MALAYSIAN JOURNAL OF SCIENCE B8

AJS

Malaysian
Journal of
Science

Vol 44 | No 4 | December 2025

MJS in indexed in Scopus, Google Scholar, Chemical Abstracts
Service Database, ASEAN Citation Index (ACI), & MyCite.

e — T v
K- < FARULTISAINS .

=



MALAYSIAN JOURNAL OF SCIENCE

MIJIS

ISSN 1394-3065

Regular Issue

Malaysian Journal of Science 44 (4): 1-9 (December 2025)

https://mjs.um.edu.my

Evaluating The Suitability of Sunflowers as Companion Plants in an Intercropping System

with Tomatoes

Ratna Yuniati*, Siti Zahrotul Karimah and Niarsi Merry Hemelda

Abstract: The intercropping system involves growing multiple crop species simultaneously on the same land to reduce the risk of crop
failure. One such example is the co-cultivation of sunflowers and tomatoes, where sunflowers function as living mulch. However, studies
on the function and impact of sunflower—tomato intercropping systems, particularly in relation to weed management and productivity
enhancement in Indonesia, remain limited. This study aims to evaluate the suitability of sunflower plants as companion and living mulch
species in intercropping systems with tomatoes, and to assess the performance of both crops when grown individually or together. A
randomized block design with two replications per treatment was employed using raised beds. Both crops were transplanted
simultaneously in alternating arrangements for 13 weeks at a 1:1 ratio. Results showed that intercropping effectively suppressed weed
growth and reduced pest and disease incidence. The Mann—Whitney test (P < 0.05) revealed significantly lower sunflower yields in the
intercropping system than in monocropping. A Land Equivalent Ratio (LER) of 0.65 (<1) indicated higher productivity under monocropping,
due to intense belowground interspecific competition and rhizosphere interactions. Competition analysis showed that tomatoes
dominated the system (Aggressiveness, A = +0.165; Competition Ratio, CR = 1.677). Therefore, sunflower and tomato plants can be
effectively intercropped, provided that planting times are staggered to minimize competition and aggressiveness between species.

Keywords: Intercropping, monocropping, sunflower, tomato, weed.

1. Introduction

Tomato cultivation frequently encounters challenges associated
with weed interference, leading farmers to adopt diverse control
methods such as herbicide application and plastic mulching.
While herbicides are convenient and cost-effective, they may
harm non-target plants and pose environmental and health risks
due to chemical residues contaminating soil and water (Jurado et
al., 2011). Plastic mulch, on the other hand, effectively suppresses
weed growth by blocking sunlight (Freitas et al., 2021), but its use
can contribute to plastic waste accumulation and soil degradation
(Wu et al., 2020). Consequently, sustainable and environmentally
friendly alternatives, such as the use of living mulch within
intercropping systems, have gained increasing attention.

Intercropping involves planting multiple types of crops together
in one area, offering benefits beyond weed reduction, including
decreased crop failure risk, improved soil and water conservation,
and reduced pest populations. Intercropping promotes plant
diversity by incorporating multiple plant species into the same
area, thereby supporting a broader range of flora and fauna. This
increased diversity facilitates more efficient resource use, can
reduce damage caused by diseases and pests as interactions
among diverse species enhance the overall health and
productivity of the system. (Boudreau, 2013). Many plants can be
effectively used as companion plants in intercropping systems,
including legumes (beans, peas), marigolds, basil, corn, and
sunflowers, which are commonly employed in such systems
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(Makoi & Ndakidemi, 2012).

Sunflowers are commonly integrated into intercropping systems
with various primary crops such as soybeans (Saudy & El-
Metwally, 2008), sorghum, and cotton (Kandhro et al., 2014). The
sunflower-soybean, sunflower-sorghum, and sunflower-cotton
intercropping systems, as reported by Saudy and El-Metwally
(2008) and Kandhro et al. (2014), have demonstrated abilities to
suppress weed growth and enhance plant characteristics such as
height, sunflower diameter, fresh weight, and seed yield. Another
benefit highlighted in research by Kestha & EI-Baz (2004)
conducted in Giza, Egypt during the summer season indicates that
sunflower and tomato intercropping can improve tomato fruit
quality by providing shade and enhancing land use efficiency.
Land use often involves optimizing the use of resources such as
water, nutrients, and space. When resources are used efficiently,
plants can grow more healthily, which can lead to higher fruit
quality. The primary determinant of a viable intercropping system
is the compatibility of crops. Therefore, the effectiveness of any
intercropping setup relies on carefully selecting crop species that
minimize competition for light, space, moisture, and nutrients
between them (Fukai & Trenbath, 1993). In Indonesia, tomatoes
are generally cultivated with chillies, soybeans, winged beans,
lettuce, cauliflower and Chinese broccoli to reduce pest attacks
such as the cabbage leaf-eating Diamondback moth (Plutella
xylostella) (Asare-Bediako et al., 2010). However, research
evaluating the suitability of sunflowers as companion plants in
intercropping systems with tomatoes in Indonesia in controlling
weeds and increasing productivity is still limited. In addition, until
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now, the intensity of competition between component plants in
the intercropping system is still unclear.

The objective of this study is to evaluate the compatibility of
sunflower plants as companion plants and living mulch, and to
assess the performance of sunflower and tomato plants when
grown individually or intercropped. This will be achieved by
evaluating competitive interactions between intercrop
components and their impact on yield quality.

2. Methodology

Experimental Site

The experiment was conducted between May and September
2020, in the Tanjung Barat District of South Jakarta, situated at an
altitude of approximately 26.2 meters above sea level. The
average rainfall, according to Meteorological Climatological and
Geophysical Agency (BMKG) ranges from 21 to 50 mm, and the
soil pH is 6.5. During the experiment, temperatures fluctuated
between 28 and 32 °C, with average relative humidity levels
ranging from 69% to 90%,

Planting Pot Preparation

The experimental setup employed a randomized block design
comprising three treatments: (i) a tomato monocrop featuring
only tomato plants; (ii) a sunflower monocrop consisting solely of
sunflower plants; and (iii) a sunflower-tomato intercropping
system, where tomato and sunflower were planted alternately in
a 1:1 ratio (3 tomato plants : 3 sunflower plants) according to the
following planting arrangement (Figure 1).

S T S T T T S S S
T S T T T T S § S
sunflower-tomato tomato sunflower
intercrop monocrop monocrop

s § S S T S |(|T T T
s § 8 T § T T T T

sunflower sunflower-tomato tomato
monocrop intercrop monocrop
Figure 1. Planting arrangement of sunflower and tomato plants
(S= sunflower, T=tomato)

Each treatment was replicated twice, resulting in six-bed plots
with six plants in each plot. The plants were spaced 20 cm apart.
The seeds used were the New Mutiara F1 hybrid tomato (Jawara
Superior Seed) and the Giant Single Sunflower variety.

Preparation of planting plots involved land clearing, plowing,
and bed setup. Land clearing aimed to remove weeds and plant
residues that could harbor bacteria or fungi (Panth et al., 2020).
Plowing was done to a depth of 30-40 cm. The beds were
constructed with a height of approximately 10 cm, and above
them, plant plots made of wood reaching 40 cm in height were
installed (Naika et al., 2019). Both the sunflower and tomato plots
were filled with commercial substrate (CV Tani Tangguh Perkasa),

composed of topsoil, burnt husks, and manure. Each individual
plant received five grams of NPK 16:16:16 fertilizer (Rawal et al.,
2022). The plant plots were left exposed to sunlight and air
exchange for two weeks before further proceedings.

Germination and Seedling Preparation

The seeds were sown at different intervals, with tomato seeds
planted 28 days before sunflower seeds. This discrepancy in
seeding times is based on the duration each plant requires to
reach the generative growth phase. Sunflower plants typically
require approximately 80-95 days to produce seeds (Dagustu et
al., 2012) while tomato plants need 100-140 days to bear fruit
(Hossain et al., 2014). Both tomato and sunflower seeds were
sown in a 54 x 28 x 5 cm seedling tray containing 50 holes. Each
hole was filled with commercial planting media composed of a
mixture of topsoil, burnt rice husks, and cow manure. Following
sowing, the seed germination tray was sprayed with tap water,
and a thin layer of rice husk was applied over the seeds to retain
moisture.

Three weeks-old tomato seedlings, were transplanted into 15 x
15 cm polybags, whereas sunflower seedlings were transferred to
polybags 15 days after sowing (Kestha & El-Baz, 2004). A total of
36 individuals from both the sunflower and tomato seedlings,
exhibiting uniform morphology and height, were selected for
transplantation into the bed plots.

Plant Transplantation and Maintenance

Tomato seedlings were transplanted three weeks after sowing,
maintaining a 20 cm spacing between plants, which falls within
the recommended range (NCPS, 2015). Plant maintenance,
includes irrigation, fertilization, and the application of fungicides.
Watering is performed twice daily to ensure adequate moisture
levels for the plants. Fertilization entails the application of NPK
16:16:16 fertilizer at a dosage of 5 g per 0.5 L of water every two
weeks for each treatment plot. Fungicide application treatment
with Antracol (2 g/L) is administered only during the 3rd and 4th
weeks after transplantation. The fungicide solution is applied by
spraying the leaves of plants infected with fungi, particularly
targeting powdery mildew.

Data Collection Process

Data were collected from both abiotic and biotic parameters.
The abiotic parameters monitored encompassed pH,
temperature, and soil moisture. The biotic parameters examined
included tomato plants, sunflower plants, and weeds. Sunflowers
and tomatoes were both harvested 13 weeks after planting.

Abiotic (Environmental) Parameter

In this study, soil abiotic parameters such as pH, temperature,
and soil moisture were recorded weekly over a 13-week period,
with three repetitions. Soil moisture observations were
conducted by drying 20 g soil samples from a depth of 10 cm on
the soil surface. Subsequently, drying was performed using an
oven set at a temperature of 40°C until the soil's dry weight
remained constant (Owodoyin, 2007). The results obtained were
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then calculated using the soil moisture percentage formula
(Teame et al. 2017), as outlined below:

. . Wet soil weight — Dry soil weight
Soil moisture (%) = - - X 100%
Dry soil weight

Soil pH observations involved placing soil samples obtained from
a depth of 10 cm into distilled water with a neutral pH.
Subsequently, pH strip paper was immersed into a mixture of
distilled water and soil, and the color of the pH paper was
compared with the color on the pH scale to determine the pH
level. Meanwhile, soil temperature measurements were
conducted by inserting a thermometer to a depth of 10 cm below
the soil surface (Nkansah et al., 2003).

2.4.2. Intercropping system and weed control

Weed density was observed by counting and identifying each
weed present in every plot. Weeds were categorized into three
groups: broadleaf weeds, grasses, and sedges. The number and
density of weeds were determined using the formula outlined by
Lukitasari (2018).

Number of weeds

Density (individual/m2) = Area of observation plot

Plant Growth and Plant Productivity Parameters

Both sunflower and tomato plant growth parameters were
observed, including various growth and productivity metrics. For
tomato plants, these metrics encompassed plant height,
chlorophyll content, number of fruits per plant, and fruit weight.
Sunflower plant metrics included plant height, chlorophyll
content, number of flowers per plant, flower diameter, and yield
per plant.

The method used to measure total chlorophyll in tomato and
sunflower leaves was adapted from the research conducted by
Zhao et al. (2019), with modifications to the leaf disk sample size
and centrifugation speed. The absorbance values obtained were
then calculated using the total chlorophyll formulation provided
by Wintermans & de Mots (1965), as outlined below:

Total chlorophyll (mg/mL) = 20.0 x OD649 + 6.1 x OD665

Evaluation of Competitive Intensity

Plant competitive intensity in the intercropping system is
assessed based on research conducted by Gitari et al. (2020),
utilizing the Land Equivalency Ratio (LER) formulation. LER is
defined as the land requirement in a monocropping system to
produce the same crop yield as in the intercropping system. The
LER value > 1 indicates that the intercropping system produces
more profitable crops than monocropping. Conversely, if LER
value < 1 suggests that intercropping is less profitable than

monocropping, while an LER value equal to 1 indicates that the
results of intercropping are equivalent to those of monocropping.
The LER formula, according to Chipomho (2015), is as follows:

intercrop1 intercrop 2

LER =
monocrop1l monocrop 2

The evaluation of competition between sunflower and tomato
in the intercropping system involves assessing the aggressiveness
value and competition ratio, as outlined by Machiani et al (2018).
Plant aggressiveness in the intercropping system is calculated to
gauge the impact of interspecific competition between tomato
and sunflower within the intercropping setup. The aggressiveness
index is computed by comparing the yields of plants in the
intercropping system with those in the monocropping system,
along with considering the proportion of land utilized in the
intercropping system. The aggressiveness formulation (A) as used
by Islam et al. (2016) is presented as follows:

i YM Yti
T Yhh— Zhi " Yee - zd
, Yti Yhi
Ati =

Ytt — Zti Yhh— Zhi

Where An and Ay are aggressivity of sunflower and tomato
respectively, Yn and Yy are are yield of sunflower and tomato in
the intercrop respectively; Yo and Y yield of sunflower and
tomato in monocrop plot respectively; Zn and Z; are the
proportions of sunflower and tomato in the intercrop
respectively.

Data Analysis

Data analysis was conducted using SPSS version 26. The tomato
and sunflower plant parameter data were analyzed using the T-
test with a significance level of 99%. The T-test was employed to
ascertain the significant effects between the monocropping and
intercropping systems.

3. Result and Discussion
Abiotic Parameter

In comparison to intercropped plots, the mean soil temperature
in monocropped sunflower plots was notably the highest, at 27.65
+ 1.16 °C, indicating that the intercropping system effectively
lowered soil temperatures. The higher soil water content
observed at 0-30 cm depth in the soil of intercropping plots
correlates with the shade provided by the canopy of sunflower
plants, which have wide leaf types, thereby minimizing soil
evaporation. Intercropping plots exhibited the highest soil
moisture percentage, whereas the soil pH was almost the same
across all plots (Table 1).
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Table 1. Soil parameter observation

Treatment Soil Parameter

pH Temperature (°C) Moisture (%)
Intercrop 6+0.37 27.27+1.12 66.05 + 15.85
Tomato Monocrop 6+0.44 2728 +0.96 62.50 +13.38
Sunflower Monocrop 6+ 0.40 27.65+1.16 60.82 +14.39

These findings are consistent with visual soil assessments, which
revealed that the soil in intercropping plots had a looser structure
compared to monocropping plots. Soil physical properties is
influenced by various factors, including constituents and
concentration of the soil components porosity, and soil moisture
content (Doran & Zeiss, 2000). The increased shade generated by
plants can indeed lower soil temperature, subsequently
increasing groundwater viscosity and leading to elevated soil
moisture levels around the shaded area (Onwuka et al., 2018).
Hence, this phenomenon is believed to be the reason behind the
high soil moisture observed in the intercropping system.
However, the lower soil moisture in monocropping systems does
not necessarily cause faster leaf aging and drying. This is because
the soil moisture levels in the monocropping system are within
the range of ideal soil moisture for tomato plant growth, which is

typically around 60% - 70% (Liu et al., 2009)

Intercropping System and Weed Control

The intercropping system significantly reduced weed density
compared to the monocropping systems of either sunflower or
tomato (Table 2). This suppression likely results from competition
for light, water, and nutrients at both surface and subsurface
levels, as well as allelopathic effects from sunflower roots.
Sunflowers produce secondary metabolites such as sesquiterpene
lactones and helinunol, which act as natural bioherbicides that
inhibit weed growth (Makoi & Ndakidemi, 2012). Additionally, the
dense sunflower canopy in the intercropping system reduces
solar radiation reaching the soil surface, further limiting weed
germination and development.

Table 2. The effectiveness of intercropping and monocropping as weed control

Treatment Total Average number/plot Density (individual/m?)

Grasses Sedges Broadleaves Grasses Sedges Broadleaves
Intercrop 9 0.5 0 2.09 0 16.67
Sunflower 24 0.5 0.5 2.09 2.09 45.80
Tomato 19 1 0.5 4.17 2.09 33.35

The canopy architecture in the intercropping system determines
the distribution of sunlight, as noted by Gao et al. (2010). The
broad leaf type of sunflower plants grows vertically with various
lamina and petiole tilt angles in the upper and lower canopy
layers. Leaves in the upper canopy tend to lean upwards, while
those in the lower canopy lean downwards, resulting in decreased
light interception efficiency in the lower canopy layers
(Hernandez, 2010). The obstruction of sunlight by the leaf canopy
of sunflowers in intercropping plots is believed to hinder the
interception of solar radiation reaching the soil surface, thereby
inhibiting weed growth.

Weeds with vegetative reproduction are generally easier to
control during soil tillage compared to weeds that produce seeds.
This difference arises because the vegetative reproductive organs
of weeds typically have lower tolerance to environmental
changes, while seeds possess high dispersal ability and resistance
to environmental fluctuations (Sastroutomo, 1990). As a result,
the prevalence of broad-leaved weeds is believed to be primarily
due to weed seeds being transported during land processing.

Based on the mechanism of weed photosynthesis, sedges and
grasses are typically classified as C4 class weeds, which have a
high requirement for light during the photosynthesis process,
while broadleaf weeds are categorized as C3 class weeds, which

have a lower need for light during photosynthesis (Marsal et al.,
2015). The high density of broadleaf weeds observed in each
treatment plot (Table 2) is likely due to the shade provided by
each plant in both the intercropping and monocropping systems.
Additionally, the research area being a plantation surrounded by
large trees contributes to the dominance of broadleaf weeds,
with limited growth of sedges and grasses. According to Marsal et
al. (2015) suboptimal light intensity hampers the growth of sedges
and grasses, while broadleaf weeds can thrive and survive better
under such conditions.

The sunflower and tomato intercropping system effectively
reduces the growth of broadleaf weeds compared to the
monocropping system. This is attributed to the more optimal
canopy architecture formed by the intercropping system, which
minimizes light interception on the ground surface. Consequently,
not only is the growth of sedges and grasses inhibited, but the
growth of broadleaf weeds is also significantly suppressed. The
canopy created by the intercropping system exhibits strong
chlorophyll absorption capacity, thereby reducing photon flux
across all photosynthetically active wavelengths in the 400-700
nm (PAR) spectrum, which in turn suppresses physiological
processes and weed development (Bilalis, 2010).

Additional parameters were also observed on both tomato and
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sunflower plants to assess the impact of intercropping and
monocropping systems on pest and disease management.
Findings revealed a higher incidence of pest and disease
infestations in the monocropping system as opposed to the
intercropping system (Table 3). Specifically, pests such as

Liriomyza huidobrensis, responsible for leaf miner disease,
Bemisia tabaci, causing leaf curl disease and the caterpillar pest
Spodoptera litura were identified as common threats to tomato.

Table 3. Pest and diseases attack

% total infection of all plants

Treatment Plant
Leaf miner Bemisia tabaci Spodoptera litura Homeosoma electellum
. Tomato 50 25 0 0

Intercropping

Sunflower 16.67 0 0 0

Tomato 50 25 0 0
Monocropping

Sunflower 0 0 16.67 8.33

Among all the tomato plants observed, the incidence of
infestation by the leaf miner disease-causing pest Liriomyza
huidobrensis, was higher in monocropping tomato plants
compared to those in intercropping plots. Conversely, infestation
by the pest Bemisia tabaci showed similar percentages in both
monocropping and intercropping tomato plants. Caterpillar pests
Spodoptera litura and Homeosoma electellum were exclusively
detected on sunflowers. In monocropping sunflower plots, the
incidence of S. litura and H. electellum caterpillar infestations was
greater than in intercropping sunflower plots. This phenomenon
is believed to result from the partitioning of populations between
the main crop and companion plants. Population partitioning
reduces the intensity of pest attacks on the main crop through the
transmission of visual and chemical signals that alter insect
behavior (Gonzédlez-Chang et al.,, 2019). Consequently, it is
believed that the concurrent cultivation of tomato and sunflower
plants in an intercropping system may reduce the incidence of
caterpillar plants. Additionally,
beneficial insects like various bee species acting as pollinators and

infestations on sunflower
natural pest predators such as coleoptera, dragonflies, and
spiders were frequently observed on sunflowers in both
intercropping and monocropping systems.

Furthermore, intercropping settings create physical barriers that
impede pest movement between plants and offer floral resources

that attract natural enemies of pests (Smith and McSorley, 2000).
Similar findings were reported by Degri and Samaila (2014) in the
context of tomato-corn intercropping systems. The plant
partitions established by the tomato-corn intercropping system
were effective in reducing the population of the Helicoverpa
armigera borer pest on tomatoes compared to monocropping
systems. This is attributed to changes in the
microclimate of the plant canopy, increased plant diversity, and

greater spacing between similar plants. Consequently, the

reduction

partitions created by corn plants effectively limit the spread of
borer pests on tomato plants. In this study, sunflower plants serve
a similar role.

Plant growth parameters

Based on the independent samples T test analysis, plant height
(0.681>0.01), fresh weight (0.083>0.01) and total chlorophyll
(0.104>0.01) of tomato plant in the intercropping and
monocropping systems were not significantly different. The
average of all tomato plant growth parameters in the
intercropping system is higher compared to monocropping (Table
4).

Table 4. Growth parameter of tomato plant

Growth Parameter
Treatment
Plant height (cm)

Fresh weight (g)

Chlorophyll (mg/mL)

Intercropping 143.33 +23.392

Monocropping 139.17 + 18.152

168.67+ 25.362

123.08 + 20.832

1.71 £1.76°

0.69+0.242

Parameters of plant height and total chlorophyll of sunflower
plants in the intercropping system are higher than those in the
monocropping system, while the fresh weight of plants in the
intercropping system is lower because sunflower plants in the

intercropping system have thin stems and leaves that are much
smaller than sunflower in monocropping (Table 5).
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Table 5. Growth parameter of sunflower plant

Growth parameter
Treatment

Plant height (cm)

Fresh weight (g)

Chlorophyll (mg/L)

Intercropping 138.17 +19.272

Monocropping 132.5+9.982

150.5+ 19.38°

2.43 £2.32

155.17+29.132 1.15+0.82

The sunflower-tomato intercropping system results in tomato
plants exhibiting higher average values for vegetative growth
parameters such as fresh weight, plant height, and total
chlorophyll compared to the monocropping system. This outcome
is attributed to the interspecific competition effects observed in
the intercropping system. The observed root structures of tomato
plants reveal numerous and long lateral roots with a branched
and fibrous tap root system, whereas sunflowers possess fewer
lateral roots with a single large tap root. Consequently, it is
presumed that tomato plants have a higher nutrient absorption
capacity compared to sunflowers, thereby facilitating better
growth of the tomato plants.

The vegetative growth parameters of tomato plants, including
fresh weight, plant height, and total chlorophyll (Table 5),
demonstrated higher average values in the intercropping system
compared to the monocropping system. This phenomenon is
believed to be influenced by the interspecific competition
occurring within the intercropping system. Similar results were
reported by Cunha-Chiamolera (2017) in an intercropping system
of tomatoes with lettuce. Tomatoes exhibit better tolerance and
nutrient absorption than lettuce, thus enhancing nutrient
absorption efficiency and preventing reduced lettuce yields.

In the monocropping system, tomato leaves experienced a
faster period of senescence and drying compared to the
intercropping system by week 12. This is attributed to high
exposure to direct sunlight, which accelerates leaf senescence,
resulting in lower total chlorophyll levels in both tomato and
sunflower plants. Consequently, the total chlorophyll in the
intercropping system is higher than in the monocropping system.
El-Mehy and Mohamed (2018) reported similar findings in a
tomato-maize intercropping system, where reduced leaf aging of
tomatoes and increased ear leaf area of maize were observed due
to optimal shading on the soil surface. Additionally, shading by
rows of maize plants can stimulate internode growth and plant
height, thereby increasing the wet weight and dry weight of the
plants.

Plant Productivity Parameters

According to the T-test results, the number of tomato fruits,
diameter, and fruit weight did not exhibit a significant difference
between the two systems (Table 6). However, tomatoes in the
monocropping system produced more fruit with larger sizes and
weights.

Table 6. Tomato plant productivity

Fruit parameter

Treatment Number/plant Diameter (cm) Weight (g) Cracked (%)
Intercropping 5.67 £3.562 3.45 £ 0.692 24.91 £ 13.10° 2.9
Monocropping 7.4+5.92 3.81+0.552 24.91 £ 13.10° 12

Additionally, based on morphological observations, tomatoes in
the monocropping system tend to have an oval shape, whereas
those in the intercropping system tend to have a rounded shape
(Figure 2).
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Figure 2. Harvested tomatoes (a) and (b) monocropping (c) and (d) intercropping.

Based on the Mann-Whitney test results, there was no
significant difference between the number of flowers and the
diameter of sunflowers per individual plant in the two cropping

systems. However, the yield per individual in the intercropping
system was significantly different from the monocropping system
(Table 7).

Table 7. Sunflower plant productivity

Flower parameter

Treatment

Number /plant diameter (cm) Weight (g) /plant
Intercropping 1+02 12.99 + 1.60? 12.17+1.172
Monocropping 1.17+0.582 13.52 + 1.442 21.00 + 14,570

The sunflower and tomato intercropping system effectively
creates an optimal canopy, inhibiting excessive sunlight and
reducing the occurrence of tomato fruit cracking. According to
Jones (2002), tomato fruit cracking is caused by high differences
in day and night temperatures and rapid water absorption during
fruit ripening, which reduces the elasticity of the fruit exocarp
(outer skin).

Evaluation of Competitive Intensity Result

The relationship between the yield obtained and intraspecific
competition between sunflower plants and tomato plants in the
intercropping system was evaluated by assessing the Land
Equivalent Ratio (LER)
competition ratios (Table 8).

ratio, aggressiveness values and

Table 8. Yield evaluation
Plant Treatment Yields (g/2400 cm?)  Individual LER LER Aggressiveness Competition Ratio
Intercropping 29
Sunflower
Monocropping 119 0.24 -0.165 0.596
0.650
Intercropping 385
Tomato
Monocropping 942 0.41 0.165 1.677
The resulting LER ratio value of 0.650 in sunflower-tomato sunflowers. This conclusion is based on the negative

that the
intercropping system reaches 65% of the yield from a single crop.

intercropping shows plant productivity using
A LER ratio of less than one means that productivity with a
monocropping system is higher per unit area. The aggressiveness
value and competition ratio in sunflower and tomato
intercropping explain why this happens. Narwal and Malik (1985)
also found similar results in various intercropping systems
involving sunflowers and other plants, unless when the two plants
were planted at different ages. Kestha & EI-Baz (2004) stated that
planting sunflowers when tomato plants have entered the
flowering and fruiting phase can increase the LER value>1, while
planting sunflowers when transplanting tomato plants results LER
value <1.

The observations of intercropped sunflowers and tomatoes

indicate that tomatoes dominate when associated with

aggressiveness value obtained by sunflower plants (A = -0.165)
and the positive aggressiveness value obtained by tomato plants
(A =0.165). Additionally, the plant aggressiveness is reinforced by
the competition ratio results, which serve as indicators for
evaluating the plant's ability to acquire resources both vertically
and horizontally. The competition ratio for tomato yields (1.677)
exceeds the ratio for sunflower (0.596). Therefore, both the
competition ratio and aggressiveness provide strong evidence of
interspecific competition in the sunflower-tomato intercropping
system, with tomato plants emerging as the strongest
competitors in resource acquisition. Based on observations,
tomato plants have many and long lateral roots with a branched
and fibrous tap root structure (Jones 2007) while sunflower plants
have fewer lateral roots with a single, large tap root structure
(Gregory 2006). Thus, the absorption of nutrients in tomato plants
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is thought to be higher than in sunflower plants.

Based on the results of a comprehensive evaluation, the
recommendation that can be given is to pay attention to the
difference in age of the two plants in the intercropping system
and use inappropriate planting distances so as to minimize
overlapping root systems but still accommodate the ability of
sunflower plants as living mulch to inhibit weed growth.

4. Conclusion
This study demonstrates that sunflowers can serve as effective

companion plants for tomatoes in intercropping systems.
However, simultaneous planting of both species increases
interspecific competition, resulting in overall productivity
reaching only 65% of monocropped yields. Tomatoes exhibited a
higher aggressiveness index and competition ratio, indicating
dominance in resource acquisition. Nevertheless, sunflower
plants function efficiently as living mulch, substantially reducing
weed growth. Future studies should investigate optimized
planting intervals and spatial arrangements to minimize
competition and maximize intercropping benefits.
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Chemical and Sensory Properties of Spontaneous Fermented Red Rice Vinegar with

Fermentation Time Variation
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Abstract: Red rice is a variety of Indonesian rice that contains anthocyanins, which are antioxidant compounds that can neutralize free
radicals. Red rice is used as another valuable food source, specifically for vinegar. The fermentation duration determines the quality of
vinegar in terms of chemical and sensory characteristics. The purpose of this study was to examine the effect of fermentation time on the
chemical properties and sensory attributes of red rice vinegar made by spontaneous fermentation. Red rice vinegar was produced through
a spontaneous fermentation process at 30- and 60-day fermentation periods. The pH, alcohol content, acetic acid, antioxidant activity,
and total phenolic content were measured. Red rice vinegar produced after 30 and 60 days of fermentation had an acetic acid
concentration of 73.02+4.91 mg GAE/G. The alcohol content differed significantly between 30 and 60 day fermentation treatments
(p<0.05). The fermentation time has no effect on the sensory qualities (aroma, taste, and colour) of the product. The yeast aroma, slightly
sweet, bitter flavour, and brownish yellow colour were the best treatments based on sensory evaluation.

Keywords: Chemical, fermentation time, red rice, sensory properties, vinegar, spontaneous fermentation.

1. Introduction
Red rice is a variety of rice cultivated in Indonesia. The red colour

of this rice originates from aleurone, which contains genes that
produce anthocyanin, a pigment that imparts a red colour while
also functioning as an antioxidant. Quality red rice is characterised
by the grain's surface being coated in a dark red colour and
remaining intact (Deng et al., 2013). Rice's colour is associated
with antioxidant activity, particularly anthocyanins (Sompong et
al., 2011). Red rice contains antioxidants, as indicated by an IC50
value ranging from 85.69 to 290.54 ppm (Pangerang, 2022). Red
rice contains various bioactive compounds such as polyphenols
and vitamins, including vitamin E, which serves as an antioxidant.
This component is what makes red rice popular as a functional
food. Red rice exhibits the highest antioxidant activity (95.05%)
compared with white rice and brown rice (Azis et al., 2015).
Currently, red rice is being investigated as a functional meal. One
study on rice crackers utilized red rice (Oryza nivara) flour and
Moringa oleifera leaf powder as a functional food (Malibun Fais
Bintang, Husain Syam, 2019), and also milk with the main
ingredient of red rice, revealing the potential of red rice milk as a
functional beverage with antioxidants (Wijaya & Romulo, 2021).
One example of a processed rice product that can become a
functional food is vinegar.

Vinegar is an organic sour solution derived from sugar-rich
substances like apples, grapes, rice, and black sticky rice that
undergo fermentation (Kim et al., 2021). Vinegar is commonly
employed as a spice, flavouring, preservative, and product for
daily usage (Hidalgo et al., 2010). Vinegar is a liquid fermented
product containing at least 4% acetic acid. The process of
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producing vinegar is commonly referred to as "vinegaring." There
are many types of raw materials that may be used to produce
vinegar, including fruits (e.g., apples, grapes, dates, figs, plums,
cherries, persimmons, etc.), grains (e.g., rice, sorghum, barley,
malt, wheat, corn, rye), cane sugar, honey, coconut, roots and
tubers (e.g., sweet potato), and other materials containing
fermentable or hydrolyzable carbohydrates (Kandylis, 2019).
Vinegar fermentation consists of two stages: anaerobic
fermentation, where sugar is converted into ethanol, and aerobic
fermentation, where ethanol is transformed into acetic acid.
Vinegar fermentation is typically carried out by combining the
yeast Saccharomyces cerevisiae and Acetobacter acetii (Yuan et
al., 2017).

Vinegar fermentation can occur spontaneously and be initiated
by back-slopping or starters in both small- and large-scale
operations (Ghosh et al.,, 2012). Spontaneous fermentation
occurs naturally, without the use of any starter, using
microorganisms that grow inherently in the medium and
conditioning the medium such that specific microbes responsible
for fermentation can develop adequately (Antoniewicz et al.,
2021). The benefits of spontaneous fermentation include high
economic value and easy, affordable processing (Jayus et al.,
2020). The duration of the fermentation process influences the
physical and chemical characteristics of kombucha made from
Sargassum sp, affecting its overall quality in terms of both
chemical and sensory properties (Pratiwi & Aryawati, 2012). The
characteristics and quality of vinegar products are affected by
various raw materials, microbial environments, and fermentation
techniques. These factors influence the dynamic changes in
chemical properties (e.g., pH, total acid, amino acid nitrogen,
reducing sugar, acetic acid, and free amino acids) and sensory
properties (including aroma and taste) of vinegar (Gong et al.,,
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2021). Rice vinegar products have not become as popular as
expected. There are currently no red rice vinegar products in
Indonesia, and the objective of this study is to examine the effect
of fermentation time on the chemical properties and sensory
aspects of red produced by

fermentation.

rice vinegar spontaneous

2. Materials and Methods

Materials and Reagents

N790 brand red rice, Aek Sibundong variety, was collected from
Malang Regency, along with mineral water, distilled water,
phenolphthalein indicator, 0.1 N NaOH, DPPH (Diphenyl
Picrylhydrazyl), ascorbic acid, methanol,
Ciocalteu, and Na,COs.

gallic acid, Folin

Rice Preparation

Milled red rice was produced by placing 200 grams of washed
red rice and 840 ml of water in a glass jar, soaking at room
Next,
separated, and the rice was ground (semi-coarse) using a blender.
Cooked red rice was prepared by washing 400 grams of red rice

temperature (27°C-28°C) overnight. the water was

three times in running water, then placing it in a pan and adding
1.2 L of water. The red rice was cooked at 80°C for 15 min until
the water was reduced.

Vinegar Fermentation Process

Ground rice and cooked red rice were mixed in a sterile glass jar,
with 560 ml of water added and stirred well. The jar was covered
with a cloth and fermented for 30 and 60 days at room
temperature. The mixture was stirred once a week during the
fermentation process. The vinegar was strained using cheesecloth
once fermentation was complete. The filtered liquid was
fermented again at room temperature for 30 days. Next, the
vinegar was filtered with several layers of filter cloth.

pH and Alcohol Analysis

pH measurements were carried out with a pH meter (HP 9000)
(Laily et al., 2019). A mixture of 25 ml of red rice vinegar and 100
ml of distilled water was placed into a distillation flask. The
mixture was distilled until the distillate yield was exactly 25 ml.
The pycnometer, whose weight was known, was filled with the
distillate mixture and weighed at a specific temperature, such as
28°C. The weight of the distillate was calculated from the weight
of the pycnometer containing the sample minus the weight of the
empty pycnometer. Alcohol content was determined using a
conversion table for the specific gravity of alcohol and its
temperature (Ernawangtyas & Yudhayanti, 2017).

Acetic Acid Analysis

Acetic acid level analysis followed the method of Laily et al.
(2019). Ten milliliters of red rice vinegar were diluted to 100 ml
and placed in an Erlenmeyer flask. A 25 ml sample was taken and
placed in an Erlenmeyer flask, followed by the addition of 2—-3
drops of phenolphthalein indicator. The sample was titrated with
0.1 N NaOH until the color changed to pink. The acetic acid
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content was calculated by multiplying the percentage of total acid
by the acetic acid molecular weight 60, and the formula for
calculating acetic acid is:

(titrated volume NaOH (mL) x N NaOH x Greek acetic acid)

% Acetic acid =
% Acetic aci volume of sample (mL)

Total Phenolic Content Analysis

Analysis of total phenolic content using a gallic acid standard
curve and Folin Ciocalteu reagent. The standard solution of gallic
acid (concentrations 0, 10, 20, 30, 40, 50, and 60 ppm) was
measured in 200 ul of each concentration and placed into a test
tube, then 1.5 ml of Folin Ciocalteu reagent (10x dilution) was
added and mixed with a vortex until homogeneous. A mixture of
gallic acid and Folin Ciocalteu reagent followed by 1.5 ml Na,CO3
(prepared from 75 g/L) was added and stirred until homogeneous.
The mixed solution was incubated for 180 minutes at room
temperature under dark conditions. The absorbance value was
measured with a spectrophotometer at A= 765 nm. A linear
regression equation curve was generated using the absorbance
value of the standard gallic acid solution. Testing of the total
phenol content of samples was conducted in the same manner as
the standard curve, namely by replacing 200 ul of gallic acid
solution with the sample extract (Zhou et al., 2014).

Antioxidant Analysis

Antioxidant activity testing was conducted with DPPH, and the
antioxidant activity value was expressed as IC50 according to the
method used in prior work (Rubiati, 2021). Ascorbic acid was used
as a control at concentrations of 6 ppm, 8 ppm, 10 ppm, and 12
ppm. Red rice vinegar samples were prepared at concentrations
of 5, 10, 15, and 20 ppm. The sample was treated with 0.2 ml of a
0.4 mM DPPH solution and methanol. The solution was incubated
in the dark for
spectrophotometer at 517 nm. DPPH standards were prepared at
concentrations of 5, 10, 15, 20, and 25 ppm. Vinegar samples

60 minutes before analysis with a

were prepared at 5, 10, 15, and 20 ppm concentrations, followed
by the addition of 0.2 ml of 0.4 mM DPPH and methanol.

Sensory Analysis

Analysis of the sensory properties of vinegar used a hedonic
quality test to determine the panelists' impressions of the sensory
characteristics of red rice vinegar, including aroma, taste, and
color. The sensory test involved 25 panelists aged between 19 and
21 years, all of whom were non-smokers and free from any
impairments affecting their five senses. Panelists received an
initial briefing on perceptual alignment before testing and
underwent primary taste recognition. Panelists were given a
closed questionnaire containing answer scores ranging from 1 to
5 for each sensory attribute (Eshak, 2016). The research passed
with number

ethical clearance certificate

0030/EC/KEPK/UNUSA/2023.

Statistic Analysis
Data were analyzed using one-way analysis of Variance (ANOVA)
for chemical tests (p <0.05) between fermentation times. Sensory
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test data were analyzed using the Kruskal-Wallis test in SPSS 27.0.
Data for all measurements were obtained in triplicate and
expressed as mean + SD.

