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Abstract: Malaysian herbs, Averrhoa Bilimbi, and Flos Lonicerae, are widely known in traditional Chinese medicine. Both are used as
natural remedies for jaundice treatment in newborns. Formulating herbal bath soap by the saponification method is proposed because
newborn babies are poor feeders. Today, a lot of chemicals are used in soap production. Users will have a wide range of issues due to
chemicals like parabens and triclosan. As a result, soap is made from herbs without chemicals. This herbal soap uses two herbs, Averrhoa
Bilimbi leaf and Flos Lonicerae. Paper journals examining these herbs’ physicochemical properties are scarce in Malaysia. After the herbal
soap has been successfully created, it will be examined for its physicochemical properties. The antioxidant activity and total phenolic
content (TPC), of Averrhoa Bilimbi leaf extract and Flos Lonicerae extract were all tested. The antibacterial activity, heavy metal and pH
tests were also validated the suitability of this herbal soap for skin application. According to the findings, Averrhoa Bilimbi leaf extract had
a TPC value of 24.49 mg GAE/g compared to 4.96 mg GAE/g for Flos Lonicerae extract. Averrhoa Bilimbi leaf required a slightly higher
concentration of 0.0588 g/mL extract to inhibit 50% of the DPPH assay compared to Flos Lonicerae plant extract, which required 0.0315
g/mL. Since there was no evidence of any bacterial growth, the herbal soap was effective against all the tested bacterial strains. The heavy
metal test showed the soap does not contain any lead, mercury or arsenic and exhibits a pH value which close to the range for suitable

skin application.
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1. Introduction

The use of plants as lead compounds for drug development or
refined herbal remedies has always played a critical role in the
development of medicines and healthcare preparations (Ekpo et
al., 2009). In China, the herbal treatment has been practiced for
quite some time and is still very demanding. According to
Ayobami et al. (2017), it is possible to formulate topical herbal
remedies such as soaps, ointments, creams, lotions, gels or
crude/solvent extracts from plants that contain bioactive
(antimicrobial) principles for the care and treatment of skin
infections as an alternative to synthetic antibiotics. Throughout
history, people have taken baths in herbal waters and added
other bathing additives that were believed to be beneficial.
Nowadays, the use of natural product-based therapies such as
herbal soap is very popular. In layman’s terms, soap is any
substance used with water. Often, it is used to clean skin, clothing,
dishes, floors, and walls of soil or grease. According to Warra et
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al. (2011), from a scientific standpoint, soap is a mixture of sodium
or potassium salts of various naturally occurring fatty acids. Unlike
synthetic soaps, natural herbal soaps are prepared without
artificial surfactants, and contain natural substances, essential
oils, or plant extracts as functional ingredients.

As reviewed by Alhassan et al. (2016), Averrhoa Bilimbi is one
of the important medicinal plants that has been widely used in
the traditional system of medicines for various treatments. The
tree belongs to the genus Averrhoa and the family Oxalidaceae,
also known as “Bilimbi”, “Cucumber Tree” or “Tree Sorrel” (Ismail
et al., 2019; Sutrisna et al., 2019). It functions as a postpartum
preventive medicine as well as an antibiotic, antiscorbutic, and
astringent. Additionally, it can be used to treat syphilis,
rheumatism, diabetes, boils, itches, mumps, and inflammation of
the rectum. According to research done by Gogoi et al. (2010), the
ripe fruit of Averrhoa Carambola Linn, which is related to
Averrhoa Bilimbi and used to cure infective jaundice, including
dyspepsia, is effective in treating this condition. Lonicerae Flos is
a semi-evergreen climber with fragrant and paired flowers (Li et
al., 2018). It has been used as a tea and traditional Chinese
medicine remedy in China for more than 1,500 years. It was
widely grown in Hunan Province and was a well-known traditional
Chinese herbal medicine that was used as a heat-clearing
medication and an alexipharmic agent (Zheng et al., 2022).
Lonicerae Flos primarily contains biologically active substances
such as terpenoids, flavonoids, iridoid glycosides, and derivatives
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of caffeic acid. Plant extracts have been shown to have a variety
of biological properties, including anti-inflammatory, anti-cancer,
antioxidant, antiallergenic, immunomodulating, and antibacterial
action (Tang et al., 2018).

Antioxidants have gained recognition as scientifically
fascinating compounds because of their many health benefits,
such as their anti-inflammatory and anti-aging effects. Studies on
antioxidants conducted in vivo or in vitro have shown a variety of
findings about the prevention of illnesses. As a result, the use of
antioxidants in pharmacology, cosmetics, and medicine gained
significance (Zehiroglu & Ozturk, 2019). Antioxidants are helpful
in extending the shelf life of consumer goods because they are
effective bio-regulators, oxidation suppressors, and bio-
regulators. Antioxidant-active components are present in
manufactured natural herbal soaps, however, it is unclear how
this affects shelf life (Adigun et al., 2019).

The microbes (bacteria, fungi, protozoa, archaea) that inhabit
and exist in the human body have significant implications for
health. According to the body places they dwell, these
microorganisms are assumed to have co-evolved with humans.
They serve a variety of tasks for the host, from digesting to
immunological protection. Understanding how antibacterial
products affect the microbial skin communities of people living in
rural areas of developing countries is crucial as the availability and
adoption of these products increase globally (Yu et al., 2018). Skin
and wound bacterial infections can significantly reduce a patient’s
quality of life and even result in death in some cases. One of the
main concerns in their management is the spread of resistant
strains outside of hospitals and into the general population as a
result of the increasing antibiotic resistance of bacterial
pathogenic diseases. The discovery of innovative medicinal drugs
that are effective and secure is encouraged by this pattern. The
pharmaceutical industry frequently fails in its fight against germs
because it primarily on libraries of synthetic compounds as a
source for therapeutic discovery. Contrarily, numerous organic
substances, as well as complete, complex plant extracts, are
efficient in this area, inactivating resistant bacterial strains or
reducing their pathogenicity. Natural products like herbs have not
only antibacterial but also anti-inflammatory effects and may
support tissue regeneration and wound healing (Bittner et al.,
2021).

According to the American Cleaning Institute (2019), pH
indicates whether a substance is acidic or alkaline. In soap
preparation, soap quality is greatly influenced by pH. Warra
(2013) claims that soaps with pH levels below five and significantly
above 10 are harsh on the hands and skin. Additionally, by
definition, soap is the salt of a weak acid (fatty acid) and a weak
base, and because soap is generally alkaline in aqueous solutions,
its pH is typically above 7. The statement is supported by Tokosh
and Baig (1995), who state that all soap-based formulations
should produce alkaline pH solutions. Incomplete alkaline
hydrolysis has caused the pH to be high, indicating that a large
percentage of matters are unclear and unresolvable during the
saponification process.

Phytochemical compounds such as flavonoids and phenolic
compounds have been well-known for their benefits for human
health or for their ability to cure or prevent diseases for many
years. Commonly known as secondary metabolites, these
compounds have at least one hydroxyl group on their aromatic
ring (Tungmunnithum et al., 2018). There are more than 8000
naturally occurring phenolic compounds present in plants. In
addition to flavonoids and many other phenolic compounds
found in herbs and nutrients. These phytochemical substances
have been reported to act as effective antioxidants, anti-cancer
agents, antibacterial agents, cardioprotective agents, anti-
inflammation agents, immune system enhancing agents, and skin
protection (Kumar et al., 2013; Chen et al., 2015; Dzialo et al.,
2016; Ahmed et al., 2016; Andreu, 2018; Meng et al., 2018).

In this study, the Malaysian herbs Averrhoa Bilimbi and Flos
Lonicerae, which are widely used in traditional Chinese medicine,
were used to treat jaundice in newborn babies naturally. Because
babies are not good eaters when they are newborn, herbal bath
soap made from Averrhoa Bilimbiand Flos Loniceraeis made
using saponification. Soap frequently contains many chemicals
that may not suit babies’ skin. Thus, this study aimed to produce
herbal soap without using chemicals. Aside from that, studies on
the antioxidant activity and total phenolic content of Averrhoa
Bilimbi and Flos Lonicerae herbs are scarce in Malaysia. Thus,
after the solvent extraction process, both Averrhoa
Bilimbi and Flos Lonicerae extracts were quantified for their
antioxidant activity and total phenolic content. The soap
produced was further tested for antimicrobial activity, heavy
metals, and pH to validate its suitability for skin application.

