent
mass and %FFA reduction, with higher masses resulting in greater FFA removal across various time intervals.
This trend suggests that as the adsorbent mass increases, the availability of active sites also rises, enhancing
the adsorption capacity and overall efficiency of FFA reduction. This observation aligns with findings by
Hasan et al. (2019), who noted that using larger amounts of activated coal ash improved FFA reduction due
to increased adsorption surface area [14].

In longer reaction times, the effect of adsorbent mass on %FFA reduction becomes more substantial.
For example, at a reaction time of 4 hours, %FFA reduction reaches its peak with the highest adsorbent mass,
indicating a synergistic effect of time and adsorbent quantity. This finding is consistent with Diaz et al. who
reported similar improvements in FFA reduction when using energy crop shells as adsorbents, as increased
mass provides a greater number of active sites for adsorption [10].

However, the trend toward equilibrium is evident at the highest adsorbent masses and longest
reaction times, where %FFA reduction begins to plateau. This plateau effect indicates that additional adsorbent
mass yields diminishing returns as the adsorption sites become saturated. Shafizah et al. observed this
saturation effect in their optimization study, noting that beyond a certain adsorbent mass, the efficiency of
FFA removal levels off [15].
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4. Kinetic Model of Adsorption
The degradation kinetics of free fatty acids (FFA) were analyzed in this study using the kinetic model.
ac _

ol —kC™, where C is the FFA concentration, k = 0,1027 is the rate constant, and n = 4.7834 is the reaction

order. These values were derived by fitting the experimental data to this kinetic model, capturing the behavior
of FFA degradation over time.

Figure 3 illustrates the %FFA concentration over time, showing an initial rapid decline in FFA
concentration that gradually slows as the reaction proceeds. This pattern is typical of reactions that follow
power-law kinetics, particularly those with higher reaction orders, such as n = 4.7834. A high reaction order
indicates that the reaction rate is initially susceptible to the concentration of FFA, decreasing significantly as
the concentration diminishes. This trend is consistent with other studies where degradation reactions were
modeled with power-law kinetics and high reaction orders, such as in the degradation of pollutants in water,
where the rate constant k and reaction order n were found to have significant impacts on the reaction rate.

Figure 4, labeled "Data vs Estimated," further confirms the model's accuracy by comparing
experimental %FFA data to estimated %FFA values, yielding a high coefficient of determination R? = 0.9895.
This strong correlation between experimental and estimated values indicates that the kinetic model with k =
0.1027 and n = 4.7834 provides a good fit to the observed data. The high R? value aligns with findings from
previous studies that used similar kinetic models, such as those investigating the degradation of organic
compounds with rate constants in the range of k =0.1 - 0.15 and reaction orders between 4 and 5, which yielded
high correlation coefficients as well.

In conclusion, the kinetic model with parameters k = 0.1027 and n = 4.7834 accurately describes the
degradation of FFA, as evidenced by the high correlation between experimental and model-predicted values.
The high reaction order reflects a strong concentration dependency, particularly at higher initial
concentrations, and the model’s accuracy, supported by the high R? value, demonstrates its potential
applicability for predicting degradation kinetics in similar systems.
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4. Conclusions

Increasing reaction time and fly ash mass significantly enhances the reduction of free fatty acids (FFA)
through adsorption. Extending the reaction time from 1 to 4 hours and using more fly ash improves FFA
removal, but a saturation point is reached where additional time or fly ash yields minimal benefits due to
occupied active sites. The kinetic model accurately described FFA degradation, confirming strong dependence
on FFA concentration. Optimizing these parameters is crucial for efficient FFA reduction in biodiesel production..
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