3. Result and Discussion

Figure 1 shows the properties of the red rice vinegar created in
this investigation. Different fermentation times result in red rice
vinegars with similar colour characteristics, particularly yellow.

30 days

60 days
Figure 1. Red rice vinegar with different spontaneous

fermentation times

pH and Alcohol

After 30 days of fermentation, the pH is 3.7 + 0.11, whereas
after 60 days of fermentation, it is 3.2 £ 0.22. There was a drop in
pH, with the 30-day fermentation treatment having a higher pH
than the 60-day fermentation treatment. The pH of red rice
vinegar with spontaneous fermentation was significantly
influenced by fermentation time (p<0.05) (Table 1). As the
fermentation time increases, the acid content of the product rises
due to bacteria breaking down alcohol, making the fermentation
conditions acidic and causing the pH to decline. The pH decrease
is caused by H+ ions released from acetic acid produced during
the acetate fermentation process. Therefore, the more acetic acid
formed, the lower the pH (Zubaidah & Veronica, 2014). The
degree of acidity, or pH, is a vital component in fermentation
because it affects microbe proliferation and product synthesis
(Fadilah et al., 2018). Vinegar's pH level defines its quality based
on the amount or strength of acid in the vinegar (Suwardiyono et
al., 2014). Previous research by Rahayu et al. (2017) on cocoa
vinegar showed that changing pH has the opposite effect on
acetic acid levels. Cocoa vinegar with the greatest pH value of 3.8
produces acetic acid levels of 1.55%, while the lowest pH value of
3.3 yields the highest acetic acid levels of 2.64%.

As shown in Table 1, the alcohol content of red rice vinegar had
not yet developed by the 30th day of fermentation. The result was
0. Meanwhile, on day 60 of fermentation, the alcohol
concentration was 1.48%. The alcohol content of red rice vinegar
differed significantly between 30 and 60 days of treatment
(p<0.05). The fermentation period influences the chemical
parameters (alcohol content) of red rice vinegar made through
spontaneous fermentation (Table 1). The alcohol percentage of
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red rice vinegar after a 30-day fermenting period is low. This is
due to the low sugar content of the components, which is
necessary for microbial growth as food. However, the alcohol
level of red rice vinegar in the 60-day treatment was higher
because bacterial activity to convert sugar into alcohol had
already developed and was more effective. This is because acetic
acid fermentation is affected by alcoholic fermentation;
therefore, if the alcohol fermentation process has not yet
produced alcohol, the amount of acetic acid formed will be
reduced. Low alcohol content is closely related to the sugar
content that is transformed through alcoholic fermentation
(Pohan et al., 2019). The rise in alcohol content corresponds to
increased fermentation time induced by yeast growth and
metabolism to generate alcohol. In the fermentation process,
yeast aids the conversion of pyruvic acid from the glycolysis
process (the conversion of lactose into glucose) into alcohol
(Lestari et al., 2018).

Acetic Acid

Table 1 showed that after 30 days of fermentation, red rice
vinegar had an acetic acid level of 1.08+0.04%. After 60 days, the
acetic acid content increased to 1.22+0.05%, and acetic acid levels
vary considerably with fermentation time (p<0.05). Acetic acid
levels were determined using the titration method. The length of
fermentation influences the acetic acid concentration in red rice
vinegar made through spontaneous fermentation. This can occur
because a shorter fermentation time results in less acetic acid
since the substrate is not fully decomposed. Vinegar fermented
for 60 days contains more acetic acid, probably due to the higher
alcohol content produced compared to vinegar fermented for 30
days. Acetic acid is formed during the fermentation process of red
rice vinegar, which converts alcohol to acetic acid. The longer the
fermentation, the greater the amount of acetic acid produced.
Acetobacter bacteria performed more efficiently in converting
alcohol into acid, resulting in an increase in total acid (Arnata,
2015).

Total Phenolic Content

Red rice vinegar, after 30 days of fermentation, had a phenolic
acid concentration of 73.02+4.91 mg GAE/G. In the 60-day
fermentation treatment, the phenolic compound content was
83.02+14.14 mg GAE/G. The results demonstrate that the
quantities of phenolic compounds in red rice vinegar increased
from 30 to 60 days of fermentation. The total phenol content
increased with increasing fermentation time. Table 1 shows that
fermentation time has a significant effect (p < 0.05) on the total
phenolic content of red rice vinegar. There are numerous types of
microorganisms from the bacteria and yeast groups that can
metabolize to create flavonoid compounds via enzymatic
processes, influencing the overall amount of phenol. The length
of fermentation might affect the amount of phenolic compounds
produced since microbial activity can continue over time,
producing more phenolic compounds. Phenolic compounds are
chemical components that influence the antioxidant activity of a
substance. The majority of antioxidants in components produced
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from plants are phenolic chemicals (Hardoko et al., 2019).
Fermentation time significantly affects the chemical properties
and bioactive compounds in fruit vinegars (Hammouda et al.,
2023). Research indicates that fermentation time and storage
conditions significantly influence the antioxidant activity and total
phenolic content of apple vinegars, peaking at week 3 (Budak,
2021).

The fermentation process increases the amount of phenolic
compounds because there is a decarboxylation process of
such as
(FA))
hydroxycinnamic acid (p-coumaric acid (PCA)), to form phenolic

cinnamic  acid trans-4-hydroxy-

and

components,

methoxycinnamic acid (ferulic acid trans-4-
compounds, namely 4-vinylguaiacol (4-VG) and 4-vinylphenol (4-
VP), (Coelho et al, 2017).

decarboxylates cinnamic acid into vinyl phenol by the activity of

by microorganisms Yeast
the enzyme phenol reductase. Phenolic chemicals are closely
associated with antioxidant activity. The capacity of phenolic
compounds to release protons, form chelates, and produce
radical dismutase contributes to their antioxidant properties.
Phenolic substances donate hydrogen atoms from the hydroxyl
groups to radical molecules, resulting in stable phenoxy radical
compounds. Therefore, the assessment of total phenolic
compounds is highly significant in determining the antioxidant
activity of plant extracts (Aksoy et al., 2013).

Table 1. Chemical analysis red rice vinegar with different
spontaneous fermentation time

Fermentation Time (day)

Analysis 30 0 p-value
pH 3,710,111 3,210,22 0,006*
Acetic acid (%) 1,08+0,04 1,22+0,05 0,001*
Alcohol (%) 0,00+0,00 1,48+0,35 0,013*
Total Phenolic  73,02+4,91 83,021+14,14 0,009*
content (mg

GAE/g)

Antioxidant 87,78+1,81 47,63+1,55 0,021*

activity (1C50)
Data are displayed as average and standard deviation (n=3), and

analyzed using One Way Anova (p<0.05)

Antioxidant Activity

Red rice vinegar fermented for 30 days has an antioxidant
activity value (IC50) of 87.78+1.81, while vinegar fermented for
60 days has an IC50 value of 47.63+1.55. Red rice vinegar
fermented for 60 days has greater antioxidant activity, with an
IC50 value of less than 50. Table 1 shows that fermentation time
has a significant effect (p < 0.05) on antioxidant activity. The time
of fermentation influences the chemical properties, namely the
antioxidant activity of red rice vinegar with spontaneous
fermentation. The increased antioxidant activity results from
vinegar culture bacteria metabolism during the fermentation
process. As fermentation time increases, microorganisms will
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remain active and perform biotransformation activities,

converting raw material components into molecules with
improved antioxidant potential. This process can increase the
antioxidant content of fermented products. The total phenolic
content and antioxidant activity may increase with fermentation
time (Hapsari et al., 2021). Fermentation can enhance antioxidant
activity in plant-based products (Yan et al., 2019). The increase in
antioxidant activity was mediated by free phenols produced
during the fermentation process. Higher levels of total phenolics
and flavonoids correspond to stronger antioxidant and
antibacterial effects (Sartini et al., 2019). Vinegar contains various
amounts of antioxidants, one of which depends on the raw
materials used to produce it (Laily et al., 2019). Vinegar's phenolic
content also affects its antioxidant activity (Taweekasemsombut
et al., 2021). Researchers have identified a connection between
total phenolic content and antioxidant activity. This phenolic
component is found in rice grains that are fermented into rice

vinegar (Wijaya & Romulo, 2021).

Sensory Analysis

Aroma

The aroma of red rice vinegar after 30 and 60 days of
fermentation was more likely to be yeasty compared to the
panellists' judgement (Figure 3A), and there was no difference
since the majority of the panellists agreed that red rice vinegar
had a yeast aroma. The statistical test results revealed no
significant difference (Table 2) in the scent of red rice vinegar (p >
0.05). Additionally, spontaneous fermentation involves a mixture
of microorganisms that could reach a balanced state early on,
preventing further noticeable changes in scent. Yeast typically
contains bacteria that assist the fermentation process and serve
as a culture medium for these microorganisms. Acetobacteris one
of the microorganisms found in yeast, along with other types of
bacteria and mould. Acetobacter is a bacterium that produces
acetic acid and can convert ethanol into vinegar. This study
supports previous research on Wuluh starfruit vinegar, indicating
that the yeast scent is associated with the presence of ethanol
and CO; in the product. As is known, in fermentation, yeast works
to convert sugar and produce metabolites in the form of alcohol
and carbon dioxide (Laily et al., 2019).

Table 2. Statistic analysis of sensory red rice vinegar with
different spontaneous fermentation time

Fermentation Aroma Taste Color
Time (days)

30 3,04+1,36 3,28+1,02 2,52+1,32
60 2,76+1,50 3,64+1,38 2,56+1,22
p-value 0,480 0,215 0,928

Data are displayed as average and standard deviation (n=3), and
analyzed using Kruskal Wallis (p<0,05)
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Figure 3. Sensory evaluation of aroma (A), taste (B), and color (C) in red rice vinegar with different spontaneous fermentation time.

Taste

Red rice vinegar treated for 30 days has a slightly bitter, sour
flavor (Figure 3B). According to Table 1, there is no significant
difference in the flavor of red rice vinegar after 30 or 60 days of
fermentation (p>0.05). The duration of fermentation has no
effect on the sensory qualities (taste) of spontaneously produced
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red rice vinegar. The bitter taste is likely due to the pH being
higher than during the 60-day fermentation. Bitter taste in
vinegar is typically caused by acetic acid, which forms during
alcoholic fermentation by Acetobacter bacteria. Acetobacter
bacteria then convert alcohol to acetic acid, producing vinegar.
The 60-day treatment had a slightly sweet sour flavor; this sweet
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taste was associated with the phenolic content, and it was known
that the phenolic content of red rice vinegar after 60 days was
higher than after 30 days of fermentation. The sour taste of red
rice vinegar after 30 or 60 days of treatment is most likely due to
its high acetic acid content. Additionally, the alcohol content may
influence the vinegar's sour taste. This is because alcohol
concentration affects the progression of acetic acid fermentation.
Meanwhile, the taste of red rice vinegar is unaffected by its
antioxidant activity or phenolic compounds. Phenolic compounds
in vinegar, such as phenolic and polyphenolic substances, can
contribute flavor and aroma, but their relationship to bitterness
is usually indirect. Phenolics often impart a sour, sweet, or
astringent taste but do not produce substantial bitterness (Praja,
2015). The fermentation time can affect the sugar content in
vinegar because microorganisms convert sugar in the raw
material into acetic acid during alcoholic fermentation.

Color

According to the results of the colour sensory test in Figure 2C,
the majority of panellists agreed that the red rice vinegar
produced after 30 days of vinegar treatment was yellow, whereas
the red rice vinegar produced after 60 days of vinegar treatment
tended to become brownish yellow. The colour shift is induced by
changes in fermentation time, which result from the microbial
consortium's ability to break down colour. Table 1 demonstrates
that there is no significant difference in the colour of red rice
vinegar between 30 and 60 days of fermentation (p > 0.05). The
colour of red rice vinegar produced through spontaneous
fermentation is unaffected by variations in fermentation time.
The findings of this study are consistent with previous research
that found honey pineapple vinegar to be brownish yellow. The
brownish colour results from the browning process. The brownish
colour results from the Maillard process, which occurs when
amino acids in sugar condensate and rearrange themselves. A
browning process in vinegar can occur during fermentation,
especially if fermentation is conducted over a long period of time
(Mizrotun, 2020). Colour is the primary characteristic of a food or
beverage product that can influence the panellists' subsequent
evaluation. Colour is also a highly essential part of visual
assessment and can affect the analysis of other sensory
components (Lemmetti et al., 2014).

4. Conclusion

With spontaneous fermentation, the chemical parameters of
red rice vinegar (acetic acid content, pH, alcohol content,
antioxidant activity, and phenolic compounds) are influenced by
fermentation time. However, fermentation time has no effect on
the sensory qualities (aroma, taste, and colour) of red rice vinegar
with spontaneous fermentation. Red rice vinegar fermented for
60 days contained higher amounts of acetic acid, phenolic
compounds, and antioxidant activity than vinegar fermented for
30 days. A prolonged fermentation treatment of 60 days
produced red rice vinegar with a yeast scent, slightly sweet bitter
flavour, and brownish yellow colour, which was the best
treatment based on sensory qualities. Future study should focus

15

on the utilisation of microorganisms in fermentation to enhance
the functional qualities of red rice vinegar.
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Enhancing Multispectral Land Use and Land Cover Classification with Transfer Learning

and 3D ResNet
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Abstract: Recent advances in land use and land cover (LULC) classification with remote sensing imagery are driven by state-of-the-art
models such as Convolutional Neural Networks (CNNs). Advanced CNN architecture like ResNet can enhance overall classification
performance by incorporating residual skip connections. The integration of 3D feature extraction and ResNet architecture suggests a
potential improvement in classification tasks. This paper explores the potential of the 3D ResNet model for LULC classification, comparing
it with baseline approaches (Support Vector Machine, Random Forest, XGBoost, 1D CNN, 3D CNN) and state-of-the-art 3D models (3D
VGG, 3D DenseNet) using WorldView-2 satellite imagery. The 3D ResNet-18 model, fine-tuned via transfer learning on multispectral
images, demonstrates significant improvements in classification performance over machine learning models. It achieves the highest
Overall Accuracy (OA) of 99.66% and Kappa Accuracy (KA) of 99.39% on the primary dataset. Despite having slightly lower performance
on the external validation dataset (OA:82.89%, KA:80.05%) than 3D DenseNet, it is highly efficient with processing times of 490.2 minutes
and 3.6 minutes for both datasets respectively. McNemar’s test results show 3D ResNet and 3D DenseNet have significant differences in
classification performance (p<0.05) against other models consistently for both datasets.

Keywords: Convolutional neural network, deep learning, LULC, multispectral, transfer learning.

1. Introduction
Land use and land cover (LULC) classification serves an

important function as it can be used to identify different types of
natural and economic operations which are later used to facilitate
better decision-making (Wang et al., 2022). LULC data extracted
from remote sensing images are commonly used nowadays due
to increasing number of multispectral and hyperspectral satellites
along with publicly available dataset. They can be very useful for
urban planning and agricultural management (Shaharum et al.,
2020). The distinct spectral characteristics of various land cover
types across multiple spectral bands are effectively captured by
multispectral satellite data or imagery, making it a common
choice for LULC classification, which enables more precise
classification.

Conventional machine learning (ML) models like Support Vector
Machine (SVM), Random Forest (RF) and Extreme Gradient Boost
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(XGBoost) have been employed extensively throughout the years
since they have lower computational complexity and higher
interpretability (Sheykhmousa et al., 2020). These models can
produce reliable results without much hyperparameter tuning.
Contradicting results were reported by several research when
comparing these models for LULC classification. Previous studies
showed that SVM was able to get a higher accuracy than RF and
XGBoost by using Sentinel-2 (Abdi, 2020) satellite imagery.
However, findings from another research indicated that RF
outperformed SVM for large area mapping using a WorldView-2
image (Jombo et al., 2020). Another research has also shown that
XGBoost achieved higher accuracy over SVM and RF for both
aerial image and WorldView-2 image (Jozdani et al., 2019).

Deep learning (DL) approaches, particularly Convolutional
Neural Networks (CNN), have gained attention for their ability to
capture complex patterns in remote sensing images. Deeper CNN
networks can learn more intricate details, but this does not always
lead to higher accuracy due to the vanishing gradient problem
which can hinder training convergence (Noh, 2021). Advanced
CNN architectures like Residual Network (ResNet) are later
introduced to address this limitation of regular CNN models (He
et al., 2015). ResNet has shown exceptional performance in LULC
classification using multispectral images (Tong et al., 2020).
Complex architectures like ResNet are often used with transfer
learning, allowing knowledge from one task to be applied to
another. This helps improve model generalization and reduces
training time.
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Recent research has shown the effectiveness of 3D ResNet
models for various applications like medical imaging informatics
(Ebrahimi et al., 2020). By harnessing the benefits of 3D feature
extraction and residual skip connections, 3D ResNet models offer
promising results for accurate land cover classification. Hence,
various studies have employed 3D ResNet models for LULC
classification with hyperspectral images (Firat et al., 2023). To the
extent of research conducted, it is believed that there is no other
existing research on the application of 3D ResNet models for
multispectral LULC classification.

In summary, the objectives of this paper are:

e To investigate the potential application of deep
residual model, 3D ResNet-18 in LULC classification of
WorldView-2 multispectral satellite imagery. The
model performance was compared against several
baseline models including RF, SVM, XGBoost, 1D CNN,
and 3D models (3D CNN, 3D VGG and 3D DenseNet).
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e To demonstrate the benefits of transfer learning by
fine-tuning a pre-trained 3D ResNet-18 model on
multispectral satellite imagery.

e  Toemploy WorldView-2 spectral ground truth dataset
that provides additional bands that capture detailed
spectral information beyond the visible spectrum.

2. Materials and Methods
Study Area

The study was conducted on two oil palm regions (Figure 1)
situated in Jerantut, Pahang. The dataset features a broad range
of land cover types and oil palm trees at multiple growth stages,
which was suitable for testing model robustness. The image
(10790 x 10351 pixels) was obtained using WorldView-2, a
multispectral satellite imagery. Due to its spectral range of 450 to
800 nm and spatial resolution of 0.3 m post-pansharpening, the
image offers a more detailed perspective on land cover features.
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Figure 1. WorldView-2 satellite image of the oil palm plantation located in Jerantut, Pahang, Malaysia,

(a) Primary dataset; (b) External validation dataset.

Design of Study

The experiment followed the methodology in Figure 2.
Multispectral satellite images were acquired, and seven map
classes were defined for classification. A total of 3476175 samples
(primary dataset) and 24113 samples (validation dataset) were
collected through ground truthing using QGIS software. Stratified
k-fold cross-validation (SKCV) was used for data sampling. Three
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ML models (SVM, RF, XGBoost) and five DL models (1D CNN, 3D
CNN, 3D VGG, 3D DenseNet, 3D ResNet) were chosen for LULC
Model tuning
identified the best parameters for Model
performance was evaluated using Overall Accuracy (OA), Kappa

classification. training and hyperparameter

each model.

Accuracy (KA), Precision, Recall, and F1-score.
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Figure 2. Methodology flowchart.

Sampling Strategy model evaluation. Research performed by Thélke et al. (2023) has

This study used stratified random sampling and SKCV approach shown that SKCV is less sensitive to imbalanced data compared to
was applied due to the dataset imbalance in Table 1. The SKCV normal k-fold as it prevents any fold from containing only one
approach is a modified version of normal k-fold cross validation. class, resulting in a fairer model evaluation.

In the normal k-fold, it splits the dataset randomly into k equal
parts. However, the SKCV ensures the same class distribution in
every fold like the original dataset; thus, reducing bias during
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Table 1. Data distribution for primary dataset and external validation dataset.

Number of pixels

Class ID Land Cover Class Class Description Primary Validation Dataset
Dataset
1 Water bodies Natural and artificial water bodies 104052 3734
2 Built-up Man-made infrastructure 192764 3273
3 Bare soil Minimal or no vegetation 338023 3748
4 Forest Open and closed canopy forest 236787 3517
5 Grass Herbaceous plant cover 237140 3027
6 QOil palm Oil palm trees of various ages 2222685 3243
7 Other vegetations Includes other plants like pandan coconut and 144724 3571
durian trees
TOTAL 3476175 24113

Model Architectures

The introduction of ResNet architecture leads to significant
improvement in land cover classification as they can utilize skip
connections, allowing the training of much deeper models and
reducing the optimization difficulty (Tong et al.,, 2020). By
incorporating 3D convolutional filters, 3D ResNet models can be
developed to extract spectral-spatial data from remote sensing
images. The network depth of 18 layers provides a good balance
between the model complexity and computational cost, which
makes it a suitable choice.

To reduce overfitting in the 3D ResNet-18 model, we used
transfer learning with Dimension Expansion Weight Transfer

R R
v, o BN T N
s s B [ PN
ErrEmp i
S i ]
LT 5 PR
o [ierieel =Tt
o O e 0

Load pre-trained network

T R
- o N R Y,
g i memn [ [ «.rm
e i ek
I A e A
AL SRR
o [l lan TR |
] o MU

Modily classification layer and
dropout rate

Sctup model training

(DEWT) technique. DEWT is a simple yet effective method, where
pre-trained 2D weights are transferred by replicating them across
the third dimension. By fine-tuning the model with pre-trained
ImageNet weights and adding a new classification layer for the
in Figure 3, 3D ResNet-18 model
improved. The
implementation code is available on GitHub:
https://github.com/russelrk/Pre_Trained_3D_CNN. To assess its
performance, other state-of-the-art 3D models including 3D VGG-
16 (Simonyan & Zisserman, 2015) and 3D DenseNet-121 (G. Huang
et al., 2018) were also incorporated in this study. The same type
of weight transfer was also used for these models.

seven classes shown
performance and generalizability can be

iy
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Figure 3. Process of fine-tuning 3D ResNet model.

21

DOl:https//doi.org/10.22452/mjs.vol44no4.3
Malaysian Journal of Science 44(4): 18-30 (December 2025)



Malaysian Journal of Science

Regular Issue

SVM is a popular classifier for LULC classification, especially with
small datasets (Vali et al., 2020). It aims to find the best decision
boundary that separates target classes by solving a quadratic
optimization problem (Sheykhmousa et al., 2020). Due to limited
computational resources, linear SVM was used in this study. RF is
an ensemble method that improves accuracy by combining
multiple decision trees. It performs effectively with high-
dimensional data and less prone to overfitting. Like RF, XGBoost
uses ensemble learning. It is an improved version of the gradient
boosting machine (GBM) algorithm, enhancing both performance
and speed (Abdi, 2020). It builds a sequential model with shallow
decision trees, loss function,

optimizing a while adding

regularization to reduce overfitting.

Model Training and Hyperparameter Tuning

All experiments were implemented in Google Colab Pro+ with
Python. The processing for ML models was performed on CPU
whereas the processing for DL models was performed on A100
GPU NVIDIA with 40 GB of RAM. Hyperparameter tuning was
conducted using coarse grid search to determine the best
parameters for each model as shown in Table 2. By using PyTorch
framework, each DL model was trained in batches of 256 for 100
epochs per fold, with a learning rate of 0.0001. Regularization
techniques like using dropout rate of 0.2 and early stopping
rounds of 5 were applied to reduce overfitting. The Adam
optimizer was used for faster convergence, and a 5x5 pixels patch
size was chosen for computational efficiency.

Table 2. Best model parameters after hyperparameter tuning.

Classifier Parameters
SVM (Linear) c=1
RF n_estimators = 300

max_depth =30
min_samples_leaf =1
min_samples_split=2

XGBoost

n_estimators = 500

max_depth =7
min_child_weight = 3
subsample = 0.7

1D CNN
3D CNN
3D VGG
3D DenseNet
3D ResNet

learning_rate = 0.0001
batch_size = 256
epochs =100

Performance Evaluation

Model evaluation was conducted in terms of accuracy and
processing times. OA is the proportion of accurately classified
instances relative to the overall number of reference instances. KA
is measure of agreement between reference data and classifier
with the range of -1 to 1. Although these metrics are significant in
model evaluation, it can show misleading results in cases of class
imbalance; hence, additional metrics were also applied. Precision,
as shown in Eqg. (1) represents the proportion of correctly
classified instances relative to the overall number of instances
classified, where TP, FP, and FN represent the number of true
positives, false positives, and false negatives respectively.

TP

Precision =
(TP+FP)

(1)

Recall in Eq. (2), is the proportion of correctly classified instances
to the actual instances.

TP
Recall = m
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F1-score, shown in Eq. (3) is the harmonic mean of Precision and
Recall, an indicator of the predictive ability of the model.

(3)

F1 — score = 2 [W]

(Precision+Recall)

McNemar’s test was also performed to inspect the statistical
significance of difference in the classification performance
between models. A 2 x 2 contingency matrix was constructed and
calculated to determine the value of chi-square and p-value. The
calculation for McNemar’s test value is shown in Eq. (4), where fi,
and f,1 represent the quantity of accurately classified and
misclassified samples respectively. A significance threshold
(a=0.05) was fixed before computing the p-value. The null
(Ho) assumes equal classification performance
between models, while the alternative hypothesis (H;) suggests a

hypothesis
difference. HO is rejected if the p-value is below the threshold.

2 _ (fiz—feal-1)?
= 4
(frz+/21) )
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3. Results and Discussion
Accuracy Assessment and Processing Time

Based on Figure 4, while the loss curve of the 3D ResNet-18
generally stabilizes, slight fluctuations can be observed in the
validation loss. This may result from Adam optimizer's adaptive

nature (Kingma & Ba, 2017) and minor imbalances in feature
distribution. Experimenting with different optimizers could help
address these fluctuations. Despite this, the minimal divergence
between training and validation losses indicates no overfitting.
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Figure 4. Loss and accuracy learning curves for 3D ResNet.

Overall, 3D ResNet-18 outperformed the other models by
achieving a high OA of 99.66% and KA of 99.39% on the primary
dataset as shown in Figure 5. Although 3D ResNet-18 has similar
ability to 3D CNN in extracting spectral-spatial features, it
incorporates residual skip connections which allows it to preserve
important information and gradient. The skip connections in
ResNet provide a direct path from the input of one layer to the
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output of deeper layers, allowing for better feature retention in
the model. The skip connections also enabled more effective
gradient flow as it can bypass certain intermediate layers during
backpropagation, addressing the vanishing gradient problem and
ensuring more effective weight updates. This is aligned with
previous research involving comparison between traditional CNN
architecture and ResNet architecture (D & Bhavani, 2023).
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Model Performance Comparisan for Primary Dataset and External Validation Dataset
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Figure 5. Comparison of model performance (OA and KA) for primary dataset and external validation dataset.

Although 3D ResNet model outperformed both ML models and
DL models on the primary dataset, it achieved slightly lower OA
(82.89%) and KA (80.05%) than 3D DenseNet for the external
validation dataset. Based on the results, the generalizability of the
models is clearly impacted when evaluated on the external
validation dataset, as seen by the decrease in performance across
most models in terms of KA. It also suggests that while DL models
like 3D ResNet offer high accuracy, they may require additional
strategies such as domain adaptation for better generalization to
new areas.

In line with theoretical predictions, 1D CNN has a slightly lower
OA and KA than 3D CNN for primary dataset since it only has the
ability of capturing the spectral features. Similar results were also
reported in other research involving LULC classification using
Indian Pines and Wuhan University datasets (Liu et al., 2023).
However, 1D CNN has better generalization capability compared
to 3D CNN which is probably due to its simpler architecture. There
is a significant difference between the classification performance
of SVM compared to the other classifiers which is probably due to
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severe effects of imbalanced datasets to the SVM margin
computation.

For primary dataset, all models performed well on most classes
with high precision, recall and Fl-score (Table 3). However, ML
models struggled with forest and other vegetation classes,
displaying significant misclassifications. This suggests that ML
models may have difficulty differentiating between spectrally
similar vegetation types, possibly due to overlapping spectral or
spatial characteristics. In contrast, DL models demonstrated
improved performance across all classes, especially for
challenging vegetation features, indicating their ability to capture
more complex feature representations.
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Table 3. Comparison of model performance (Precision, Recall, F1-score) for primary dataset.

Classifier
3D
1D 3D 3D Dense 3D
Metric Map Class SVM RF XGBoost CNN CNN VGG Net ResNet
Precision Water bodies 0.997 1.000 1.000 1.000 1.000 0.999 1.000 1.000
Built-up 0.964 0.998 0.998 1.000 1.000 1.000 1.000 1.000
Bare soil 0.964 0.999 0.999 1.000 1.000 0.999 1.000 1.000
Forest 0.028 0.760 0.720 0.897 0.916 0.900 0.918 0.986
Grass 0.962 0.992 0.995 1.000 1.000 0.998 1.000 1.000
Oil palm 0.852 0.893 0.899 0.967 0.977 0.962 0.995 0.997
Other 0.000 0.661 0.611 0.839 0.916 0.749 0.933 0.989
vegetations
Recall Water bodies 0.944 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Built-up 0.962 0.997 0.997 0.999 1.000 0.998 1.000 1.000
Bare soil 0.983 0.999 0.999 1.000 1.000 1.000 1.000 1.000
Forest 0.000 0.315 0.342 0.766 0.844 0.703 0.971 0.982
Grass 0.986 0.994 0.996 1.000 1.000 1.000 1.000 1.000
Oil palm 0.996 0.983 0.976 0.985 0.989 0.981 0.987 0.998
Other 0.000 0.275 0.330 0.795 0.852 0.785 0.958 0.975
vegetations
F1-score Water bodies 0.970 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Built-up 0.963 0.997 0.998 1.000 1.000 0.999 1.000 1.000
Bare soil 0.973 0.999 0.999 1.000 1.000 1.000 1.000 1.000
Forest 0.000 0.445 0.464 0.826 0.879 0.789 0.944 0.984
Grass 0.974 0.993 0.996 1.000 1.000 0.999 1.000 1.000
Oil palm 0.918 0.936 0.936 0.976 0.983 0.971 0.991 0.997
Other 0.000 0.388 0.429 0.817 0.883 0.767 0.945 0.982
vegetations
Based on the validation results in Table 4, ML model generalization for all classes with only a slight decrease in
performance dropped significantly across most classes, indicating accuracy. This highlights the importance for model robustness in
the struggle with generalization to new geographic areas and different geographical settings.
environmental conditions. In contrast, DL models achieved strong
25 DOl:https//doi.org/10.22452/mjs.vol44no4.3
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Table 4. Comparison of model performance (Precision, Recall, F1-score) for external validation dataset.

Classifier
3D
1D 3D 3D Dense 3D
Metric Map Class SVM RF XGBoost CNN CNN VGG Net ResNet
Precision Water bodies 1.000 0.000 0.000 0.715 0.733 0.821 1.000 1.000
Built-up 1.000 0.586 0.583 0.915 0.882 0.953 0.960 0.957
Bare soil 0.303 0.091 0.139 0.943 0.693 0.950 0.983 0.977
Forest 0.000 0.698 0.639 0.907 0.920 0.923 0.935 0.970
Grass 0.062 0.630 0.000 0.998 0.971 0.998 0.985 0.971
QOil palm 0.192 0.201 0.206 0.512 0.489 0.551 0.487 0.483
Other 0.000 0.015 0.011 0.738 0.772 0.767 0.697 0.795
vegetations
Recall Water bodies 0.017 0.000 0.000 0.994 0.780 1.000 1.000 0.999
Built-up 0.577 0.527 0.493 0.998 1.000 1.000 1.000 1.000
Bare soil 0.336 0.095 0.153 0.541 0.583 0.709 0.915 0.923
Forest 0.000 0.541 0.515 0.819 0.748 0.773 0.782 0.673
Grass 0.015 0.010 0.000 0.692 0.727 0.797 0.735 0.738
QOil palm 1.000 0.891 0.883 0.904 0.922 0.926 0.837 0.940
Other 0.000 0.001 0.001 0.454 0.441 0.542 0.528 0.526
vegetations
F1-score Water bodies 0.033 0.000 0.000 0.831 0.756 0.902 1.000 0.999
Built-up 0.731 0.555 0.534 0.955 0.937 0.976 0.980 0.978
Bare soil 0.318 0.093 0.146 0.687 0.633 0.812 0.947 0.949
Forest 0.000 0.609 0.570 0.861 0.825 0.841 0.852 0.794
Grass 0.024 0.019 0.000 0.817 0.832 0.886 0.842 0.839
Oil palm 0.322 0.328 0.334 0.653 0.639 0.691 0.615 0.638
Other 0.000 0.001 0.003 0.562 0.561 0.636 0.600 0.633
vegetations
In Table 5, ML models had significantly shorter processing times Table 5. Total processing time for primary dataset and external
compared to DL models, with SVM taking only 1.8 minutes for validation dataset.

primary dataset and 0.2 minutes for external dataset. In contrast, Total Processing Time (min)

3D models require much longer processing times, with 3D

External Validation

DenseNet being the most computationally expensive (1642.8 Primary Dataset
. . o Model Dataset

minutes for primary dataset). These results highlight the trade-off
between model complexity and computational efficiency, where SVM 18 0.2
more complex 3D models demand more resources. In comparison RF 385.2 17.4
to 3D VGG and 3D DenseNet, 3D ResNet was the most XGBoost 41.4 20.2
computationally efficient in LULC mapping for both primary 1D CNN 444.0 1.4
dataset (490.2 minutes) and validation dataset (3.6 minutes). 3DCNN 403.2 1.2

3D VGG 1101.6 11.6

3D DenseNet 1642.8 233

3D ResNet 490.2 3.6
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Land Cover Classification Map

Based on Figure 6 and Figure 7, all models are capable of
classifying land cover classes like water bodies, built-up regions,
bare soil, and grass with high accuracy due to their distinct
spectral signatures. Despite both rivers and ponds being
categorized under the same class, the ML models could only
classify rivers accurately and not ponds. Misclassifications often
occurred between ponds and built-up areas, likely due to the

(a)

similar spectral signatures of herbaceous vegetation in the ponds
and features of the built-up areas, as well as their proximity to
each other. It appears that 3D ResNet and 3D DenseNet have the
least misclassifications between ponds and built-up areas,
signifying their greater ability in capturing the subtle variations in
spectral and spatial features.

()

(® (@
M Water bodies | Bare soil I Other vegetations § e SRR
M Built-up B Forest [ Oil palm —

Figure 6. Classification results of primary dataset with (a) SVM; (b) RF; (c) XGBoost; (d) 1D CNN; (e) 3D CNN; (f) 3D VGG; (g) 3D DenseNet;
(h) 3D ResNet.
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Figure 7. Classification results of external validation dataset with (a) SVM; (b) RF; (c) XGBoost; (d) 1D CNN; (e) 3D CNN; (f) 3D VGG; (g) 3D
DenseNet; (h) 3D ResNet.
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High intra-class variation was observed in built-up, oil palm, and
other vegetation samples. Built-up areas varied due to material
and structural differences, while oil palm variation resulted from
planting density and age, affecting spectral and textural patterns.
All models classified built-up and oil palm samples well, but other
vegetation samples were more challenging due to mixed patterns.
Accurate classification of other vegetation was achieved with 3D
ResNet and 3D DenseNet. Despite good intra-class similarity,
classifying forest samples was challenging for ML models, which
struggled to distinguish forest from oil palm. DL models, especially
3D ResNet and 3D DenseNet performed better as CNNs can
extract vegetation features effectively.

7). 3D ResNet and 3D DenseNet demonstrated consistent
superiority  (p<0.05) ML datasets,
outperforming other DL models. While 1D CNN showed significant

over models across
advantages over ML models (p<0.05), its generalizability was less
robust on external data compared to 3D ResNet and 3D DenseNet.
Similarly, both 3D CNN and 3D VGG displayed inconsistencies in
model performance across datasets. The variability observed in
simpler (1D CNN) or less optimized 3D architectures (3D CNN, 3D
VGG) further emphasizes the critical role of architectural design in
ensuring generalizability. 3D ResNet evidently
comparable classification performance to 3D DenseNet (p =

achieved

1.000) with shorter processing times. These findings highlighted
the reliability and practical efficiency of 3D ResNet, making it

McNemar’s Test suitable for LULC applications in resource-constrained
McNemar’s test revealed critical insights into model robustness environments.
for primary dataset (Table 6) and external validation dataset (Table
Table 6. McNemar’s test results for primary dataset.
1D 3D 3D VGG 3D 3D
SVM RF XGBoost CNN CNN DenseNet ResNet
SVM - 0.134 0.248 0.023* 0.013* 0.023* 0.001* 0.004*
RF - 0.248 0.044* 0.041* 0.617 0.041* 0.023*
XGBoost - 0.041* 0.023* 0.074 0.001* 0.004*
1D CNN - 0.48 0.480 0.074 0.134
3D CNN - 0.077 0.248 0.248
3D VGG - 0.023* 0.023*
3D DenseNet - 1.000
3D ResNet -
Table 7. McNemar’s test results for external validation dataset.
1D CNN 3D CNN 3D VGG 3D DenseNet 3D

SVM RF XGBoost ResNet
SVM - 0.724 0.724 0.027* 0.039* 0.006* 0.003* 0.001*
RF - 0.773 0.009* 0.027* 0.003* 0.023* 0.001*
XGBoost - 0.027* 0.070 0.008* 0.016* 0.009*
1D CNN - 0.617 0.617 0.617 0.617
3D CNN - 0.480 0.480 0.248
3D VGG - 1.000 1.000
3D DenseNet - 1.000
3D ResNet -

Limitations and Challenges

The superiority of 3D ResNet model comes with computational
trade-offs, which may limit real-time or deployment for large-
scale LULC mapping. To overcome this, transfer learning from pre-
trained 2D models via DEWT technique was integrated to reduce
Although this
computational burden, the reliance on powerful hardware
highlights the possible limited accessibility to powerful GPUs.

training time. approach alleviated some

These computational demands influenced model selection as
more complex architectures could improve accuracy but with the
cost of increased processing time and resource requirements.
Further optimization like model pruning and quantization could
further reduce computational demands. While these methods
were not explored in this study, they represent practical ways to
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balance accuracy and efficiency. Aside from that, cloud-based
distributed computing could enable scalable model training
across multiple devices, improving accessibility for resource-
constrained environments. Techniques like knowledge distillation
(Hinton et al., 2015) or mixed-precision training (Micikevicius et
2018)
Alternative setups such as edge computing could provide a
practical solution for deploying DL models in large-scale

al., could also enhance computational efficiency.

applications. Future research could explore these strategies to
improve the feasibility and scalability of 3D models for LULC
mapping.