2. Methodology

Preparation of Herbal Soap

The tropical Averrhoa Bilimbi tree is a common species in
Malaysia. The leaves of Averrhoa Bilimbi were washed and dried
under the sun for one to two months, depending on the weather.
Meanwhile, the dried Flos Lonicerae was bought from the store.
Both dried Averrhoa Bilimbi and Flos Lonicerae were pounded
into a fine powder. Virgin coconut and lavender essential oils
were added to a glycerin-free SLS solution. An equal portion of
both Flos Lonicerae and Averrhoa Bilimbi leaf powders were then
added to the solution. After being poured into a silicone mold, the
solution was dried at room temperature. The soap must be
completely dry below room temperature to prevent fungus from
growing on the surface of the soap.

Physicochemical Test

The extraction process of both dried Averrhoa Bilimbi and Flos
Lonicerae is conducted before the antioxidant activity and total
phenolic content of the herbs can be quantified. Physicochemical
testing for the herbal soap has been carried out in the UiTM Pasir
Gudang, Johor laboratory, with some tests being outsourced to
independent labs.
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Extraction

The extraction process was done using a Soxhlet extractor and
a rotary evaporator. The samples of Averrhoa Bilimbi and Flos
Lonicerae were weighed. These samples were placed in an
extraction thimble that was about % full. A round bottom flask of
the Soxhlet extractor was filled with 200 mL of methanol-water
solvent. After being inserted into the extractor fitting, the
thimbles were linked to the top of the flask with a round bottom.
The condenser is then connected to the extractor fitting’s top. For
an 8-hour extraction period, the heater is put on to heat the
methanol.

A round-bottom flask containing methanol and
extraction solution was placed in a rotary evaporator after
extraction to separate the oil further. The oil separation process
was obtained to make sure no more solvent (methanol) was in the
solution. The extraction of samples was transferred to bottles
wrapped in aluminium foil and stored in a 2°C refrigerator.

Antioxidant Activity Test

The basic scavenging impact on the stable DPPH free radical
activity was tested as part of the antioxidant activity test. The
approach outlined by Veeru et al. (2009) was followed for the
antioxidant activity procedure with some modifications. 1.0 mL of
0.002% DPPH in methanol was added into 1.0 mL of sample
extract. A 30-minute storage period at room temperature was
performed on the mixture in the dark. The absorbance of the
mixture was measured at 517 nm by using methanol as the blank.
The control was a solution containing 1.0 mL of methanol and 1.0
mL of 0.002% DPPH. The free-radical scavenging activities in
terms of % inhibition can be calculated by the following equation:

% inhibition = [(Ao— Ae) / Ao] X 100%

where Ag is the absorbance value of the control while A. is the
absorbance of the extract. Tests were conducted on five
concentrations of sample extracts to determine the % inhibition
of each extract. To compare the antioxidant activity of the
phenolic content, the ICso value was used. This value represents
the concentration of sample extract required to inhibit 50% of the
free radical present in the DPPH solution.

Phenolic Contents Determination

Using Follin-Ciocalteu reagent, the Follin-Ciocalteu method is
used to assess the phenolic acid concentration and total content
of the sample extract. Based on lbrahim et al. (2010), with slight
adjustments, the following procedure was carried out: 1.0 mL of
sample extract was combined with 3.0 mL of 20% sodium
carbonate, 0.5 mL of the Follin-Ciocalteu reagent, and 10 mL of
distilled water. The resulting mixture was kept at room
temperature for a 2-hour reaction period. Following two hours,
methanol was used as a blank in place of the sample extract to
measure absorbance at 765 nm. The phenolic acid concentration
is measured by comparing it to a constructed standard curve. On
the other hand, the sample extract’s total phenolic content was
determined by applying the equation below:

C=cx(V/m)

where

¢ - concentration of gallic acid (mg GAE/mL) from a standard
curve

C - total phenolic content (mg GAE/g) from the sample extract

m - dry weight of sample (g)
V - volume of the sample extract (mL)

Microbiology Test
Sample of the herbal soap was sent to Chemical Laboratory
(Malaysia) Sdn Bhd for microbiology test.

pH Testing
The pH of the herbal soap was determined using pH meter
model PH300 purchased from Eutech.

3. Findings

In this work, the saponification technique was used to turn
Averrhoa Bilimbi leaf and the Flos Lonicerae plant into herbal soap
product for easy application on the skin. Both extracts were
tested for antioxidant activity and total phenolic content. The
herbal soap was further tested for the antibacterial activity,
toxicity and pH tests. This is to verify the heavy metal content and
to ensure the pH falls within the suitable range for skin
application.

Antioxidant Activity

Antioxidants are becoming increasingly popular as illness
preventative and therapy options. Antioxidants are chemicals
that interact with free radicals and neutralise them, preventing
cellular harm. Many plants exhibit antioxidant activities that can
be therapeutically beneficial, based on their therapeutic potential
as an antioxidant in lowering such free radicals. Antioxidants’
therapeutic potential in treating conditions including cancer,
diabetes, and neurological disorders that are linked to oxidative
stress has received a lot of attention recently. In this study, the
antioxidant activity of both Averrhoa Bilimbi leaf and Flos
Lonicerae plant extracts was examined in light of their ability to
scavenge stable DPPH free radical activity. A percent inhibition
versus concentration curve was constructed for each test
solution, and the sample concentration necessary to achieve 50%
inhibition was determined and given as an ICso value. Figure 1
shows the amount of each Flos Lonicerae and Averrhoa Bilimbi
leaf extract required for 50% inhibition of DPPH activity (ICso).
Averrhoa Bilimbi leaf required a slightly higher concentration of
0.0588 g/mL extract to inhibit 50% of DPPH assay compared to
Flos Lonicerae plant extract which required 0.0315 g/mL. This
suggest that Flos Lonicerae plant extract exhibited slightly higher
antioxidant activity compared to Averrhoa Bilimbi leaf extract.

The findings of this investigation were in line with those
of a previous study by Lan et al. (2007), who discovered that the
aqueous, methanolic, and 70% ethanolic extracts of Flos
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Lonicerae have the ability to scavenge DPPH radicals and reduce
Fe3* to Fe*. As a significant contributor to this activity, this study
also identified a crucial Flos Lonicerae ingredient termed
chlorogenic acid, which was purified using HPLC from a 70%
ethanolic extract. This implies that the extract of Flos Lonicerae
might be employed as a natural source of antioxidants for the
treatment of particular disorders (Lan et al., 2007). Rahman et al.
(2014) investigation’s into the antioxidant properties of the
Averrhoa Bilimbi ethanolic extract revealed that the
concentration of the extracts increased the reducing power of the

crude ethanol extracts, and the Averrhoa Bilimbi extracts
demonstrated moderate free radical scavenging activity against
DPPH with an ICsp value of 635.066 + 8.4102 g/mL. (Rahman et al.,
2014). This suggest that both Averrhoa Bilimbi leaf and the Flos
Lonicerae plant exhibit antioxidant activities that can be
therapeutically beneficial, based on their therapeutic potential as
an antioxidant in lowering such free radicals.

IC50 (g/mL)

0.0700

0.0588

0.0600

0.0500

0.0400

0.0300

0.0200

0.0100

0.0000
Flos Lonicerae

0.0315

Averrhoa Bilimbi

Figure 1. Free radical scavenging activity (ICso) in Flos Lonicerae and Averrhoa Bilimbi leaf.