Dataset imbalances were addressed partially via SKCV but it
remains a concern, especially for models like SVM which are
sensitive to imbalanced data. While SKCV ensures that each fold
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represents the class distribution, this may not fully mitigate bias
in model evaluation. Other technique like oversampling is a
common approach in which the minority classes are replicated
randomly until a balanced dataset distribution is achieved. On the
other hand, undersampling reduces instances from the majority
classes. As for cost-sensitive learning, this works by placing a
higher misclassifying cost for the minority classes without altering
the original dataset distribution. Moreover, synthetic data
generation like Synthetic Minority Oversampling Technique
(SMOTE) could create new samples for the minority classes,
further improving model generalization. Combining these
techniques with SKCV could potentially enhance model
performance and reduce bias.

The lack of interpretability in DL models also poses significant
challenges in domains like LULC classification. Understanding how
a model arrives at its predictions is vital for enhancing
interpretability (Li et al., 2022). Methods like Class Activation
Mapping (CAM) and SHapley Additive exPlanations (SHAP) can aid
in prediction explanation and visualizations. Future work could
focus on integrating these techniques to improve transparency in
DL applications for LULC classification.

Future research could also focus on utilizing deeper 3D variants
of ResNet (e.g. 3D ResNet-50) architectures to enhance
classification results. Deeper 3D ResNet model could potentially
work more effectively than the current 3D ResNet-18 model since
it will be able to capture more intricate details from the features.
Although recently developed hybrid models
Transformer (ResNet-ViT) is not widely adopted in remote sensing

like Vision

field, it also shows great potential as it can capture both local and
global information from the image. Due to cost and data
availability constraints, we validated our model using an existing
dataset from the same satellite system but with a different
location. Future work can also focus on model generalizability to
a completely different geographical area or satellite dataset such
as Sentinel-2. This would help with evaluation of model
transferability while considering cost-effective alternatives.

4. Conclusion

In this research, the possible application of pre-trained 3D
ResNet for multispectral land use and land cover (LULC)
classification is highlighted by its great capability of capturing
spectral-spatial features with high accuracy. The results showed
that 3D ResNet outperformed other models by achieving the
highest OA of 99.66% and KA of 99.39% on the primary dataset.
While its performance on the external validation dataset (OA:
82.89%, KA: 80.05%) was slightly lower than that of the 3D
DenseNet, it showed great efficiency with processing times of
490.2 minutes for primary dataset and only 3.6 minutes for
validation dataset. McNemar’s test results further showed
(p<0.05) in
classification performance between 3D ResNet and 3D DenseNet
with the other models. Overall, this research contributes to the

consistent  significant statistical differences

improvement of multispectral LULC classification in terms of
accuracy and efficiency using advanced DL model integrated with
transfer learning technique.
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Abstract: This study aims to analyze the status of sustainable management of agricultural land in Pujon and Ngantang, East Java. This
research was conducted in Pujon and Ngantang Subdistricts, Malang Regency, East Java, Indonesia. Data was obtained from a social survey
by distributing questionnaires to 125 respondents. Respondents were purposely selected from locations prone to landslides. Of the 125
questionnaires distributed, 101 contained valid data. Respondents in this study consisted of farmers, landowners, and communities
around landslide-prone lands. Data were analyzed using multidimensional scaling analysis. The sustainability status of landslide-prone
land management on the social dimension was 80-100%, indicating very sustainable, while the sustainability index for other dimensions
was 50-70% (moderately sustainable). The sustainability index for the ecological and technological dimensions had an exact value of
63.44%, whereas the economic dimension had a value of 63.23%. Attributes of the ecological dimension that significantly affect the
sustainability of this dimension were the level of pest attacks on agricultural land, the influence of vegetation, and the slope of the land;
for the economic dimension, attributes include opportunities for other sources of income, the stability of crop prices, and the availability
of places to sell produce, while the attributes of the technological dimension include knowledge of water management, agricultural land

technology, and landslide determination.

Keywords: Critical land, sustainability, ecological dimension, social dimension, economic dimension, technological dimension.

1. Introduction
Nearly half of the total terrestrial land in Indonesia undergoes

land degradation. Natural events and human activities can affect
land degradation. Unfavorable physical factors in the region, such
as heavy rainfall, steep slopes, and soil prone to erosion, are
among the key natural factors affecting land degradation
(Kubangun et al., 2014; Leksono & Zairina, 2022). Anthropogenic
pressures, such as converting forests into agriculture and
residential areas, may lead to land degradation. A previous study
shows that population growth and behavior are important factors
driving anthropogenic pressure (Iswahyudi, 2017). Critical land
experiences significant degradation, losing its ability to function
as a productive agricultural area or as a vital part of the
environment. It is characterized by a decline in physical, chemical,
and biological soil properties, often resulting from unsustainable
land management approaches. This degradation can cause

Authors information:

reduced agricultural productivity, environmental harm, and even
affect water management (Leksono & Zairina, 2022).

Critical land has lost its ability to support the hydrological cycle
and land productivity. It can disrupt the balance of the watershed
and soil ecosystem. Land degradation can negatively affect soil
fertility, decrease the amount of water available during the dry
season, and increase the risk of flooding during the rainy season
(Rosyada et al., 2015). Reduced soil quality can affect agricultural
output and food supply (Hossain et al., 2020; AbdelRahman et al.,
2022). Land degradation can progress to critical land if land use
management neglects soil and water conservation.

In some areas with limited land availability for agricultural
purposes, critical land is inevitably used for agroforestry or
agricultural cultivation due to rapidly decreasing arable land
resources. Utilizing critical land requires appropriate methods and
technology. The development of community forest farming with
an agroforestry pattern can be implemented on land with a
reasonably steep slope, ranging from 15% to 25%. Adopting an
agroforestry system may be the best method to maintain land
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Critical land control necessitates appropriate prevention and
mitigation strategies. These plans must be supported by thorough
studies of restrictions on land use for cultivating agricultural
crops, re-vegetation using environmentally friendly technology,
and community involvement in sustainable land management.
The community is the primary actor in handling and controlling
potentially degraded soil. The community's capacity to hold and
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control potentially degraded lands determine success in landslide
mitigation. Thus, community knowledge and skills in sustainable
land management are crucial in preventing and mitigating
landslides (Holcombe et al., 2013).

Sustainable land management, by integrating ecological,
technological, social, and economic dimensions, can protect land
and preserve soil quality. The balance of all existing dimensions
can improve land use efficiency to support the provision of food
sources, community income, and economic development (Liu et
al., 2020). Research on the sustainable management of landslide-
prone lands still needs to be conducted. Previous studies have
focused on safety, risk assessment, monitoring and developing
map for land degradation mitigation (McGowran & Donovan,
2021; Baczynski & Bar, 2017; Masruroh et al., 2023). Sustainable
disaster risk management research often attempts to integrate
technical and social aspects. In contrast, this research intends to
identify the status of sustainable management using ecological,
technological, social, and economic dimensions. Therefore, this
study aims to analyze the status of sustainable management of
landslide-prone lands in Pujon and Ngantang, East Java.

2. Materials and Methods

This research was conducted in the Pujon and Ngantang sub-
regencies (112° 22' 9" to 122°28' 92" E and latitude 7° 49' 37" to
7°56' 03" S), Malang Regency, East Java, Indonesia. The study sites
were included on the slopes of the Arjuno volcanic complex
(Noronha & Arifianto, 2019; Rachmansyah et al., 2021). The
research location has an altitude of 870 to 1,100 above sea level.
Over 35% of the area is prone to landslides.

32

Data Collection

Two villages with a high incidence of landslides were selected
from the research area. The two villages have 2611 households.
Research data was obtained from a social survey by distributing
questionnaires. Respondents in this study consisted of farmers,
landowners, and communities around landslide-prone lands.
Respondents were selected using snowball sampling, starting
from village officials, community leaders, the heads of farmer
groups, and farmer representatives. The number of respondents
is determined using the Slovin formula as follows.

N
"TTENEY
Where n = samples
N = population
e=0.1

with a population of 2611, the results of the Slovin formula
calculation yielded a sample of 96 respondents. The
questionnaires were distributed to 125 respondents to meet the
minimum sample size. The questions in the questionnaire were
categorized into ecological, economic, social, and technological
aspects (dimensions). Before being used to collect data, the
questionnaire was administered to 30 respondents to assess the
validity of the questions. The initial questionnaire contained 56
questions, consisting of 14 questions for each dimension. The test
results showed nine invalid questions, including seven in
ecological, eight in economic, two in social, and seven in
technological dimensions. Therefore, those invalid questions
were removed from the questionnaire. The final questionnaire
consisted of seven ecological aspects, six economic aspects, 12
social aspects, and seven technological aspects (Table 1).
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Table 1. List of valid questions among ecology, economy, social and technology

Dimensions Attributes
Ecology 1. The degree of influence of the slope level of the land on the vulnerability of managed
land
2. The degree of influence of the steep slope of the land on agricultural production
3. Theinfluence of ground movement on the vulnerability of agricultural land
4. The level of influence of landslides on the vulnerability of agricultural land
5. The level of pest attacks on agricultural land
6. The influence of vegetation on landslides
7. The rainfall affects landslides
Economy 1. Stability the product price of the harvest
2. The source of farming capital
3. The existence of a market to sell produce
4. The opportunities for getting additional income
5. The harvest sales system
6. The availability of financial institutions
Social 1. The socio-cultural values enforcement
2. The existence of farmer groups
3. Therole of agricultural extension officers
4. The counseling frequency
5. The role of community leaders
6. The community harmony
7. Therole of government institutions
8. The role of private institutions
9. Therole of NGOs
10. NGO oversight
11. Government oversight
12. Therole of village institutions (village-owned enterprises, social institutions)
Technology Understanding landslide risk

Understanding slope repair
Understanding slope monitoring

Understanding water management
Understanding the availability of agricultural land management technology
Understanding the availability of pest control technology

1
2
3.
4. Understanding water pumping
5
6
7

Furthermore, the valid questionnaire was distributed to 125
participants. Of the 125 questionnaires distributed, 115 were
returned, and 101 had valid data. Responses from participants
were classified based on a Likert scale, with a score of 1 = strongly
disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.
To develop recommended strategies to improve the
sustainability of agricultural land management in risky areas, a
focus group discussion was convened. This discussion was
attended by experienced farmers and the head of the
neighborhood association. The discussion was held to formulate
strategies based on current shortcomings and determine strategic
priorities.

Data Analysis

Response data from respondents were analyzed using
Multidimensional Scaling (MDS) analysis. The MDS is a rapid
assessment method that allows for multidisciplinary evaluation. It
is a multivariate statistical technique used to describe the
structure of relationships between data objects based on their
graphical similarities in a multidimensional space. The MDS is also
a technique that can help researchers identify the key dimensions
underlying the evaluation of objects from respondents. The final
result of this analysis is a kite diagram that can describe the

position of each dimension. Data analysis starts with validity and
reliability tests. The R-squared value is the reliability coefficient of
the calculation results. The minimum requirement is reliability if
the R-squared value is higher than the R-squared from the table.
The value of r is calculated with an error rate of 5%. The reliability
test was performed using the product-moment correlation
formula from Pearson. It was processed using multidisciplinary
rapid assessment by the RAPFISH method (RAPFISH version 3.1). In
the sustainability analysis, the measured dimensions are then used
on a continuous to intermittent scale. The measure of
sustainability regarding the position of the dimensions studied is
determined based on the goodness of fit, with an indicator of
stress < 0.25. In addition, the analysis results were categorized
into four groups based on the sustainability condition: 0-25 was
not sustainable, 26-50 was less sustainable, 51-75 was
moderately sustainable, and 76-100 was sustainable.
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3. Result

Most respondents were between 30 and 50 years old (more
than 80%). This age group was considered productive. The gender
distribution was nearly equal, consisting of 52.48% males and
47.52% This proportion that gender
participation in this study was balanced. Most respondents held a

females. indicated
secondary school education level (Table 2).

Table 2. Respondent Characteristics in Pujon and Ngantang,
Malang Regency

Characteristics N (%)
Age (year) 20-30 15.84
30-40 40.59
40-50 40.59
>50 2.97
Gender Male 52.48
Female 47.52
Education Elementary School 27.72
Secondary School 62.38
Bachelor/Diploma 9.90

Sustainability Analysis

The results of the MDS-Rapfish sustainability analysis of four
dimensions, including Ecology, Economy, Social, and Technology,
were presented in Table 2. Stress values for all dimensions ranged
between 0.132 and 0.162, less than 0.25. Furthermore, R-Square
values for all dimensions also showed values exceeding 0.90.
These results indicated that the MDS analysis satisfies the
goodness-of-fit criteria. Therefore, further analysis can be
conducted using the available data (Table 3).

Table 3. Summary of MDS-Rapfish Analysis Results

Dimensions Stress (S) R-Square (R)
Ecology 0.161 0.939
Economy 0.162 0.943
Social 0.132 0.956
Technology 0.161 0.939

Ecological Dimension

The value of all attributes' ordination in MDS RAPFISH in the
ecological dimension showed a score of 63.44%. The score fell
within the range of 50-75,
sustainable (Figure 1).

indicating it was moderately
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Figure 1. Ecological Dimension Sustainability Status

The ecological attributes that most significantly influence

sustainability include the degree of pest infestation on
agricultural land, vegetation cover, and land slope. These
attributes exhibited higher influence values compared to others,
indicating their critical role in sustainable land management. In
contrast, attributes with relatively low impact included the
perceived effect of land slope on the vulnerability of managed
land, the influence of steep slopes on agricultural productivity,
and the impact of ground movement on the susceptibility of

agricultural land.

Leverage of attributes

The rainfall affect landslides

The influence of vegetation on...

The level of pest attacks on...

The level of influence of landslides...
The influence of ground movement...
The degree of influence of the steep...

The degree of influence of the slope...

0 005 01 015 02 025

Root Mean Square Change % in Ordination when Selected
Attribute Removed (on Status scale 0 to 100)

Figure 2. Ecological Dimension Attribute Sensitivity
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Economic Dimension

The value of all attributes' ordination in MDS RAPFISH in the
economic dimension demonstrated a score of 63.23%. The score
was 50-75, which means it was moderately sustainable (Figure 3).
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Figure 3. Economic Dimension Attribute Sensitivity

Based on Figure 4, the economic dimension's attributes that
significantly affected this
opportunities to obtain alternative sources of income and the
stability of the selling price of crops. This was indicated by the
leverage value of these attributes, which was greater than that of
the other attributes. In contrast, economic attributes that had low
impacts were the harvest sales system and the source of farming

dimension's sustainability are

capital.

Leverage of attributes

The availability of financial
institutions

The harvest sales system

The opportunities for getting
additional income
The existence of a market to sell
produce

The source of farming capital

Stability the product price of the
harvest

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
Root Mean Square Change % in Ordination when Selected
Attribute Removed (on Status scale 0 to 100)

Figure 4. Attribute Sensitivity of the Economic Dimension

Social Dimension

MDS RAPFISH in the social dimension demonstrated a score of
87.18%. The score was in the range of 75-100, which means it was
sustainable (Figure 5).

RAPFISH Ordination

60
Ao la
40 a o
" A A
a
R -
@ 20
A A
& 0 87.18|
£ ®
= 2p 40 q0 80 100 120
NN A
= -20
N A
° JAN A
0 A A
Al o A
-60
Down
Sustainability Status
@ Real Fisheries < Reference anchors A Anchors

Figure 5. Social Dimension Sustainability Status

The social dimension attributes that greatly influence this
dimension's sustainability include the frequency of outreach and
the role of private institutions. This attribute has the highest
influence values among the others (Figure 6). In contrast, social
attributes that had low impacts were the existence of farmer
groups and the role of agricultural extension officers.

Leverage attributes

The role of village institutions...
The government supervision
The NGO supervision
The NGO role
The community harmony
The role of community leaders
The counseling frequency

The role of agricultural extension...
The existence of farmer groups
The role of private institutions
The role of government agencies

The socio-cultural values...

0 05 1 15 2 25 3 35

Root Mean Square Change % in Ordination when
Selected Attribute Removed (on Status scale 0 to 100)

Figure 6. Attribute Sensitivity of the Social Dimension

Technology Dimension

The value of all attribute's ordination in MDS RAPFISH in the
technological dimension demonstrated a score of 63.44%. The
score was in the range of 50-75, which means it was moderately
sustainable (Figure 7).
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Figure 7. Sustainability Status of the Technology Dimension

Based on Figure 8, the attribute of the technology dimension
that significantly influences the sustainability of this dimension is
the comprehension of water handling. This is indicated by the
impact value of this attribute, which is greater than that of the
other attributes. In contrast, technology attributes that had low
effects were understanding slope improvement, slope
monitoring, and the water pumping system.

Leverage of attributes

Understanding of the availability of
pest control technology
Understanding of the availability of

agricultural land processing...

Understanding of water handling
Understanding of water pumping
Understanding of slope monitoring

Understanding of slope improvement

Understanding of landslide
determination

0 005 01 015 0.2 025
Root Mean Square Change % in Ordination when Selected
Attribute Removed (on Status scale 0 to 100)

Figure 8. Attribute Sensitivity of the Technology Dimension
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Figure 9. Sustainability Status Flyer Chart

Figure 9 shows a combination of the four dimensions of
sustainability examined. Of the four existing dimensions, the
social dimension had the highest value, while the economic
dimension had the lowest. On average, the sustainability index
value of all these dimensions was 69.32. This value suggests that
there was still room for improving sustainable land management
in landslide-prone areas (50-75). According to this diagram, the
sustainability status improved if the index approached 100; on the
other hand, if it approached or fell below 0, the sustainability
status declined.

Based on the results, this study suggests four strategies as
follows. These consist of enhancing farmers’ knowledge and skills
in managing and improving steep land areas through targeted
training programs and the adoption of appropriate technologies
to prevent and reduce land degradation; strengthening farmers’
understanding of agricultural capital and marketing systems
through training and collaborative initiatives, such as village
cooperatives; establishing and supporting farmer groups to
encourage knowledge sharing, collaboration, and collective
action; and improving agricultural extension services by
promoting best practices, including the selection of suitable crop
varieties, effective cultivation techniques, and the application of
post-harvest technologies (Table 4).

Table 4. Strategies to improve sustainability of agricultural land
management in risky area

No Strategies Rank

1 Enhance farmers’ knowledge and skills in 3
managing and improving steep land areas
through targeted training programs and the
adoption of appropriate technologies to
prevent and mitigate land degradation.

2 Strengthen farmers’ understanding of 4
agricultural capital and marketing systems
through training and collaborative initiatives,
such as village cooperatives.

3 Establish and support farmer groups to 1
encourage knowledge sharing, collaboration,
and collective action.

4 Improve agricultural extension services by 2
promoting best practices, including the
selection of suitable crop varieties, effective
cultivation techniques, and the application of
post-harvest technologies.
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4. Discussion

The results suggest that the status of sustainable management
of landslide-prone land in Malang Regency across all dimensions
was 69.32. This value indicated that the management of landslide-
prone land was moderately sustainable. However, there was an
imbalance among the dimensions examined. The social dimension
has the highest score (87.18), meaning it was sustainable. In
contrast, the sustainability index for other dimensions ranges
from 50 to 70% (moderately sustainable). The sustainability index
of the ecological and technological dimensions has the same value
of 63.44%, while the economic dimension has a value of 63.23%.
The that ecological
significantly influence the ecosystem. Those attributes were

results indicated several attributes
identified as the level of pest attacks on agricultural land, the
influence of vegetation, and the slope of the land. The high level
of public perception regarding the relationship between
vegetation, land slope, and landslides shows that the public pays
considerable attention to these factors. Apart from the two
attributes above, pest attacks on agricultural land also cause
concern among people. These results demonstrated that

agricultural land is essential in supporting farmers' lives
(livelihoods). Some attributes have small values, meaning that
farmers still pay little attention to other attributes, for example,
the influence of land slope on agricultural production, the
influence of land movement on the vulnerability of agricultural
land, the influence of landslides on the vulnerability of agricultural
land, and the influence of rainfall on landslides. Weak public
attention to those attributes may relate to three things. First,
these do not directly influence people's lives. Second, these
cannot be sensed directly (for example, the influence of ground
movements). Third, these occur naturally, including rainfall and
other physical factors.

The economic dimension is critical in supporting the
community's capabilities in managing the potential of their
resources, including land. Among the economic attributes, three
have essential roles: the opportunity to obtain other sources of
income, the stability of the selling price of agricultural products,
and the availability of a place to sell the products that receive
special attention from the community. Those attributes may
directly influence the economic level of society. Other attributes,
such as the source of farming capital, the harvest sales system,
and the availability of financial institutions, have garnered less
people's attention. There are three possible reasons for the lack
of people's attention. First, financial institutions that can support
capital are not accessible to the public. Farmers generally use
agricultural business credit services at low interest rates. This kind
of credit is available and accessible easily. Second, a harvest sales
system has been established, so this is no longer a problem for
farmers. Third, the community can manage the agricultural
system with their capital.

In general, all attributes in the social dimension have high
leverage scores. It means that the local community is satisfied
with the attribute's performance. Questions related to social
aspects were easy for respondents to understand. This relates to

their daily lives, which require less external provision of
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information.

Attributes in the technological dimension that receive particular
attention from the community include understanding water
management, agricultural land technology, and identifying
landslides. People consider this attribute to have a significant role
in supporting their land management efforts. In contrast, some
attributes that received low scores include understanding slope
repair, slope monitoring, water pumping, and the availability of
pest control technology. The technological dimension received a
moderate sustainability score. To increase the value of this
dimension, people's understanding of those attributes with low
scores needs enhancement.

Land management activities include planning, controlling, and
and natural

evaluating land use performance

(IzakoviCova et al., 2018). Land management aims to adjust the

resource

optimal use of land resources, obtain maximum results, and
maintain the sustainability of land resources (Anarbayev et al.,
2023). Local people must implement appropriate agricultural and
non-agricultural land management in landslide-prone areas. On
agricultural land, good management practices include crop
rotation, cover crops, strip planting, double planting, high-density
planting, mulching, reforestation, and agroforestry. The density
level requires attention because high density can increase the
mechanical load on the slope, thereby increasing the risk of
landslides (Suryatmojo & Soedjoko, 2008). In some places,
mechanical actions are needed, including minimal tillage, tillage
according to contours, making canals and channels according to
contours, constructing terraces, and making water channels. Non-
agricultural land management consists of improving natural or
artificial carrying capacity, cutting water channel slopes, and
enhancing water saturation. Land modifications, such as cutting
slopes for road construction, housing, agriculture, and stone and
sand mining, should be avoided (Hosenuzzaman et al., 2022).
Our findings indicate that key attributes across the three
identified dimensions require improvement to enhance land
management in the study region. To promote the sustainability of
this study proposes strategic
recommendations. First, the establishment and support of farmer

critical land use, four
groups should be prioritized to encourage knowledge sharing,
collaboration, and collective action. These groups can expedite
the dissemination of skills and best practices among farmers.
Second, agricultural extension services must be strengthened by
promoting best practices such as selecting suitable crop varieties,
effective cultivation techniques, and adopting post-harvest
technologies. Improving these services will empower farmers to
adopt appropriate technologies and enhance land productivity.
Third, farmers’ capacity to manage and rehabilitate steep or
degraded land should be strengthened through targeted training
and the This

techniques to prevent erosion and landslides, such as terracing,

introduction of effective methods. includes
contour farming, strategic vegetation planting, constructing
concrete supports, and optimizing irrigation systems. In areas
affected by landslides, revegetation with suitable plant species is
vital for recovery. Fourth, farmers’ understanding of agricultural
finance and market access should be enhanced through training
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and cooperative models, such as village cooperatives. Many
farmers encounter challenges in accessing capital and securing
fair returns from their agricultural activities.

Collectively, these four strategies aim to equip communities
with the knowledge, tools, and support systems necessary to
implement sustainable land management practices, contributing
to environmentally sound and economically viable agricultural
systems. This implementation aligns with efforts to achieve
sustainable development goals (SDGs) through sustainable
landscape management. Another study suggests that sustainable
landscape management is based on a multifunctional land use
system that fosters harmony between production
conservation objectives often faced (Wang et al., 2022). In hilly

and

rural areas, agroforestry systems are considered to reverse land
degradation by increasing efficiency through soil quality
conservation (Sileshi et al., 2020). An agroforestry system is a
landscape unit comprising land uses that combine agricultural and
forestry components, including using trees for agriculture (Van
Noordwijk, 2021). They represent prominent examples of
agroecological land use systems. They represent unique examples
of agroecological land use systems. Currently, agroforestry
systems attract significant interest from local communities and
are recognized as playing an important role in future land
management. This system represents a
management model as a form of agricultural transformation

suitable land
toward achieving the SDGs (Waldron et al., 2017), especially
regarding climate change mitigation and adaptation (Mosquera-
Losada et al., 2018).

Previous research suggests various options to address farmers'
vulnerability, including improving

rural infrastructure and

facilities, designing effective and responsive institutional
arrangements, and reducing long-term exposure to disaster risk
(Ziadat et al., 2022). Unsustainable land use management is
among the primary drivers of land degradation. Resource
management that

degradation and vulnerability. Furthermore, extreme climatic

overlooks these factors causes land
conditions will exacerbate land quality decline. Therefore, it is
essential to promote more sustainable management efforts, such
as selecting suitable land use types, managing drainage systems,
conserving sloping land, and implementing sustainable land and
water management practices that will increase land sustainability

and resilience (Ziadat et al., 2022).

5. Conclusion

This study assessed the sustainability status of landslide-prone
land management, yielding an overall score of 69.32, indicating a
moderate degree of sustainability. However, the results revealed
an imbalance across the evaluated dimensions. The social
dimension achieved a high sustainability index of 87.18%, placing
it in the "sustainable" category (80-100%). In contrast, the
ecological, technological, and economic dimensions all fell within
the "moderately sustainable" range (50-70%). Specifically, the
ecological and technological dimensions each scored 63.44%,
while the economic dimension scored 63.23%. Key ecological
factors affecting sustainability included the level of pest
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infestations, vegetation cover, and land slope. For the economic
dimension, critical attributes were access to alternative income
sources, price stability of agricultural products, and the availability
of local markets. The technological dimension was shaped by
knowledge of water management, the use of agricultural land
technologies, and the identification of landslide- prone areas.
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Instant Coffee: A Malaysian Market Study
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Abstract: Caffeine and trigonelline are key alkaloids in coffee that significantly influence its quality and effects on human well-being.
However, exceeding the recommended intake can produce negative effects. Yet, instant coffee products often lack their content labelling.
This study addresses this gap by quantifying these compounds in 15 instant coffee products marketed in Malaysia. A reverse-phase high-
performance liquid chromatography method was developed and validated for the simultaneous analysis of black, two-in-1, and three-in-
1 instant coffee products. Separation was achieved on a C18 column with gradient elution using water and methanol, with
heptafluorobutyric acid as the ion pairing agent. Caffeine content ranged from 2.02 to 47.54 mg/g, and trigonelline from 0.37 to 11.00
mg/g. Per serving, this corresponded to 36.43-183.33 mg of caffeine and 6.70-41.41 mg of trigonelline. Caffeine levels per serving met
safety recommendations, but multiple servings would exceed the advised daily limits of 400 mg for adults and 200 mg for pregnant
women. Seven products exceeded the 100 mg/day limit for adolescents in just one serving. Additionally, one product contained only
50.5% of its declared caffeine content. In conclusion, this study underscores the need for accurate labelling and informed consumer
decisions regarding instant coffee consumption.

Keywords: Caffeine, trigonelline, instant coffee, high-performance liquid chromatography.

1. Introduction Caffeine is the primary alkaloid in coffee and contributes to the
Coffee, a globally embraced beverage, has attracted significant signature bitterness of the beverage (Seninde & Chambers, 2020).
scientific interest due to its potential health benefits. Notably, It is recognized for its stimulant effects and potential health
Malaysia, traditionally a tea-drinking country, has seen a benefits, including enhanced cognitive function, mood regulation,
remarkable increase in coffee consumption in recent years (Ali & and reduced risk of certain chronic diseases (Agikalin & Sanlier,
Ramanathan, 2021). This shift is important, given the association 2021; Fiani et al., 2021; Rodak et al., 2021). However, excessive
between coffee consumption and reduced risks of fatty liver intake can pose risks, including elevated risk of miscarriage and
disease, type 2 diabetes, cardiovascular diseases, and various adverse effects on the gastrointestinal, liver, cardiovascular,
metabolic and neurological disorders (Kolb et al., 2021; Safe et al., renal, bone, and reproductive systems (Cornelis, 2019; Depaula &
2023). These health benefits can be linked to specific bioactive Farah, 2019). Chronic consumption may also influence mood,
compounds in coffee, with caffeine and trigonelline being the sleep, and behavior (van Dam et al., 2020). Hence, current
most notable. Besides their health benefits, trigonelline and guidelines recommend limiting daily caffeine intake to 400 mg for
caffeine also play a key role in determining coffee flavour quality adults (European Food Safety Authority (EFSA), 2015).
(Ogutu et al., 2022). Figure 1 presents their chemical structures. Trigonelline is the second most abundant coffee alkaloid. It is
found in green coffee beans (Saud & Salamatullah, 2021), with
f / o levels up to 34.2 g/kg. It contributes to the appealing aroma of
\NJ‘j:N P coffee through roasting-induced formation of alkylpyridiniums. At
/J\ | /> N o the same time, its strong correlation with pH suggests its
o T N S significant role as a major flavor precursor, influencing taste and

aroma. Beyond its sensory contributions, trigonelline offers

caffeine triganelline various health benefits, including potential blood glucose
Figure 1. Chemical structures of caffeine and trigonelline reduction, support for liver autophagy, and decreased risk of
analyzed in this study. neurological diseases and heart conditions. It also exhibits

sedative, anticarcinogenic, antimigraine, antidiabetic,

i . antibacterial, and antiviral properties (Mohamadi et al., 2018).
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al., 2020). Despite some concerns regarding its potential health
effects, a 2023 risk assessment concluded that both acute and
chronic exposure to trigonelline is safe for human health
(Konstantinidis et al., 2023), resulting in no established safe
consumption limit.

Given the rise in coffee consumption in Malaysia, there is an
urgent need for accurate quantification of these compounds, not
only for consumer knowledge but also for ensuring the quality
and consistency of coffee products. Despite the extensive
consumption of instant coffee, there is a notable lack of
comprehensive studies that specifically quantify and compare the
caffeine and trigonelline content across different brands available
in the Malaysian market. Hence, this work aims to develop and
validate a high-performance liquid chromatography (HPLC)
method for the simultaneous measurement of these compounds
in instant coffee products sold in the country. HPLC, recognized
for its high precision, offers a broad dynamic linear range,
selective separation, and superior sensitivity, making it suitable
for this purpose.

We hypothesize that the caffeine and trigonelline content in
these products per serving do not exceed the recommended
guidelines. Moreover, we hypothesize variability in the caffeine
and trigonelline content among different instant coffee products
in Malaysia, which could result from differences in coffee bean
origin, processing methods, and formulation techniques used by
various manufacturers (Olechno et al., 2021).

2. Materials and Methods

Chemicals and Reagents

Caffeine (Sigma-Aldrich, Merck Peruana, Lima), trigonelline
(Sigma-Aldrich, Merck Peruana, Lima), HPLC-grade methanol
(Merck KGaA, Germany), and heptafluorobutyric acid (Alfa Aesar,
Thermo Fisher Scientific, Great Britain) were used in this study.
Ultrapure water (UPW) was prepared using a Sartorius AG model
H20PRO-VF-T system experimental
procedures.

and utilized for all

Instant Coffee Products

Instant coffee products in powder form were obtained from
supermarkets in Malaysia. Products placed at the eye level of the
shelves were selected for analysis in this study. Coffee samples
were classified into black coffee (BC), two-in-one coffee (211C),
and three-in-one coffee (311C), with five different brands chosen
for each group.

Preparation of Stock and Working Standard Solutions

Stock standard solutions of caffeine and trigonelline (200
ug/mL) were prepared in UPW and sonicated for 15 minutes using
an ultrasonic bath (Model FB 15061, Fisher Scientific, UK).
Working standard solutions were prepared by diluting the stock
solutions with UPW. All solutions were filtered through a 0.22 um
nylon syringe filter (Thermoline) prior to HPLC injection.
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Preparation of Coffee Samples

BC coffee powder samples were prepared by dissolving 0.3 g of
coffee powder in 100 mL UPW, stirring at 100°C until fully
dissolved, cooling to room temperature, and filtering through
qualitative filter paper. For 211C and 311C samples, 0.5 g of coffee
powder was dissolved in the same way. Each filtrate was filtered
using a 0.22 um nylon syringe filter and stored at 4°C until
analysis.

Determination of Maximum Wavelength Absorbance (Amax)

UV absorbance spectra of 10 pg/mL caffeine and trigonelline
standard solutions were recorded between 200 and 400 nm using
a Shimadzu UV-1800 spectrophotometer, with UPW as the blank
solution. The Amax was identified as the wavelength at which the
maximum absorption occurs.

Chromatographic Conditions

Chromatographic analysis was performed using an Agilent 1260
Infinity HPLC system, including a quaternary pump (G1311C), an
autosampler (G1329B), and a diode array detector (DAD)
(G1315D). Data processing was performed using Agilent OpenLAB
CDS ChemStation software. A GraceSmart reverse phase C18
analytical column (150 mm x 4.6 mm, 5 um) was utilized for
chromatographic separation at room temperature. The mobile
phase consisted of UPW with 5 mM HFBA (mobile phase A) and
methanol with 5 mM HFBA (mobile phase B). A gradient method
was applied, starting with 5% B and increasing to 70% B over 8
minutes. The mobile phase composition returned to 5% B within
2 minutes, followed by a 6-minute equilibration period. The flow
rate was 0.8 mL/min, with an injection volume of 20 uL. Caffeine
and trigonelline were detected at wavelengths of 273 nm and 264
nm, respectively. The autosampler temperature was held at 4°C.

System Suitability Test

A system suitability test was performed to ensure the HPLC
system and method could generate valid results. The parameters
evaluated were repeatability, plate number, resolution, and
symmetry.

Repeatability

the HPLC
consistency when the same sample or standard is injected
multiple times under the same conditions. It was assessed by

Repeatability assesses system's performance

determining the peak area and retention time consistency of 7
replicate injections of a mixed working standard solution
containing 20 pg/mL each of caffeine and trigonelline. Percentage
relative standard deviation (% RSD) values under 2% were
considered acceptable, calculated using Equation (1).

Standard deviation of peak area

% RSD = x 100% (1)

Mean of peak area
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Plate Number

Plate number, N, indicates the efficiency of the column. A higher
plate number corresponds to improved separation efficiency.
Injection of a mixed working standard solution containing 20
ug/mL each of caffeine and trigonelline was conducted. The plate
number was calculated using Equation (2). Plate number values
greater than 2000 were considered acceptable.

N = 5.54 (%fs)z 2)

where tg is the retention time of caffeine and trigonelline peaks
and wo s the width of their respective peak at half of the height.

Resolution

Resolution, Rs measures the degree of separation between the
caffeine and trigonelline peaks. A resolution value of 1.5 or above
indicates baseline resolution between the two peaks. Resolution
was evaluated by injection of a mixed working standard solution
containing 20 pg/mL each of caffeine and trigonelline. The
resolution was calculated using Equation (3). Resolution values of
1.5 or above were considered acceptable.

(tz—ty) (3)

Rs =1.18 x
(Wo.s1+wWq52)

where t; and t; are the retention times for caffeine and

trigonelline, respectively, while wosl and wps2 are the peak

widths measured at half the peak height for caffeine and

trigonelline, respectively.

Symmetry Factor

The symmetry factor is a coefficient that indicates the degree of
peak symmetry. It was determined with a mixed working standard
solution containing 20 pg/mL each of caffeine and trigonelline.
Symmetry values of no more than two were considered
acceptable (Ravisankar et al., 2015).

HPLC Method Validation

The optimised HPLC method underwent validation according to
the International Council for Harmonisation (ICH) guidelines,
focusing on linearity and range, precision, accuracy, limit of
detection (LOD), and limit of quantification (LOQ) (ICH, 2005).

Linearity and Range

The linearity curve for caffeine and trigonelline was assessed at
five concentration levels ranging from 1 to 200 pg/mL. Each
solution underwent triplicate injections into the HPLC system, and
a calibration curve was constructed using the mean values. The
acceptance criterion for the linearity test was a correlation
coefficient (R2) value equal to or greater than 0.9999.

Precision
Precision was determined as % RSD for intra-day precision
(repeatability) and inter-day precision (intermediate precision).
evaluated by performing

Intra-day precision was seven
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determinations of mixed working standard solutions at 20 pug/mL
on the same day. Inter-day precision was assessed by repeating
The
acceptance criterion for precision was % RSD of the peak area not

the intra-day precision procedure over three days.

exceeding 2%, calculated using Equation (1).

LOD and LOQ

The LOD, the minimum analyte concentration detectable by the
analytical method, was established by identifying the lowest
concentration at which the analytes could be detected. This
involved measuring individual working standard solutions of the
analytes until the concentration reached a level distinguishable
from background noise. The LOQ, defined as the lowest analyte
concentration reliably quantified by the analytical method, was
determined by establishing the lowest analyte concentration at
which the analytes can be consistently and reliably quantified
with acceptable precision (% RSD of peak area < 20%) and
accuracy (% Recovery £ 20%).

Accuracy

Accuracy was evaluated through nine determinations across
three concentration levels, each including three replicates.
Decaffeinated coffee samples were spiked with low (10 pg/mL),
medium (100 pg/mL), and high (190 pg/mL) concentrations of the
analytes. The % Recovery values were calculated by dividing the
experimentally measured concentration of each analyte spiked
into the blank by its theoretical amount (as per Equation (4)).
Acceptable accuracy was defined as % Recovery falling within the
90% to 110% range.

Experimental concentration of analyte

% Recovery = x 100% (4)

Theoretical concentration of analyte

Robustness

The method's robustness was evaluated by calculating the %
RSD of peak areas for caffeine and trigonelline in a 100 pg/mL
mixed standard solution, following intentional minor variations in
flow rate (x 0.1 mL/min) and detection wavelength (£ 2 nm).