Phenolic Content

The total phenolic content (TPC) of both the methanolic
extract of Averrhoa Bilimbi leaf and the Flos Lonicerae plant were
investigated in this study. Phenolic compounds, which have low
toxicity, are a form of secondary metabolite. These compounds
can take the form of polyphenol structures, which include
aromatic rings with hydroxyl groups, as well as simpler structures
like phenolic acids and phenolic alcohols that consist of just one
phenol ring. A phenolic molecule typically contains at least one
phenyl ring, but a more reactive residue, such as methyl, hydroxyl,
or acetyl, can replace it (Setyawan et al, 2021). TPC
concentrations were calculated using the Follin Ciocalteu method.
A spectrophotometer operating at a wavelength of 765 nm can be
used to identify blue complexes, which are the foundation of the
Follin Ciocalteu technique. Gallic acid equivalents were used to
quantify the amounts of TPC in methanolic extracts (GAE). The
results showed that Flos Lonicerae extract had a TPC value of 5.0
mg GAE/g, while Averrhoa Bilimbi leaf extract had a TPC value of
24.5 mg GAE/g (refer Figure 2). Averrhoa Bilimbi leaf ethanolic
extract contained a greater value of TPC, 39.03 + 0.25mg GAE/g,
according to a study by Setyawan et al. (2021). The kind of solvent
employed for the extraction had an impact on the value of TPC
that was recovered. This is because the number of phenolic
groups in a substance affects how it responds to the Folin-
Ciocalteu reagent. The compatibility of phenolic compounds with

the solvent system is closely related to a sample where its
phenolic compounds are extracted, according to the “like-
dissolves-like” idea. (Othman et al., 2014). The phytochemical
screening of the Averrhoa Bilimbi extractives revealed the
presence of flavonoid, tannin, and phenol, according to
Hasanuzzaman et al. (2013). It has been demonstrated that plant-
derived polyphenols such as flavonoids, tannins, and phenolic
acids have a range of biological effects, including antioxidant
activity. According to phytochemical screening, the flavonoids
and tannins included in the plant extract from Averrhoa Bilimbi
may be the cause of the extract’s antioxidant action. According to
the same study, the total phenolic content of several Averrhoa
Bilimbi extracts ranges from 50.23 to 68.67 mg of GAE/g
(Hasanuzzaman et al., 2013).

Flos Lonicerae, on the other hand, was found to contain 16
phenolic acids, the majority of which are caffeic acid derivatives.
Neochlorogenic acid, caffeic acid, chlorogenic acid, isochlorogenic
acid A-C, and cynarin are the primary phenolic acids found in Flos
Lonicerae (Li et al., 2019). Among the naturally occurring
substances with antioxidative strength are phenolic acids, which
react with free radicals to form a new radical that is stabilized by
the resonance action of the aromatic nucleus. The potential for
antioxidant activity may be stronger in phenolic acids that have a
second hydroxy group in the ortho or para position. Numerous
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investigations have shown that variations in phenolic acid
concentration are always significantly correlated with changes in
antioxidant intensity. Chlorogenic acid and caffeic acid, the two
most researched elements in Flos Lonicerae, have both been
demonstrated to have strong anti-inflammatory and antioxidant
capabilities both in vitro and in vivo by removing harmful free
radicals from the body (Li et al., 2019). Another study discovered

that the chlorogenic acid in Flos Lonicerae shields mice from acute
liver damage brought on by intraperitoneal injection of carbon
tetrachloride as well as alcohol-induced chemical liver injury
(CCly) (Li et al., 2019). It can be concluded that both Averrhoa
Bilimbi leaf and the Flos Lonicerae plant are a good source of
phytochemicals that exhibits many pharmacological activities.

Total phenolic content (mg GAE/g)

30.00

25.00

20.00

15.00

10.00

5.00

0.00

Averrhoa Bilimbi

4.96

Flos Lonicerae

Figure 2. Total phenolic content (mg GAE/g) in Flos Lonicerae and Averrhoa Bilimbi leaf.

Microbiology Testing

The goal of the current study was to assess the antimicrobial
activity of herbal soap against Escherichia coli, Salmonella,
Typhimurium, Staphylococcus aureus, and Enterococcus sp. in
vitro. The soap was made using the saponification process and
contains extracts of Averrhoa Bilimbi leaf and Flos Lonicerae.
According to Table 1, the herbal soap was efficient against all of
the tested bacterial strains since no bacterial growth was seen.
Compared to the National Pharmaceutical Regulatory Agency
(NPRA) criteria, the total plate count test revealed relatively low
bacteria growth of 30 cfu/g. The presence of hydrophilic and
hydrophobic antibacterial components from extracts of Averrhoa
Bilimbi leaf and Flos Lonicerae revealed that the herbal soap has
antibacterial efficacy against some bacteria. In this study, the
antibacterial activity of the herbal soap could be associated with
the antioxidant activity and phenolic content of both the extracts
of Averrhoa Bilimbi leaf and Flos Lonicerae. This conclusion was
also consistent with prior research that suggested Averrhoa
Bilimbi’s antibacterial activity was linked to the presence of
bioactive flavonoids such as apigenin and luteolin (Zakaria et al.,
2007). In a different investigation, it was discovered that the
ethanol extracts, water extracts with alcohol precipitating
solution, and water extracts of Flos Lonicerae were highly
inhibitory against a range of pathogens, including Pseudomonas
aeruginosa, Bacillus subtilis, Staphylococcus aureus, Candida
albicans, and Shigella dysenteriae (Li et al., 2019).

Table 1. Antibacterial test on jaundice soap containing
Averrhoa Bilimbi leaf and Flos Lonicerae.

Parameter Test Results NPRA
Specification

Total plate count, 30 <5x104

cfu/g

Total Yeast & Nogrowth<10 <5x10?

Mould Count, cfu/g

E.coliin1g Not presentin1g  Not presentin 1g

Staphylococcus Not presentin1g  Not presentin 1g

aureusin 1g

Salmonella in 10g Not present in Not present in
10g 10g

Enterobacteriaceae  Absent <5x10?

and certain other
gram-negative
bacteria

Heavy Metal Test and pH

The goal of this investigation was to find out how much heavy
metals were in the herbal soap. There are concerns about the
existence of hazardous compounds in herbal soap, which can be
dangerous to children, particularly babies. It is noteworthy that
babies have fragile skin and poor skin barriers, which makes them
more vulnerable to skin damage and compels particular care (Kuo
etal., 2020). Heavy metals such as mercury, lead and arsenic were
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not discovered in this product, as stated in Table 2. This is due
to the ingredients used in the herbal soap where only glycerine,
essential oil, and plant extract were used in the saponification
procedure.

The acidic pH of the skin’s surface is known to play a role in
maintaining the homeostasis and permeability of the stratum
corneum. Acidic pH seems to have the most important effects on
the process of keratinocyte differentiation, the formation and
function of epidermal lipids and the corneocyte lipid envelope,
and the maintenance of the skin microbiome. Most people agree
that products that go on the skin should be acidic and have a pH
between 4 and 6 (Luki¢ et al., 2021). The pH of the herbal soap
formulation has the pH of 7.82 (refer Figure 3). Skin products
should have a pH that is as close to this range as feasible to reduce
irritation. Even though the readings are not within the pH range,
but the pH of this herbal soap is close to the recommended range.

Table 2. Heavy metal test on herbal soap containing
Averrhoa Bilimbi leaf and Flos Lonicerae.
Parameter Test Results NPRA
Specification
Lead as Pb, ppm Not detected <10

(<0.01)

Mercury as Hg, Not detected <0.5

ppm (<0.005)

Arsenic as As, ppm  Not detected <5.0
(<0.005)

Figure 3. pH testing on herbal soap

4. Conclusion

As a conclusion, the herbal soap containing Averrhoa Bilimbi
leaf and Flos Lonicerae by saponification method is successfully
produced and its physicochemical properties have been
investigated. The total phenolic content (TPC) value for Averrhoa
Bilimbi leaf extract was 24.49 mg GAE/g as opposed to 4.96 mg
GAE/g for Flos Lonicerae extract. Compared to Flos Lonicerae
plant extract, which needed 0.0315 g/mL, Averrhoa Bilimbi leaf
required a slightly greater quantity of 0.0588 g/mL extract to
achieve 50% inhibition of the DPPH assay. The herbal soap proved
efficient against all of the tested bacterial strains because there
was no sign of bacterial development. Natural goodness from

organic nature is present in herbal soaps, making them healthy
for the skin. The created herbal soap contains no heavy metal and
possesses a pH value which close to the recommended range.
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ASSESSING LOCAL PORE WATER VELOCITY ALONG PREFERENTIAL FLOW IN EARTHEN

DAM USING SALT TRACER

Huong Thi Thu Huynh!@*, Son Le Van??, Hieu Tran Trong3?, Luan Phan Thi*, Phung Vuong Duc>® and Hai Lai Viet®?