Stability

The stability of caffeine and trigonelline working standard
solutions at 100 pg/mL was assessed at ambient temperature and
4 °C for 24, 48, and 72 hours to confirm stability for autosampler
and storage conditions. Stability assessment involved comparing
the concentration of each analyte in a freshly prepared solution
(Concineoretical) With its concentration after specified time points
(CoNncCmeasured), as per Eq. (5).

% Relative error (% RE) =
Concmeasured—CONCheoretical x 100% (5)

Concepeoretical

Caffeine and Trigonelline in Coffee Samples

A calibration curve (peak areas versus concentrations) was
established for each analyte within 1-200 pug/mL. The regression
equation derived from these calibration curves was used to
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calculate the caffeine and trigonelline amounts in the coffee
samples based on their peak areas. Each coffee sample was
analyzed in triplicate, and the mean concentration of each analyte
was reported.

3. Results and Discussion

HPLC Method Development

An analytical technique for measuring caffeine and trigonelline
simultaneously in instant coffee products was developed using
HPLC-DAD. The DAD wavelength was set to the maximum

absorbance peaks of trigonelline (264 nm) and caffeine (273 nm).
The mobile phase consisted of methanol and water with HFBA as
the ion pairing reagent. The optimized method involved gradient
elution with a runtime of 10 minutes and a flow rate of 0.8
mL/min. Under these conditions, caffeine and trigonelline
standards showed distinct retention times of 3.332 and 6.369
minutes, respectively (Figures 2(A) and 2(B)). Complete
separation was confirmed by injecting a mixed standard solution
of caffeine and trigonelline, resulting in baseline separation
(Figure 2(C)).
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Figure 2. HPLC chromatograms illustrating (A) standard trigonelline at concentration 20 pg/mL, (B) standard caffeine at concentration 20
pg/mL, and (C) a mixed standard solution (20 pug/mL), displaying baseline-resolved peaks for both trigonelline and caffeine.

System Suitability Test

Before validating the method, a system suitability test was
conducted to evaluate the HPLC system's performance for
analyzing caffeine and trigonelline. A system suitability test is a
series of checks performed to ensure that the HPLC system and
method can produce accurate results. These tests are essential in
confirming that the chromatographic system is functioning
correctly before the analysis of samples begins. The main
objective is to verify that the system performance satisfies the

necessary criteria for the analysis to be dependable. Using a
mixed working standard solution (20 pg/mL), the test assessed
column efficiency, peak resolution, symmetry, and repeatability
(Table 1). All measured parameters complied with the predefined
acceptance criteria outlined in the methodology chapter (Section
2.7). This confirmed that the HPLC system is functioning correctly
and is suitable for the intended analysis.

Table 1. Results of system suitability.

Parameter Caffeine Trigonelline Acceptance limit
Repeatability of retention time (% RSD)? 0.05 0.23 <2.0%
Repeatability of peak area (% RSD)? 0.04 0.06 <2.0%

Plate number, N 18157 4466 > 2000
Resolution, Rs 15.53 15.53 215

Symmetry, S 0.74 0.68 <2.0

aRepeatability was reported as the % RSD of seven injections.
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Method Validation
Linearity and Range
The linearity of the HPLC method was evaluated across a
concentration range of 1-200 pg/mL for both caffeine and
trigonelline. This parameter assesses the method's ability to
to the analyte

generate responses directly proportional

concentration within this specified range. Figure 3 illustrates a

strong linear relationship between peak area and concentration,
with correlation coefficients exceeding 0.999. The regression
equations were y = 61.023x + 37.257 for caffeine and y = 28.05x +
3.9441 for trigonelline. These results demonstrate the precision
of the method in quantifying these compounds within the defined
concentration range.
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Figure 3. Calibration curves for (A) caffeine and (B) trigonelline. Each data point represents the mean * standard deviation (SD) of three
injections.

LOD and LOQ

LOD and LOQ were determined for both caffeine and
trigonelline to establish method sensitivity. Individual standard
solutions at estimated LOD levels indicated LOD values of 0.1
ug/mL for caffeine and 0.2 pug/mL for trigonelline (Figure 4). The
LOQ values were defined as 0.2 ug/mL for caffeine and 0.3 pg/mL
for trigonelline. To confirm the validity of the established LOQ
values, accuracy and precision assessments were conducted at
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LOQ concentrations. At the LOQ, the % Recovery values for
caffeine and trigonelline were 97.00% and 113.87%, respectively,
while the % RSD peak area (n=3) for caffeine and trigonelline were
8.19% and 3.48%, respectively. Therefore, the accuracy and
precision assessments at LOQ confirmed the method's validity,
meeting the predefined acceptance criteria of % Recovery within
+20%, and % RSD below 20%.
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Figure 4. HPLC chromatograms of (A) standard caffeine (0.1 ug/mL) with elution at 6.423 mins and (B) standard trigonelline (0.2 pug/mL)

with elution at 3.308 mins.

Precision

The precision of the HPLC method was assessed by evaluating
repeatability (intra-day) and reproducibility (inter-day) of the
peak area and retention time for both compounds. Seven
replicate injections of a 20 pg/mL mixed working standard
solution were analyzed on the same day and over three
consecutive days. The calculated % RSD values for peak area and
retention time remained consistently below 2.0% (Table 2).
Therefore, the method is demonstrated to be repeatable and
capable of producing consistent results within and across multiple
days.

Accuracy

Accuracy measures how closely the measured concentration
reflects the true value of the analyte in the sample. To evaluate
accuracy, we determined the % Recovery at low quality control
(LQC), mid quality control (MQC), and high quality control (HQC)

concentration levels. The % Recovery values ranging from 93.92%
to 109.09% were within the acceptable range (Table 2),
confirming the method’s reliable quantification of caffeine and
trigonelline in instant coffee samples. However, the % Recovery
values for caffeine were lower than those for trigonelline. This
difference may be due to several factors related to the chemical
properties of the compounds. The lower solubility and stability of
caffeine in the extraction solvent compared with those of
trigonelline may have influenced the efficiency of its extraction
and subsequent quantification. Additionally, interactions
between caffeine and the coffee matrix components might have
caused variations in recovery rates. For instance, a study by other
researchers using hot water extraction of instant coffee also
reported lower % Recovery of caffeine compared to trigonelline
when spiked at concentrations between 0.02-0.08 g/100g (Liu et
al., 2012).

Table 2. Precision and accuracy assessment of the HPLC method.

Analyte Accuracy Intra-day precision Inter-day precision
Spike level % Recovery? % RSD of % RSD of peak % RSD of % RSD of peak
(nug/mL) retention time area retention time area
(n=7) (n=7) (n=7) (n=7)
Caffeine 10 93.92+2.14 0.05 0.04 0.21 1.41
100 96.09 £ 0.08
190 97.18+0.14
Trigonelline 10 101.20+0.18 0.23 0.06 0.55 0.19
100 108.37 £0.01
190 109.09 +0.12
aRecovery values are expressed as the mean + SD of triplicate injections.
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Robustness

In ICH Q2 (R1), “the robustness of an analytical procedure is a
measure of its ability to remain unaffected by small, but
deliberate variations in method parameters and provides an
indication of its reliability during normal usage.” ICH Q2 (R1) also
states that the robustness assessment "should demonstrate the
reliability of an analysis with respect to deliberate variations in
method parameters.” If measurements are susceptible to
variations in analytical conditions, the analytical conditions
should be properly controlled, or a precautionary statement
should be included in the procedure. We validated the robustness
of our method by varying the mobile phase flow rate and detector
wavelength. These parameters are frequently studied in
robustness tests of HPLC methods (Epshtein et al., 2018). We
varied the flow rate by 0.1 mL/min and the wavelength by +2
nm. These variations are common in the literature for HPLC
robustness experiments (Epshtein et al., 2018).

A % RSD of less than 2% for peak area was established as the
acceptable limit. This implies the analysis remains reliable if, after
deliberate changes in the method parameters, the % RSD of the
peak areas remains below 2%. As shown in Table 3, the % RSD for
all parameters examined was found to be less than 2%. Other
reported HPLC methods used to quantify caffeine and trigonelline
in instant coffee products have not evaluated robustness with
respect to changes in flow rate and wavelength (Arai et al., 2015;
Gant et al., 2015; Syamimi et al., 2022).

Table 3. Results of the robustness study were determined using
a 100 pg/mL mixed working standard solution.

Parameter % RSD of peak area
Caffeine Trigonelline
Flow rate (mL/min)
0.70 0.02 0.04
0.80%* 0.03 0.03
0.90 0.03 0.05
Wavelength (nm)
271 0.04 -
273%* 0.04 -
275 0.04 -
Wavelength (nm)
262 - 0.05
264* - 0.06
266 - 0.06

*normal chromatography condition

Stability of Caffeine and Trigonelline Solution

The stability of caffeine and trigonelline solutions was assessed
over three days at room temperature and under refrigeration (4—
8°C). These conditions were selected because the solutions were
prepared at room temperature, while storage and autosampler
temperatures were maintained at 4-8°C during the study.
Evaluating stability under the
the experimental

these conditions ensures

compounds remain stable throughout

processes. The % RE was employed to monitor any concentration
fluctuations. Trigonelline solutions exhibited excellent stability
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under both conditions, with % RE values between 0.00% and
0.11% (Table 4). In contrast, caffeine solutions showed higher %
RE values, especially at room temperature (0.35%—4.19%)
compared to refrigerated storage (0.02%—1.48%).

Caffeine, an alkaloid, is thermally stable during coffee bean
roasting (Wei et al.,, 2012). In aqueous solution, caffeine is
generally stable at moderate temperatures and pH. However, its
degradation in the environment is affected by factors such as UV
radiation (Edwards et al., 2015). In this study, caffeine solutions
stored at room temperature were kept in clear vials, unprotected
from light, potentially leading to faster degradation due to
exposure to environmental factors such as light and oxygen.
Conversely, caffeine solutions stored in the refrigerator were less
exposed to light, as the refrigerator lacks built-in light. Thus, the
stability of caffeine solutions was better maintained under
refrigerated conditions. Nevertheless, the stability of the caffeine
stock and working solutions in this study was preserved because
these solutions were promptly stored at refrigerated
temperatures shortly after their preparation at the bench. For
future routine analysis, it is advisable to store caffeine solutions
under refrigeration and protect them from light to maintain

accurate quantification and reduce stability-related issues.

Table 4. Stability assessment of 100 pug/mL mixed working
standard solution at room temperature and 4°C after 72 hours.

Storage % RE?
Conditions
Analyte (°C) Day 1 Day 2 Day 3
Caffeine Room 035 + 443 + 419 ¢
temperature  0.05 0.02 0.02
0.02 + 131 + 148 %
48 0.50 0.08 0.04
Trigonelline Room 000 + 0.08 + 0.09 =
temperature  0.04 0.02 0.03
48 0.06 + 0.11 + 0.04 =
0.09 0.02 0.03

2% RE values are expressed as the mean + SD of triplicate
injections.

Caffeine Content in Instant Coffee Products

Fifteen commercially available instant coffee products from
various brands sold in Malaysia were analyzed for caffeine and
trigonelline content. Using the validated HPLC-DAD method,
simultaneous quantification of these compounds was achieved,
and the results are presented in Table 5 with manufacturer-
declared values. Chromatograms of BC, 211, and 311 products are
shown in Figure 5.
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Figure 5. HPLC chromatograms of instant coffee products analyzed by the validated HPLC method showing caffeine and trigonelline
peaks: (A) BC-3, (B) 211C-3, and (C) 311C-1.
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Table 5. Quantification of caffeine and trigonelline in instant coffee products using the validated HPLC-DAD method.

Instant coffee Serving Amount detected (mg/g)c Manufacturer declared amount Calculated amount per serving (mg)¢ Calculated amount in 2.38 servings (mg)©
products? size (g)° (mg/g)

Caffeine Trigonelline Caffeine Trigonelline Caffeine Trigonelline Caffeine Trigonelline
BC-1 (Arabica 02.0 37.76 £ 0.04 11.00 + 0.04 25-45 Not declared 75.52 +0.07 21.99 £ 0.07 179.73+0.17 52.35+0.17
Robusta mixture) (n.d)
BC-2 (Arabica) 02.0 31.78 £ 0.08 9.67 £0.00 n.d nd 63.56 +0.16 19.35+0.01 151.28 £ 0.37 46.04 +0.02
BC-3 (Arabica) 01.8 24.50+0.01 5.43+£0.02 n.d n.d 44.11 +0.02 9.77 £0.03 104.97 £ 0.05 23.26 £ 0.07
BC-4 (Arabica 02.0 47.54 +0.01 10.38 £+ 0.00 n.d nd 95.09 £ 0.02 20.75+0.01 226.31+0.04 49.39 +0.02
Robusta mixture)
BC-5 (Arabica) 01.6 26.48 £ 0.01 9.68 +0.04 n.d n.d 42.37 £0.02 15.49 + 0.06 100.83 +0.05 36.86 £ 0.15
211C-1 25.0 5.23+0.00 1.05+0.00 n.d nd 130.87 £ 0.05 26.16 £ 0.05 311.48 +0.12 62.27 £0.13
211C-2 30.0 6.11+0.01 1.38+0.00 n.d nd 183.33£0.20 41.41+0.03 436.31+0.46 98.55 + 0.07
211C-3 30.0 4.90 + 0.00 0.62 +0.00 5 n.d 146.89 £ 0.10 18.63 + 0.04 349.59 £ 0.23 44.34 +0.09
211C-4 16.0 3.85+0.00 0.68 £ 0.00 n.d nd 61.63 £ 0.02 10.88 + 0.03 146.68 £ 0.04 25.88 £ 0.07
211C-5 25.0 6.35+0.00 0.77 £0.00 n.d n.d 158.63 +0.08 19.30+0.03 377.53+0.18 45.93 +0.06
311C-1 40.0 3.22+0.00 0.70+0.00 n.d n.d 128.68 +0.15 28.02£0.03 306.27 £0.35 66.68 £ 0.07
311C-2 38.0 3.47 £0.00 0.69 £ 0.00 n.d nd 131.70 £ 0.03 26.25 +0.05 313.45 + 0.06 62.49£0.11
311C-3 18.0 2.67 £0.00 0.38+0.00 n.d n.d 47.99 +0.06 6.88 £0.01 114.21+0.14 16.38 +0.03
311C-4 18.0 2.02 £0.00 0.37+£0.00 4 n.d 36.43+0.04 6.70 £ 0.02 86.70 £ 0.09 15.95+0.04
311C-5 38.0 4.17 £0.00 0.91 £ 0.00 n.d nd 158.65 + 0.08 34.46 £ 0.04 377.58 +0.19 82.00 £ 0.09

aBC: black coffee; 211C: two-in-one coffee; 311C: three-in-one coffee.

bValues indicated on the product label.

“Values are expressed as the mean + SD of triplicate injection
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Caffeine concentrations varied among different types of instant
coffee products, with BC containing the highest amount per gram
(average 33.61 mg/g), followed by 211C products (average 5.29
mg/g), and the lowest in 311C products (average 3.11 mg/g).
Instant BC products typically consist solely of instant coffee
powder and roasted ground coffee, which likely explains their
greater caffeine content. In contrast, 211C and 311C products
include additional components such as creamer, sugar, and
additives, which reduce the concentration of caffeine.

Moreover, variability within similar product types was also
observed. In BC products, caffeine content ranged from 24.50 to
47.54 mg/g, while for 211C and 311C products, it varied between
3.85 and 6.35 mg/g and 2.02 to 4.17 mg/g, respectively. These
differences within product types can be attributed to factors such
as coffee bean variety, origin, degree of roasting, and processing
methods (Olechno et al., 2021). For example, in our study, BC
samples containing a blend of Arabica and Robusta coffee (BC-4
and BC-1) exhibited higher caffeine concentrations than samples
consisting solely of Arabica coffee. This finding corresponds with
previous research indicating that Robusta coffee generally
contains more caffeine than Arabica coffee (Nyoro et al., 2018).

Only three of the 15 coffee products tested (BC-1, 211C-3, and
311C-4) provided information on their caffeine content (Table 5).
Product 2I1C-3 closely matched its declared caffeine content,

meeting 98.0% of the specified amount on the label. Similarly, the
caffeine content in product BC-1 (37.76 mg/g) was within the
manufacturer’s claim of 50-90 mg/2 g as published on its website.
However, product 311C-4 met only 50.5% of its label claim,
highlighting potential inconsistencies and misinformation in food
labelling practices (da Costa et al., 2022; Duffy et al., 2021).

According to the Malaysian Standard MS1360 (1994), it is
assumed that all coffee species contain an average of 0.9% (w/w)
caffeine, equivalent to 9 mg/g (Standards & Industrial Research
Institute of Malaysia, 1994). In our study, the measured caffeine
levels in BC (24.50 to 47.54 mg/g) generally exceeded this
standard. The measured caffeine content in our study is generally
consistent with other findings in the literature (Table 6). The
closest study to ours is by Nyoro et al., who quantified caffeine in
seven locally available coffee products in Malaysia using
chloroform extraction and ATR-FTIR analysis (Nyoro et al., 2018).
The average caffeine content reported was 0.55% (5.5 mg/g), with
Arabica coffee exhibiting lower caffeine levels compared to
Robusta coffee. The lower caffeine content reported by Nyoro
compared to our study could be ascribed to differences in solvent
type, extraction method, and analytical techniques employed in
their study.

Table 6. Comparison of caffeine content in instant coffee powder determined in this study and the past 10 years of literature.

Type of instant coffee powder Caffeine content

Analytical method Reference (Past 10 years)

used
Black coffee (This study) 24.50 - 47.54 mg/g HPLC -
211 coffee (This study) 3.85-6.35 mg/g HPLC -
311 coffee (This study) 2.02-4.17 mg/g HPLC
Commercial regular coffee 1.7-9.8 mg/g FTIR Nyoro et al., 2018)

Commercial regular coffee
Commercial regular coffee
Seven different types

0.49 —9.64 mg/g
28.8-35.0 mg/g
65 — 1503 (ug, w/w%) in 2.5

mg/ml of coffee

HPLC Arai et al., 2015)

(
HPLC (Gonzales-Yépez et al., 2023)
(
HPLC (Syamimi et al., 2022)

To assess consumer caffeine intake per serving, the caffeine
content per serving was calculated based on the specified serving
size on the product packaging (Table 5). Among different coffee
types, 2I11C exhibited the highest caffeine content per serving
(average 136.27 mg/serving), followed by 311C (average 100.69
mg/serving), with the lowest in BC (average 64.13 mg/serving).
Within the 15 tested products, 211C-2 contained the greatest
caffeine amount per serving (183.33 mg).

Considering the average daily coffee consumption of 2.38 cups
among Malaysians (UKEssays, 2018), 2.38 servings of 211C-2
would exceed the FDA recommended daily allowance of 400 mg
for adults. This scenario highlights the alarming ease with which
recommended daily intake limits can be surpassed, particularly
for frequent coffee consumers. Exceeding these limits has been
associated with a twofold higher risk of anxiogenic effects
(Jahrami et al.,, 2020). Adolescents and children, who are
especially vulnerable to even moderate caffeine doses, should not
exceed 100 mg/day and 2.5 mg/kg per day, respectively (Seifert
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et al., 2011). Pregnant women should also avoid consuming
multiple servings of instant coffee daily to remain within the
recommended limit of 200 mg/day (European Food Safety
Authority (EFSA), 2015). According to our analysis, 8 out of 15
products contained more than 200 mg of caffeine in 2.38 servings
(products BC-4, 211C-1, 211C-2, 211C-3, 211C-5, 311C-1, 311C-2, and
311C-5). This demonstrates the critical importance of monitoring
caffeine intake, especially among specific demographic groups, to
reduce potential health risks.

Trigonelline Content in Instant Coffee Products

The concentration of trigonelline in instant coffee products
showed a strong correlation with caffeine concentrations. Similar
to caffeine, BC exhibited the highest trigonelline content (average
value of 9.23 mg/g), followed by 211C (average value of 0.9 mg/g)
and 311BC (average value of 0.61 mg/g). These values are
consistent with existing literature (Arai et al., 2015). In our study,
the highest trigonelline content per gram of product was
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recorded in BC-1(11.00 mg/g), while 211C-2 contained the highest
trigonelline content per serving (41.41 mg/serving).

Despite its potential health benefits, toxicological data on
trigonelline remain limited, and no recommended limits have
been identified. However, an oral LD50 of 5000 mg/kg bw from
rat studies provides a threshold for acute oral toxicity
(Konstantinidis et al., 2023). Extrapolating these data to the
Benchmark Dose Lower Confidence Limit (BMDL10) suggests a
daily intake of 34.3 g for an individual weighing 70 kg. Considering
Malaysia's average daily coffee consumption of 2.38 cups,
reaching this amount would require consuming approximately
828 servings of product 211C-2 in a single day, exceeding any
reasonable consumption pattern. Therefore, instant coffee
beverages are a safe source of dietary trigonelline, and no toxic or
adverse effects are expected upon acute oral exposure to
trigonelline when consuming multiple servings of the instant
coffee products tested in this study.

4. Conclusion

This study quantified the caffeine and trigonelline content in 15
instant coffee products sold in Malaysia using HPLC-DAD. The
developed HPLC method was validated and exhibited precision,
accuracy, reliability, and linearity within the specified
concentration range. On average, the highest concentration (per
gram) of caffeine was observed in BC (33.61 mg/g), followed by
211C (5.29 mg/g), and the lowest in 311BC (3.11 mg/g). However,
when considering content per serving, the order changed to 211C
(136.27 mg/serving), 311C (100.69 mg/serving), and BC (64.13
mg/serving). Consuming one serving per day of any tested
product complies with the FDA's recommended daily caffeine
limit of 400 mg for adults. However, consuming more than 2.38
cups per day (the average cups of coffee consumed by
Malaysians) of product 211C-2 would surpass this limit,
empbhasizing the need for moderation. For pregnant women, 2.38
cups of products BC-4, 211C-1, 211C-2, 211C-3, 211C-5, 311C-1, 311C-
2, and 311C-3 would exceed the recommended daily caffeine limit
of 200 mg. Regarding label accuracy, one product failed to meet
its declared caffeine content by 50.5%, highlighting discrepancies
that could mislead consumers. Trigonelline content per gram and
per serving varied similarly with caffeine, with the highest in BC
(9.23 mg/g), followed by 211C (0.90 mg/g), and the lowest in 311BC
(0.61 mg/g). Per serving, the amount was 23.28 mg/serving in
211C, 20.46 mg/serving in 311C, and 17.47 mg/serving in BC. Unlike
caffeine, trigonelline poses no overdose risk even with multiple
daily servings. In conclusion, the findings in this study emphasize
the importance of accurate labelling and transparent information
for consumers to make informed decisions about their coffee
consumption. Adults are advised to limit instant coffee intake to
no more than two servings daily, especially for 211C and 311C
products, to avoid caffeine overdose. Adolescents should avoid
consuming instant coffee, as one serving daily would exceed the
recommended limit of 100 mg/day in seven out of the 15 products
tested.
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Extraction of Flavonoid from Rice Straw: The Study of Total Phenolic Content (TPC), Total

Flavonoid Content (TFC) and Antibacterial Activity

Siti Lestari'®*, Tri Sunaryo?® and Rizky Ibnufaatih Arvianto®

Abstract: The combustion of rice straw results in air pollution and a decrease in soil fertility. This research aims to extract flavonoids from
rice straw and evaluate their antibacterial properties. The extraction of flavonoids from rice straw was conducted using Soxhlet, reflux,
and maceration methods. These extraction techniques were subsequently compared based on the Total Phenolic Content (TPC) and Total
Flavonoid Content (TFC). The optimal extraction method for rice straw involved ethanol solvents with concentrations of 0%, 25%, 70%,
and 96%. This same optimal method was used to extract rice straw at various time intervals, specifically 12 hours, one day, and three
days. A comparative analysis of ethanol concentration and extraction duration was performed based on the Total Phenolic Content (TPC)
and Total Flavonoid Content (TFC). The rice straw extract underwent the disc diffusion method for antibacterial tests against gram-positive
(Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria. The antibacterial efficacy of rice straw extract was evaluated based
on its ability to inhibit the growth of these microorganisms. The maceration method proved to be the most effective for extracting rice
straw due to its significantly greater total flavonoid content (TFC) value compared to the reflux and Soxhlet extraction methods. Increasing
the ethanol concentration from 0% to 96% and extending the extraction time from 12 hours to 3 days led to a proportional increase in
total phenolic content (TPC) and TFC. Ethanol at a concentration of 96% was the most appropriate solvent for extracting rice straw due
to its highest total flavonoid content (TFC) value relative to other ethanol concentrations. A three-day extraction period was optimal,
yielding a significantly higher TFC value than 12-hour and one-day extractions. Furthermore, it is noteworthy that rice straw extract
exhibits greater inhibition of gram-negative bacteria (Escherichia coli) than gram-positive bacteria (Staphylococcus aureus). The

antibacterial activity of rice straw extract correlated with the flavonoid content in the sample.

Keywords: Rice straw, phenolic, flavonoid, anti-bacterial.

1. Introduction
Indonesia is an agrarian nation where various agricultural

products, including rice, cassava, and corn, are -cultivated.
Indonesia is the world's third-largest rice producer, behind China
and India (Indonesian Ministry of Home Affairs, 2004). The
elevated rice production levels result in a proportional increase in
waste generation. In 2021, rice production was estimated to have
reached 55.27 million tons of GKG, marking a rise of 620.42
thousand tons or 1.14 percent compared to the 2020 rice
production figure, which stood at 54.65 million tons of GKG (BPS-
Indonesian Statistics, 2021). The rise in rice production results in
a growth in agricultural waste, notably straw. Generally, this
waste is collected and subsequently burned, thereby contributing
to air pollution through the emission of several hazardous gases,
including sulfur dioxide (SO;), carbon monoxide (CO), volatile
organic compounds (VOC), polycyclic aromatic hydrocarbons
(PAHs), as well as various greenhouse gases, such as methane
(CH4), nitrous oxide (N,0), and carbon dioxide (CO;) (Gadde et al.,
2009; Romasanta et al., 2017). The increase in greenhouse gases
leads to global warming and Earth's climate change (Gadde et al.,
2009). Burning straw also results in a decline in soil quality
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characterized by the loss of essential nutrients and organic
matter, the depletion of soil-fertilizing bacteria, and an increased
vulnerability to soil erosion (Kumar et al., 2019). Rice straw waste
must be used carefully to prevent further pollution.

Rice straw contains secondary metabolites in the form of
phenolic compounds, particularly flavonoids (Elzaawely et al.,
2017; Karimi et al., 2014). These phenolic compounds show
potent antibacterial activity. The extract from Crataegus azarolus
L. var. Aronia callus contained high levels of flavonoids. These
compounds showed antibacterial activity against both gram-
positive and gram-negative bacteria, including Staphylococcus
aureus (ATCC 29213), Staphylococcus epidermidis (NCIMB 8853),
Escherichia coli (ATCC 35218), Pseudomonas aeruginosa (ATCC
27853), Micrococcus luteus (NCIMB 8166), and Salmonella
typhimurium (Bahri-Sahloul et al., 2014). Bergamot seed extract
(Citrus bergamia Risso) contains flavonoids that give it
antibacterial capabilities against gram-positive bacteria, including
Listeria innocua, Bacillus subtilis, Staphylococcus aureus, and
Lactococcus lactis (Mandalari et al., 2007). Mandarin orange seed
(Citrus Blanco) highest
concentration of flavonoids. These compounds show antibacterial
activity against Bacillus subtilis and Klebsiella pneumoniae (Balaky

extract reticulata contains the

et al., 2020). Numerous previous studies have demonstrated the
strong antibacterial properties of flavonoid compounds.

The flavonoid extraction process is influenced by several factors.
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Extraction methods

Flavonoid extraction methods can be conducted through reflux,
Soxhlet, or maceration. Reflux involves extraction with a solvent
at its boiling point for a specified time, maintaining a constant
solvent volume due to the presence of a condenser (Chua et al.,
2016). Soxhlet extraction shows similarities to reflux. A Soxhlet
flask is placed between the condenser and the round-bottom
flask, acting as a solid sample holder. This extraction method is
used for non heat-resistant samples, preventing direct contact
between the solid sample and boiling solvent during extraction
(Redfern et al., 2014). Meanwhile, maceration involves immersing
the material in a solvent without or with minimal heating (Rabiu
& Haque, 2017; Tambun et al., 2021).

Solvent Concentration

Solvent concentration is related to solvent polarity, and
flavonoids should exhibit similar polarity to the solvent (Yusof et
al., 2020). Furthermore, concentration reflects the quantity of
solvent molecules, and an increase in the number of particles
results in a higher frequency of collisions during the extraction
process (Cui et al., 2021).

Extraction Time

Extraction time is correlated with dwelling time, as a longer
extraction time leads to a prolonged period of solvent contact
with the sample during extraction (Dewi et al., 2019).

The total phenolic content (TPC) analysis in samples was
performed using the
compounds react with the Folin-Ciocalteu reagent under alkaline

Folin-Ciocalteu method. Phenolic
conditions to produce a blue complex compound (Blainski et al.,
2013). Meanwhile, the colorimetric method was employed to
analyze the total flavonoid content (TFC) of the sample (Martono
et al., 2019; Shraim et al., 2021). This method used aluminum
chloride (AICI3), which forms stable complex compounds with
flavonoid compounds. AICI3 creates a stable complex compound
by interacting with the ketone group at C4 and the OH group at
C3 or C5 (Martono et al., 2019). AICI3 also forms an acid-labile
complex with the orthodihydroxyl group on the flavonoid ring
(Martono et al., 2019). This complex compound causes a shift in
wavelength toward visible light so that the solution changes color
to yellow (Fadillah et al.,, 2007; Martono et al., 2019). The
absorbance of the color changes in the sample can be measured
using a UV-visible spectrophotometer at specific wavelengths.
This absorbance value is directly proportional to the total
phenolic and flavonoid content in the sample (Mekonnen &
Desta, 2021; Zhu et al., 2010).

The present study focused on isolating flavonoids from rice

straw using the procedures of reflux, Soxhlet, or maceration. The
optimal flavonoid extraction method was determined based on
the Total Flavonoid Content (TFC) and Total Phenolic Content
(TPC). The solvent concentration and extraction duration
influence on TPC and TFC was assessed using the selected
extraction method. Subsequently, using the disc diffusion
method, rice straw extracts with varying solvent concentrations
their
Staphylococcus aureus (gram-positive) and Escherichia coli (gram-
negative). The antibacterial efficacy of the rice straw extract was

were assessed for antibacterial activity against

evaluated based on the clear zone diameter against these
bacteria.

2. Materials and Methods

Material

In this study, various materials were employed, such as 96%
ethanol, distilled water, sodium bicarbonate, gallic acid, rice
straw, glass wool, Whatman paper, Staphylococcus aureus and
Escherichia coli cultures, Muller-Hinton medium, Nutrient Agar,
and Nutrient Broth.

Methods

Straw Powder Production

A kilogram of rice straw underwent an 8-hour drying procedure
conducted in direct sunlight. The drying process involved
enveloping the rice straw with a black mesh. After a drying
duration of 8 hours, the straw was sliced into small pieces.

Total Flavonoid Content (TFC) Analysis

Determination of Standard Curve

The samples' flavonoid content was quantified using quercetin
as the standard. A mixture was prepared by combining 10.0 mg of
quercetin, 0.3 mL of a 5% sodium nitrite solution, 0.6 mL of a 10%
aluminum chloride solution, and 2 mL of a 1 M sodium hydroxide
solution in a glass beaker. The resulting quercetin solution was
diluted with distilled water to a final volume of 10 mL using a
volumetric flask. The quercetin stock solution, obtained at a
concentration of 1000 ppm, was diluted to concentrations of 0.5
ppm, 1 ppm, 2 ppm, 5 ppm, 10 ppm, 25 ppm, 50 ppm, 75 ppm,
and 100 ppm, as shown in Table 1. Subsequently, the absorbance
of each solution was measured using a UV-Vis spectrophotometer
at a wavelength of 510 nm. The linearity equation was obtained
from a standard curve plotting absorbance versus concentration.
This equation was used to determine the flavonoid content in the
extract samples.

Table 1. Dilution of quercetin stock solution (1000 ppm)

Concentration (ppm) 0.5 1 2 5 10 25 50 75 100
Stock solution (mL) 0.005 0.010 0.020 0.050 0.100 0.250 0.500 0.750 1.000
Aquades (mL) 9.995 9.990 9.980 9.950 9.900 9.750 9.500 9.250 9.000
Final volume (mL) 10 10 10 10 10 10 10 10 10
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TFC Determination of Rice Straw Extract

The colorimetric assay measured the total flavonoid content
(Shraim et al.,, 2021). Two milliliters of a sodium hydroxide
solution (1 M) and two milliliters of a 10% aluminum chloride
solution were added to 0.2 milliliters of rice straw extract and 0.3
milliliters of 5% sodium nitrite. The extract solution was then
diluted using a measuring flask until it reached a final volume of
10 mL. Subsequently, a UV-Vis spectrophotometer was used to
measure the extract solution's absorbance at a wavelength of 510
nm. Using a linear equation, we determined the total flavonoid
concentration of the rice straw extract.

Total Phenolic Content (TPC) Analysis

Determination of Standard Curve

A glass beaker combined 10 mg of gallic acid, 0.5 mL of Folin-
Ciocalteu reagent, 1.5 mg of 20% sodium carbonate, and 7.5 mL
of distilled water (aquabides). The resulting gallic acid solution
was heated in a water bath at 40 °C for 20 minutes and rapidly
cooled on ice. The original stock solution of gallic acid (1000 ppm)
was subsequently diluted to various concentrations ranging from
0.5 ppm to 100 ppm. The absorbance of each of these dilutions
was measured using a UV-Vis spectrophotometer, with readings
taken at a wavelength of 760 nm. A standard curve established
the linearity equation by plotting absorbance against
concentration. This linear equation provides an essential basis for

calculating the phenolic content in the extract samples.

Table 2. Dilution of gallic acid stock solution (1000 ppm)

Concentration (ppm) 0.5 1 2 5 10 25 50 75 100
Stock solution (mL) 0.005 0.010 0.020 0.050 0.100 0.250 0.500 0.750 1.000
Aquades (mL) 9.995 9.990 9.980 9.950 9.900 9.750 9.500 9.250 9.000
Final volume (mL) 10 10 10 10 10 10 10 10
TPC Determination of Rice Straw Extract Maceration

In a glass beaker, 0.2 mL of rice straw extract, 0.5 mL of Folin-
Ciocalteu reagent, 1.5 mL of 20% sodium carbonate, and 7.5 mL
of distilled water (aquabides) were combined. The extract
solution was adjusted to a final volume of 10 mL using a
volumetric flask. Subsequently, the absorbance of the extract
solution was measured using a UV-Vis spectrophotometer at a
wavelength of 760 nm. The total flavonoid content within the
extract solution was determined employing the linearity
equation.

Effect of Extraction Method on TPC and TFC

Reflux Extraction

In total, 50 grams of rice straw were placed into a round-bottom
flask. 300 mL of 70% ethanol was added to the round-bottom
flask. The rice straw underwent reflux for a duration of 2 hours at
70°C. Following this step, the filtrate and residue were separated
using a Buchner vacuum filter. The filtrate was evaporated using
a distillator to remove the ethanol solvent. The resulting rice
straw extract was then analyzed for TFC (Total Flavonoid Content)
and TPC (Total Phenolic Content).

Soxhlet Extraction

A Soxhlet flask was filled with fifty grams of rice straw. The
round-bottom vial was subsequently filled with 300 mL of 70%
ethanol. The Soxhlet extraction was conducted for a period of two
hours. The sample was then filtered using a Buchner vacuum
filter. The ethanol solvent was removed by evaporating the
resulting filtrate with a distillator. Ultimately, the rice straw
extract was analyzed for TFC (Total Flavonoid Content) and TPC
(Total Phenolic Content).
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For 15 hours at room temperature, fifty grams of rice straw were
submerged in 300 mL of 70% ethanol. The filtrate and residue
were separated using a Buchner vacuum filter after 24 hours. The
ethanol solvent was subsequently removed from the filtrate by
evaporating it with a distillator. Ultimately, the rice straw extract
was analyzed for TFC (Total Flavonoid Content) and TPC (Total
Phenolic Content).

Effect of Ethanol Concentration and Extraction Time on TPC

and TFC

The extraction procedure was carried out according to the
optimum method specified in section 2.2.4 of the paper. Ethanol
concentrations were adjusted to 0%, 25%, 70%, and 96%. The
extraction times were set to durations of 12 hours, one day, and
three days. An investigation was conducted on each rice straw
extract, which varied in ethanol concentrations and extraction
times, to determine its Total Flavonoid Content (TFC) and Total
Phenolic Content (TPC).

Anti-bacterial Activity Test

Testing was performed to evaluate the antibacterial activity of
the most effective rice straw extraction technique, as outlined in
section 2.2.4. Antibacterial tests employed Escherichia coli (gram-
negative) and Staphylococcus aureus (gram-positive) bacterial
strains. A single dose of culture from Nutrient Agar (NA) was
suspended in Nutrient Broth (NB) medium and incubated for 24
hours. In a petri dish, 1 mL of Nutrient Broth (NB) culture was
mixed with 9 mL of Mueller Hinton (MH) medium. The mixture
was agitated and left undisturbed briefly to allow solidification.
Paper discs soaked in 1000 mg of chloroform were placed evenly
within the solidified medium. The plate was incubated at 37 °C for
24 hours, and measurements were taken by assessing the
Inhibitory Zone Diameter.
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3. Result and Discussion
Total Phenolic Content (TPC) Analysis

The standard curve for total phenolic analysis is depicted in
Figure 1. The graph demonstrates that the concentration of gallic
acid is directly proportional to the absorbance (Mayerhofer &
Popp, 2019). The structure of the linear equation is as follows: y =
0.0081x + 0.0005 (where "x" and "y" represent the phenolic
concentration and absorbance, respectively). Therefore, the
phenolic concentration in straw extract can be calculated using
equation (1).

C trati Absorbance 0.0005 )
oncentration = —— — 0,
0,0081
0.90
0.80 y =0.0081x + 0.0005 .9
0.70 R2=1
0.60 e
3
< 0.50 .
3
§ 0.40 ...,.'
2030
0.20 &
0.10 P

0.00 &
0

20 40 60 80 100 120
Concentration (ppm)

Figure 1. Standard Curve of TPC Analysis

Phenolics were compounds characterized by aromatic rings that
could bind one or more hydroxyl groups (Tsao, 2010; Vuolo et al.,
2019). Numerous studies have demonstrated that gallic acid is the
reference for quantifying total phenolics in various samples
(Blainski et al., 2013; Elzaawely et al., 2017; Karimi et al., 2014).
When gallic acid and Folin-Ciocalteu reagent were combined in an
alkaline environment, they formed a blue complex compound
(Martono et al., 2019). The addition of Na,COs; into the sample
created an alkaline environment. Na,COs enabled the dissociation
of protons in gallic acid, forming gallic acid phenolate ions (Karimi
et al., 2014; Martono et al., 2019). Subsequently, the hydroxyl
group within the gallic acid phenolate ions reacted with the Folin-
Ciocalteu reagent, resulting in the formation of a blue
molybdenum-tungsten complex (Abdelkader et al., 2014; Agbor
et al., 2014; Martono et al., 2019). The gallic acid phenolate ion
acted as a reducing agent in this reaction, converting Mo®* to
Mo>*. Simultaneously, molybdenum oxidizes the hydroxyl group
within the gallic acid phenolate ion, transforming it into a ketone
group (Shi et al., 2022). The process for the formation of the

molybdenum-tungsten complex was illustrated in Figure 2.
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Figure 2. Formation of molybdenum-tungsten complex (Martono
et al., 2019; Shi et al., 2022).

The absorbance of the blue molybdenum-tungsten complex was
measured using a UV-visible spectrophotometer (Zhu et al.,
2010).
concentration of the substance (Mayerhofer & Popp, 2019). Gallic

The absorbance is directly proportional to the
acid was prepared at different concentrations to create a
standard curve (Bhaigyabati et al., 2015). A linear equation was
derived from this curve, which was then used to determine the
phenolic compound content in rice straw extract.

Total Flavonoid Content (TFC) Analysis

The total flavonoid concentration in rice straw extract was
quantified using the same methods applied for the total phenolic
analysis, using quercetin as the reference compound. Figure 3
presents the standard curve for the analysis of total flavonoids.
The plot shows the direct relationship between the concentration
of quercetin and the absorbance, as cited in the literature
(Mayerhofer & Popp, 2019). The result of the regression equation
is y = 0.0032x - 0.0026 (“x” and "y” respectively represent the
flavonoid concentration and absorbance). Therefore, the
concentration of flavonoids in the straw extract could be

calculated utilizing equation (2).

Concentration = 22S0TPA0Ce L 0 0026 2)
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Figure 3. Standard Curve of TFC Analysis
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A series of investigations have shown that quercetin is a
flavonoid that can be used to determine the total flavonoid
content (Alide et al., 2020; Bhaigyabati et al., 2015; Chun et al.,
2003; Rammohan et al., 2019). Figure 4 illustrates the formation
of an Al(lll)-quercetin complex resulting from the interaction
between AICI3 and quercetin in an alkaline environment. The
complex formed by Al(lll) with quercetin is shaded yellow
(Rammohan et al., 2019).

Quercetin

Figure 4. Formation of the Al(lll)-quercetin complex (Martono et
al., 2019)

Effect of Extraction Method on TPC and TFC

A comparison of extraction methods for rice straw was
conducted to ascertain the most efficient technique for flavonoid
extraction, as measured by TPC and TFC values. The employed
methods included Soxhlet extraction, reflux, and maceration,
using a 70% ethanol solvent. Figure 6 shows that maceration
yielded a substantially higher flavonoid content than Soxhlet or
reflux methods. These results were consistent with the research
conducted by Vifta et al. (2019). The extraction of Clitoria
ternatea flowers using the maceration method produced a TFC
value of 53.127 mg QE/g. This value was significantly higher than
that obtained through reflux extraction (24.527 mg QE/g) and
Soxhlet (21.06 mg QE/g) methods (Vifta et al., 2022). Maceration
was conducted at room temperature without heating, whereas
reflux and Soxhlet extractions were performed at the boiling point
of ethanol using heating. According to the literature, flavonoids
are polyphenolic compounds easily degraded by heat exposure
(Anukam et al., 2014; Vifta et al., 2022). Several studies also
support this finding. The extraction of flavonoids from garlic using
ethanol as a solvent exhibited a decrease in TFC from 414.98 £
20.16 mg QE/g to 69.10 + 6.03 mg QE/g as the extraction
temperature rose from 25 °C to 150 °C (Alide et al., 2020).
Flavonoids undergo degradation with increasing extraction
temperatures. A reduction in flavonoid content also occurred
during the black rice extraction process, decreasing from 450
mg/100g to 350 mg/100g due to elevating the extraction
temperature from 40 °C to 100 °C (Lang et al., 2019). The decline
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in TFC can be attributed to the degradation or damage of
flavonoids with increasing temperature (Gao et al., 2022).

The phenolics extracted through reflux exhibit the highest
values compared with those obtained through Soxhlet and
maceration techniques (Figure 6). Some literature suggests that
phenolic compounds have higher thermal degradation thresholds
than flavonoids. On the other hand, reflux allows the sample to
be subjected to more intense heat than Soxhlet or maceration.
Thus, reflux extraction causes the release of phenolic compounds
due to heat breakdown of flavonoid compounds. In grape seed
flour samples, phenolic compounds degraded when exposed to
temperatures above 180 °C, whereas flavonoids began to degrade
at 120 °C (Ross et al., 2011). The high TPC and low TFC values
observed during reflux extraction indicate the extraction of other
phenolic compounds, including tannins, stilbenes, phenolic acids,
and lignin. These compounds possess a higher thermal
degradation threshold than flavonoids (Tambun et al., 2021;
Widiyastuti et al., 2020). Figure 7 illustrates that flavonoids were
transformed into various phenolic compounds when exposed to
high temperatures (Chaaban et al., 2017). As a result, the TPC
obtained through the reflux method typically exceeded that

obtained through maceration.
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Figure 4. TPC and TFC of rice straw extracts using various
methods
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Figure 5. Scheme of the reaction of flavonoid degradation into other phenolics (non-flavonoids) (Chaaban et al., 2017)

The color of the rice straw extract is depicted in Figure 7. Existing
literature indicates that flavonoid compounds typically exhibit a
pale yellow hue (lwashina, 2015; Stavenga et al., 2021). The
maceration method for extracting rice straw results in a pale
yellow color, confirming the presence of the highest flavonoid
content. This finding is further supported by the higher TFC
observed in macerated rice straw extract compared to reflux and

Soxhlet extractions, as illustrated in Figure 5. The increasing
darkness observed from maceration to reflux and Soxhlet
extraction indicates an elevated concentration of other phenolic
compounds (non-flavonoids) (Ge et al., 2021). This result aligns
with Figure 5, which shows the highest TPC value for reflux
compared to Soxhlet and maceration.

(a)

Figure 6. The color of rice straw extract: (a) soxhlet, (b) reflux, and (c) maceration

According to the literature, flavonoids were recognized as active
compounds with antibacterial properties (Biharee et al., 2020;
Cushnie & Lamb, 2005; Donadio et al., 2021). Consequently, the
selection of an effective extraction method hinged on achieving
the highest TFC. As depicted in Figure 5, maceration emerged as
the most effective method for extracting rice straw. The
optimization of ethanol concentration and contact time during
the rice straw extraction process was carried out using the
maceration method.

Effect of Ethanol Concentration on TPC and TFC
A comparison of ethanol concentrations was conducted to
determine the optimal solvent concentration for extracting

(b)
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(c)

flavonoids, which were recognized for their antibacterial
properties. Ethanol concentrations were varied at 0%, 25%, 70%,
and 96% to evaluate the effect of solvent concentration on TPC
and TFC. Notably, 96% ethanol yielded the highest TPC (1288.56
ppm) and TFC (1000.16 ppm), as shown in Figure 8. Consequently,
the TPC and TFC exhibited a proportional decline with the
reduction in ethanol concentration. According to the literature,
the increase of ethanol concentration from 20% to 80% in the
Malaysian Propolis extraction raised the TFC value from 0.010 +
0.19 mg QE/ml to 0.034 + 0.1875 mg QE/ml. TPC also rose from
1,456 + 0.0025 mg GAE/ml to 8,898 + 0.008 mg GAE/ml (Yusof et
al., 2020). Comparable findings in other studies indicate that

increasing the ethanol content from 50% to 70% in the extraction
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of A. bilimbi resulted in an increase in TFC (62.74 + 1.16 to 64.81
+ 1.85 mg RTE/g) and TPC (103.79 % 3.19 to 119.47 + 1.76 mg
GAE/g) (Rahardhian et al., 2019). An increase in ethanol content
led to a decrease in the polarity of the solvent. In contrast,
flavonoids have relatively low polarity (Wang et al., 2022). As a
result, flavonoids were more readily dissolved and extracted
when the ethanol concentration was high (Rahardhian et al.,
2019; Wang et al.,, 2022; Yusof et al., 2020). The extraction
process was enhanced by the solvent's rapid penetration of the

solid matrix of the sample, which was aided by the similarity in
polarity (Yusof et al., 2020). Furthermore, the increase in
concentration resulted in more ethanol particles in the solution.
A higher concentration of ethanol particles led to a greater
frequency of contacts between the sample and the solvent (Cui et
al., 2021).

1400 1288.56
@TPC  mWTFC
1200 o0y 29508 1000.1
1000 | gsg 55 896.67 . T
N N N
N N NE N
400 \ § | § R
200 § (:39 § 1; 01 % §
0
0% 96%

0, 0,
Et%gé’ol Concentrggc/fn

Figure 7. TPC and TFC of rice straw extracts with various ethanol concentrations

Differences in ethanol concentration influenced the color of rice
straw extract, as shown in Figure 9. A decrease in color darkness
occurred in direct proportion to the increase in ethanol
concentration, ranging from 0% to 98% (shifting from dark yellow
to pale yellow). This result provided evidence of increased

flavonoid content (Iwashina, 2015; Stavenga et al., 2021), as
illustrated in Figure 8. Conversely, the dark color of the rice straw
extract indicated a high non-flavonoid phenolic content (Ge et al.,
2021).

(a)

Figure 8. TPC and TFC of rice straw extracts with various ethanol concentrations

(b)

The ethanol concentration was directly proportional to the
flavonoid content. Flavonoids have been demonstrated to
possess the ability to disrupt bacterial cell walls (Xie et al., 2014).
Therefore, 96% ethanol is the most appropriate solvent for rice

straw extraction.

Effect of Time Extraction on TPC and TFC

A comparative analysis of extraction time was conducted to
determine the most effective period for obtaining flavonoids from
rice straw. Extraction times were adjusted to 12 hours, one day,
and three days. The data shown in Figure 10 demonstrates that
extending the extraction time resulted in an increase in total
phenolic content (TPC) and total flavonoid content (TFC). This
result is similar to the literature by Diniyah et al. (2023), where
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(c) (d)

increasing the extraction time of Mucuna pruriens L. at room
temperature from 2 hours to 6 hours caused an increase in TPC
(20.79 mg QE/100 g to 26.02 mg QE/100 g) and TFC (0.77 mg
QE/100 g to 1.09 mg QE/100 g) (Diniyah et al., 2023). The
extended extraction time increases the contact duration between
the sample and the solvent (Dewi et al., 2019; Diniyah et al.,
2023).

Extending the extraction time resulted in a shift towards a pale
yellow color in the extracted solution. These findings indicated
increased flavonoid concentration within the extract (Iwashina,
2015; Stavenga et al., 2021). Conversely, the shortest extraction
period (12 hours) yielded a darker hue due to the high total
phenolic content (TPC), as depicted in Figure 13 (Ge et al., 2021).

DOl:https//doi.org/10.22452/mjs.vol44no4.6
Malaysian Journal of Science 44(4): 53-64 (December 2025)



Malaysian Journal of Science

Regular Issue

1600
1400
1200
1000
5800
a
600

400 234.54
200 121.23

o L\

TPC HWTFC

1147.9

77

1435.62

i

12 Hour

1 Day

359.24
273.98
3 Day

Time of Extraction

Figure 9. TPC and TFC of rice straw extract with various extraction times

Anti-bacterial Activity

Flavonoids are phenolic compounds that exhibit antibacterial
capabilities through various mechanisms. Numerous studies have
demonstrated that flavonoids can impede energy metabolism,
disrupt cytoplasmic membrane function, and inhibit nucleic acid
synthesis (Biharee et al., 2020; Donadio et al., 2021; Gérniak et
al., 2019; Xie et al., 2014). Additionally, flavonoids show the ability
to reduce adhesion and biofilm formation, regulate membrane
permeability, affect porins on cell membranes, and decrease
pathogenicity, which are all critical for bacterial proliferation
(Biharee et al., 2020; Donadio et al., 2021; Xie et al., 2014).

Antibacterial testing was performed in this investigation with
both gram-negative and gram-positive microorganisms. Gram-
negative bacteria are enclosed by a lipopolysaccharide outer
membrane and a thin peptidoglycan cell wall, whereas gram-
positive bacteria have a thicker peptidoglycan layer and lack an
outer membrane (Silhavy et al., 2010). Specifically, Escherichia
coli served as the representative gram-negative bacterium, and
Staphylococcus aureus was chosen as the gram-positive
counterpart.

The extraction procedure was performed with ethanol
concentrations of 96% (sample A), 70% (sample B), and 25%
(sample C). Antibacterial testing was conducted by measuring the
presence of clear zones (inhibitory zones). Figure 12 shows clear

(b)

Figure 10. The color of rice straw extract varies depending on the duration of the extraction process: (a) 12 hours, (b) 1 day, (c) 3 days
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zones were observed in the Escherichia coli and Staphylococcus
aureus tests during the first and second repetitions. These clear
zones provided evidence of the antibacterial activity of the rice
straw extract. Sample A, shown in Figure 13, exhibited the
greatest clear zone width for Escherichia coli and Staphylococcus
aureus. This result is related to the high ethanol content (96%). As
shown in Figure 8, 96% ethanol contains the greatest flavonoid
concentration (1288.56 ppm), indicating that sample A has better
antibacterial effects than samples B and C. These results are
consistent with previous studies by Bacon et al. (2017), where
increasing the percentage of methanol solvent from 75% to 95%
in jalapefio pepper extractions improves antibacterial activity
against Escherichia coli (leading to a larger clear zone width from
7.4 to 8 mm) (Bacon et al.,, 2017). The clear zone diameter
increased from 9 mm to 12 mm and from 10 mm to 13 mm,
that the
concentration from 7.5 mg/ml to 15 mg/ml in the extraction of

respectively, indicating increasing methanol
Dipcadi viride (L.) also led to enhanced antibacterial activity
against Escherichia coli and Staphylococcus aureus (Al Farraj et al.,
2020). Table 3 presents the classification of clear zones based on
the literature. Sample A, classified as "very strong" and "strong,"
significantly reduced the development of Staphylococcus aureus

and Escherichia coli, as shown in Figure 13.
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Figure 12. Average Inhibitory Zone Diamater for each straw extract

Table 3. Classification of Inhibitory Zone
Diameter (Indriani et al., 2020)

Inhibitory Zone Diamater (mm) Category
>20 Very Strong
10-20 Strong

5-10 Intermediate
<5 Weak

Figure 12 illustrates that flavonoids extracted from rice straw
tend to display superior antibacterial activity against gram-
negative bacteria (Escherichia coli) compared to gram-positive
bacteria (Staphylococcus aureus). Several research studies show
that flavonoids derived from bergamot orange seeds exhibit
stronger antibacterial effects against gram-negative bacteria
(Escherichia coli, Pseudomonas putida, Salmonella enterica) than
gram-positive bacteria

(Listeria innocua,

Staphylococcus aureus, Lactococcus lactis) (Mandalari et al.,

Bacillus  subtilis,

2007). A similar trend is observed in the flavonoid activity derived
from the leaves of Bugis Ginseng (Talinum paniculatum Gaertn.).
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The efficacy of this extract in inhibiting gram-negative bacteria
(Escherichia coli) is demonstrated by a clear zone measurement
of 7.27 mm, which exceeds its impact on gram-positive bacteria
(Staphylococcus aureus) at 7.04 mm (Emelda et al., 2021).

4. Conclusion

The study findings indicate that maceration is the most efficient
approach for extracting flavonoids from rice straw compared to
Soxhlet or reflux extraction methods. A direct correlation was
observed between the increase in ethanol content and the
corresponding rise in TPC and TFC. Significantly, the TPC and TFC
values were higher following a three-day extraction period than
12 hours or 1 day. Comparative antibacterial testing
demonstrated that the straw extract had greater inhibitory
effectiveness against Escherichia coli than Staphylococcus aureus.
The antibacterial activity exhibited a clear association with the

TFC of the rice straw extract.
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Coalbed Methane Potential of The Muara Enim Formation in The South Sumatera Basin
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Abstract: Identification of aromatic hydrocarbon fraction by biomarker analysis was carried out to determine the geochemical
characteristics of the coal samples from the Muara Enim formation in the South Sumatra basin for potential coalbed methane (CBM)
exploration and production. Biomarker analysis using gas chromatography-mass spectrometry (GC-MS) shows the distribution of
naphthalene, phenanthrene, and pentacyclic polyaromatic triterpenoid compound groups. The high abundance of 1,2,5- and 1,2,7-
trimethylnaphthalene (TMN) compounds indicates that the organic matter in the coal samples mostly originated from higher Angiosperm
plants that were deposited in a terrestrial and oxic environment. This terrestrial depositional environment was also indicated by the
dominance of the 1,6- and 1,7- dimethylphenanthrene (DMP) compounds. The low maturity of the analyzed coal was indicated by the
dominance of less stable isomers over more stable isomers. The identification of 2- and 1- methylphenanthrene (MP) biomarkers that are
associated with type Il and type Ill kerogens in relatively high abundance indicates that the analyzed coal samples tend to produce oil and
gas. However, the lower abundance value of 2,7-dimethyl-1,2-(isopropylpenteno)-1,2,3,4-tetrahydrochrysene compared to 1,2,4a,9-
tetramethyl-1,2,3,4,4a ,5,6,14b-octahydropicene indicates that the coal samples from the Muara Enim formation possess a higher
potential to produce gas than oil. In addition, the high vitrinite content in the samples is related to type Ill kerogen, which shows that the
coal is more gas-prone than oil-prone. The obtained methylphenanthrene index (MPI) value of 0.99 indicates moderate maturity of coal.

These implicatons show that the analyzed coal can be exploited for its CBM gas content.

Keywords: Coalbed methane, coal, biomarker, aromatic hydrocarbon, GC-MS analysis, Muara Enim.

1. Introduction

Coalbed methane (CBM) is a rare natural gas found in coal
seams. This gas is trapped in the coal matrix in the form of bubbles
or dissolved in water and released into the surrounding sediment
during compaction at shallow depths and low temperatures (Gao
et al., 2020). A ton of coal typically produces 250-500 cubic feet
of methane gas but can produce 250,000-500,000 Btu when
burned. This energy potential makes CBM suitable for use as a fuel
(Gao et al., 2020). Furthermore, CBM can be extracted from coal
deposits without having to conduct coal mining. CBM is an
environmentally friendly fuel because it does not produce sulfur
oxides, nitrogen, or other toxic materials. The carbon dioxide gas
emissions produced by CBM are less than those produced by the
direct combustion of conventional coal fossil fuels in steam power
plants. The development of CBM by the coal mining industry in
Indonesia has a positive impact on the environment by reducing
in-situ gas content during the exploitation process, which can also
improve industrial safety conditions (Huang et al., 2019).

Indonesia has the largest coal reserves in the Asia-Pacific region
and is one of the largest coal-producing countries in the world. As
of 2020, the total coal resources in Indonesia reached 143.73
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billion tons, with coal reserves reaching up to 38.80 billion tons
(ESDM, 2020), which accounts for 3.7% of the world’s reserves.
Most Indonesian coal is low- and medium-calorie, which posses a
lower economic value than high-calorie coal (Nugroho, 2017).
Furthemore, many of the largest coal reserves are located in the
South Sumatra Basin. This basin is a tertiary basin that includes
the Lahat, Lemat, Talang Akar, Baturaja, Gumai, Lower
Palembang, Kasai and Muara Enim formations. The Muara Enim
formation has coal bearings that were formed in the Late Miocene
to Early Pliocene eras (Amijaya et al., 2006; Darman, 2000; Kim et
al., 2017; Stanford, 2013; Yasin et al., 2021).

Knowledge on the origin of CBM is a prerequisite for formulating
an effective and successful CBM exploration strategy (Martini et
al., 2008; Scott et al., 1994). Biogenic CBM is produced through
microbial decomposition of organic matter in coal at low
temperatures (usually less than 56 °C). In contrast, thermogenic
CBM is produced from thermal decomposition of organic matter
in coal, primarily at temperatures above 100 °C at which
methanogenic  microbial activity becomes biochemically
impossible (Hunt, 1979; Rice & Claypool, 1981). The exploration
of biogenic CBM should be focused on shallow and thermally
immature coal seams that possess larger fractures which can
result in a faster gas extraction process. In contrast, thermogenic
CBM is more likely to accumulate in deeper and more thermally
mature coal seams, where the network of open fractures are
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limited (MclIntosh et al., 2008; Rice, 1993; Strapo¢ et al., 2007).
Furthermore, the production of mixed CBM (thermogenic and
biogenic) require complex exploration and production strategies
based on the local geological and hydrological conditions. Thus,
successful CBM exploration largely depends on studying the origin
of coal seam gas (Dai et al., 2009; Faiz & Hendry, 2008; Flores et
al., 2008; Rice, 1993; Scott et al., 1994; Whiticar, 1999).

Biomarker analysis can be carried out to identify the origin of
coal seam gas for CBM exploration. Aromatic hydrocarbon
biomarkers with naphthalene, phenanthrene and pentacyclic
aromatic triterpenoid structural frameworks indicate that the
organic matter originate from terrestrial higher plants. Isomers
such as 1,2,5-TMN and 1,2,7-TMN can be used as indicators of
coal deposition environments (Burhan et al.,, 2020; lJiang &
George, 2019; Wang et al., 2022). The presence of
methylphenanthrene biomarkers can be used to determine the
type of kerogen on the van Krevelen diagram. The presence of 3-
MP, 2-MP, 9-MP and 1-MP isomers potentially determines
whether coal is a gas producer (gas-prone) or oil producer (oil-
prone). Kerogen types | and Il are oil-prone, whereas kerogen type
Il is gas-prone (El-Sabagh et al., 2018; Zhang & Li, 2018).

The biogenical formation of CBM with the help of bacteria
requires a group of methoxylated aromatic compounds (MACs) or
compounds that have methoxy groups to carry out
methanogenesis and produce methane gas. Methanosarcinales
bacteria convert MACs into methane gas in coal seams. These
MAC s are derivatives of lignin found in plant wood tissue and are
often buried in humic coal sediments, so these compounds can be
considered biogenic markers of CBM (Mayumi et al., 2016). In this
article, geochemical characterization of the coal samples
extracted from the Muara Enim formation is conducted by
aromatic biomarker analysis and discusses the implications of the
biomarker analysis to determine the origin of organic matter,
depositional environment and coal maturity for CBM exploration
and production.

2. Method

Sample

The coal samples in this study were extracted from the Muara
Enim mine in Rambutan Field, South Sumatra Basin, which were
formed in the Cretaceous-Early Tertiary period. The samples
taken at a depth of 503.7 m with a layer thickness of 10.67 m were
included in the sub-bituminous rank.

Regular Issue
Method

A total of 10 g of finely ground coal sample was extracted in a
dichloromethane/methanol solvent (97:3 v/v) for 16 h. The
solvent mixture was evaporated and the asphaltene and maltene
were separated using an excess n-hexane solvent (Theuerkorn et
al., 2008). The maltene extract was fractionated by thin layer
chromatography using silica gel GF,s4 in an n-hexane solvent to
separate aliphatic and aromatic hydrocarbon fractions.
Furthermore, the aromatic hydrocarbon fraction was analyzed for
its components by Gas Chromatography-Mass Spectrometry (GC-
MS) using Agilent 122-5561 with an HP-5MS column type (60 um
x 250 um x 0.33 pum). The carrier gas was helium, the flow rate
was set to 1 mL/min and the mass spectrometer was conditioned
at an energy of 70 eV. The operating temperature was initiated at
70 °C and kept isothermal for 1 minute and then increased to 180
°C at a rate of 10 °C/min. The temperature was increased again to
315 °C at a rate of 4 °C/min and kept isothermal for 30 min. The
mass spectrometer was operated in full-scan mode. The
biomarker structure was identified based on specific m/z
fragmentograms, retention time patterns and by comparing the
mass spectrum with reference data published by previous
researchers.

3. Results and Discussion

Coal Classification

The analyzed coal sample had a calorific value of 5669 cal/gram,
which is equivalent to the subbituminous coal rank (Sharma et al.,
2019). This subbituminous coal ranking is in accordance with the
results of the proximate analysis carried out by (Sosrowidjojo,
2013). The results include, among others, a low Vvitrinite
reflectance (Ro = 0.31-0.49%) which indicate subbituminous rank,
high moisture content (21%), low ash content (5.6 — 19.8%),
volatile matter of the seams in the range of 29.3-45.8%, fixed
carbon content less than 80% weight (daf) and a maximum fixed
carbon of 46.54%.

Identification of Aromatic Hydrocarbon Fraction Biomarkers

The biomarker structure of the aromatic hydrocarbon fraction
was identified based on specific m/z fragmentograms, mass
spectra and comparing the results with previous publications
(Buckley et al., 2021; Burhan et al., 2019; Gan et al., 2023; Lima et
al., 2023; Synnott et al., 2021; Zheng et al., 2023). The biomarkers
identified were naphthalene, phenanthrene and aromatic
pentacyclic triterpenoid compounds (Figure 1 and Table 1).
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Figure 1. Total ion chromatogram (TIC) of aromatic hydrocarbon compounds

Table 1. Abundance of naphthalene, phenanthrene and pentacyclic polyaromatic triterpenoid compounds

Naphthalene Phenanthrene Polyaromatic pentacyclic triterpenoid

Compounds m/z % abundance Compounds m/z % abundance Compounds m/z % abundance

2-MN 142 33.85 3-MP 192 10.63 Cy7 triaromatic-8,14- 169 100
secotriterpenoid

1-MN 142 66.15 2-MP 192 38.56 Cas triaromatic-8,14- 183 100
secotriterpenoid

(2+1)-EN 156 1.33 9-MP 192 23.53 2,9-dimethylpicene 306 100

(2,6+2,7)-DMN 156 10.09 1-MP 192 27.29 1,2,9-trimethylpicene 320 100

(1,3+1,7)-DMN 156 12.58 2,6-DMP 206 3.42 2,2,9-trimethyl-1,2,3,4- 324 63.8
tetrahydropicene

1,6-DMN 156 65.52 (1,3+2,10+3,9+3,10)-DMP 206 8.7 1,2,9-trimethyl-1,2,3,4- 324 36.2
tetrahydropicene

(1.4+2.3+1.5)-DMN 156 6.5 (1,6+2,9)-DMP 206 37.02 8,14-triaromatic secolupane 145 76.36

1,2-DMN 156 3.99 1,7-DMP 206 29.35 8,14-triaromatic secooleanane 145 23.64
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Naphthalene Phenanthrene Polyaromatic pentacyclic triterpenoid
Compounds m/z % abundance Compounds m/z % abundance Compounds m/z % abundance
1,3,7-TMN 170 2.36 2,3-DMP 206 5.11 1,2,4a,9-tetramethyl- 257 89.02
1,2,3,4,4a,5,6,14b-
octahydropicene
1,3,6-TMN 170 13.91 (1,9+1,4)-DMP 206 10.48 2,7-dimethyl-1,2- 257 10.98
(isopropylpenteno)-1,2,3,4-
tetrahydrochrysene
(1,4,6+1,3,5)-TMN 170 7.16 1,8-DMP 206 5.93
2,3,6-TMN 170 7.08 (1,3,6+1,3,10+2,6,10)-TMP 220 8.82
1,2,7-TMN 170 23.08 (1,3,7+42,6,9+2,7,9)-TMP 220 15.96
(1,6,7+1,2,6)-TMN 170 6.38 (1,3,9+2,3,6)-TMP 220 10.46
1,2,4-TMN 170 28.17 (1,6,9+1,7,9+2,7,3)-TMP 220 14.6
1,2,5-TMN 170 11.85 1,3,8-TMP 220 12.28
2,3,10-TMP 220 8.51
1,6,7-TMP 220 9.98
1,2,8-TMP 220 19.39
MN = Methyl Naphthalene MP = Methyl Phenanthrene
EN = Ethyl Naphthalene DMP = Dimethyl Naphthalene

DMN = Dimethyl Naphthalene TMP = Trimethyl Naphthalene

TMN = Trimethyl Naphthalene
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The presence of alkyl naphthalene in the coal samples is
produced by the precursor B-amyrin, which comes from higher
Angiosperm plants (Ding et al., 2022; Li et al., 2022). The higher
abundance of 1-MN compared to 2-MN is shown in Figure 2 and
Table 1. Structurally, the stability of a-substituted 1-MN is lower
than that of B-substituted 2-MN. Therefore, the low maturity of
the analyzed samples is indicated by the higher abundance of 1-
MN compared to 2-MN (Abdullah et al., 2021; Burhan et al., 2019,
2020; Killops & Killops, 2005; Zetra et al., 2016). However, to
determine the organic geochemical characteristics, such as
maturity, source of organic compounds and depositional
environment, it is necessary to conduct other biomarker analysis
on the samples.

Dimethylnaphthalene (DMN) compounds can be used to
indicate coal maturity based on differences in isomer intensity.
The abundance of 1,6-DMN compounds was higher than that of
other DMNs, namely 1,2-DMN and 2,6+2,7-DMN (Figure 2). The
thermal maturity of the coal samples can be determined from the
abundance value of the identified isomers. The high intensity of
the 1,6-DMN peak, which is a less stable isomer compared to
2,6+2,7-DMN and 1,2-DMN, indicates immature coal. Therefore,
the dominance of 1,6-DMN compounds over 1,2-DMN and
2,6+2,7-DMN in the samples indicates that the coal samples are
immature (Fang et al., 2019; He et al., 2019; Killops & Killops,
2005; Wang et al., 2022; Zetra et al., 2016).
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Figure 2. The presence of naphthalene-derived compounds

Another alkyl naphthalene compound in the coal samples that
was analyzed was trimethylnaphthalene (TMN). In Figure 2 and
Table 1, it can be seen that the isomers 1,2,4-TMN and 1,2,7-TMN
have higher abundance values than the other isomers. The higher
abundance of less stable isomers indicates the low maturity of the
sediment samples (Aboglila et al.,, 2019; Li et al., 2022).
Compounds 1,2,7-TMN and 1,2,4-TMN are less stable isomers
compared to 1,2,5-TMN. Therefore, the higher abundance of
compounds 1,2,4-TMN and 1,2,7-TMN compared to 1,2,5-TMN
indicates immature samples. The presence of the isomers 1,2,5-
TMN and 1,2,7-TMN in the analyzed CBM samples also indicates
an oxic depositional environment, which were produced through
the degradation of B-amyrin compounds as precursors (Burhan et
al., 2019). In addition, the formation of 1,2,5,6-TeMN and 1,2,5-
TMN compounds in the coal samples indicates the presence of

69

bacterial input via bacteriohopanetetrol as a precursor
(Ogungbesan & Adedosu, 2020; Qiao et al., 2021; Rontani et al.,
2017).

The cadalene and isocadalene compounds identified based on
the m/z 183 fragmentogram are naphthalene derivatives formed
through the depolymerization of polycadinene derived from
higher plant resins (Zakrzewski & Kosakowski, 2021). These two
isomers have the potential to be used as indicators of coal
maturity because isocadalene compounds originate from the
isomerization of cadalene through thermal enhancement. The
deeper the coal deposition environment, the higher the
abundance of isocadalene compounds. Therefore, the lower
abundance of isocadalene compared to cadalene indicates that
the coal samples are immature (Li et al., 2022).
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Figure 3. The presence of phenanthrene-derived compounds

The distribution of methylphenanthrene (MP) is shown in Figure
3 and Table 1, with the higher peak of 2-MP indicating a higher
abundance. Furthermore, 9-MP and 1-MP showed similar
abundance values, with 1-MP having a slightly higher abundance
value. The low abundance of 3-MP, which is relatively more stable
than 1-MP and 9-MP, indicates the low maturity of the analyzed
samples. However, the high abundance of 2-MP, which is a more
stable isomer compared to 1-MP and 9-MP, also indicates high
maturity (Ayu et al., 2021). To further analyze the maturity of the
coal samples, the methylphenanthrene index (MPI) value was
used as an indicator of maturity (Sharma et al., 2022; Zheng et al.,
2023). The MPI index is a quantitative maturity indicator
calculated from the abundance of MP isomers in organic
sediments. An MPI value < 0.8 indicate sediments with low
maturity, an MPI value in the range of 0.8-1.0 indicate medium
maturity, while an MPI value > 1.0 indicate mature sediments
(Abdullah et al., 2021; Akinlua et al., 2023; He et al., 2019). The
results show an MPI of 0.99, indicating medium-maturity coal.

The presence of MP biomarkers can be used to determine the
type of kerogen on the van Krevelen diagram. The presence of 3-
MP, 2-MP, 9-MP and 1-MP isomers can potentially determine
whether coal, as a source rock, tends to produce gas (gas-prone)
or oil (oil-prone). Type | and type Il kerogens are oil-prone,
whereas type Il kerogen are gas-prone. The abundance of 1-MP
is related to type Il kerogen, the abundance of 9-MP is associated
with type Il and type Il kerogens, while 2-MP and 3-MP are
related to type Il and type Il kerogens (El-Sabagh et al., 2018;
Zhang & Li, 2018). The identification of 2-MP and 1-MP
biomarkers with relatively high abundance indicates that the
analyzed coal samples tend to produce both oil and gas because
these MP biomarkers are associated with type Il and type Il
kerogens.

This type Il and Il kerogen classification is supported by the high
vitrinite content in the Muara Enim formation located in the
Rambutan Field in the South Sumatra basin (Sosrowidjojo &
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Sagha, 2009; Zajuli et al., 2017). This high vitrinite content is
related to type Il kerogen, which is more susceptible to gas than
oil. The tendency toward gas- and oil-prone coal in the Muara
Enim formation has also been reported by several previous
researchers (Sosrowidjojo & Sagha, 2009; Zajuli et al., 2017). In
addition to Angiosperm plants as the source of organic matter in
the analyzed Muara Enim coal samples, there was also a small
amount of organic matter originating from Gymnosperm plants
which was identified by the presence of 1-MP and 1,7-DMP
biomarkers (Bechtel et al., 2020; Jiang & George, 2019).

Based on the m/z 206 fragmentogram (Figure 3), the distribution
of dimethylphenanthrene (DMP) compounds exhibited the
highest abundance in the a-isomers such as (1,6+2,9)-DMP and
1,7-DMP. The a-isomer has low stability. Therefore, its high
abundance indicates low maturity of the samples (Lima et al.,,
2023; Zheng et al., 2023). Coal with aB-substituted DMPs such as
2,9-DMP and 1,9-DMP indicate type Il kerogen, which tends to
produce oil (oil-prone). Therefore, the presence of 2,9-DMP and
1,9-DMP in the analyzed coal samples indicates that the CBM coal
samples possess type Il kerogen properties (oil-prone). However,
proximate analysis and gas composition in the samples showed
high vitrinite and high methane gas content (96.55%), indicating
the potential for the coal samples to also produce gas
(Sosrowidjojo & Sagha, 2009; Zajuli et al., 2017). In addition, the
abundance of 1,6-DMP and 1,7-DMP in the analyzed samples also
indicates that the coal was deposited in a terrestrial environment
(Lima et al., 2023; Zheng et al., 2023).

The distribution of trimethylphenanthrene (TMP) isomers
identified based on the m/z 220 fragmentogram shows the low
maturity of the analyzed coal samples. This is indicated by the low
intensity of the 2,3,6-TMP peak, which is a more stable isomer
than the other isomers, as shown in Figure 3 and Table 1. In
addition to being an indicator of maturity, the origin of organic
matter in sediment samples can be determined by the presence
of TMP isomers. The isomer with the highest abundance, namely
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1,2,8-TMP, is produced by the precursor B-amyrin, which is
abundant in higher terrestrial plants. Therefore, the abundance
1,2,8-TMP is an indicator of the terrestrial environment (Jiang &
George, 2019; Ogungbesan & Adedosu, 2020).

A low abundance of another biomarker, namely retene, was also
exhibited in the analyzed coal samples using the m/z 218
fragmentogram. Retene can be used as an indicator of organic
matter originating from Gymnosperm plants, because retene is
produced from abietic acid, a major constituent of coniferous
plants which are a group of Gymnosperms (Ghosh et al., 2022;
Jurek & Kowalski, 2022; Simoneit et al., 2020). Therefore, the
identification of retene compounds in low abundance indicates
that the organic matter in the coal samples did not only originate
from Angiosperm plants but a small amount of organic matter in
the coal samples also originated from Gymnosperm plants.

The presence of C,; triaromatic-8,14-secotriterpenoid and Cys
triaromatic-8,14-secotriterpenoid compounds were identified
using the m/z 169 and m/z 183 fragmentograms, respectively
(Figure 4). The presence of these biomarkers indicates terrestrial
source of organic compound because these biomarkers are
produced from B-amyrin, a typical precursor of Angiosperm plants
(Fadhliah et al., 2020; Wang et al., 2022). Therefore, the Cy;
triaromatic-8,14-secotriterpenoid and Cyg triaromatic-8,14-
secotriterpenoid compounds produced through triterpenoid
aromatization during the diagenesis stage in the Miocene era are
related to coals that are immature (Fadhliah et al., 2020; Wang et
al., 2022).