Abstract: The local pore water velocity along the preferential flow path signifies the hydraulic parameter responsible for erosion within
an earthen dam. This study introduces an empirical approach to ascertain the local pore water velocity within the earth dam's leakage
zones by monitoring the travel time of the salt tracer through the corresponding electric potential anomalies in the ground. The alignment
of electric potential anomalies with the movement of the salt tracer plume over time was confirmed through experiments on a physical
model coupled with numerical simulations. The pore water velocity, calculated based on the location of the maximum electric potential
anomaly, demonstrated excellent agreement with the experimental value, with an error of under 6%. For illustrative purposes, a field-
scale salt tracer test was conducted at a leaking earthen dam in Vietnam. The tracer breakthrough curve originating from the leakage
point revealed that the seepage water's travel time is approximately 40 days. The results of electric potential anomalies over time indicate
that the pathway of seepage flow from upstream to the leakage point forms a horizontal V-shape, with the local pore water velocity
ranging from 1.7 to 9.9x10> m/s. These local pore water velocities are subsequently compared with the critical seepage velocity to assess
in-situ information regarding the internal erosion status of the target dam.

Keywords: Leakage, internal erosion, salt tracer, electric potential

1. Introduction

Concentrated seepage resulting from local permeability
anomalies in the body and foundation of an earthen dam is one
of the primary mechanisms responsible for internal erosion
(Foster et al., 2000; Zhang et al., 2016). Statistics based on the
International Commission on Large Dams (ICOLD) database,
comprising more than 10,000 dams, reveal that seepage erosion
accounts for approximately 50% of dam failures (Foster et al.,,
1998).
serious consideration of erosion potential to prevent or mitigate

Detecting abnormal downstream leaks necessitates
the damage caused by dam failures. Erosion occurs when the
seepage water velocity is sufficiently high to transport discrete
fine soil particles through the pores. Hence, the local pore water
velocity along the preferential flow path serves as a hydraulic
parameter for assessing the erosion process within the earthen
dam (Goltz et al., 2009).

While geophysical methods for dam investigation, such as
radar (Hui & Haitao, 2011; Bigman & Day, 2022), micro-seismic
(Hickey et al., 2010), and resistivity (Kukemilks & Wagner, 2021;
Zumr et al., 2020), focus on providing a visual representation of
the seepage zone, the tracer method is considered an empirical
technique that enables the determination of flow path direction
and water velocity in the dam body and foundation (Bedmar &
Araguas, 2002; Qiu et al., 2022). A tracer test is conducted by
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introducing artificial tracers like saline, ethanol, or fluorescent
substances at a known upstream location and monitoring their
concentration over time at target sites such as piezometers and
downstream leakage points. The water velocity in the preferential
flow can be determined using the tracer concentration curves at
the monitoring locations. For instance, Battaglia et al. (2016)
located the leakage zone at the Bumbuna dam by analyzing arrival
times and tracer recovery in a series of experiments employing
fluorescent dyes. Noraee Nejad et al. (2021) utilized a tracer
experiment with NaNOs; salt to investigate seepage at
Shahghasem dam, determining the primary flow direction of the
preferential flow path based on flow velocity calculations from
experimental tracer curves. Sampling for tracer analysis is
typically deemed essential for detecting tracer movement
through the seepage zone. However, sampling locations may not
always be accessible for all dams, especially smaller ones. Recent
reports have highlighted the use of non-invasive self-potential
measurements to monitor the movement of salt tracers through
dam seepage zones (Boleve et al., 2011; Ikard et al., 2012). This
method relies on variations in the total source current density
generated by the transport of salt tracers through preferential
flow paths within a dam, producing electric potential signals on
the surface in response.

To conduct a more comprehensive assessment of internal
erosion status, this paper introduces an experimental approach to
determine the pore water velocity along the preferential flow
path (local pore water velocity) based on observing the travel
time of a salt tracer through self-potential anomalies on the
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ground. We investigate the suitability of self-potential anomalies
in accordance with the motion of the NaCl salt tracer through a
physical model experiment combined with ANSYS/CFX simulation
(ANSYS Student 2021 R2). Subsequently, a salt tracer test was
carried out at a leaking earthen dam in Vietnam to demonstrate
the viability of the proposed approach.

2. Methodology

In the tracer experiment, tracers were injected into known
locations upstream. Their occurrence at target sites downstream
was monitored over time. Assuming that the adsorption effect is
negligible and the tracer is instantaneously injected, the 1D
analytical solution describes the tracer concentration at position
x (m) and time t (s) (Evans, 1983):

- (x - v*l)z

M e 4.Dt (1)

C(x,t) = —.—F/—
( ) A 4Dt
where M (kg) is the mass of the tracer, A is the cross-sectional
area of the flow (m2), V" is the pore water velocity (m/s), and D
is the dispersion coefficient (m?/s). Considering the isotropic
porous media D = DO/(F¢)+0W*, Dy is the molecular diffusion

coefficient of the tracer in solution (m?/s), and ¢ is the

dispersivity (m).

The pore water velocity, or the mean interstitial velocity of
water, is defined as the ratio between the Darcy velocity and the
effective porosity. The pore water velocity can generally be
determined experimentally by the following formula:

(2)

where L is the distance between injection and observation (m)
and t is the time determined from the tracer breakthrough curve
at the observation (s).

Previous studies have mentioned three concepts of t in
Equation (1): t; — the arrival time, t, — the peak time and t, — the
mean residence time (Figure 1). The mean residence of the tracer
is:

,_ .[Ctdt
' det

(3)
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1 xeak time (tp)

Mean residence time (tr)

C/Cmax

Arrival time (ta)

Time

Figure 1. Examples of time characteristics of the tracer
breakthrough curve: the arrival time, the peak time, and the
mean residence time.

Noraee-Nejad et al. (2021) combined the consideration of the
velocity determined from the arrival time (maximum velocity) and
the peak time (average velocity) at piezometers to identify the
primary flow direction of the preferential flow path at the
Shahghasem Dam (Iran). Similarly, various t-concepts were used
to assess the water volume in karst caves using the tracer method:
Atkinson et al. (1973) proposed to use the peak time; Birk et al.
(2004) used the arrival time; Smart (1988), Goldscheider et al.
(2008) used the mean residence time; Kass (1998) concluded that
when the tracer curve is severely affected by the dispersion
process, using the peak time yielded better results.

When sampling locations are unavailable to observe the
entire tracer curve, using a salt tracer and monitoring its
movement time through the self-potential anomalies on the
ground is a viable empirical approach. In this work, NaCl salt was
used due to its notable advantages, such as environmental
friendliness, low test cost and easy analysis. When the NaCl salt

tracer moves through a porous medium, increasing the

conductivity of the pore water, the source current density ]’S

(A.m2) generates the electric potential (Revil & Linde, 2006):

- =_. KT
Ji =0y _fe(zt(+) _l)vo-f (4)
V.(oVy)=V.j, (5)

where 7 is the Darcy velocity (m/s); QV is the excess charge
density (C.m3)
Log,,0, =-9.2349-0.8219Log, k ; kis the permeability (m?);

determined from the equation

K, =1.381x107% is the Boltzmann constant (J/K); T is the

absolute temperature (K); ' =@~ is the formation factor; 7
is the porosity; e=1.6022x107" is the electron charge (C);
l‘(+) =().38 is the microscopic Hittorf number of the Na* in the
pore water.; o . = o.F isthe electrical conductivity of the pore

water (S.m™?); O is the electrical conductivity of the porous
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media (S.m™); and i (V) is the electric potential.

If the actual pore water velocity obtained from the tracer test
is greater than the critical value, transport of soil particles within

the pore structure can occur. Goltz et al. (2009) modified
Wittmann's theoretical approach for the assessment of the
critical velocity when taking into account adhesion and frictional
forces:

120

- [\/H(o.zwf ) (2.7-23FF)tang —1J (6)

Yt =g (27-2.3FF)

’
where U is the dynamic viscosity of water (m?/s), FF = 0.7, d, is the particle diameter (m), D’ = dp (ﬁ

9x107®
2
d[’

@ s the friction angle.

ps‘A:ps—I—

3. Laboratory Experiment

The correlation between the response time of the electric
potential generated by the salt migration and the travel time of
water was confirmed by the salt tracer experiment on the physical
model combined with numerical simulation.