Other 3,3,7-trimethyl-1,2,3,4-
tetrahydrochrysene (m/z 274 fragmentogram), 2,2,9-trimethyl-

biomarkers, namely
1,2,3,4-tetrahydrochrysene (m/z 257 fragmentogram), 2,2,9-
trimethyl-1,2,3,4-tetrahydropicene (m/z 324 fragmentogram)
1,2,9-trimethyl-1,2,3,4-tetrahydropicene 324

and (m/z

71

fragmentogram), were exhibited to be highly abundant. All of
these biomarkers indicates organic matter originating from
Angiosperm plants, further indicating the extent of Angiosperm
vegetation during the Miocene period (Burhan et al., 2019; Jiang
& George, 2019). Furthermore, compounds 2,9-dimethylpicenes
and 1,2,9-trimethylpicenes were identified based on the m/z 306
fragmentogram and m/z 306 fragmentogram, respectively.
Compound 2,9-dimethylpicenes was exhibited to be more
abundant than 1,2,9-trimethylpicenes (Table 1). The compound
1,2,9-trimethylpicenes is derived from oa-amyrin, while 2,9-
dimethylpicenes is derived from the full aromatization of B-
amyrin and are isomers of each other (Jiang & George, 2019;
Killops & Killops, 2005). These compounds may also be produced
by the microbial aromatization of triterpenoid during diagenesis.
This indicates that the dehydrogenation reaction of triterpenoid
to produce polyaromatic hydrocarbon compounds does not
require a long time and high temperature (Ding et al., 2022;
Kérmos et al., 2021). Therefore, considering that the Muara Enim
coal samples are immature, the identified polyaromatic
pentacyclic triterpenoid compounds are suspected to be an
indication of Angiosperms.

The presence of triaromatic compounds that underwent ring
opening and monoaromatic pentacyclic triterpenoids observed in
the partial m/z 145 fragmentogram indicate the presence of 8,14-
triaromatic secolupane and 8,14-triaromatic secooleanane
compounds in the samples (Fadhliah et al., 2020; Wang et al.,
2022). The compounds found in the coal samples that were
formed in the Miocene era are thought to have formed due to
changes in the hopanoid framework by bacteria, followed by
aromatization reactions that occurred during the diagenesis
stage. Therefore, the presence of these compounds is an indicator
of immature samples (Abdullah et al., 2021).
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Figure 4. The presence of Polyaromatic pentacyclic triterpenoid-derived compounds

Biomarkers that are indicators of Angiosperm plants, namely the
1,2,4a,9-tetramethyl-1,2,3,4,4a,5,6, 14b-
octahydropicene the 2,7-dimethyl-1,2-
(isopropylpenteno)-1,2,3,4-tetrahydrochrysene with a

molecule
and compound
triaromatic ursane framework, were observed in the m/z 257
fragmentogram (Burhan et al., 2019; Jiang & George, 2019; Zetra
et al., 2016). The high abundance of the compound 2,7-dimethyl-
1,2-(isopropylpenteno)-1,2,3,4-tetrahydrochrysene is an
indicator of coal that has not yet been produced (Burhan et al.,
2019). Furthermore, due to the analyzed coal samples being
immature and associated with type Il and type Il kerogens, the
coal samples possess the potential to produce gas (gas-prone) and
oil (oil-prone). However, the relatively low abundance value of
2,7-dimethyl-1,2-(isopropylpenteno)-1,2,3,4-tetrahydrochrysene
compared 1,2,4a,9-tetramethyl-1,2,3,4,4a ,5,6,14b-
octahydropicene indicates that coal within the Muara Enim

to

formation has a higher potential to produce gas than oil (Burhan
et al, 2019).

72

4. Conclusion

The geochemical implications of the results of biomarker
analysis on the Muara Enim coal samples can be used to
determine the origin of organic matter, depositional environment
and coal maturity. The identification of naphthalene,
phenanthrene and pentacyclic aromatic triterpenoid in high
abundance indicates the that main origin of organic matter is
Angiosperm plants. However, the presence of retene in low
abundance shows that a small amount of organic matter in the
samples originated from Gymnosperm plants. The dominance of
1-MN isomers compared to 2-MN, the higher abundance value of
1,6-DMN compared to 2,6+2,7-DMN, the higher abundance
values of 1,2,4-TMN and 1,2,7-TMN compounds compared to
1,2,5-TMN and the dominance of cadalene compared to
isocadalene indicate the low maturity of the coal samples. The
MPI value of 0.99 which was calculated from the abundance of
MP isomers in organic sediments indicates that the coal samples
possess a moderate maturity level. The presence of MP
biomarkers was used to determine the type of kerogen based on
the van Krevelen diagram. The results show that the MP

biomarkers exhibited in the coal samples are associated with type
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Il and type Il kerogens, indicating that the coal samples tend to
produce oil (oil-prone) and gas (gas-prone). However, the high
content of vitrinite and methane gas of the coal samples is related
to type Ill kerogen, indicating the samples are more likely to
produce gas (gas-prone) than oil (oil-prone). This is further
supported by the low abundance of the compound 2,7-dimethyl-
1,2-(isopropylpenteno)-1,2,3,4-tetrahydrochrysene compared to
1,2,4a,9-tetramethyl-1,2,3,4,43,5,6,14b-octahydropicene in the
samples which indicates that the Muara Enim coal samples
possess more potential to produce gas than oil. The presence of
biomarkers, namely 1,2,8-TMP, C,7 triaromatic-secotriterpenoid,
Cys triaromatic-8,14-secotriterpenoid, indicate a terrestrial
depositional environment and humic coal. Finally, Angiosperm
plants as the main origin of the organic matter in the samples are
also indicated by the presence of 1,2,4a,9-tetramethyl-
1,2,3,4,4a,5,6, 1l4b-octahydropicene and 2,7-dimethyl-1,2-
(isopropylpenteno)-1,2,3,4-tetrahydrochrysene compounds with
a triaromatic ursane framework.
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Impacts of Soil Environmental Factors on Variability of Soil Organic Carbon and Particle

Size Fractions in Obudu Cattle Ranch, Nigeria
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Abstract: The knowledge of the influence of environmental factors on soil properties and spatial distribution of soil organic carbon (SOC)
and soil particle size fractions is crucial to soil management and sustainable productivity. SOC provides an insight about soil capacity to
perform ecosystem services while soil particle size fractions influence several key soil characteristics. This study assessed the impacts of
environmental elements on spatial changes in SOC and sand, silt and clay using random forest (RF), regression kriging (RK), cubist
regression (CR), multiple linear regression (MLR) and ordinary kriging (OK) models. Sixty (60) composite soil samples were obtained at O-
30 cm depth and distance of 200-500 m apart, and analyzed for physicochemical properties. The digital elevation model (DEM) of the area
was acquired at the spatial resolution of 30 m from USGS and processed. The models were evaluated using bias, coefficient of
determination (R2), correlation concordance coefficient (CCC), mean square error (MSE) and root mean square error (RMSE). The soil had
sandy clay loam, sandy loam and loam texture with strongly acidic pH (pH <5.5) and high OC (2%). Available P and exchangeable cations
were all low while cation exchange capacity and base saturation were high. Soil pH> SAVI (soil adjusted vegetation index)> NDVI
(normalized difference vegetative index) > rainfall were found to be the top four environmental variables influencing OC prediction while
temperature and slope had the least effect. Again, MLR model better predicted OC (R2 of 0.324, CCC of 0.537, MSE of 0.585, RMSE of
0.764), OK better predicted clay (MSE=2.680, RMSE=3.490), CK in sand (MSE = 7.434, RMSE =5.568). Also, MLR, CK and OK proved to have
the best capacity in prediction SOC and sand, silt and clay in mountainous soils. The findings could therefore be used by policy makers
and planners as tools for decision making on sustainable soil and environmental management and precision agriculture.

Keywords: SOC, environmental elements, models, soils.

1. Introduction
Soil organic carbon (SOC) is the equilibrium of plant supply and

biologically mediated losses (Arthur et al., 2022). Soils are the
highest carbon warehouse of the earth carbon cycle and almost
thrice the amount of carbon is preserved in soils than in plants
and soils contain twice the quantity of carbon that the
atmosphere holds (Shiekh et al., 2009). Organic carbon content of
first 100 cm of soil is estimably 1500 Pg meaning more C than the
quantity contained in both atmosphere and vegetation (Lehmann
& Kleber, 2015). SOC improves soil nutrient cycling, plant growth
and maintenance of soil structure (Wang et al., 2016). It is the
measure of soil capacity to perform ecosystem services including
nutrient supply to crops because SOC performs several roles
including soil pH moderation, nutrients supply, soil structure and
hydraulic conductivity improvement, and control of microbial
activity (Nisha et al., 2007; Hussain et al., 2019). Critical evaluation
of the effects of elements of environment on SOC is necessary in
order to identify areas with varying soil characteristics and to
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assess their performance under a given land management
practice and potential ease of degradation specifically for
sustainable crop cultivation and environmental management.
This is because SOC performs additional ecosystem services such
weather moderation, provision of raw materials and food to man,
nutrient release, runoff and erosion mitigation (Veronesi &
Schillaci, 2019; Mayer et al., 2019). Concise and correct mapping
of C storage in mountainous soils provides information about the
relationship between biogeochemistry cycle and global climatic
condition (Bangroo et al., 2017) and since SOC play crucial roles
soil functioning (Lal et al., 2018)

The area of the study, Obudu Cattle ranch, located in hills of
Obanliku in Cross River, is well known because of its peculiar land
form which is characterized by high mountains, abyss, canyons
and cold weather condition. The Obudu Cattle ranch has an
elevation of over 1650 m above sea level (asl) and, in Nigeria it is
next to Chappal Waddi mountain of Taraba State in height with
an elevation of about 2400 m asl. The Cattle ranch has
characteristically different climatic conditions; cloudy weather,
steady snow fall, low temperature and steady rainfall from other
parts of Obanliku and the State. This is because mountains soils
regulate climatic variables at local level (via evapotranspiration
which reduces the amount of heat in the air and is mostly
important in urban areas) and on universal scale via the storing of
SOC that forestall its release into the outer space as greenhouse
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gas (Stanchi et al., 2021). It is discovered that SOC stock in
mountainous soils is often affected by several factors among
which are: vegetation diversity, topographic attributes and
impacts of climate (Bangroo et al., 2017) which in turn influence
the soil physicochemical and biological characteristics essentially
in the first soil horizon (Fu et al., 2020; Zhang et al., 2021).
Therefore, having a fair knowledge on the effect of environmental
variables on how SOC changes with distance in mountainous soil
is crucial in decision making for effective land management option
particularly for mountainous soils. Accurate mapping of SOC in
mountainous soils is therefore crucial in solving local
environmental problems, aptly planning best land management
alternatives and advocating/enhancing land use practices without
damaging effects (Tang et al., 2015). It is suggested that among
the best processes to efficiently manage agricultural operations
and to plan for life long growth is acquisition of accurate
understanding on spatial heterogeneity of soil physicochemical
characteristics (AbdelRahman et al.,, 2018) and this can only be
perfectly achieved using geospatial technologies or spatial
interpolation. Spatial interpolation has been described as a way
of estimating the exact values of variable or quantification of
substance in an area not sampled (Kalivas et al., 2002), that
basically provides valuable information for precision agriculture,
planning of soil fertility management and environmental studies
(De Menezes et al., 2016; Brevik et al., 2015). The emphasis here
is on precision agriculture, therefore, understanding space
heterogeneity and dynamism of soil characteristics and SOC and
particle fractions in particular as this could necessary to provide
information for government policy formulation to guide farmers
on proper and sustainable utilization and management of soils
with minimal inputs.

Variation in environment, soil type, vegetative cover and land
use are major causes of spatial variations of SOC in mountainous
environment (Hoffmann et al., 2014). The space changes in TOC
are determined by topographic features and soil texture at the
plot scale, especially where it is affected by texture of the soil at
the landscape level (Zhu et al., 2020). Also, Feng et al. (2021)
opined that elevated temperature and wrong agricultural
operation reduced SOC buildup. Therefore, apart from human
influences through land preparation for crop production, SOC is
controlled by myriads of environmental variables including lay of
the land, altitude, climate and soil characteristics such as soil
reaction and arrangement of soil separates. SOC levels appeared
to be influenced by weather indices according to a study by Zhang
et al. (2022). It is also affected by altitude and vegetation
(Massaccesi et al., 2020; Xu et al., 2014) that control nutrient
cycling and release (Zhang et al., 2014) and elevation has been
reported as an alternative for change in temperature used to
evaluate the impacts of temperature on SOC level and dynamics
(Massacesi et al., 2020). Nature of land surface, climate and other
environmental elements have been confirmed as factors affecting

soil characteristics (Bamutaze et al., 2021). Again, Bangroo et al.
(2017) in their study discovered that SOC stock was decreasing
with increasing elevation and concluded that it has an
unfavorable influence on SOC stability. The authors suggested
that altitude effect should be included in SOC stock assessment
equations. Although studies have been conducted on the impacts
of environmental factors on SOC stock, little has been done on
both SOC and particle size in mountainous soils especially in
Nigeria. Most studies in Nigeria on mountainous soils are merely
on soil physicochemical properties (Akpanidiok et al., 2014;
Essoka et al., 2010); they have been no detailed studies on spatial
distribution or mapping of SOC and soil particle size fractions on
mountainous soils.

Considering the importance of SOC and soil separates in
management of soil fertility and the need to overcome the
challenge of meeting up with the increasing world food demand
resulting from rapidly growing population, it is imperative to
double effort in evolving strategies that engender sustainable
crop production. One of such strategies is the acquisition of
proper knowledge of the effect of soil environmental indices on
distribution of soil SOC and particle size fractions spatially as
yardstick for proper land use and management. These challenges
have led to mounting of pressure on mountainous soils which
were initially underused or used for forest reserve, watershed and
wildlife conservation as a result of stress involved in climbing high
mountains for the purpose of crop cultivation. According to FAO
(2019), as of the year 2017, only fifteen percent of global
population were living and cultivating crops on and around
mountains. Consequently, intensive studies on mountainous soils
are therefore needed. This study is therefore anchored on the
evaluation of the impacts of environmental elements on SOC and
particles size fractions and to predict and assess spatial
heterogeneity of SOC and particle size fractions of mountainous
soils using geostatistics. However, at the global level some studies
have been done that focused on land use effect on organic carbon
storage (Li et al., 2019; Hussain et al.,2019; Bamutaze et al., 2021;
Ota et al., 2024) and a few on the influence of environmental
factors on soil organic carbon levels (Feng et al., 2021) in
mountainous soils (Bangroo et al., 2017). Mousavi et al. (2022),
De Menezes et al. (2016) and Kalivas et al. (2002) have shown that
geostatistics can be used to map soil properties, but only Isong et
al. (2022), Komolafe et al. (2021) and Peter-Jerome et al. (2022)
worked on such concept at the national level in Nigeria.
Nevertheless, these studies were not on understudied
mountainous soils and also did not consider the effect of
environmental factors such as rainfall, temperature, slope, pH,
elevation etc on spatial distribution of SOC and particle size.
Accurate evaluation of the impact of environmental factors on
prediction of SOC and particle size in mountainous soils is
therefore needed to guide on soil use and management since SOC
and particle are key determinants soil fertility and productivity.
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2. Materials and Methods
The Study Area, Soil Sample Collection and Laboratory Analysis

This study was done in Obudu Cattle Ranch, Obanliku, Cross
River State, located at latitudes 6° 21’ N — 6° 24’ N and longitudes
9°22' E—9° 25’ E (Fig. 1) in the tropical rain forest belt of Nigeria
with moist tropical humid climate, diverse land use cover types
and has an altitude varying from 689 m to 1654 m above sea level,
rainfall range of above 2000 mm/annum and temperature of 15

4

.
Obanliku

to 31.80 °C. Geologically, the area is underlain by basement
complex rocks. Major crops cultivated in the area include cassava,
cocoa, maize, yam, okra, groundnut and cocoyam. Sixty
georeferenced composite soil samples were obtained randomly
at 0-30 cm depth from the study area at the distance of 200 m -
500 m apart using soil auger and transported to the laboratory,
processed using standard procedures

physicochemical properties. Particle size analysis was done using

and analyzed for

Bouyocous hydrometer method (Gee and Or 2002).
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Figure 1. Map of Cross River State showing location of the study area [A] Normalized difference vegetation index (NDVI), [B] Land surface

temperature (LST) and [C] Elevation

pH was obtained potentiometrically in soil and water suspension
(1:2.5) as reported by Udo et al. (2009) while organic carbon was
determined by Walkley-Black wet oxidation method using acid
dichromate(K,Cr,07) method (Nelson and Sommers 1996). Total
nitrogen was analyzed with modified micro-kjeldhal method (Udo
et al., 2009) while available phosphorus was obtained using Bray
P-1 method outlined by Kuo (1996). Exchangeable cations were
also determined using the extract obtained after leaching samples
with one normal neutral ammonium acetate (1 N, NH40AC, pH
7.0) solution. Again, calcium and magnesium were analyzed using
the EDTA titration method while potassium and sodium were
estimated by Flame photometer. Furthermore, aluminum and

79

hydrogen were determined by titration using 0.1N NaOH solution
presented by Udo et al. (2009). CEC was gotten using the method
proposed by Udo et al. (2009). And finally, ECEC and base
saturation were obtained by computation method.

Environmental Covariates

Environmental covariates used to derive environmental data
were digital elevation model (DEM) and Sentinel-2. Elevation,
slope and aspect were gotten from DEM obtained at the space
30 ASTER data
(https://earthexplorer.usgs.gov) and were processed with the aid

resolution of m from
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of SAGA-GIS software terrain analysis toolbox. The European
Space Agency’s Copernicus Open Access was used to acquire
Cloud-free Sentinel-2 imageries, processed using Google Earth
Engine (GEE) to estimate land surface temperature (LST),
index (NDMI),
difference vegetation index (NDVI), soil adjusted vegetation index

normalized difference moisture normalized
(SAVI) and cannel network base level. Soil pH and clay were
obtained through interpolation techniques using the interpolated
soil database at a resolution of 30 m. Climatic parameters
including mean rainfall, minimum temperature, maximum
temperature and mean temperature covering the study area were
gotten from WorldClim database version 2 (Fick et al., 2017) and
processed using ArcGIS software. All the maps used in this study
were geo-referenced to the Universal Transverse Mercator (UTM)
Zone 32 N coordinate system. The area of interest (AOI) for the
soil and environmental data were demarcated using polygon
feature of the study areas with aid of ArcGIS 10.8 software (ESRI,
Redlands, USA) environment.

The covariates used in this study were selected using recursive

feature elimination (RFE) and variance inflation factor (VIF). RFE

o =

was employed for feature selection to identify the optimal subset
of variables that contribute significantly to OC prediction. The RFE
algorithm was then executed to determine the most influential
variables according to the root mean square error (RMSE). The
resulting subsets were visualized using plots, thus allowing the
researchers to assess the performance of different subset sizes.
The covariates were further screened via variance inflation factor
(VIF) which was implemented through multiple linear regression.

Statistical Analysis

Data distributions done using classical statistics are minimum,
maximum, mean, standard deviation, coefficient of variability,
skewness and kurtosis. The statistical analyses for preprocessing
environmental variables were done using SAGA-GIS software
terrain analysis toolbox. Again, geostatistics and machine learning
modeling and prediction were carried out using R and Rstudio
software. ArcGIS 10.8 was used for preparing maps. The
descriptive statistical analysis was computed in SPSS v25. The
flowchart of the steps followed in prediction of soil properties
(OC, sand, silt and clay) is presented in Figure 2.

o

Georaference sail
samphes fronm ekl

- B

Figure 2. Flowchart illustrating the steps for soil organic carbon and particle size fractions prediction

Geostatistical Interpolation Methods

The geostatistical techniques used in this study were ordinary
kriging (OK) and cokriging (CK). OK is broadly used geostatistical
method that creates an optimal estimated surface using semi
variogram based on regionalized variables. According to
Grunwald et al. (2008), the OK makes use of an assessed average
of a given soil characteristics in a location known to forecast the
value of location not sampled (see Eqn. 1). CK is an aspect or
continuation of the kriging procedure which combines the
information determined by a secondary index in relation to the
primary quantity that is being forecasted.

Z'(x0) = Xieq A Z(xy) (1)
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where: Z'(xo) is the estimated/forecasted value for point xo,
Z(xi) is the value known, and Ai stands for kriging weight for the
Z(xi) values. It obtained using a semi-variance function of the
variables with criterion that the predicted value is not biased and
optimal (Eqgn. 2).

1 s
70) =y (i 2D -2 (X, ) @

where y(h) is the semivariance, h the lag distance, Z stands for
soil property, N(h) the number of pairs of areas disconnected by
a lag distance h, Z(xi), and Z(X;+h) are values of Z at positions xi
and xi + h according to Wang et al. (2013).Exponential, linear,
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spherical and Gaussian semi variograms models were employed
to describe the semi variograms or cross-semi variograms and the
most suitable models chosen with the lowest RMSE, MSE and ME
between estimated variances and the determined values of soil
characteristic. The nugget/sill ratio were employed as a condition
to classify how soil characteristics depend of spatial features.
Ratio < 25% depicts that property has high dependence on spatial
features; varying from 25 to 75% connotes that property has high
dependence on spatial features while > 75% depicts the property
spatial dependence is feeble (Cambardella et al., 1994).

Machine Learning Algorithms

Four most effective machine learning algorithms for handling
small datasets were used in this study to map organic carbon and
soil particle size fractions, namely multiple linear regression
(MLR), random forest (RF) model, cubist regression (CR) and
regression kriging (RK). In MLR, SOC was forecasted as straight line
combination of soil-environmental factors. Therefore, the soil
characteristic of interest is estimated using;

k

Y =B, +Zﬂka(i) (3)
k=1

Where, y(i) is the estimated soil characteristic at point i, ﬂo the

predicted intercept, ﬂk the predicted regression coefficient for

predictor k and X(i) the value for the kth predictor at a given point
i

According to Freeman et al. (2015) and Fox et al. (2019), RF
modeling is a commonly used method for regression and grouping
with intricate or difficult data sets. Contrary to MLR, RF is an
algorithm method that does no a priori suppositions concerning
the interaction among the predictor quantities and the response.
RF has a capacity for better prediction achievement when the
data have much number of predictor quantities and there seem
to be difficult non-linear and interactive impacts in the association
between the predictor quantities and response property (Biau,
2012; John et al., 2020). Nevertheless, RF is not sensitive to the
option of tuning parameters and the defaults provided by the RF
program perform efficiently for almost all data sets (Freeman et
al., 2015). Quinlan (1992) developed cubist regression (CR) model
as an extension of the M5 tree model which has same approach
as RF. The model design according to Kuhn (2013) is made of parts
or piecewise function which acts like choice making tree, join
together with MLR models. These trees are diminished or lowered
to a set of guidelines that are removed via trimming or joined for
ease of usage. This model was put in practice using R with tuning
of two hyper-variables which are likely variables having the
highest influence on the overall action or achievement of CR
model. Also, RK is an extension of MLR. It is a spatial soil mapping
method that adds a regression of dependent variables on
predictor quantities with kriging of the prediction residuals. RK

prediction of Y(So), at site not visited So, is presented thus:

2% () = i)+ 605) = X By () + 2 A Fex) @
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where ﬁ1(x0) is the fitted deterministic part, é(xo) is the

interpolated residual, ,Bk are the estimated deterministic model

coefficients, ﬂ,l are the kriging weights determined by the spatial

dependence structure of the residual and e(xi) is the residual at
position xi.

Evaluation of Model Performance

Evaluation of the performance or achievement of any model
gives valuable ideas into the prediction capacities of various
machine learning models for soil characteristics (Barrena-
Gonzalez et al., 2023). Each model was t improved with 70 % of
the dataset which makes up 42 sampling spots) and the
authentication or confirmation set which was evaluated using the
remaining 30% of the dataset (18 sampling spots). In order to
evaluate capabilities of models in mapping organic carbon, the
cross-authentication or validation was run on different models.
RF, Cubist, MLR, OK and CK were assessed with the aid of bias,
coefficient of determination (R?) and root mean square error
(RMSE), mean square error (MSE) and Lin’s concordance
correlation coefficient (CCC) (see Eqns. 5,6,7,8 & 9)

Bias = %z?zl(zoi —Z,) (5)

vy 2Zu2,) (6)

-2, (8)

2ro,0
CCC=— 2 ()
o,+o0,+ (Z[,_Z")

where, Zpi= predicted values, Zoi= observed values, n

=observations size for the i-th term observation, Zl. = average of

. 2 2 .
the measured variable, o, and O'p are the variances of the

estimated and measured values; and r is the coefficient of
correlation between the estimated and measured values.
Nevertheless, best model estimation is meant to have low bias,
MSE, RMSE, CCC and R2 value close to 1.
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3. Results and discussion

Properties of The Studied Soil

The results of soil samples used for prediction are given in Table 1. The textural classes of
the soil were sandy loam, loam and sandy clay loam indicating higher content of clay. Sand,
silt and clay had means of 58.9 %, 26.6 % and 25.9 % respectively. Higher clay values have
been reported to improve water and nutrient retention capacity of soils according to
Barrena-Gonzalez et al. (2023). The particle size fractions of soil play vital function in
determining the structure and infiltration rate of soil. The values of soil reaction(pH) in the
area ranged from 5-6.6 with a mean value of 5.4 implying strongly acidic condition. This
strong acidity may be responsible for higher content organic carbon in the soil since acidic

condition enhances organic matter accumulation in soil. Organic carbon varied from 0.26 %
to 4.47 % with a mean of 2.53 % in the soil. These values are very high following the critical
limit of Landon (2014). Further result as presented in Table 1 show that TN varied from 0.01
% to 0.38 % with an average value of 0.27 % while available P varied from 2.0 mg/kg to 27
mg/kg averaging 4.3 mg/kg and was rated low following the rating of Landon (2014). The
low total nitrogen and available phosphorous in the soil may be due to loss of these nutrients
through surface runoff which is common in the area as a result of steep slope which is typical
characteristic of mountainous terrain. The mean exchangeable cations; Ca (1.98 cmol/kg),
Mg (0.78 cmol/kg), K (0.094 cmol/kg), Na (0.074 cmol/kg) and exchangeable acidity, H+ (0.58
cmol/kg) and Al3+ (0.39 cmol/kg) obtained in the mountainous soil were found to be all low.

Table 1. Summary Statistics for Spatial Soil Properties

PH ocC TN Av.P Ca Mg K Na Al H ECEC BS CEC CLAY SILT SAND

% % mg/kg > cmol/kg < % cmol/kg % % %

Minimum 5 0.26 0.01 2 0.8 0.2 0.07 0.05 0 0.08 2.3 68 15 6.8 16 49.2
Maximum 6.6 4.47 0.38 27 7.6 2.8 0.13 0.11 1.12 1.16 10.68 96 44 26.8 37 73.2
Arithmetic Mean 5.443 2.526 0.217 4.3 1.989 0.777 0.094 0.074 0.397 0.584 3926 70.713 25.9 14.5 26.6 58.9
SD 0.438 0.96 0.083 3.309 1.302 0.593 0.011 0.012 0.313 0.165 1.635 14.374 6.701 3.567 5.353 6.471

CV (%) 8 38 38.1 77 65.5 76.3 11.8 16.1 78.9 28.3 41.6 20.3 25.9 24.6 20.1 11
Skewness 1.329 -0.155 -0.252 5.725 2.812 1.88 0.765 0.621 0.12 0.586 2.476 -1.196 0.66 0.623 0.101 0.492
Kurtosis 0.399 -0.441 -0.261 38.586 8.157 3.217 1.329 0.341 -1.004 2429 6.638 5.328 -0.026 1.532 -0.703 -0.512

CV = Coefficient of Variation, SD = Standard Deviation, OC=organic carbon, TN= total nitrogen, Av.P=available P, BS=base saturation.

g7 DOI:https//doi.org/10.22452/mjs.vol44n04.8
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The effective cation exchange capacity (ECEC) ranged
from 2.3 cmol/kg to 10.68 cmol/kg with an average of 3.93
cmol/kg. ECEC of soil of the site was low following the
rating of Landon (2014), while base saturation was high (>
68 %). The CEC obtained from the laboratory results ranged
from 15 cmol/kg — 44 cmol/kg averaging 25.9 cmol/kg and
was high following critical limit of Landon (2014). The
results of physicochemical properties in this study are
contrary to observation reported in a similar parent
material by Afu et al. (2022)

Selected Covariate for Modelling

The results of RFE and Optimal number, VIF and relative
importance of covariates are shown in Figure 3. In building
of machine learning model, it is highly recommended to
employ a feature selection process that aims to minimize
the number of predictors and select the most relevant
ones. As shown in Figure 3, the optimal number of
covariates obtained via RFE was 8, reflecting the variables

\
J

associated with the lowest RMSE. When the soil properties
used for RFE analysis were further subjected to regression
analysis, the result obtained showed the respective values
of covariates with VIF < 10 (Table 2) to include clay (1.4),
minimum temperature (6.19), pH (1.6), slope (1.43), aspect
(1.44), NDVI (8.67), mean rainfall (6.76) and SAVI (7.04).
RF, cubist and MLR were used to quantify the effect of
predictors on the SOC (see Figures 4 to 6). Soil pH was
ranked first, with a relative importance of about 100 % in
all models used except MLR as variable for predicting soil
organic carbon. The result showed that pH, SAVI, NDVI and
rainfall were among the top 4 variables influencing SOC
prediction in the mountainous areas. NDVI was also found
to be the most essential factor that influenced variation of
SOC in a study carried out by Falahatkar et al. (2016). In a
related study Zhang et al. (2019) reported that time series
properties of NDVI were conducive for predicting soil
organic carbon.
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Figure 3. The RMSE values for different numbers of variables as determined by recursive feature elimination (RFE)
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Table 2. Result of Multiple Regression

Variables Coefficients Std. Error t value Pr(>|t]) VIF
Constant -80.26 49.58 -1.62 0.12

Clay -0.04 0.04 -0.98 0.33 1.41
Min temp 0.80 0.61 1.31 0.20 6.19
CNBL 0.03 0.04 0.71 0.48 41.67
pH -1.08 0.41 -2.62 0.01 1.60
Slope -0.01 0.01 -0.89 0.38 1.43
Elevation 0.0001 0.00 -0.58 0.56 43.24
Aspect 0.0001 0.00 0.11 0.91 1.44
NDVI 7.99 3.44 2.32 0.03 8.67
SAVI -9.15 7.49 -1.22 0.23 7.04
NDMI -5.95 5.64 -1.06 0.30 12.78
Mean rainfall 0.03 0.03 0.83 0.42 6.76
R2 0.48

Adjusted R? 0.29

F(11,30) 2.15, p=0.02

°
II

Mean_rainfall

8 Mean_rainfall 2
’% DataType ~‘§ DataType
3 S\o- Climate I Climate
© M o=v 3
- B B
B soi RS
-l I
.
Mean_temp
Mean_temp
Clay
0 25 50 75 100
Importance (%) 0 25 50 75 100
Importance (%)
Figure 4. Effect of variables in predicting OC via RF Figure 5. Effect of variables in predicting OC via cubist
regression
g 00
- I
8 SAVI
el DataType
g Elv Climate
o B oev
- B
. Soil
slope
Mean_temp
Mean_rainfall
0 25 50 75 100
Importance (%)
Figure 6. Effect of variables in predicting OC via MLR
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Spatial Dependency of Measured Soil Organic Carbon and

Particle Size

The results presented in Table 3 show the parameters of
measured OC model through semi variogram (Figure 7). Soil OC
was best modelled by spherical model. In a similar study, John et
al. (2019) concluded that pH and SOC are perfectly modelled with
spherical models. The SOC had a Nugget/Sill ratio of 18.92. The
SOC model estimated through OK had strong degree of spatial
dependence (Nugget/Sill ratio < 25 %) as shown in Table 3. A
lower Nugget/Sill ratio for SOC suggests that parameters such as
elements of weather, parent material of soil, terrain, soil
characteristics and other natural influences are the determinants
of spatial variation of SOC in the study site. As presented in Table
3, the range value of 1669.74 m was obtained for SOC. Therefore,
in distance wider than this obtained range of values in present
research spatial reliance is found to be nonexistent for SOC.

The geostatistical analysis results (Table 4) for OK and CK show
that semivariograms of sand and clay were fitted well by Gaussian
model while that of silt was fitted by spherical model. The cross-
semivariogram of particle fraction or soil separates were seen to
be all suited well by a Gaussian model. The nugget/sill ratios of OK
semi variogram of sand, silt and clay were 0.098 %, 0.17 % and
1.92 % while the nugget/sill ratios of the CK cross-semi variogram
of sand, silt and clay were 56.25 %, 54.23 % and 55.24 %
correspondingly. The range of values of the semivariogram of OK
were 65, 100 and 80 m for sand, silt and clay accordingly while
that of CK were all 65m for the three soil fractions. The described
properties are well shown or observed using the semivariogram
plots of the soil particle size fraction as presented in Figure 8
below.

Table 3. Semi Variogram Parameters of Measure SOC

Variable Model Nugget (Co) Partial Sill(Cy) Sill (Co+Cy) Range (m) Nugget/Sill Spatial class
0OC (%) Spherical 0.211 0.904 1.115 1669.74 18.92 Strong
Table 4. Semivariogram Parameters of Particle Size Fractions
Model Nugget Partial  Sill  Sill Range (m) Nugget Spatial
(Co) (Cy) (Co+Cy) /Sill (%) Class
Semivariograms
Sand Gaussian 0.056 56.49 57.05 65 0.098 Strong
Silt Spherical 0.050 28.43 28.48 100 0.17 Strong
Clay Gaussian 0.25 12.77 13.02 80.97 1.92 Strong
Cross-semivariograms
Sand Gaussian 235.70 183.29 418.99 65 56.25 Moderate
Silt Gaussian 217.23 183.29 400.52 65 54.23 Moderate
Clay Gaussian -224.04 181.47 -405.51 65 55.24 Moderate
1 1 1 1
3 ° e
8
£
3
500 1000 1500 2000
distance

Figure 7. Semi variogram model for measured soil OC
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Figure 8. Semivariograms of soil sand, silt and clay content

Mapping of SOC and Particle Size Fractions

The spatial maps of soil OC estimated by RF, cubist, RK, OK and
MLR are in Figure 9 and their statistics are shown in Table 5. The
mean prediction of OC for the entire study area were 2.25%
(Cubist), 2.32% (RF), 2.24%(RK), 2.52% (OK) and 2.40% (MLR). The
predictions from all models reported in this study were contained
within the observed or laboratory determined OC range, except
that obtained from MLR model. This discovery corroborates the
finding of Silva et al., (2017) who obtained better modelling and
validation results for soil properties with RF than MLR. The highest
determined OC in the study area was 4.47 and the maximum
estimated using RF, OK, RK, Cubist and MLR were 3.78 %, 2.92%,
4.93%, 4.89%, and 6.37%, respectively (see Table 5) which were
dominant in the Southwestern side of the research location in all
the models investigated. The least laboratory determined OC was
0.26 and the least estimated OC by RF, OK, RK, Cubist and MLR
were 1.41%, 1.13%, 0.67%, 0.70% and 0.27 respectively (see Table
5) which were dominant in the Northeastern side of the research
location across all the models investigated. These results
corroborate the results of research carried out by John et al.
(2020) and Falahatkar et al. (2016), and are further confirmed by
report of Mosleh et al. (2016) who had carried out related
research in Iran. Also, Solly et al. (2020) reported results in
Switzerland on how SOC can be built up using CEC including other
factors in line which is line with this current study.

The spatial variability of soil separates or particle size fraction
predicted by OK and CK are illustrated in Figure 10 and Table 6.
The mean predicted sand content for both OK and CK were nearly
the same and only slightly lower (about 0.49 %) than the
laboratory determined sand content. Similarly, the mean
predicted silt content for both OK and CK were 26.65 % and 26.64
% respectively which were nearly the same, and only slightly
higher (about 0.04 %) than the laboratory determined silt
content. Further result showed that the mean predicted clay
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content for both OK and CK were 14.42 % and 14.96 %
respectively which were nearly the same with the clay content
(14.5 %) obtained from the laboratory. However, from the results
it was also observed that OK model under estimated low sand
contents and over-estimated low values of silt and clay whereas,
CK model under-estimated low clay values and over-estimated
low sand and silt contents. For higher particle size fractions in the
study area, CK model under-estimated sand and silt contents and
overestimated clay. In both OK and CK predicted map (Fig. 10),
sand contents greater than 55 % were found to be dominant in
the studied soil. However, for silt predicted maps, it was observed
that silt contents greater than 25 % predominated the study area
with CK modelled silt map while with OK modelled map, silt
content between 22-27% dominated the study area. Meanwhile
in clay predicted map, both OK and CK modelled maps, clay
contents that were between 14 -20 % were prevalent in the study
area. Similar observation was made by John et al. (2020) in their
study in southern part of Nigeria where they observed that high
predicted SOC values occurred in centre, northeastern, easter and
northwestern parts of the study.

Table 5. Descriptive Statistics of Predicted Soil OC in this Study

Min (%) Max (%)  Mean (%)

Laboratory determined 0.26 4.47 2.53
ocC

RF predicted OC 141 3.78 2.32
OK predicted OC 1.13 2.92 2.52
RK predicted OC 0.67 4.93 2.24
Cubist predicted OC 0.70 4.89 2.25
MLR predicted OC 0.27 6.37 2.40
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Table 6: Descriptive Statistics of Predicted Soil Particle Fractions in this Study

Min (%) Max (%) Mean (%)
Laboratory determined sand 49.2 73.2 58.90
oK 32.34 72.80 58.41
CK 48.23 63.01 58.40
Laboratory determined silt 16.0 37.0 26.60
oK 17.01 35.77 26.65
CK 18.47 30.35 26.64
Laboratory determined clay 6.8 26.8 14.50
oK 8.22 23.34 14.42
CK 6.64 33.30 14.96

OK = ordinary kriging predicted, CK = Cokriging predicted

Evaluation of The Competence Of Machine Learning

Algorithms in Mapping SOC

The average values MSE, RMSE, R2 and CCC for SOC estimation
depict that the models had variations in their capabilities to map
or predict SOC at sites not sampled in the research site (Table 7).
This is assumed to be as a result of variations in the mathematical
program of each machine model and the differences in covariates
that were used in fitting. Values of SOC estimated using RF, OK,
RK, cubist and MLR were also subjected to comparison and
disparities discovered among the models. It was discovered that
MLR had the highest R? (0.324) indicating very high precision
while regression kriging (RK) had the least R2 of 0.059 and CCC of
0.202. The results further showed that MLR had the largest CCC

(0.537) signifying good concordance with the 45° line, as well as
the lowest root mean square error (RMSE = 0.764) and mean
square error (MSE = 0.585) signifying high accuracy, compared to
other models which indicated extreme cases of over- or
underestimation (see Figures 11 to 15). In a related study Farooq
et al. (2022) found that SOC was best estimated by RF (RMSE 8.21
and R20.9) than OK (RMSE 15.60 and R20.53) and RK (RMSE 17.73
and R20.29)

The MLR model predicted OC was better than other models as
seen in the regression lines of observed verses forecasted which
are nearer to the 1:1 line compared with what is obtainable by
other models under consideration.