Physical model

The physical model used in this study is a rectangular box with
dimensions of 61.6 cm x 30 cm x 30.8 cm, constructed from 0.8
cm-thick sheet glass. The model was divided into three
compartments by two 1 cm thick mica sheets with holes drilled 1
c¢m in diameter and a distance of 2 cm between holes. Two 10 cm
long compartments at the ends act as upstream and downstream
reservoirs, while the 38 cm long compartment in the middle is
packed with glass beads. Fabric mesh with a mesh diameter of 100
um was attached to the two shields to prevent glass beads from
spilling into the other two compartments. The total height of the
glass bead column is 20 cm. The porosity of the middle
compartment is 37%. The flow through the porous media is
controlled by the water levels of the upstream and downstream.
Upstream water was supplied by a water tank located 3 m above
the ground and a tube with a diameter of 1 cm. The supplying flow
rate was regulated with a valve. The downstream water level was
adjusted by changing the outlet height of the 1 cm diameter

13

13

: 1 Psa — Pw
> with Yo, =14 Fw
v Pw

, P, is the bulk density of soil (kg/m3), P, is the water density (kg/m?3), g is the gravitational acceleration (m/s?), and

overflow discharge tube. The experiment used tap water as the
fluid with an average conductivity of 2.4x103 S'm™. We used
laboratory glass beads with a diameter of about 450-500 um. By
measuring the outlet flow rate according to the difference in
water level, the permeability was determined to be 1.95x100 m2,
The experimental system and the sketch of the physical model are
shown in Figures 2a and 2b.

The laboratory Cu/CuSO, electrodes, in combination with a
Fluke 87V voltmeter (USA), were used to record the electric
potential during the transport of the NaCl tracer. The in-house
electrodes operate with a natural drift of 0.02 mV/min (22°C). The
dependence of the potential drift on ambient temperature was
ignored because the temperature fluctuation in the experiment is
insignificant (within 0.1°C). A total of three electrode arrays (four
the middle
compartment (depth 8.5 cm from the top), and the reference
electrode was placed upstream at (x; y) = (0 cm; 14.5 cm). The

electrodes each array) were inserted into

position of the electrodes is considered in the Cartesian
coordinate system with the x-axis parallel to the flow direction
and the y-axis perpendicular to it. The electrode arrays have
coordinates y = (6.5 cm; 14.5 cm; 22 cm), with the positions of the
measuring electrodes along the x-axis being (6.5 cm; 14.5 cm; 23
c¢m; 31.5 cm), as shown in Figure 2c.
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Figure 2. The experimental system: (a) Photo of experimental system; (b) Sketch of physical model; (c) lllustration of electrode position (top

Experimental Procedure

The upstream level was maintained at 20 cm, and the tracer
experiment was carried out with a flow rate of 0.81 L/min,
corresponding to a 17 cm downstream level. The pore water
velocity, calculated from the ratio between the Darcy velocity and
the effective porosity, was 3.85 cm/min.

After setting the downstream and upstream levels, the
experimental system was stabilized for several hours. Before the
injection of the tracer, the potential difference between the 12
measuring electrodes and the reference electrode was recorded.
This included the signal generated by the steady flow in the model
and the difference in internal potential between the electrodes.
Simultaneously, the initial conductivity of the water was
measured to establish a background value. A total of 120 mL of
the salt tracer solution, containing 4.42 g of NaCl, was injected
into the upstream reservoir, which had a water volume of 5.68 L.
The potential difference between the reference and measuring
electrodes was recorded over time using a Fluke 87V voltmeter
(USA). The measuring time for the 12 electrodes was 20 seconds,
with a measurement frequency of 1 minute. The NaCl
concentration over time at the downstream drainage was
measured using a conductivity meter, specifically a Hanna
HI98197 device (Romania). The linear relationship between the
concentration of CI" (C, in mg/L) and the conductivity of water (EC,

view).

14

in uS/cm) is represented by the equation C = 0.25EC — 4.49, with
an R? value of 0.998. The initial electric potential before tracer
injection and the natural drift potential were subtracted from the
measurement data. The temperature during the experiment
remained stable within a range of 21.9°C to 22.1°C.

ANSYS/CFX Simulation

A multi-component numerical model was developed to
analyze the concentration distribution of the tracer and correlate
it with the variations in the experimental electric potential. This
model simulates the movement of the NaCl tracer within the
physical model over time and was constructed using the
ANSYS/CFX software, specifically the ANSYS Student 2021 R2
version. In this multi-component model, the fluid, comprising
multiple components, is treated as an ideal mixture. This means
that the fluid's velocity, pressure, and temperature are computed
by solving the continuity equation and the Navier-Stokes
equations. For this experiment, the fluid system includes two
main components: water and a solution of the NaCl tracer. The
advection-dispersion equation is solved following the
determination of the fluid's velocity field. This process enables the
determination of the tracer's movement through the medium,
allowing for a detailed examination of its distribution over time.
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Figure 3. The structured mesh of the model (courtesy of ANSYS, Inc.)

The numerical simulation involved a substantial
computational mesh comprising 58,926 elements and 15,934
nodes, as depicted in Figure 3. The simulation process was divided
into two main steps to ensure accuracy and comprehensiveness.
Initially, the model was brought to a steady state by achieving
convergence in the velocity field. This phase was capped at a
maximum of 600 iterations, with convergence being determined
by meeting the Residual RMS criterion of 1x10™*. At both the inlet
and outlet, velocity boundary conditions were implemented
based on experimental data, with the velocity vector directed
normally to the boundary surfaces. Furthermore, an open
boundary condition was applied at the top of the porous region,
designed to permit air to traverse the boundary surface
perpendicularly, thus simulating a realistic environmental
interaction.

Following the establishment of a steady state, the simulation
transitioned to a transient phase to model the injection of the
NaCl solution. This phase used the outcome of the steady-state
simulation as its input file. Initially, the NaCl solution
concentration was set to zero throughout the domain. During the
tracer injection period (0 £ t < tg, where to represents the injection
stop time), the mass fraction of the tracer in the fluid at the inlet
was maintained at 1, with a time step size (At) of 0.2 seconds. For
times t > to, the tracer concentration was set to zero, and the time
step size was adjusted to 1 second to simulate the cessation of
tracer injection, aligning with the experimental procedure.

The maximum number of iterations per time step during the
transient simulation was limited to 10, adhering to the same
convergence criteria established for the steady-state model. The
turbulence effects within the fluid flow were modeled using the
k-Epsilon turbulence model, with a default turbulence intensity of
5% at both the inlet and outlet, ensuring a realistic simulation of
fluid dynamics within the system.

4. Field-Scale Experiment

The study dam was built in 1997 in the Dong Nai river basin,
situated approximately 200 km northeast of Ho Chi Minh City. It
is a homogeneous earth-fill dam with a height of 36 m and a crest
length of 215 m. The physical characteristics of the soil
embankment are shown in Table 1.

Table 1. The physical characteristics of the soil embankment.

Density Particle Friction Hydraulic

(kg/m3) diameter angle conductivity
(m) (degrees) (m/s)

1870 5.0x10® 20.0 2.0x10°8

According to the company's report, a wet area downstream of
the dam becomes evident when the reservoir water level
surpasses 604 meters. This area, measuring approximately 7
meters by 3 meters, is located at 595 meters, as illustrated in
Figure 4a. In December 2021, in collaboration with the dam
supervisor, a ditch was constructed to collect seepage water. This
water was then directed into a measurement hole with
dimensions of 40 cm by 40 cm by 15 cm to assess the leak's flow
rate. The findings indicated that the leakage flow rate was 0.5
liters per minute when the reservoir's water level reached 605
meters.

To ascertain the direction and local pore water velocity of
preferential flow paths through the dam, a salt tracer test was
conducted. On December 18, 2021, nylon bags filled with NaCl
tracer crystals were placed into the reservoir. These bags,
positioned 78 meters symmetrically from the leak site (as
depicted in Figure 4b), were perforated, allowing the salt crystals
to dissolve gradually into the reservoir water. Each bag,
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containing 5 kg of NaCl, was submerged at a depth of 1 meter
and spaced 3 meters apart. At the time of the tracer injection, the
reservoir water level was recorded at 604.6 meters. Over
approximately three hours post-injection, the electrical
conductivity and chloride ion (Cl") concentration were measured
at various distances from the injection point. The leakage site
offered the sole opportunity for downstream sampling. Water
samples were collected until February 3, 2022, for analysis of
conductivity and Cl concentration at the Laboratory (VILAS-609)
of the Center for the Application of Nuclear Techniques in

Industry. To prevent air contact, 300 mL water samples were
sealed in plastic bottles. The Cl" concentration was determined
using test method TCVN 6494-1:2011, with a minimum detection
limit of 0.01 mg/L. A Hanna HI98197 instrument (Romania) with a
resolution of 0.1 uS/cm was used to measure the electrical
conductivity of the samples. Prior to the tracer injection, the CI-
concentration in the reservoir water was 3.80 mg/L and in the leak
water was 2.77 mg/L, correlating to conductivities of 66.5 uS/cm
and 28.5 uS/cm, respectively.

o

A comprehensive electric potential measurement campaign
was conducted at the dam site involving five measuring lines (Line
1-5) before and after the injection of a salt tracer. The initial
measurements took place on December 17, 2021, with
subsequent sessions on January 5, January 18, and January 26,
2022. These measuring lines were laid out parallel to the toe of
the dam downstream, spaced 10 meters apart from each other.
To enhance efficiency and reduce the survey time, the length of
the measuring lines was decreased moving downstream.