Table 7. Performance of Machine Learning Algorithms in Estimating SOC

R2 CccC MSE RMSE Bias
RF 0.167 0.319 0.596 0.771 -0.082
MLR 0.324 0.537 0.585 0.764 -0.031
Cubist 0.085 0.233 0.783 0.885 -0.266
RK 0.059 0.202 0.855 0.925 -0.261
OK 0.202 0.401 0.610 0.781 -0.068
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Figure 10. Spatial distribution of particle size fraction using OK & CK

Figure 9. Spatial distribution of SOC using RF, Cubist, MLR, RK
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Figure 11. Measured and estimated values of SOC
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Figure 14. Measured and estimated values of SOC using RK

Evaluation of the Competence of OK And CK Models in

Mapping Particle Size Fractions

The cross-validation results of OK and CK are in Table 8.
Prediction values of particle size fractions using OK and CK were
compared and it was realized that the models have different
competence or performing characteristics. Particularly for sand
prediction, CK model performed better than OK as shown by

4
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Figure 13. Measured and estimated values
of SOC using cubist regression model
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Figure 15. Measured and estimated values of SOC using OK

lower RMSE (7.434) and MSE (5.568), while for silt and clay
contents, OK model performed better than CK model with lower
MSE and bias values. Contrary to this study, Barrena-Gonzalez et
al. (2023) stated that sand content presented more difficulty for
prediction in all models- cubist and random forest and stated that
the challenges of predicting sand may be determined by rather
difficult pattern more than spatial patterns.
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Table 8. Performance of OK and CK in Estimating Soil Particle
Size Fractions

PSF Model MSE RMSE Bias
Sand OK 5.702 7.609 0.071
CK 5.568 7.434 0.082
Silt OK 4.229 5.297 0.064
CK 4.262 5.278 0.083
Clay OK 2.680 3.490 0.015
CK 2.967 3.726 -0.880

OK = ordinary kriging predicted, CK = Cokriging predicted; PSF=
particle size fraction

Summary and Recommendation

This research was conducted to assess the effects soil of
environmental elements on spatial distribution of SOC and soil
particle size fractions in mountainous area of Obudu cattle ranch
using machine learning models. The soil had sandy loam, loam
and sandy clay loam texture with acidic pH. Available P,
exchangeable cations and exchangeable acidity as and ECEC were
high while CEC and base saturation were high. The SOC estimated
through OK had strong degree of spatial dependence. The
maximum predicted SOC was dominant in the southwestern side
of the research site in all the models investigated while minimum
predicted SOC was within the northeastern side of the research
site in all the models investigated. The MLR model better
predicted SOC than other models since it had the highest R?
(0.324) and CCC (0.537) as well as the lowest RMSE (0.764) and
MSE (0.585) signifying high accuracy compared to other models.
The mean predicted sand content for both OK and CK were nearly
the same, silt was slightly lower than the laboratory determined
values while predicted clay were nearly the same with the
laboratory determined clay content. In sand prediction, CK model
performed better than OK while for silt and clay contents, OK
model performed better than CK model. Therefore, the study
validates that MLR, CK and OK can be used for assessment of
spatial change in SOC and soil particle size fractions in
mountainous areas and could also be employed by policy makers
and planners as decision support tools for sustainable soil and
environmental management and precision agriculture.
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Abstract: The Ostrowski inequality has recently been widely recognized as a powerful mathematical tool for modeling and analysing many
physical and real-world events. This inequality has been applied across diverse mathematical fields, including complex analysis, numerical
analysis, functional analysis, and stochastic analysis. The purpose of this paper is to develop Ostrowski's type integral inequalities by using
a special type of 13-steps quadratic kernel. The incorporation of this new kernel gives some new error bounds for various quadrature
rules. Applications for cumulative distributive functions are also discussed.
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1. Introduction %(ﬁ -2 e (r 31:2”]
Integral inequalities play a crucial role in various mathematical 2
1(. 637 +8 i o 317+t 157+t
applications. These inequalities have gained significant E(u ) ; ue ( 32 ' 16 ]
prominence in recent years, evolving into a distinct field of study 1 (ﬁ 314~+s)2 qe (Bt 74~+t]
within mathematics. This evolution has led to significant 2 ' "8
o ) . 1(. 157482 L (T4t 34t
advancements and deeper insights, enhencing our understanding 3 (u e ) ; ueE ( , ]
and application of integral inequalities in complex mathematical 1 (ﬁ 74~+S)2 ) ( + ot
and real-world problems. Notably, Ostrowski [1] discovered the 2 8 ) ’ 4’
integral inequality now known as the "Ostrowski inequality" in %(ﬁ — 3’””) ; S (L t]
4
1938. Inequalities and their applications have been extensively . 1 8\ 2
discussed in various research publications and articles (for P(t,u) = E(u - T) ' uetr+s—t (21
example, [2-6]). The primary objective of our research is to %(ﬁ _ ¢:35)2 L oUE(r+E— t'fr+2§—t]
develop generalized results using a novel approach "a 13-step -2 . .
1(. 7r+78 . o r+25—1 r+43—-¢
quadratic kernel" that extends previously published findings in [7- 2 (u B ) ; UE€ (—2 A ]
12]. Recent work by various authors (e.g., [13-17]) has further l(ﬁ _ r+15§)2 . he (fr+4§—t fr+8§—t]
utilized these developments to establish numerous valuable and 2 16 5 ’ T8
. e . 1(. 7+318 o r+85—t r+165—1
noteworthy inequalities. Furthermore, we explore different E(u -3 ) ;0 UE (T’T]
results by utilizing the Diaz-Metcalf inequality, Cauchy inequality, 1 (V r+63§)2 i e (fr+16§—t fr+32§—t]
~(u-— ; lEe(——,——
and Griss inequality. Finally, these inequalities are applied to the 2 64 16 32
1,0 o +325—t
cumulative distribution function. E(u —-3)? ; ue€ (%. 8],
o vt € [w,ﬁ
2. Main Findings
Before presenting our main results, we must first establish the
following lemma.
Lemma: LetY:[r,8]>R be such that Y’ is absolutely
continuous on [#, § ]. Define the kernel P(%, i) as
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Proof:
Integrating by parts, we have the following identity

[Z P, W) Y (Wdi

:fy(ﬁ)dﬁ—¥[Y(t)+Y(4~+§—t)+l{y(”’";f)+Y(«"+22§—¢)}

+%{y(3r4+t)+y<r+is—vt>} { (74~+t> (ﬂr+85— )}
{ (154~+t> (ﬂr+11665— ) (31¢+ ) (r+325_ )}
(=B b 45— 0 - v+ fr (120
A (e Y
(5 () e (55
raa(e ) (55) - G 22)

Now, we are going to use following three different conditions on Y"'and Y'"’ to present our results.
Case 1: ForY" € L'[r,§]
Theorem 1. LetY:[r,3] - R be differentiable on (7, 8), Y'is absolutely continuous on

[#,8landy <Y"(Q) <T, VU € [,8].ThenV £ € [/r ( & +S))] we get
sl rem s owglr () e (CE ) i ()
(sl () (e el (PR

y(¢+16§—t)+y(31/r‘+t) (4ﬂ+32§—t)} (t 5¢+3§){{2y( LE— )
16 32 32 s

oS (R () () e
+%{Y (/r" + zé - t) B y(7/r8+ t)} +Fl8{y(/r + 11665 —t) ~ Y(ls/:;- t)}}

e 1 ( 34"+s>{y( 7 — 328 — )_Y(314"+t)}]+Y(§)—Y(4’)

512 32 G—r)2
% {ﬁ (- 142628818 (’t o S) 22322 (t - r; 5)3} s —14~ fy(ﬁ)dﬁ
< 17(4f)(5 —7)(S=V) (2.3)
and
il v im0l (59) (5=« for (75)
o (gl () (F e el ()
L e e e
e+ - (S (L) )
(=) - (5 sl (C=) - v (B0
e G e e B R =0
X {ﬁ (€-r)+ 142628818 (’t 34~4+ S)3 - 22322( - r; 5)3} i —14~ fy(ﬁ)dﬁ
Sv(E)E-mT -9, (2.4)
where
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_Y®) -Y()
B S—r
and
1 x (t) _3r+38 o« (£)
= _ 2
v(®) max{ 2048(t (i ‘ |512 ) S—r|
1 ( 34~+§)2 o((t) 34’"+S) « (%) 1(t 3¢+§)2 o« (¢)
128 4 32 4 $—r|"|8 4 $—r|
1( 3/r'+s oc(t) ) oc(t) l(t /r'+§>2 « (%)
2 4 8 2 § — )
1( /r+5) o((t) ) o((t) 1 (t ,,,+§)2 o« (%)
32 128 2 '[512 2 S—r|
( ) x (r)| x (£)|
2048 s 5=+|f
Proof:
We know that
1 (8 ey oo YIE)-YI(r)
— [V @di-——— (2.5)
and
1 3 N e
— [ P(t, )di
_L N3, 4681 (. 3r+5\3 124830 4w\
a [98304 (=7 + 12288 (t 4 ) 32768 (t 2 ) ] (2.6)
which implies that
8
(W) di — > f P(t, 1) f Y () di
G- 3

- 2 2

+1%{ () (s ) o ()
el (G )+ (e ) ) (C )
+ (t S+ 35) {Z{Y’(w +5—-2)-Y' (@)} + %{+Y’ (%)

v (sl (C) - el ()

Y,(7r+t)}+ 1 {Y,<4~+16§—t) Y,<154~+t>}
8 128 16 16

+ 1 (t 34~+§){Y,<¢+32§—t) Y,<31¢+t)}]
512 4 32 32

_ 1 fY,,(u)du__[y(t)+Y(4/~+s—t)+ { ( +t)+Y(”’+2§—t)}

v@E-vi~)( 1 N3, 4681 3143 3 12483 (74§ 3

G-r)2 {98304 (t /r') + 12288 (t 4 ) 32768 (t 2 ) } (2.7)

We suppose that
1 § ~ 11~ ~ 1 § ~ . ~
R, () = ;f;P(t, WY (@Wdiu — mf;P(t, W) f; Y (@)du. (2.8)
If C € R is an arbitrary constant, then we have
Ru(£) = 2= [(r" (i) - o) [P(¢, 1) — = [ P(¢, §)d8] di. (2.9)
Furthermore, we have
R, (%)

< %maxue MS]f ") —c) |P(t ) — —f P(t,3)ds Y"(u) — ¢l du. (2.10)

Now

max [P(¢,1) - = [ P(£,8) ds

o« (t) 3Ir+ 8% « ()
= — 2 _
max{2048(t 5, 512( ) s—4/"
1 (t 34~+§)2 o((t) 34"+s oc(t) 34"+s « (%)
128 4 32 S—rf
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N

1 34ﬂ+s “(t) 4"+5 < (£)| |1 r+3 o (1)
‘E( ‘ ‘ _é—/tﬂ"g(t_ 2 ) I
|i{¢_“+32 «ww| _¢+3 _«@)Li{t_ﬁi%z_ﬁgz
32 2 128 2 §—r|"[512 2 §— 7l
2
aa(t=5) 2 B2 2.1
Where
0C(t)=;(t—¢)3+4681 (t_34~+§)3_12483(t_/r+§)3.
98304 12288 4 32768 2
We suppose that
1 o<(4f) _3r+38 o« (£)
U(t)zmax{zms(t_ )= ‘ |512 ) S—r|
‘L(t_?”’v"'s °<(t)H 34’"+S) L« (8) ‘l(t_3/r+§)2_o<(t)
128 $—r|'|8 4 S— |
1 34’+S °<(t) 4"+s «@®| |1/ r+8°2 <)
5 A e
|i{ “+3 “@ﬂ| _¢+3 Oy 2©
32 128 2 §—r|'[512 2 §—r|
2
aa(t=5) 2 B2 (2.12)
We also have
LY@ —yldi = (S =G -, (2.13)
LY@ = Tldi = (I = $)E - 7). (2.14)

So, we attain (2.3) and (2.4) by using (2.5)-(2.14) and taking C = y and C = I in (2.10) respectively.

’V'+S
—

Corollary 1. Byreplacing £ = 2.3) and (2.4), then

() o ) (0 LY e (2T
PR 5 o 5
) o ey e
( >} 1024{ (;155) Y’<154;6+S)}+40196{Y’<r;2315)

v’ (314~ + S)} + 1 {Y’ (r + 63§) v (634' + §>}
32 8192 64 64

+ 2341
393216

E-—m{Y'® -Y

<o(T3
57 () 5l C) v (F 5l () + Y (5]

1 {Y(154~+§)+y<¢+15§)}+ 1 {Y(314~+§)+y(4~+31§)+y<634~+§)
32 16 16 64 32 32 64
4y (/r + 63§)} 4G ){ 1 {Y’ (/r + 3§) v (3//" + S)} + 1 {Y’ (/r + 7§)
64 ~ " 6a 4 4 256 8
v’ (74' + §>} + 1 {Y’ (¢ + 15§) v’ (154~ + §)} + 1 {Y’ (r + 31§)
8 1024 16 16 4096 32

v (314* + é)} + 1 {Y’ (/r + 63§) v (634~ + é)}
32 8192 64 64

2341
393216

)G—nﬁ—r)
And

1 S
E=m{Y'®-Y ()} - mf Y (W)di
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r+3
<v (
Case 2: ForY'" € L*[r,3]
Theorem 2. Let Y: [r,5] - R be three times differentiable function on (#,%).If Y""' € L?[+, §], then for all £ € [4/', %Jrs], we have

v+ vers=o 3 (55 (S 3 (5

b () (R (5
() (i) (st o s

X{Z{Y’(/r'+§—t)—Y’(t)}+E{ (4~+25—) (Wrt)}
rafr (C) - (B b () - ()

+ 1 {Y,(r+16§—t) y,(15/r+t)} + 1 (t 3zr+§)
128 16 16 512 4

) T =S)E—7r).

+

r +3285— 1 3lr+ 1+ Y -Y»)( 1
x ’ _ _ 3
{Y ( 32 ) Y ( 32 )}] MY {98304@ )
| 4681 ( 34~+§)3 12483( 4~+§)3 1 fy(v)dv
12288 4 32768 2 s—g)
<Ly [ Y+ 1082401( 37 + §)5
m 2[167772160 " 5242880 4
34636833 ( r+ §)5
167772160 2
1
.
1 1 3 4 4681 3r+8\3 12483 #+5\3)7 7
_5{98304( )+ 12288 (t T ) " 32768 (t_T) } ] ’ (2.15)
Proof: Let R, (%) is defined as in (2.8)
Ry (%)
()it — f P(t, 1) f v (@) dit
If wetake C = Y" (4“+s) in (2.9) and by applymg the Cauchy mequahty, then
1 7 +3
< EANER 7224
IR (£)] _§_¢L @ - v (55
1 1
() 2 Pl 2T
Yy \z2 ) di f <P(t,ﬁ t,8) d§> diu| .
r

We apply the Diaz-Metcalf inequality to get

[(ro-r(59) a5

T~

So
2

f(P(t,ﬁ)—ﬁij(aé)&) dit

1 1082401 3r+%\° 34636833 r+5°
S PG L. LT i (e-729)
167772160 5242880 4 167772160 2
2
_L 3y 4681 (3143 3 12483 (. r+3)\3
{98304( )7+ 12288 (t 4 ) 32768 (t 2 ) } ’ (2.16)

By using (2.7) in above inequalltles we get (2.15).

r+5 .

Corollary 2. By replacing £ = —in (2.15), we get
7 +$ 3 +58 7 + 38 1 7r +§ r + 78
b () 1 Jor (et (5 ) ()
1 154/'+s /r'+15 317 +§ 7 + 318 637 +§
ﬁ{y( 16 ) ( 16 } {( 32 >+Y( 32 >+Y< 64 )

5 e )l )
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v (74~ + é)} + 1 {Y’ (r + 15§) v (154* + S)} + 1 {Y’ (/r + 31§)
8 1024 16 16 4096 32

v’ (314~ + §)} + 1 {Y’ (r + 63§) v (634' + §>}
32 8192 64 64

+ 2341
393216

E=—m{Y'®-Y

1 2337080251
196608 10 '

1 " y 3
<=IY"ll,(8 — )2
VA

Case3:For Y'" € L*[r,3]
Theorem 3.Let Y: [r,3] — R be an absolutely continuous function on (#, §), with Y""" € L?[+, §]. Then

Flro v es- o gfr (5 e (ST 3 (5

o S K e R

16
Y(4ﬂ+16§—t>+y(314~+t) (/r'+325— ( S/r'+35)
16 32

—% )
X{Z{Y’(/r+§—t)—Y’(t)}+E{ (4’”5_) (4’”)}
w3l () - (sl () - ()

1 {Y,¢+16§—t v’ 15/r'+t} 1 ¢ 37 +5s
+128 ( 16 ) ( 16 ) +512( 4 )

+

9 {Y’ (¢ + 328 — t) _y (314' + t)}] N Y'(3) - Y’(4~){ 1 (& — )
32 32 E—-»)?2 98304
N 4681 (t_34~+§)3 _ 12483 (t_/r' +§)3}_ 1 ﬁY(ﬁ)dﬁ
12288 4 32768 2 S—7 ),
- W[ 1 =) 4 1082401 (t _3r+ 5)5 _ 34636833 (t o+ 5)5
= 3— 167772160 5242880 4 167772160 2
3 ~312]z
_L{9s304(t_ )%+ 142628818 (t_$) _%(t_%ﬂ) } ]' (217)
Vte[ o
where
T et ) W
a(Y") = IY"ll, - - =lY"|I3 -G —»)

and S is defined in Theorem 1.

Proof: Let R, (t) be defined as in (2.8). If we take C = S_%f; Y"'(8) d$ in (2.9) and by applying the Cauchy inequality and (2.16), then

1 8 1 8 1 8
<< Y”(ﬁ)—v—f Y"(§)d3 P(t,ﬁ)—v—f P(¢,8)d3| du
-7 - S—7 - S—7 -

¢< (u)—mJ;Y (s)ds) du] [J;(P(t,u)—mJ;P(t,s)ds ]

a(Y'") 1 1082401 3r+%° 34636833 r+3
e O
167772160 5242880 4 167772160

<z
S—r

S—7

L(1 e, 68 (e 34~+§)3 12483 (e 4~+§)3 T
s—r (98304 " 12288 4 32768 2 '

By using above equations, we get (2.17).

Corollary 3. By replacing t = r—+§ in (2.17), we get
| (4’"+S) { (34’"+S)+Y(4’“+3S)}+l{y(74’+§)+y(4’+7§)}
4 16 8 8
1 157+ 8§ 7 + 158 317 +§ 7 + 318 637 +§
ﬁ{y( 16 ) ( 16 } { ( 32 >+Y( 32 >+Y< 64 )

e oo R b 5
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v (74~ + é)} + 1 {Y’ (4/* + 15§) v (154* + S)} + 1 {Y’ (/r + 31§)
8 1024 16 16 4096 32

v’ (314~ + §)} + 1 {Y’ (r + 63§) v (63/r~ + §>}
32 8192 64 64

2341 , ,

+393216(s—4~){Y(s) Y
_ s 1 [2337080251
=NECQICERSE 196608 0

3. An Applications to Cumulative Distributive Function
Let X be a random variable taking values in the finite interval [#~, §] with the probability density function Y: [#,§] — [0,1] and cumulative
distributive function

t
F(t)=Pr(T<t) = f Y (t)di,

%
F) =Pr(T<3%) = f Y(e)de = 1.
T
Theorem 4. With the assumptions of Theorem 1, we have the following inequality which holds

S R A | R

r +45 — 1 1 Tr + 1 r +85—1 1 15» + £
F( 4 >}+§{F( 8 )+F( 8 )}+E{F( 16)
r+168— % 3lr +1 r+328—+% 57 + 38 , .
F( 16 )+F< 32 >+F< 32 )}J“(t_ 8 ){2{F(4~+s—t)
, 1( (r+25—¢ T+t 1( (r+435—1¢ L3+t
@+ () - (st () - F ()
1 (T t85—1% (T + T 1 (v t168—1 (157 + ¢
ralr () - (e e (=) - (B
2

+L(t— 3r+ §) {F’ (4/' + 32§—t> _p (314; +t)}] _F'® -F'(r)
)

512 4 32 E—r)2
Ly 4 o8 (f 3r +%\° 12483 (f r+ §)3
98304 '’ " 12288 32768 2

SvE)E—=7r)(S —7v) (3.1)

and

S 2

Pl () e (el (55 )

+F(L6§—t)+F<31/r+t>+F<4ﬂ+325— )} ( 54/'+3s QF(r+5—1)

SV__E(T)——[F(’L')+F(4"+S—t)+;{F(4ﬂ+t)+ (/r+25— )} { (34~+t)

16 32 32

o (R (e () )
et

ralr () - (el (=) - (B

1 3r +3 r +328—1¢ 3lr + ¢ F'®)—F'(r)
()P ( )-F (M-~
1 , , 4681 3r+%° 12483 r+§°
><{98304 £=r) +12288(t_ 4 ) _32768(t_ 2 )}

Sv@)E =T = 95). (3.2)
Vte [/r",%%], where E(T) is the expectation of T.
Proof: By (2.3)and (2.4) on choosing Y = F and using the fact
t

t
E(T) = f udr(U) = t—f F(W)du,
we obtain (3.1) and (3.2). " "

r+8

Corollary 4. By replacing £ = — |n(3 1) and (3.2), then
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§—E(T) r+8 1 3r+38 7 + 38 1 7r + 8
§—r [2 ( 2 )+§{F( 4 )+F( 4 )}+E{F( 8 )
7+ 78 1 157+ 7+ 158 1 31+ 7+ 318
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Proof: By using (2.17) and the same condition that we use in above theorem, we get the required inequality (3.4).
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4. Conclusion
In this paper, we introduced some new results of Ostrowski's

type inequalities for various norms by using well known
inequalities. We also examined modified results. Notably, we
developed a new peano kernel i.e., 13-step quadratic kernel.
Lastly, we implemented our outcomes to the domain of
cumulative distributive functions. In future, one can extend this
work by using n-step kernel for different norms and for the
function of bounded variation.
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Detection and Analysis of MOSH/MOAH Contamination in Edible Vegetable Oils: A
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Abstract: Consuming edible vegetable oil (EVO) is highly beneficial for human health due to its abundant nutrients, yet it might pose a
risk if contaminated. Common pollution including mycotoxins, pesticides, heavy metals, and mineral oil are most likely to occur during
harvesting, industrial processing, and environmental pathways. Particularly, mineral oil, a type of petrogenic pollutant can be further
classified into two subgroups namely mineral oil saturated hydrocarbon (MOSH) and mineral oil aromatic hydrocarbon (MOAH). Exposure
to MOSH/MOAH in EVO has a detrimental impact on human health, to the point that both subgroups are considered hazardous. Indeed,
MOSH can bioaccumulate in specific organs, and certain MOAH compounds have a strong potential to cause cancer. The European Food
Safety Association (EFSA) has established standards for vegetable oil, updated in 2022, which provide a maximum limit of 13 mg MOSH/kg
and 0.5 mg MOAH/kg. Additionally, a pragmatic monitoring method is implemented, including identifying and evaluating MOSH/MOAH
presence in the specific matrix using analytical techniques that can accurately measure their quantities. Despite the existence of various
techniques, the Liquid Chromatography—Gas Chromatography-Flame lonisation Detector (LC-GC-FID) technique stands out for its
adaptability, efficiency, sensitivity, and excellent reproducibility, even in the presence of complicated matrix and analyte. Therefore, this
study comprehensively explains the operating principle, sample preparation, column selection, and assessment results. Various advanced
techniques including additional instruments; in certain instances, innovative approaches were employed to detect, measure, and
distinguish individual MOSH/MOAH structures. Comprehensive analysis of the current literature, focusing on articles published between
2018 and 2024, is conducted to explore the occurrence and implications of MOSH/MOAH contamination in EVO. Additionally, this review
delves into the application of the LC-GC-FID method, providing an in-depth evaluation of its efficacy in detecting and quantifying these

contaminants within EVO matrices.

Keywords: MOSH/MOAH, edible vegetable oil, contamination, LC-GC-FID, chromatography.

1. Introduction

Mineral oil is derived from crude petroleum oil through refining
processes, starting with atmospheric pressure distillation.
Subsequently, the heaviest residues obtained from former
process undergo vacuum distillation. The resulting filtrate, which
has a boiling point ranging from 300 to 600°C, undergoes
additional processing steps like solvent extraction, hyper
treatment, and dewaxing, which are employed (Rawlings &
Lombard 2012). At this stage, the resultant is referred to base oil,
and further refinement yields mineral oil (MO) as finished goods
(IARC 2012; Pirow et al. 2019).

Mineral oil can be defined as a mixture of various molecules
with carbon numbers ranging from C1 to C50 (Rawlings &
Lombard 2012). It is technically a blend of open or branched
paraffinic compounds (saturated), naphthenic (cyclosaturated),
and alkylated aromatic hydrocarbons (IARC 2012; Pirow et al.
2019; Weber et al. 2018). Hydrocarbon (HC) mixtures of the
mentioned carbon count are relevant because compounds
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beyond this range pose high volatility and low absorption
(Buijtenhuijs & Van de Ven 2019; Pirow et al. 2019).

Mineral oil (MO) can be structurally divided into two main
categories: saturated hydrocarbons (MOSH) and aromatic
hydrocarbons (MOAH), as illustrated in Figure 1. These terms
were introduced by Biederman and his team in 2009 to distinguish
mineral oil from pyrogenic polycyclic aromatic compounds (by-
products of combustion) and hydrocarbons derived from plants
(Pirow et al. 2019). The composition of both MOSH and MOAH
can vary depending on the source of origin, which is why they are
assigned different Chemical Abstract Service (CAS) numbers, as
indicated in (Rawlings & Lombard 2012). Even when subjected to
the same refining process, the association categorises them based
on their description and characterisation (IARC 2012). Typically,
MOSH constitutes the majority, ranging from 65% to 85%,
compared to MOAH, which accounts for only about 15% to 35%
of the total composition.
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Figure 1. Chemical structures of MOSH and MOAH (Weber et al. 2018)

Mineral Oil Saturated Hydrocarbon (MOSH)

MOSH is named after the characterisation by the chemical
arrangement of linear or branched alkylated cycloalkanes such as
paraffins or isoparaffins (e.g., n-undecane, bicyclohexyl,
cyclohexane) as well as (e.g.,
methylnaphthalene) (Srbinovska et al. 2020). In terms of
terminology, MOSH is often referred by various names such as

cyclohexyl naphthene

light mineral oil, white mineral oil, white oil, liquid paraffin, liquid
petrolatum, mineral oil mist, paraffin oil, paraffinic liquid,
petrolatum liquid, petroleum oil (Rawlings & Lombard 2012). This
subgroup predominated over total MO, especially between a
carbon number of C25- C35 depending on origin, while others
were found in smaller fractions or below the
quantification (LOQ) (Srbinovska et al. 2020).

limit of

Mineral Oil Aromatic Hydrocarbon (MOAH)

MOAH comprises mono and/or polyaromatic hydrocarbons that
are alkylated and hydrogenated. Despite the name aromatic,
MOAH often has no scent, but in some cases, it is exceptional
(Finch, Eilers & Harzke 2006). For instance, MOAH compounds are
like perylene and 1,3,5-tri-tert-butylbenzene are fractions that
can be separated from MOSH analytically (Jaén et al., 2022; Moret
et al., 2016; Nestola, 2022; Rossum et al., 2022). Upon analysis,
MOAH may result in a lower concentration, but it appears as a big
hump that comprises a mix of aromatic hydrocarbon.

Thus, it is important to focus on petrogenic origin. In that
mixture, polycyclic aromatic hydrocarbon (PAH) is usually
mistaken for MOAH due to its inclusivity. However, it is a product
of pyrolysis, where massive forest fires, volcanoes, and
incomplete combustion of many sources are the reasons for its
generation (Gharbi et al., 2016; Lachenmeier et al.,, 2017).
Another nonpetrogenic HC, polyolefin oligomeric saturated
hydrocarbon (POSH) contaminant found in edible oil where those
compounds are in contact with or migrated from polyethylene
(PE) or polypropylene (PP) packaging material (Gharbi et al. 2016;
Srbinovska et al. 2020).
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Properties of MO

Physical properties

MO is typically colourless (transparent), odourless, and tasteless
in terms of their physical properties. However, there are
exceptions to this general rule due to the complexity of the
compounds (Rawlings & Lombard 2012; United States
Pharmacopeial Convention 2014). In many cases, odorants are
added to MO to provide a scent that warns of their presence for
safety purposes or to mask any unpleasant odours (Finch, Eilers &
Harzke 2006). This is supported by research indicating that MOSH
and MOAH can potentially possess odorous characteristics, which
can be detected individually or in a mixture through experiments
conducted on mice (Gamble & Smith 2009).

MO exhibits variations in boiling points, which correspond to
their specific applications (Finch, Eilers & Harzke 2006). The
boiling point range typically falls between 218°C and 643°C. The
flash point of MO is measured at 135°C for the closed cup method
and 193°C for the open cup (OC) method. However, according to
the ASTM D92 method (OC), a flash point of 115°C can also be
triggered (United States Pharmacopeial Convention 2014).
Generally, paraffinic oil tends to have higher flash and boiling
points than naphthenic structures. Viscosity plays a crucial role in
determining the molecular geometry, electrical, and thermal
properties of the MO (Jin et al. 2014). Regarding kinematic
viscosity, MO can exceed 38 mm?/s while maintaining its
characteristic as a viscous liquid (United States Pharmacopeial
Convention 2014; Yuliastuti 2010).

It is important to note that viscosity measurements should be
accompanied by information about the test conditions, such as
temperature, which is closely related to the pour point and
influences the applicability of MO in specific uses. When analysing
MO, the characterisation of properties like viscosity and the
average molecular weight is often prioritised over determining
the precise chemical composition, which can vary based on
carbon number and structure (Polyakova, van Leeuwen & Peters
2022). Table 1 compares the general physio-chemical properties
of EVO and MO, which makes sense for easy contamination.
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Table 1. A comparison of physio-chemical properties between EVO and MO

Properties EVO MO
Origin Plant Petroleum (Animal Fossil)
Appearance Light greenish yellow to red Colourless
Viscosity Variesr 33 >38
Density Variesy 0.9 0.845 —-0.905
Insoluble in water; Soluble in Insoluble in water & ethanol;
Solubility organic solvent, as in acetone, Soluble in benzene, ether, carbon
hexane and toluene disulphide & volatile solvents
Pour point -32C-15¢C ~-40°C
Cloud point -19C-17.5°C <-89C
Fire point 3232C—-3782C 1602C
Chemical stability Oxidizable Inert
Surface tension 31-32 mN/m 40-60 mN/m

Additionally, MO has a partition coefficient in n-octanol/water
of more than six (United States Pharmacopeial Convention 2014).
The solubility of certain gaseous substances in MO has also been
studied. According to Miuller et al., (2012), nitrogen is highly
soluble in MO compared to hydrogen and oxygen, which raises
concerns for specific applications. Furthermore, a study by Liao et
al., (2011) reported low moisture content in MO even after
ageing, suggesting that moisture dissolves slowly in MO rather
than absorbed by it.

Chemical Properties

Chemically, MO is mostly able to undergo a hydrogenation
process, especially by naphthenic and aromatic compounds,
leading to the formation of paraffinic and isoparaffinic HCs, which
are widely used in the cosmetic and medical industries (Klaus,
Tewksbury & Fenske 1962; Rausch et al. 1981). This chemical
transition greatly impacts colour, odour, oxidation stability, and
emulsification properties, not only by removing undesirable
MOSH/MOAH  but nitrogen- sulphur-containing
compounds (Flinn et al. 1965; Wright n.d.).

Although MO is capable of acting as a strong oxidising agent and
readily undergoes reduction under normal conditions, most MO

also and

compounds are chemically inert with respect to oxidation (United
States Pharmacopeial Convention 2014). However,
compounds, particularly MOAH, tend to oxidise at elevated

some

temperatures with excess oxygen to produce aldehyde, ketone
and ester (Martin 2008; Zoccali et al. 2016).

This is like the EVO oxidation process, capable of rancidity over
a prolonged period. The same phenomenon applies to the MO
oxidation process, where its performance will be subpar due to
sludge formation or crystallisation. To avoid this undesirable
reaction, an oxidation inhibitor, such as sulphur, should be
included in the formulation upon application to prolong the
benefits (Kojic et al. 2019). MO has been used in various sectors,
notably as a lubricant in machinery due to its high-temperature
stability (Tuei 2023).

Thermal Properties
In addition to the properties above, MO also exhibits various
thermal properties. The decomposition temperature of MO was
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initially unavailable, but it was predicted using time-temperature
functionality to be around 371°C after 50 hours, as mentioned in
Klaus et al., (1962). Later, the onset decomposition temperature
was determined to be approximately 291.2°C using
thermogravimetric analysis (TGA) by Patel et al., (2018). However,
it should be noted that the actual decomposition temperature
may vary depending on the specific application. For instance, in a
research by Liao et al., (2011), a lower value was recorded for MO
in an impregnated insulating pressboard system.

The thermal conductivity of MO, determined through the ASTM
D2717 hot wire method, is an essential property for heat transfer
under temperature differential conditions. In this test, a constant
voltage is applied to a platinum wire, and the change in voltage
flow is recorded as a function of the sample's thickness (Jin et al.
2014). The thermal conductivity value of MO has been reported
as approximately 1.11 W/mK (Jin 2015). This property plays a
crucial role in managing the heat generated by the magnetic
circuit and windings in transformers, allowing for extended
usability without causing harm to the circuit. Overall, the thermal
properties of MO play a significant role in determining its shelf

life.

Electrical Properties

As MO is a soup of all hydrocarbons, naphthenic compounds are
highly valued for their versatile properties. They are extensively
used in electrical appliances like insulating transformers due to
their electrical characteristics, cost-effectiveness, and machinery
efficiency (Rouabeh et al. 2019). Another essential electrical
criterion is the dielectric constant (DC), also known as relative
permittivity, which measures a material's ability to store electrical
charge or energy relative to a vacuum. As a non-conductive
material, MO exhibits a low DC value of approximately 2.22 at
90°C, which depends on its composition (Spohner 2017).

The DC value is influenced by internal factors such as polarity
and oxidation tendencies of the oil (Martin 2008; Toudja et al.
2014; Yuliastuti 2010). While a high DC value is undesirable as it
can lead to failure under intense electric fields, even a low value
is sufficient for energy storage and other withstand capabilities.
MO's suitability for transformer oil insulation, particularly in high-
voltage electrical units, is attributed to its low DC value and ability
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to keep the unit cool by preventing heat transfer during its shelf
life (Jin et al. 2014).

Another important characteristic is the dissipation factor (DF),
which represents the inefficiency of an insulating material and is
defined as the tangent of the loss angle between changes in
applied voltage and resulting current. A lower dissipation factor
indicates better insulation. Tests conducted according to IEC
60247 standards compared the DF of MO with synthetic ester oil
under different voltage conditions (Yuliastuti 2010). Generally, a
good insulating oil exhibits a low DF, although it may increase with
rising temperatures and conductivity (Rouabeh et al. 2019).

Next, breakdown voltage (BDV), the insulation strength, is
measured where the electric field generates enough energy to
ionise the electrons, and this causes chemical reactions that affect
the performance of the dielectric properties. This is supported by
Suwarno and Darma, (2008), who mentioned that MOAH is
oxidised and forms precipitation in the form of sludge, which
eventually reduces the initial BDV value. The BDV of MO recorded
in (Yuliastuti 2010) is 38.63 kV, and this value can vary under the
influence of methyl ester, moisture content, and temperature, as
measured and tabulated in Table 2.

Table 2. Brief comparison on electrical properties (Rouabeh et al. 2019; Spohner 2017)

Characteristics MO EVO (Olive oil) Unit
Viscosity @40°C 9.3 175.5 cSt
Dielectric Constant 2.43-2.29 3.43-3.02* -

Dissipation Factor 1l4e-4 1lle-4 Tan &

Breakdown Voltage 32 46.5 kv
Resistivity@ 40°C 5.7 3.1 TQ/cm

Humidity 90 200 ppm

Electrical Conductivity @ 40°C 175e-3 322e-3 S/m
Electrical regency 128 175.5 kV/mm

MO Application in the Food Industry

The versatile properties of MO make it highly valuable in
numerous industrial and consumer applications. However, this
review primarily focuses on MOSH/MOAH in EVO, with only brief
discussions regarding food applications. In the food industry,
food-grade MO is used as additives, glazing agents for candy,
sprays for baked goods, and surface-treating agents for fruits and
vegetables. Additionally, highly refined and treated MO is
employed in the animal feed production (Buijtenhuijs & Van de
Ven 2019; Moret et al. 2016). MOSH-derived paraffinic and
naphthenic waxes find application in crop protection products,
extending the shelf life of agricultural goods. It is also worth
noting that MO is commonly used as a lubricant in mechanical
components like bearings and gears in food manufacturing
machinery. Despite the diverse uses, it is crucial to acknowledge
that exposure or ingestion of MO above certain threshold levels
can severely impact human well-being and the ecosystem within
our food supply chain.

Contamination of MO in EVO

MO exposure in EVO occurs due to intentional or unintentional
contamination throughout the production process of the primary
raw material, vegetable oil. In 2008, a significant concern arose
when sunflower oil exported from Ukraine to European countries
contained MO levels exceeding 1000 mg/kg (Ahmad et al. 2019;
Nestola 2022). The contamination was suspected of fraud or
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*sunflower oil

intentional admixture of base oil used in lubricating oil production
rather than migration (Biedermann & Grob 2009).