Measurements were carried out using a pair of non-polarized
Cu/CuSO, electrodes, which were connected to a measuring
device capable of handling a maximum impedance of 20 MQ and
equipped with a 500 m cable, specifically the ARES I
measurement system by GF Instruments. The reference electrode
was stationed at the left abutment of the dam (as shown in Figure
4b), while the other electrode was moved to each measurement
point along the measuring lines. The average spacing between
measurement points was 8 meters, though adjustments were
made based on the ground conditions encountered at each site.
At every measurement location, a small hole approximately 10 cm

Figure 4. (a) The study dam site; (b) The tracing distance, measuring lines for electric potential (Line 1-5), and reference electrode (Ref)

deep was dug to ensure contact with moist soil, facilitating
accurate measurements.

Given the Cu/CuSO, electrodes' sensitivity to temperature
fluctuations, protective measures were taken to shield the
electrodes from direct sunlight during measurements, including a
mandatory pre-measurement waiting period of 5 minutes at each
point to ensure temperature stabilization. At each measurement
point, five readings were taken, with the average relative error
recorded at 1.7%. Additionally, the drift potential of the
electrodes was assessed at the beginning and end of each
measuring line while they were immersed in a bath of saturated
CuSOq solution, registering a potential value around 1 mV.

Consistent with findings from previous research, such as that
by Revil et al. (2003), corrections for telluric currents were
deemed unnecessary for this study due to the short temporal
span and limited geographical scale (below 1 km) of the
measurements. Consequently, the collected raw electric potential
data were adjusted for the drift potential across each measuring
line, ensuring the accuracy of the data analysis.
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5. Results and Discussion

Laboratory Experiment Results

Figure 5a illustrates a comparative analysis between the
tracer response curves at the outlet, as obtained from both
ANSYS/CFX simulations and experimental observations. The
numerical model's accuracy was validated through a root-mean-
square error (RMSE) of 1x10# between the simulation outputs
and the experimental data. Figure 5b presents a comparison of
the experimental electric potential signals recorded at distances
of x =6.5cm, 14.5 cm, 23 cm, and 31.5 cm with the tracer curves
derived from simulation results.

The temporal distribution of electric potential at these
measuring positions mirrors the findings of Maineult and Bernabé
(2005), showcasing a notable pattern. Immediately following
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tracer injection, there's a rapid decline in the electric potential to
negative values, followed by a swift transition through zero,
eventually stabilizing over time. This abrupt shift in electric
potential corresponds closely with the arrival times of the water
at each measuring point, demonstrating the direct influence of
water movement on electric potential signals.

The observed travel times for the water to reach the
respective measuring positions were 1.7, 3.8, 6, and 8.2 minutes,
correlating to positions x = 6.5 cm, 14.5 cm, 23 cm, and 31.5 cm,
respectively. These times align with a calculated pore water
velocity (v*) of 3.85 cm/min. Such detailed comparison not only
confirms the predictive accuracy of the numerical model but also
provides valuable insights into the dynamics of tracer movement
and its interaction with the electric potential field within the
experimental setup.
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Figure 5. (a) The tracer response curve at the outlet obtained from ANSYS/CFX simulation and experiment; (b) The electric potential signal
at measuring positions of x = 6.5 cm, 14.5 cm, 23 cm, 31.5 cm. The corresponding tracer curves were determined from the simulation.
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Due to the tracer dispersion effect by dilution at the input
boundary, the travel time of water is earlier than the time to reach
the maximum tracer concentration (Figure 5b). Experimental and
simulation results demonstrate that the change in tracer curve
(AC/At)max  agrees with the maximum potential variation
(AY/At)mex and is close to the water transit time, as illustrated in
Figure 6.

Figure 7 shows the position of the tracer plume derived from
ANSYS/CFX (ANSYS Student 2021 R2) (the plane z = 10 cm) relative
to the location of the experimental electric potential anomalies at
4, 6, and 8 min. The electric potential signal anomalies were
considered by analyzing the signal variation (AW/At, in mV/min).
The results demonstrate that the location of the electric potential

anomaly is relatively consistent with the position of the tracer
plume. The centroid positions of the tracer plume are x = 11 cm,
19 cm, and 27 cm at 4, 6, and 8 min, respectively. The mean
deviation of the peak potential anomaly location and the center
of the tracer plume is 4 cm (about 10.5% of the total travel
distance). The occurrence time of the signal anomaly at a location
is close to the actual water travel time. Calculation results of pore
water velocity were based on two approaches: (1) the location of
the tracer plume determined from ANSYS/CFX, and (2) the
location of the potential signal anomaly (Table 2). The calculated
velocities show an error of about 10% if the water moving
distance was measured from the center of the tracer plume, and
an error of 6% if the water moving distance was measured from

the position of the maximum potential anomaly.

a8 6.5 145 23

315 om Sa2 6.5

23 315 cm 08

¥

L L.

L

Figure 7. Positions of the tracer plume obtained from ANSYS/CFX (the plane z = 10 cm) compared to the self-potential anomalies. It is
shown that tracer plumes are consistent with self-potential signal anomalies (courtesy of ANSYS, Inc.).

Table 2. Calculation results of pore water velocity of the model.

Observation time 4 min 6 min 8 min

Tracer travel distance

Centroid position of the tracer plume 11cm 19cm 27 cm
Position of the maximum electric potential anomaly 14.5cm 23 cm 31.5cm
Pore water velocity

Centroid position of the tracer plume 2.75 cm/min 3.17 cm/min 3.38 cm/min
Position of the maximum electric potential anomaly 3.63 cm/min 3.83 cm/min 3.93 cm/min

Field-Scale Experiment Results

The introduction of the NaCl tracer into the reservoir water at
an elevation of 604.5 m allowed for precise monitoring and
analysis of its dispersion and eventual seepage through the dam.
The measurement of electrical conductivity and Cl- concentration
in the reservoir water at intervals of 0.8 hours, 1.8, 2.8, and 3.3
hours post-injection, as illustrated in Figure 8a, aimed to identify
the seepage leakage inlet of the dam. The inlet is hypothesized to
be the location where the concentration of the tracer peaks after
a period of diffusion, indicating the most significant point of
seepage.

18

The results from these measurements revealed that the peak
conductivity and ClI" concentration were observed approximately
42 meters from the point of tracer injection. This peak indicates
the likely inlet of seepage through the dam, where the tracer
concentration was highest. Following 3.3 hours after injection,
the conductivity in the reservoir water approached the
background levels again, suggesting the dispersion of the tracer
away from the peak concentration point over time.

Figure 8b details the analysis of electrical conductivity and CI
concentration at the leak point itself, revealing the tracer's
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response curve in the form of a single peak. Remarkably, the peak
occurred 40 days after the tracer was introduced, with the highest
recorded conductivity value at 118.70 uS/cm, which corresponds
to a CI" concentration of 28.06 mg/L. This significant delay in
reaching the peak concentration at the leak point underscores the
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slow movement of water through the dam's structure, providing
critical insights into the dynamics of seepage and the efficacy of
tracer tests in identifying and analyzing potential leakage paths
within dam infrastructures.
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Figure 8. Results of salt tracer test at the study dam: (a) Measurement results of electrical conductivity and CI- concentration in reservoir
water at 0.8, 1.8, 2.8, and 3.3 hrs after injection; (b) Electrical conductivity and CI- concentration in water at the leak point over time.

The potential anomaly is indicated by the signal variation
(AW/At) quantity. By comparing the potential signal variation
before and after under the same field-scale conditions, the
distinctive region associated with the presence of salt ions can be
easily identified. Figure 9 presents the results of electric potential
anomalies at the dam after 18, 30, and 40 days since the injection.
The location of the anomaly that indicates the direction of the
tracer movement from upstream to the leak point has a
horizontal V-shape. The travel time of the salt tracer from
upstream (position 1) to Line 2 (position 2) is 18 days, from Line 2
(position 2) to Line 5 (position 3) is 12 days, and from Line 5
(position 3) to the leak point is ten days. Based on the distance of
movement, the local pore water velocity is presented in Table 3.

The local pore water velocity ranges from 1.2x10° m/s to 7.0x10"
5m/s. The calculation results demonstrate that the velocity in the
2 - 3 position range is the greatest. Taking into account the
tortuosity of the porous medium, the actual velocity of the water
is proportional to the actual distance travelled L, = Lt, where T is
the tortuosity. The actual velocity results are presented in Table 2
with t = 1.4 (Freeze & Cherry, 1979). The critical velocity, which
causes internal erosion, was estimated using Equation (6) with the
physical characteristics of the soil embankment (Table 1) as

2.5x10° m/s (U =0,8927x10° m?/s at 25°Cand p,, =997 kg/m?

at 25°C). It can be seen that the pore water velocity in the 2 - 3
position range is approximately four times greater than the
critical value.

After 18 days SN After 30 days

Gl aw/at

[T —

s After 40 days & i N

Downstream

Figure 9. Location of electric potential anomalies at the study dam after injection: 18, 30, and 40 days. Position 1 is conventionally the

leakage inlet, determined at the point where the conductivity/Cl- concentration peaks after injection.
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Table 3. Local pore water velocity along the preferential flow of
the study dam.

Position  Travel Travel Local pore Actual
distance time water pore
(m) (days) velocity water
(m/s) velocity
(m/s)
1-2 77.8 18 5.0x107° 7.0x10°
2-3 73.0 12 7.0x10° 9.9x10°
3-Leak 10.4 10 1.2x10° 1.7x10°
point

6. Conclusion

This study introduced a novel approach to evaluating the local
pore water velocity of preferential flow paths through porous
media by monitoring the movement of a NaCl salt tracer and
observing the associated electric potential anomalies on the
ground. Experiments conducted on a physical model
demonstrated a close correlation between the timing of signal
variations and the movement of water to the measuring
positions. Additionally, the distribution of the salt tracer plume,
as determined from ANSYS/CFX simulations, aligned well with the
observed positions of electric potential anomalies over time. The
pore water velocity, inferred from the location exhibiting the
maximum electric potential anomaly, showed consistency with
the experimental values, boasting an error margin of less than 6%.

A field-scale salt tracer experiment conducted at a leaking
earth dam in Vietnam further underscored the practicality of this
method. The tracer response curve obtained from the leak site
revealed that the seepage water's transport time was
approximately 40 days. Following tracer injection, the electric
potential anomalies provided insight into the preferential flow
path from upstream to the leak point and enabled the estimation
of local pore water velocities.

This methodological approach presents a significant
advancement in assessing internal erosion caused by seepage
within earthen dames, utilizing the criterion of pore water velocity.
It offers substantial benefits over traditional methods, notably in
terms of cost-effectiveness and the ability to overcome
challenges associated with sample collection for tracer analysis at
the field site. This technique not only aids in the precise
identification of seepage paths and velocities but also enhances
the capability to effectively manage and mitigate risks associated
with dam integrity and safety.
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Abstract: This study investigates the synthesis and the antibacterial properties of bacterial cellulose (BC) incorporated zinc phosphate
nanocomposite-mediated dragon fruit extract (BC-ZP-DF). The composite was prepared by a three-step process that involved bacterial
cellulose (BC), zinc phosphate (ZP), and nanocomposite BC-ZP synthesis. BC was prepared by fermenting coconut water with the
components of ammonium sulfate, acetic acid, and Acetobacter xylinum culture. Zinc phosphate was made through the green synthesis
method by reacting zinc nitrate and diammonium hydrogen phosphate using a sensitizer agent from red dragon fruit peel extract (DF)
with volume variations of 5, 10, 20, 30, 40, and 50 mL. The composite was prepared by immersing BC with zinc phosphate. Phase
crystallinity, functional group, and morphology of the samples were characterized using XRD, FTIR, and SEM. It was found that the
nanocomposite was constructed by the nano green of zinc phosphate in the form of a hopeite structure with antibacterial PO4*> and OH
functional groups. Morphological analysis using SEM revealed that the nanocomposites contained various small powder grains. Based on
the FTIR spectrum, XRD pattern, and surface morphology of composite film, the incorporation of zinc phosphate in the BC framework was
confirmed. The antibacterial activity tests of nanocomposite films using Staphylococcus aureus and Pseudomonas aeruginosa bacteria
revealed that the nanocomposite was highly effective in inhibiting both bacteria, and the nanocomposite BC-ZP-DF10 film had the
strongest inhibition. The results of the air filter test exhibited that the composition was efficient on all films with the highest percent of

efficiency (%E) of 90.10%.

Keywords: Zinc phosphate, bacterial cellulose, antibacterial, particulate matter filtration, filtration

1. Introduction

In recent years, rapid industrial growth has led to a rise in air
pollution worldwide (Lippi et al., 2022). Air pollution containing
particulate matter (PM) is an increasingly prevalent
environmental issue that threatens human health, ecosystems,
and the climate. The lethal effects of particulate pollutants vary
mainly by their diameter. Typically, PM larger than 10 pm in
diameter cannot penetrate the human lung and will instead be
efficiently filtered and captured by the respiratory organs. Smaller
PM with a diameter of 2.5 to 10 um and less than 2.5 um are
called PM10 and PM2.5, respectively. These are harmful to
humans because they can easily and unabatedly penetrate the
lungs (Wu et al., 2022). Recent reports indicate that prolonged
exposure to environmental particulates can elicit respiratory and
cardiovascular illnesses, such as stroke, atherosclerosis,
bronchitis, and asthma (Xing et al, 2016). In addition,
atmospheric chemicals, bacteria, microorganisms, and viruses use
PM as a carrier substance to penetrate the human body, resulting
in the spread of various diseases among humans (Wu et al., 2022;
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Xing et al., 2016). Therefore, solutions to prevent the harmful
effects of air particulates are urgently needed. One such solution
is air quality control, both indoors and in car spaces so that
particulates, dust, and bioaerosols containing harmful
microorganisms can be filtered out of the air inhaled by humans.
To overcome the problem of air pollution, researchers have
developed functional advanced materials, such as the High-
Efficiency Particulate Air (HEPA) Filter technology. Currently,
HEPA technology, one component of which is a filter matrix, is
effectively capable of filtering 99.97% of very fine particles up to
0.3 um (Franchitti et al., 2020). This technology has been utilized
for cleaning static air environments in various fields, such as
isolation rooms in hospitals, biotechnology laboratory rooms, and
portable air purifiers (Franchitti et al., 2020). However, the
existing filter matrix material is not environmentally friendly
because it is dominantly made of synthetic polymer raw
materials. Therefore, alternative raw materials that are
environmentally friendly and sustainable need to be identified.
One potential option for using natural polymers as composite
material is cellulose.

BC is a naturally biodegradable cellulose with fiber diameters
ranging from 20 to 100 nm (Jonsirivilai et al., 2022). Due to its
hydrophilic characteristics, BC has a high water-holding capacity.
It also has high mechanical strength with a smaller fiber diameter
measuring 3—4 nm thick, and it is relatively more affordable to
produce. The fiber is biocompatible, non-toxic, and precisely
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structured with a large surface area (Manoukian et al., 2019). Due
to its high surface area, nanofiber and high
hydrophilicity, the use of BC as an air filter membrane produces a
more potent and efficient filtration effect than commercial
membranes (Manoukian et al., 2019). The production of air filters

diameter,

takes into consideration numerous characteristics. Good quality
filters are characterized by a low-pressure drop, which is reflected
through high permeability and a wide surface area that will
support the absorption of more particles. Nowadays, BC is one of
the most commonly used materials for air filtration, as it can
capture aerosol particles from gas streams by their fibers via
Brownian diffusion, direct interception, inertial impact, gravity
regulation, and electrostatic deposition. The airflow velocity,
particle characteristics, and shape of the air filtering material all
directly influence this mechanism, which regulates the air
filtration process (Lippi et al., 2022). The BC used in this research
is Nata de Coco cellulose. Nata de Coco cellulose is a cellulose
polymer sourced from abundant coconut water fermentation
using the Acetobacter xylinum bacteria (Mulyasuryani &
Mustaghfiroh, 2019). Furthermore, BC has unique physical and
mechanical characteristics, high
crystallinity, exceptional mechanical strength, and a significant