However, according to Wrona et al.,, (2013), the typical
contamination of MO in food is 10-100 pg/g, with additional
amounts contributed by migration from packaging. Migration
predominantly occurs through the gas phase and direct contact,
with the gas phase being susceptible to MOSH in the range of C16
to C35 and MOAH below C25, while direct contact depends on the
origin of contamination and is not limited to saturated structures
(Buijtenhuijs & Van de Ven 2019; Moret et al. 2016).

Figure 2 illustrates the general pathways of MOSH/MOAH
contamination and migration into food products, including EVO,
encompassing environmental sources such as the atmosphere
and aquatic ecosystems (EFSA 2012). Air pollution studies
conducted by Buijtenhuijs and Van de Ven, (2019), revealed MO
concentrations ranging from 0.03 to 5 parts per billion (ppb) in
rural areas, particularly near road tunnels, where contamination
or deposition is common. This contamination extends to
plantation areas, where crops are harvested under the influence
of MOSH/MOAH content and proceed to the processing stage.
During processing, MO contamination increases due to leakage
from machinery, including engine oil, lubricating oil, heating oil,
and diesel oil in mills that come into contact with edible oil due to
inadequate machinery maintenance or improper Good
Manufacturing Practices (GMP) (Jaén et al., 2022).
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Figure 2. MOSH/MOAH contamination routes (adapted from Oppermann and Leitner, 2017)

Additionally, the use of recycled cardboard for packaging,
printed with mineral oil-based inks, has been identified as a
source of contamination. The printing inks and certain paper and
packaging adhesives contribute to MOSH/MOAH contamination
due to their sorption, diffusion properties, and partition
coefficients (Fengler & Gruber 2022; Wrona, Pezo & Nerin 2013).
According to the lab-scale experiment by Purcaro (n.d.), lighter C-
fractions cause migration from jute bags to cocoa beans to occur
more frequently due to its high volatility. The cocoa bean's shell
functions as a barrier, letting only the lightest portion to get to the
nibs. The total migration of pollutants depends critically on
contact time. In some cases, migration of MO from adhesives is
mistakenly attributed to contamination from the cardboard itself.
It was found that one gram of hot glue used in food packaging can
contain up to 8.2-118 mg of MOSH and 59 mg of MOAH in dry
foods as shown in experiment by Lommatzsch and other fellows,
(2016).

Various studies have confirmed the presence of MOSH/MOAH
in food samples from 120 different countries, with nearly half of
the samples (43%) testing positive for MOAH in 2015 (Jaén et al.
2021). Specifically, researcher Buijtenhuijs and Van de Ven (2019)
investigated foods prepared with vegetable oil such as ice cream,
desserts, and pasta and they found contamination levels of 0.4
mg/kg for MOSH and 0.028 mg/kg for MOAH in food product with
a sample population of children aged 2-6 years. More shockingly,
in 2019, the EFSA published an opinion on the presence of MOAH
in infant formula, quantitatively assessing contamination levels
ranging from 0.5 to 3 mg/kg (Hochegger et al. 2022). While highly
refined MO is intentionally used in food products, non-intentional
contamination can occur during various stages, including
processing, packaging, transport, and storage (Garcia-Cicourel et
al. 2020). According to Pirow et al., (2019), the highest value
obtained for vegetable oil is about 41-45mg/kg.

The mobility of MO compounds in edible oil depends on
volatility, re-condensability, and vapour which
determine the contamination rate or migration (Lorenzini et al.

pressure,

2010). Precisely, medium-sized MO compounds with molecular
mass up to C24 have high volatility, and the velocity depends on
temperature, where high temperature can cause rapid migration

106

with a wide range of hydrocarbon (HC) from contaminated
packaging into the oil (Fengler & Gruber 2022).

Other factors that affect the rate include storage conditions, the
structure of foods (high-fat content), which tend to have high
migration, and the physiochemical properties of the barriers
(Buijtenhuijs & Van de Ven 2019; Lorenzini et al. 2013). They
recommend a temperature range between 20 to 40 °Cand a 1 to
12 days storage time, indicating actual migration conditions. A
migration test at equivalent conditions was done, whereby 60-
80% of MOSH/MOAH compounds up to C24 proved to evaporate
and migrate from paperboard into food by using modified
polyphenylene oxide (MPPO — Tenax®) (Lorenzini et al. 2010).

Impact of MO towards human

Studies conducted on animals have investigated the effects of
MO on tissues and illnesses associated with humans. Reference
by Pirow et al., (2019) provides a summary of MOSH/MOAH levels
found in animal and human tissues, as well as the observed effects
such as increased organ weight, the presence of microgranulomas
in mesenteric lymph nodes or liver, and changes in
haematological and clinical chemistry parameters. These effects
were observed in laboratory rats. In particular, rats' intake of MO
in the form of transformer oil under designated conditions raised
significant concerns, as it led to various toxicities affecting the
skin, blood, liver, kidneys, and small intestines (Otunga et al.
2019).

MOSH can bioaccumulate in tissues, especially at lymph nodes,
spleen and liver, leading to serious illness as mentioned above
(Hochegger et al. 2021; Ruiz et al. 2021). If lymph nodes
malfunction, it will lead to infections, blockage (build-up of body
fluid) and cancer. This applies to almost all synthetic HCs like
polyolefin oligomeric hydrocarbon (POH) and POSH. Although the
human body is gifted with metabolism, only some low and
medium-mass oil below C20 can be converted into smaller volatile
compounds and excreted (Wrona, Pezo & Nerin 2013). In early
2024, a study found that pig’s back fat showed distinct patterns
of bioaccumulation, especially for MOSH with higher carbon
numbers (n-C24 to n-C36, centered on n-C32) (Albendea et al.

2024).
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Naphthenic hydrocarbon in the range of C20- C35, also called
‘grey cloud’ fractions, are likely to be retained and absorbed in the
liver due to a lower elimination rate than iso and cycloalkanes,
causing the formation of lipogranuloma (Carrillo et al. 2022).
However, in late 2022, an assessment on MOSH adversity and
relatability of animal and human tissue was discussed, noting that
retention of HC of C20-C35, was not the cause of microgranuloma
formation in rats (F344) and, therefore, not relevant to human
conditions (Isola et al. 2023). Nevertheless, this scope of study is
still debatable and requires detailed data for verification.

Meanwhile, certain MOAH compounds is surely recognised as
potential carcinogenic and mutagenic substances, as mentioned
earlier, where compounds with 3-7 ring PAC are considered so
(Hochegger et al. 2022; Pirow et al. 2019; Ruiz et al. 2021;
Srbinovska et al. 2020). These compounds are indicative of
unrefined or poor process quality. In addition, short alkylated
MOAH also contains heteroatoms that can induce cancer cell
(Pirow et al. 2019). Not only that, a tumour may develop due to
recurrence of dermal irritation at the stage where it cannot
mutate or activate the cancer cell (Pirow et al. 2019). This is
supported by (Hochegger et al. 2022), whereby selective MOAH
compounds are involved in tumour development and DNA
alteration via a non-genotoxic mechanism. MOAH exposure is,
therefore, creating quite a concern among people, and the
consumable product (food and cosmetics) should be free from
MOAH or hazardous MOSH compounds.

Regular Issue
2. Guideline

An extensive contamination of MO in sunflower oil makes the
EU Commission established a limitation of 50 mg/kg for paraffin
content in the sunflower oil (Gémez-Coca et al. 2016). Later,
EFSA's Panel on Contamination in the Food Chain (CONTAM)
issued a scientific opinion on the presence of MO in food based
on a few case studies (Fiselier & Grob 2009; Pirow et al. 2019; Ruiz
et al. 2021). In addition, preliminary data on the acceptable daily
intake (ADI) of medium- and low-viscosity foods MO are
published, although these data are from poor analysis (EFSA
2012). Based on this publication, the European Union issued a
proposal (EU 2017/84) shortly after in 2017 to monitor MO,
focusing on its content in food and food packaging (Andriukaitis
2017).

In the year 2022, the Member States of European countries
agreed that MOAH concentration should be followed without
regard to fractions in a variety of food products that focus on
infant formula and toddler food, irrespective of the MOAH
sources, as stated in Table 3 (European Commission 2022). An
updated version of the scientific opinion was drafted in 2023 after
some thorough toxicity evaluation. As per EFSA and fellow
contributors (2023), most of the uncertainty was clarified,
including conclusions of the EFSA (2012) opinion that the
genotoxicity of MOH is associated with the presence of three or
more ring MOAH.

Table 3. Benchmark for MOSH/MOAH in food related product

Food Categories Limit value (mg/Kg) References
MOSH MOAH
Dry foods with a low-fat content (< 4% fat/oil - 0.5
Foods with a higher fat content (> 4% fat/oil, L .
. 1 (European Commission 2022; Parkinson 2022)
<50 % fat/oil)
Fats/oils and foods with (> 50 % fat/oil) - 2
Vegetable oil 13 0.5 (Sabrina & Giorgia 2022)
Dry food: bread, pastry, cakes, biscuits, cereal 6 0.5 . o
- (Institute for Publication n.d.)
Confectionary except 0.5
Migration from packaging 0.6 0.5 (Pirow et al. 2019)

In certain food categories, MOSH has no permissible limits for
the migration that recognised as non-dangerous, while MOAH
should be below 0.5 mg/Kg as the limit of determination (LOD),
which cannot be exceeded analytically as stated in Table 3.
However, the estimation of human exposure is less accurate, so
that still no "tolerable daily intake" (TDI) has been registered by a
national legislation (Buijtenhuijs & Van de Ven 2019). Additional
toxicity data are needed, especially on bioaccumulation of MOSH
and potential effects on human tissues, i.e., inflammation, liver
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and spleen diseases. Furthermore, the technical specifications for
MOAH used as food additives and packaging materials should be
updated to avoid composition and content of three or more ring
compounds. The issue is difficult due to its complexity, both in
the toxicological (which requires
characterizing the toxicity of each molecule and their interactions,
the

terms of evaluation

such as synergism or antagonism) and

determination (Matheson 2023).

analytical
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3. Analysis

Detection Method

Initially, (IP 346 method) was
introduced by the European Petroleum Refiners Association

the gravimetric analysis

specifically for testing unused lubricating oil to ensure that
carcinogens are not detected as well as to maintain the quality of
MO (Ruiz et al. 2021). There are three categories of petroleum:
lubricating oil, foot oil, and treated distillate (aromatic extracts),
the latter of, is considered a carcinogen under certain conditions
according to CLP Regulation No. 1272/2008 (Pirow et al. 2019). To
determine the presence of those compounds, this method has
been utilised as a qualifier for refining efficacy. According to
Hochegger et al.,, (2022), this method also measures and
evaluates the weight percentage of PACs in dimethyl sulfoxide
(DMSO) extracts of lubricating oil to obtain good quality.

In earlier times, infrared (IR) spectroscopy was used to detect
MO through the C-H stretching vibration. Still, this method is the
most ineffective as it is non-quantitative and cannot distinguish
the source (EFSA 2012). Another test, AMES, is the common
method for testing mutagenic propertied compounds using
biological assays like bacteria. This method was named after its
developer, Bruce N. Ames, Berkeley and is especially used in the
pharmaceutical and cosmetic industries where compounds are

formulated into (Boogaard et al. 2012). Compounds that fall
under mutagenic criteria are usually considered carcinogenic, too.
Therefore, this test was modified to detect such complexes using
bacteria (Biopharma n.d.; Boogaard et al. 2012; Hochegger et al.
2022).

Next, Hochegger et al. (2022) revealed that manual separation
into MOSH and MOAH using silica was followed by HPLC clean
separation, during which MOAH was further separated into three-
ring and larger (>3 ring) MOAH structures. HPLC is a vital
instrument for investigation and quality control measures related
to edible oils because of its ability to perform high-resolution
separations and detect trace quantities of constituents (Ali &
Neha 2024). Then the resultant further conditioned before
proceeding with the AMES test. In brief, a 10ul sample was placed
in duplicate on 24-well plates and diluted with a combination
comprising 5% (v/v) bacteria (Salmonella typhimurium TA9S,
109 CFU/mL) and 4.5% (v/v) phenobarbital/-
naphthoflavone-activated rat liver S9, which was incubated for 90

about

minutes at 37°C with agitation. The mixture was then dispersed
into 48 wells with a reversion indicator and incubated for another
2-3 days. When revertant levels were 2-fold higher than the
baseline, samples were identified as DNA reactive or carcinogens,
as shown in Figure 3.
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Figure 3. AMES test result for mono-diaromatic and polyaromatic fractionates with 250ul DMSO extraction (Hochegger et al. 2022)

In addition, the mouse skin painting model also serves as an
indicator for toxicity assay, as human and mouse skin may
develop similar dermatological effects (tumour) when exposed to
the carcinogenic MO substance (Carrillo et al. 2019). This study
provides the most realistic response to chemical consumption at
various parameters such as latency, mechanism including
multiplicity and malignancy, etc. (Walaszek, Hanausek & Slaga
2007). Another test using alcoholic potassium hydroxide solution
with distilled water, where turbidity indicates concentration after
slight mixing, is another traditional method for detecting MO in
cooking oil.

Due to the massive contamination of MO in sunflower oil, 2008

IUPAC (1987) and AOCS (1997) were standardised for
contamination in oil and fat, measured by densitometry and
column chromatography, respectively. But quantification of these
methods yields a high limit of detection (LOD), about 500 —
1000mg/kg. The following section will brief on the current
analytical approach that enables MO quantification in EVO and
other complementary matrices, as well as room for alternative

emerging methods.

MO Analysis by LC-GC-FID and its Preface
Initially, the quality of MO was the focus; soon after scientific
reports were published, detecting MOSH/MOAH in foods was of
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keen interest. Thus, advanced technique, Liquid
chromatography (LC) - Gas chromatography (GC), was reborn and
is very applicable in MO detection and quantification, particularly
in separating MOSH and MOAH individually. High-Performance
Liquid  Chromatography  (HPLC) with capillary Gas

Chromatography (GC) technique was introduced by Grob et al. in

an

1984 for the fractionation of trace components in the mixture.
Later, this method was coupled with a flame ionisation detector
(FID) for MOSH/MOAH determination in food samples in 2009.
Since then, analysis of MOSH/MOAH has been intensively studied
(M. Biedermann et al.,, 2011; M. Biedermann et al., 2009; M.
Biedermann & Grob, 2015; Hochegger et al., 2021).

Moreover, method with a chromatographic separation column
LC coupled with GC-FID was developed by Gémez-Coca et
al.,(2016). Currently, this LC-GC-FID method is the most common
technique due to its high sensitivity towards analytes and less
solvent usage, which indirectly improvises the quantification
(Moret et al. 2016; Purcaro et al. 2013; Wagner & Oellig 2019). In
other words, it is considered as the gold standard for MO analysis
in the refinery (Weber et al. 2018). Also, it provides high
resolution featuring fully automated that enables analysis of a
complex sample with less error in terms of contamination and
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interference (Biedermann, Fiselier & Grob 2009). Due to these
features, technical guidance of the European Commission, Joint
Research Centre (JRC) used online LC-GC-FID as analytical method
for determining MOSH/MOAH in food products and result
verification by GC-GC-MS for current EU-wide monitoring
(Foodwatch 2021). This LC-GC-FID method uses internal
standards or markers to identify MOSH/MOAH fractions, mostly,
to control the performance of the entire system.

LC-GC-FID: Principle

First, LC ensures the determination of MOSH/MOAH fraction by
distinguishing into paraffin, naphthene and aromatic according to
retention or elution time, which correlated to molecular mass
that is quantifiable by GC-FID under the same chromatographic
conditions as shown in Figure 4 (Buijtenhuijs & Van de Ven 2019).
A significant step where LC executes the isolation of analytes (in
this case, MOSH and MOAH) from potential interference like
lipids, plant HCs (C23-C35) and wax esters in food samples (EFSA
2012). This step is usually done in the normal phase with bare
silica and is always up for improvement (Garcia-Cicourel et al.
2019).

RC,

On-column injector
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Detector
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Figure 4. Schematic diagram of LC-GC-FID (Apedo & Snow 2019)

Then, the eluent is transferred to the GC column as described by
Biedermann et al., (2009), using the retention gap technique with
simultaneous eluent evaporation through the interface on the
column. The interface must be carefully designed to handle the
transition between these two phases. Techniques such as partially
concurrent eluent evaporation (PCEE) are used to optimize this
transfer, ensuring that volatile compounds are not lost during the
process. The interface also minimizes issues like memory effects,
which can occur when residues from previous samples affect the
analysis of subsequent samples. This technique was well
differentiated by Sdrigotti and team (2021) with fully concurrent
eluent evaporation and solvent flooding.

Following to GC stage, the eluent is evaporated as per individual
boiling point, and the gas molecules are injected into the
stationary phase to determine a unique molecular mass. A
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nonpolar stationary phase with a short capillary column is
commonly used, while the mobile phase uses inert gas like helium
or nitrogen (EFSA 2012).

When the vaporised sample reaches FID, it is ionised in the flame
by the reaction of hydrogen and oxygen, causing the ions to
generate a current that is measured by the electrodes in the
detector. This measurement will be displayed as a peak or signal
at a certain time of elution in response to unit mass for HC.
Therefore, this signal is directly proportional to the amount of
targeted compound over a wide array of compounds (Weber et
al. 2018). In addition, with this detection method, LOD for MOSH
and MOAH is about 0.05mg/kg. But this is not the actual case for
the oil sample, where paper by EFSA, (2012) & Fiorini et al., (2010)
points out the LOD was recorded as 5 mg/kg with a modified GC-
FID technique.
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Although a FID can readily measure all HCs, it is not selective and
has uncertain sensitivity regarding the formation of broad
unresolved peaks of MO compounds (EFSA 2012). Alternatively,
with the help of chemical markers and internal standards, this
method compounds in the
chromatographic profile. This is done by identifying peaks,

detection can differentiate
eliminating potential interference, and measuring quantification
based on the total area (Ahmad et al. 2019; Biedermann, Uematsu
& Grob 2011; Srbinovska et al. 2020). By having proper sample
preparation (highly selective separation and elimination process)
in the early stage, only then, target compounds (MOSH/MOAH)
detected by this FID (Zoccali et al. 2016).

LC-GC-FID: Sample Preparation

Sample preparation is a critical step before the analytical run
because it requires saponification (separation of triglycerides),
epoxidation (separation of MOSH) and extraction (removal of
olefins and endogenous n-alkanes) to achieve adequate
sensitivity of determination (Hochegger et al. 2021; Srbinovska et
al. 2020). Saponification was the pioneering step to separate from
triglyceride, particularly in high-fat content samples (Hochegger
et al. 2021, 2022). According to EFSA (2012), the saponification
step is labour-, time-, and solvent-consuming and should
therefore be performed meticulously to avoid additional errors in
the analysis.

In the case of EVO as a sample matrix, epoxidation helps to
separate MOSH from unsaponifiable matter to obtain more polar
derivatives of unsaturated compounds that can be retained
strongly in the LC (Gomez-Coca et al. 2016; Zoccali et al. 2016).
However, conventional epoxidation is unable to detect MOAH as
most of them are unaffected, thus need harsh or improved
epoxidation to eliminate olefins. As per detailed explanation
written in Nestola (2022), where the MOAH fraction can
potentially co-elute with biogenic olefins, the researcher focused
on the removal of biogenic interferences in palm oil samples
through enhanced saponification and epoxidation in an
automated online LC-GC-FID method, thus achieved a group of
individual MOAH peaks (Albendea et al. 2024).

As per Sdrigotti et al. (2021), loss of 20-35% of MOAH may occur
during these purification steps, as well as the removal of the
interferences may remain incomplete. In terms of EVO, there are
olefins, HCs (plant-based), and other trace compounds as
interferences, that shall be removed through epoxidation in the
occasion of off-line column chromatography used, the sample
extraction stage proceeded (Ruiz et al. 2021). If not properly
accounted for, co-migration of other HCs; POSH, native n-alkanes,
terpenes and essential oils or sterol esters can cause an
overestimation of MOSH/MOAH (Wagner & Oellig 2019).
Particularly, natural polyolefins and unsaturated poly-a-olefins
are misinterpreted for MOAH humps (Pirow et al. 2019).

In certain cases, hexane extraction is sufficient, like food
products. However, complicated samples, such as those involving
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high-fat and cosmetic products, require an effective sample clean-
up process (Weber et al. 2018).
sophisticated decontamination techniques such as saponification

Lipid matrices require
and column chromatography using a silica or cartridge (Purcaro et
al. 2013). Thus, choosing the optimal column for the best
separation is considered significant.

LC-GC-FID: Separation Column

Since MOSH/MOAH is categorised into nonpolar compounds
and is lipophilic, it is highly possible to dissolve well in nonpolar
solvents and migrate to the lipids (Wrona, Pezo & Nerin 2013).
Therefore, separating targeted chemical compounds from
unwanted, may encounter some challenges. Few pre-treatments
were carried out to avoid clumps of peaks and improve analyte
identification sensitivity. Among that, solid phase extraction (SPE)
has been widely used.

Regarding SPE, supercritical fluid chromatography has been
utilised as a rapid and easy method to analyse MOSH/MOAH
fractions in crude and refined oil, whereby detection is done by
FID and UV detectors parallelly. However, this method of analysis
is achievable if the oil viscosity ranges below 56 mm?2/s and the
molecular weight is less than 450 g/mol. Additionally, extra
precautions are taken to reduce matrix interferences to get more
precise data (Garcia-Cicourel et al. 2020). Likely, Gémez-Coca et
al. (2016) used n-hexane as the mobile phase in a silica column
loaded with silver (Ag) to separate HC fractions and interferences
brought on by the high-affinity Ag+ ion for double bonds. As a
result of limited solubility, bigger aliphatic structured compounds
can retain more (Garcia-Cicourel et al. 2020). For nonpolar
fractions of EVO that were separated by silica gel-SPE step with n-
hexane and detected by GC-MS similarly in Weber et al. (2018).

Additionally, activated silica gel impregnated with 1% silver
nitrate (AgNOs) acts as a sorbent in the column pack for offline
chromatography. It separates MO from olefin and triglycerides
(interference) by retaining them in the column (Ruiz et al. 2021).
The elution sequence goes like low molecular weight paraffin to
naphthene (MOSH fractions). It is followed by highly alkylated
benzene and alkylated polyaromatic through a normal phase
column (Weber et al. 2019).

Sulphuric acid-impregnated silica gel (SAISG) column was
demonstrated by Wrona et al. (2013) for the extraction of edible
oil at where it was capable of providing good quantification,
unmistakable MO identification as well as allowing the removal of
fatty acids and lipids without the creation of an emulsion.
Additionally, Moret et al. (2016) suggested a more effective
extraction technique called microwave-aided saponification
(MAS), followed by online LC-GC with FID for the MO
determination in various food products, particularly those with
high fat content. A similar method of MAS was used by Srbinovska
et al., (2020) to determine HC, including MOSH/MOAH in packed
fish and fish products.
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LC-GC-FID: Assessment

Basically, there are two: online LC-GC-FID and offline SPE-GC-FID
techniques that have been widely used in MOSH/MOAH
determination in EVO as a food matrix. Regarding online LC-GC-
FID, saponification and extraction are first performed with n-
hexane and water. In the former step, a few millilitres of oil
samples are provisionally obtained and then fed to the
epoxidation process before being injected into the LC-GC-FID
system. At this time, the LC separation is performed according to
the elution of MOSH at 2-4 minutes and MOAH at 4.1-6.1 minutes,
then the sample is transferred to the GC by the retention gap
technique or partial simultaneous solvent evaporation (PCSE)
through the connector as described in Nestola (2022). At a specific
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degree of alkylation, various structural isomers of MOAH can have
similar volatility characteristics, leading to their elution within a
narrow range of carbon atoms (up to 4 atoms) (Biedermann et al.
2022).

Moreover, parameters such as the inlet pressure of the carrier
gas, the oven temperature, and the flow rate of the fraction were
programmed before the run. Once the fraction exited the GC,
data processing continued using FID to quantify each compound
recorded in the peak/signal as shown in Figure 5. Cross-checking
with GC-MS is recommended for molecular identification, as
mentioned in the article by Nestola (2022).

Per

‘h ~10 mglkg

Figure 5. Chromatographic plot on MOAH by LC-GC-FID for EVO after epoxidation (Nestola 2022)

That being said, in the study published by Foodwatch (2021)
also mentioned on GC*GC-TOF technology is efficient for
results verification and marker assessment. Recently,
GCxGC-TOF/MS has become a popular choice of analytical
instrument because of its superior ability to separate complex
mixtures of volatile compounds by distinguishing even subtle
volatiles, offering better peak shape, enhanced purity, and
greater accuracy in both qualitative and quantitative
analyses. The chromatographic peaks are displayed on a 2D
plane, giving each volatile two retention indices with a fixed
position. Also, due to its super-fast spectral generation rate
(up to 500 spectra per second), GCxGC-TOF/MS can analyze
thousands of components in a very short period (Fang et al.
2023).

Back to offline SPE-GC-FID, this method is defined by the
manual preparation of the chromatographic column, as the
sorbent and activated silica gel column were compacted and
followed by dropwise addition of AgNOs solution, then
proceeded to vortex process to make it bubble-free and again
to compact the sorbent together with mobile phase, n-
hexane. This is the most important step for separating MOSH
and MOAH after the epoxidation process, as described in Ruiz
et al. (2021). The next step is the extraction, which was
improvised to isolate interferences with solvents. In the work
of J. C. Carrillo et al. (2019), DMSO was used as a solvent
because it efficiently removes PAH and sulphur- and nitrogen-
containing heterocycles.
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This type of extraction was then developed as a combination
with aliphatic solvents such as pentane and water to separate
polycyclic compounds from aliphatic HCs and other organics.
However, in some cases, a mixture of solvents such as
toluene, n-hexane, and dichloromethane was used in a
specific ratio to keep the sample from a complete
evaporation (Ruiz et al. 2021). The extracted sample is then
the GC-FID, which has
programmed for temperature and gas flow rate. The outcome
of this detection of individual targeted compounds can be

injected into already been

seen in signal or peak as a display. Especially on the aromatic
compounds with high molecular weight, a specified hump is
usually seen yet can be interpreted by the help of markers
and internal standards (Garcia-Cicourel et al. 2020; Gdmez-
Coca et al. 2016).

Method Performance

At the end of the plot, the performance of the analysis will
be measured in terms of LOD, LOQ, linearity (R?), and
recovery. The detection limit depends on MO distribution in
the sample amount that injected into the system but mostly,
relies on the context of the oil or fat composition. To improve
the detection, a higher capacity system and food origin
markers (n-alkanes) are used (EFSA 2012). A complete
guidance on sampling, analysis and data reporting was
written in the frame of Commission Recommendation (EU)
2017/84 for MO determination (Hoekstra, Bratinova &
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(Editors) 2019). The chosen method must meet certain
performance parameters, including a response factor of 0.8-
1.2 for C50 over C20, a target and maximum accepted limit of
quantification (LOQ) based on food fat content (ranging from
0.1 to 10 mg/kg), recovery (70-120%), and intermediate-
precision (10-20%) (Bauwens, Panté & Purcaro 2021). As well
as with other EVO matrices, Table 4 has a brief summary on
analytical method chosen to determine MOSH/MOAH.

In LC-GC-FID, the distribution of molecular weight was
associated with the breadth of a hump, which occurred at a
certain reaction time owing to molecule elution (Srbinovska
et al. 2020). Retention and selectivity in a packed column are
strongly dependent on the mobile phase's solubility and the
interaction and displacement of analytes from the stationary
phase by the mobile phase (Garcia-Cicourel et al. 2020).
Continuity to GC and detector create chromatographic profile
identification, counter-verified with certified reference
material.

Thus, selection of internal verification standard is crucial.
For MOSH, cyclohexyl cyclohexane (Cycy) is used as a suitable
internal standard for mineral oil analysis due to its absence in
significant quantities in mineral oils and packaging. Also, to
control standard loss, n-C11 can be added in the same
amount as Cycy, as it is more prone to volatilization. If the n-
C11 area is smaller than Cycy, it may indicate Cycy loss or co-
elution. n-C13, at half the amount of Cycy, is also added to
verify chromatographic separation. Meanwhile, For MOAH
analysis, 1- and 2-methylnaphthalene serve as internal
standards due to their close elution, with equal peak areas
confirming the absence of co-elution issues. n-Pentyl benzene
is used to monitor volatile losses. While 1,3,5-tri-tert-butyl
benzene (TBB) was traditionally a marker for the start of the
MOAH fraction, di(2-ethylhexyl) benzene (DEHB) has proven
to be more suitable, as it elutes with the first MOAH. Both
DEHB and perylene can verify the boundaries of the MOAH
fraction (Hoekstra, Bratinova & (Editors) 2019).

Gomez-Coca et al., (2016) established repeatability at the 50
mg/kg level by assessing oil sample containing 51 mg/kg with
standard deviation (SD) of 1.9 and a variation coefficient of
4.0%. The LOD was calculated using "blank" refined sunflower
oil supplemented with 10 mg/kg MO. While calculating the
lowest analyte concentration, 0.5 mg/kg was used as LOD for
both MOSH/MOAH as per the JRC limit guideline (Ruiz et al.
2021). Same was revealed by experimenting 152 sample
originating from few countries and 12% of the samples tested
positive for MOAH, with values ranging from 0.63 mg/kg to 82
mg/kg. Meanwhile, MOSH levels were identified above the
LOQ in 92% of the goods, ranging from 0.5 mg/kg to 1152
mg/kg. As per investigation by Albendea et al. (2024), the LC-
GC-FID system offers a sensitive method for detecting MO,
with LOQ ranging from 0.05 mg/kg for the loin to around 0.2
mg/kg for the back fat and lipid sources.

Spiking technique was used in method validation to
determine characteristics such as recovery, accuracy (intra
and inter-day), and low relative SD with the highest R2.
Furthermore, the validation may be cross-checked using a
separate platform that has high relevance; in this instance,
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the analysis is completed parallelly with the MS detector,
allowing quantitative and qualitative assessment of
MOSH/MOAH. Further experiment by Purcaro (n.d.) says on
reproducibility of <16% as to compare with JRC Guidance,
that is 20%, but were chosen as reference and trueness
between +10% and -20%. The high uncertainty and low
trueness reported for markers may indicate that these single
peaks were incorrectly assigned due to additional
interferences.

In short, online linked LC-GC combination provides great
repeatability, sample throughput, resilience, and sensitivity
while minimising sample waste. As a result, it is regarded as
the golden option for an analytical procedure that allows for
the effective separation and detection of specific molecules.
But it has its limitations too, and this is due to not all
compounds are amenable to LC-GC analysis. Certain analytes
may not volatilize well for the GC step, or they may degrade
at high temperatures, making it challenging to analyze
thermally unstable or highly polar compounds.

Moreover, FID is a non-selective detector, meaning it can
detect compounds based on carbon content, but it does not
provide structural information about the compounds
(counting aromatic rings or degree of alkylation), unlike
detectors such as mass spectrometry (MS) (EFSA, 2019;
Matheson, 2023). Molecules which has a similar molecular
structure to POH, polyalphaolefin (POA), and lipids are
frequently overlooked due to structure similarity
(Buijtenhuijs & Van de Ven 2019). This is because uncertainty
of interpretation and integration of LC-GC-FID was estimated
to be around 20% owing to baseline drift, huge hump, and
removal of riding peaks on the top of humps. Additionally,
high boiling point substances may coelute with column bleed,
creating inaccuracy in quantification (Bauwens, Panté &
2021). To

underestimation  of

minimize  overestimation  or
MOSH/MOAH

quantification, the data should be interpreted by a qualified

Purcaro
identification and
and skilled individual.

Other Methods

The online approach LC-GC s still in demand and works very
well quantitatively by FID and structural characterisation by
UV detection or mass spectrometry (MS) (Garcia-Cicourel et
al. 2020). However, this method requires time, expertise and
difficult data interpretation (Wagner & Oellig 2019).
According to Ali & Neha (2024), integrating HPLC and LC/MS
in conjunction is an effective method for comprehensively
analyzing edible oils. Due to its superior ability to separate
and quantify specific constituents, HPLC offers information on
the nutritional value and qualitative characteristics of oil.
While LC/MS ensures the safety of the oil and compliance
with regulatory standards, it also extends the examination to
trace-level contaminants.

Apart from this, characterisation and quantification of
MOSH/MOAH, from complex to single hump, can be
performed using two-dimensional gas chromatography (GC-
GC)-FID due to its high separation capability. However, GC-
GC-MS is prefreable for compound verification because it
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allows both structural characterisation and determination of
the degree of substitution of the aromatic compound
(Bratinova et al. 2020; Pirow et al. 2019). In a few cases, GC-
GC-FID/MS is used, where GC-GC (polar x apolar medium)
allows separation according to volatility and polarity, while
FID is used for quantification and MS for structural
identification (Hochegger et al. 2021; Purcaro et al. 2013).
Lately in November 2022, Biedermann et al. (2022) has
proven that GCxGC which uses two columns with distinct
stationary phases and thermal modulation with FID, able to
provide higher compound separation and resolution, which
improves analysis of complex combinations, MO in main food
products. This method was verified with conventional LC-GC-
FID, and demonstrates greater sensitivity and the capacity to
measure values as low as 0.02 mg/kg in spiked samples with
internal standard, indicating the potential to detect lower
MOAH Also, LC-GC-FID/MS has
recommended as a marker for determination based on

concentrations. been
reliable detection of the compound and its origin (Hochegger
et al. 2021). However, this strategy is currently being debated
for maximal selectivity and accuracy. Purcaro et al. (2013)
employed large volume (LVI) GC FID following the same Ag-
SPE fractionation phase to get quantitative results as the LC-
GC procedure.

Furthermore, Hochegger et al. (2021) introduced LC-GC x
GC-ToF/MS/FID in 2020, where multi-measurement is done in
a single analysis, and the greatest part is the distinguishing of
MOAH in percentage without any advanced LC separation.
Later in the year 2021, the researchers created specific 2D
software that allows for the integration of data from the
platform's numerous components, providing that MOSH and
MOAH measurement is reliable and precise (Bauwens, Pantd
& Purcaro 2021). This approach was also used in Fang et al.
(2023) to identify and characterize the volatile organic
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compounds (VOCs) in samples in order to distinguish
consumable products from their original The
expensive cost of ToF/MS restricts its laboratory applicability,

source.

despite the fact that it may effectively capture spectra for
precise peak identification and quantification in GCxGC
(Cardoso et al. 2023).

Planar solid phase extraction (pSPE) was developed as for
paper and cardboard matrices screening method. It was
connected with densitometry in UV and fluorescence
detector (UV-FLD) for rapid analysis. Despite its high cost, this
technique can extract 20 samples in parallel and perform a
rapid clean-up and a chemical screening (Wagner & Oellig
2019). Pesticides were separated from tea (consumable
matrix) using thin layer chromatography (TLC) with MS (Oellig
& Schwack, 2011), and the method was improved by Oellig &
Schwack (2014), where high throughput planar SPE (HTpSPE)
was used in microliter-flow injection analysis coupled with
TOFMS approach for pesticide determination in food.

Out of scope, the Nuclear Magnetic Resonance (NMR)
analytical approach was chosen to detect the presence of
MOSH/MOAH and even perform quick screening, potentially
replacing the MO mist test according to IP346 (Buijtenhuijs &
Van de Ven 2019). Few researchers used the NMR approach
to measure MO in cosmetic products without significant
defined
determination of material, such as zero interferences, was
required (Lachenmeier et al., 2017; Weber et al., 2019). This
is due to the instrument's ease of use and the lack of a high
level of skill or expense. However, EVO has not been used as

sample preparation unless additional or

a sample matrix by NMR. In terms of innovative
methodologies, Bunaciu et al. (2022) employed IR
spectroscopy (absorbance research) to test paraffinic

compound adulteration in edible oil, namely olive and maise
oil, using commercial software that is both precise and time
efficient.
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Table 4. Brief on analytical method on MOSH/MOAH determination

Clean-u LOD/LO
Matrix Analyte Pre-treatment/SPE P Analytical Method /LoQ Reference
Solvent mg/kg
. . 0.07/ .
Olive Oil MO SAISG hexane GC-FID 021 (Wrona, Pezo & Nerin 2013)
Silver nitrated silica gel stationar hase
Edible Oil MOSH/MOAH " & v phase/ GC-FID - (Ruiz et al. 2021)
epoxidation
Vegetable Oil MOSH Deactivated Silver silica gel - GC-FID 5/15 (Gémez-Coca et al. 2016)
Vegetable oil MOSH Offline SPE (1% Ag-activated silica gel) n-hexane LVI-GC-FID - (Liu et al. 2017)
Sunflower oil MOAH - hexane HPLC-GC-GC-FID/MS - (Biedermann & Grob 2009)
i X (Bunaciu, Fleschin & Aboul-enein
Olive /corn oil MOSH - - Infrared -
2022)
Automated  workflow-  saponification  and
Edible oil / fats MOSH/MOAH L P n-hexane LC-GC-FID -/1 (Nestola 2022)
epoxidation
microwave-assisted saponification (MAS) and .
Fats MO o n-hexane online LC-GC-FID /0.2 (Albendea et al. 2024)
epoxidation
Food Products MOSH/MOAH Silver silica solid-phase extraction (SPE) cartridge n-hexane LC-GC-FID/MS /1.2 (Purcaro et al. 2013)
Rice, Pasta, " "
MOSH /MOAH - - 0.2/ (Buijtenhuijs & Van de Ven 2019)
Cornflakes
Paper and .
MOSH /MOAH Planar SPE n-hexane UV/FLD - (Wagner & Oellig 2019)
Cardboard
*Blue — non-oil matrix but closely related with analysis part
114 DOI:https//doi.org/10.22452/mjs.vol44no4.10
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4. Conclusion

To put it simply, EVO is prone to MO contamination, which is
further classified into MOSH and MOAH, either purposely,
because of thermal stability, which improves oil shelf life, or
accidentally due to migration from packing or processing via gas
phase, depending on the volatility of the compounds. As it has a
significant impact on human health, there is an advisory limit of
13mg MOSH/kg and 0.5mg MOAH/kg in the vegetable oil category
in 2022; thus, several analytical methods have been carried out;
however, the LC-GC-FID technique has been highly adapted in
favour of high sensitivity, reproducibility, and the ability to
quantify compounds in the absence of a pure sample. To acquire
quantification of MOSH and MOAH in edible oil, a specific variant
of this approach needs precise sample preparation and
separation column type. There is still room for improvement in
determining MOSH/MOAH in consumable products, especially in
base food.
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