such as high porosity,
water-holding capacity (Nugroho & Aji, 2015). BC composited
with zinc phosphate nanoparticles can potentially be used as an
excellent antimicrobial matrix for high-efficiency particulate
absorbing (HEPA) filters. Nanoparticles are well known for their
excellent antimicrobial properties (Sabherwal et al., 2017). An
essential, multipurpose inorganic substance known as zinc
phosphate is also a type of often utilized luminous host material
(Kimbonguila et al., 2019). Zinc phosphate can be synthesized
from zinc nitrate and different phosphate compounds, including
phosphoric acid (Kopel et al., 2018), sodium dihydrogen
phosphate (Wang et al., 2011), disodium hydrogen phosphate
(Horky et al., 2019), sodium pyrophosphate (Kopel et al., 2018;
Onoda & Haruki, 2016), trisodium phosphate (Wang et al., 2011),
or sodium triphosphate (Grzmil et al., 2007; Onoda & Haruki,
2016). However, zinc phosphate produced from these precursors
exhibits a fairly low photocatalytic action (Grzmil et al., 2007;
Kopel et al., 2018). Therefore, it is necessary to find alternative
precursors to produce zinc phosphate that has a high
photocatalytic action. One such precursor is diammonium
hydrogen phosphate.

Zinc phosphate can be reacted with plant extracts containing
dyes as sensitizing agents. In addition to reducing the particle size,
this reaction is expected to increase antibacterial activity. The
antimicrobial properties of nanoparticles are due to their ability
to deface bacterial cell walls, disrupt cell metabolism, and inhibit
microbial cell formation (Sabherwal et al., 2017). Synthesis of zinc
phosphate  nanoparticles
environmentally friendly green synthesis approach with a

was performed through an
sensitizing agent from the waste extract of the red dragon fruit.
Red dragon fruit peel extract has potential use as a sensitizing

agent because it contains several active compounds including
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flavonoids, alkaloids, and terpenoids (Rahmayanti et al., 2019).
Thus far, there has been no research exploring the use of red
dragon fruit peel extract and diammonium hydrogen phosphate
in the synthesis of zinc phosphate and its use in antibacterial
composites on HEPA filter membranes. Hence, this research was
conducted to evaluate the zinc phosphate nanoparticle material
and its antibacterial characteristics under preparation with the
addition of extract-sensitizing agents of the red dragon fruit peel
plant. The findings of the study were assessed based on visual
observation and characteristic determination of the material
(Ultraviolet-Visible) FTIR
(Fourier Transform Infrared) spectrophotometer, XRD (X-ray

using UV-Vis spectrophotometer,

diffraction), and SEM (Scanning Electron Microscope). The
composite was then tested for its antibacterial activity and its
efficiency as an air filter. The synthesized composite film has a
greater advantage as an air particulate matter filter due to the
presence of zinc phosphate and red dragon fruit peel extract, both
of which have the good antibacterial activity. In comparison,
previous studies conducted by Liu et al. (2017) only explored its
use as particulate matter filters.

2. Materials and Methods

Materials

In this study, the materials used were dragon fruit peel,
coconut water, aquades, ethanol p.a (Emsure Merck), sugar
(CeH1206), ammonium sulfate (ZA), glacial acetic acid p.a (Emsure
Merck), Acetobacter xylinum stater, nutrient agar (Emsure
Merck), nutrient broth (Emsure Merck), P. aeruginosa, S. aureus,
Whatman filter paper No. 40, Zn(NOs),.6H,0 p.a (Emsure Merck),
(NH4);HPO4 p.a (Emsure Merck), NaOH p.a (Emsure Merck), and
NaCl p.a (Emsure Merck).

The instruments used were XRD (Phillips), FTIR
Spectrophotometer (Shimadzu), UV-Vis Spectrophotometer
(Vernier), Scanning Electron Microscope (JEOL JSM-6360), PM
Analyzer (Kailishen SYSC-BRS8), Digital Optic Microscope (OEM),
Rotary Evaporator (Buchi), Dessicator (Duran), oven (YNC-OV50L),
Hydraulic Hot Press Machine (HTM 634), and Mini Aerosol
Generator (Tasco).

Methods

Preparation of Red Dragon Fruit Peel Extract and Bacterial

Cellulose

To extract the dragon fruit peel waste, we used a maceration
method adapted from Manihuruk et al. (2017). First, 500 g of
simplicia powder was added to a 1000 ml-Beaker glass, and 96%
ethanol was added. Then, it was macerated for 3x24 hours by the
filtering procedure every 24 hours, and the simplicia was soaked
again with a new solvent. The filtration results were then
evaporated for three hours using a rotary evaporator at 45 °C to
obtain the red dragon fruit extract.

Next, BC preparation was adapted from Nugroho and Aji
(2015) by fermenting coconut water with the ingredients of
ammonium sulfate, acetic acid, and Acetobacter xylinum culture.
This was done at 28 °C for 10 days until the BC sheet was obtained.
This sheet was used as a matrix in the synthesis of filter
composites.
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Synthesis of Zinc Phosphate-Red Dragon Fruit Peel Extract

The synthesis method was adapted from Pavel et al. (2019).
First, 4.46 g of Zn(NO3),.6H,0 was dissolved in distilled water and
heated to 60 °C, followed by the addition of 1.32 g of (NH4),HPO,
in 20 ml of distilled water, and incorporation of the red dragon
fruit extract solution. The mixture was stirred until a precipitate
was formed. The suspension produced was stirred for two hours
and cooled, and water was added to reach 100 ml. The suspension
was then centrifuged and decanted (Horky et al.,, 2019). The
composition ratio of the mixture of materials can be seen in Table
1. The outcome of the synthesis was characterized by observing
their functional groups using an FTIR Spectrophotometer, their
crystalline and oxide structures using an X-ray diffractometer,
their morphology using SEM, and their nanoparticle stability using
a UV-Vis Spectrophotometer. Antimicrobial actions were tested
using the paper disc method.

Table 1. Synthetic composition zinc phosphate

Extract of
Zn(NOs),.6H,0  (NH4),HPO4  dragon fruit
Sample (grams) (grams) eel
code” g g P
(ml)
ZP 4.46 1.32 0
ZP-DF5 4.46 1.32 5
ZP-DF10 4.46 1.32 10
ZP-DF20 4.46 1.32 20
ZP-DF30 4.46 1.32 30
ZP-DF40 4.46 1.32 40
ZP-DF50 4.46 1.32 50

*ZP is zinc phosphate, and ZP-DF5 to ZP-DF50 are zinc phosphate
and extract.

Synthesis of BC-zinc Phosphate Composite Film-Mediated
Red Dragon Fruit Peel Extract
The composite film of BC was neutralized with 1% w/v NaOH
and then rinsed with distilled water until the pH was neutral. The
composite was then modified into pieces of film sheets sized 4x9
cm. The film was pressed using a hot press to reduce its water
content. Subsequently, the film was composited with synthesized
nanoparticles (Table 1) by immersing it for 1x24 hours. The film
was then pressed again using a hot press and dried in an oven at
150 °C for 10 minutes. The films were removed from the oven and
cooled in a desiccator for + 15 minutes to obtain a composite film
with an average thickness of 0.20 mm; they were coded BC-ZP,
BC-ZP-DF5, BC-ZP-DF10, BC-ZP-DF15, BC-ZP-DF20, BC-ZP-DF30,
BC-ZP-DF40, and BC-ZP-DF50. The composites were then
characterized using FTIR, XRD, and SEM.
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Antibacterial Testing

Antibacterial testing was conducted using the paper disc
method. The suspension of the test bacteria (S. aureus and P.
aeruginosa) was poured into an Erlenmeyer containing NA media
to be homogenized. The NA medium was poured into each petri
dish, then gently shaken to form a figure eight to spread the
bacterial culture evenly, and allowed to stand until the media
solidified. The filter paper that had been cut into pieces utilizing a
hole jab was then dipped into the test sample using sterile
tweezers. The mixture was transferred to an NA medium
containing S. aureus and P. aeruginosa bacteria cultures in the
aseptically arranged distance, labeled according to the treatment
group, and incubated for 24 hours at 37 °C (Massoud & Saffari,
2020). After 24 hours, a clearer area was observed around the
sample area. The clearer area indicates the inhibition zone for the
growth of S. aureus and P. aeruginosa. The inhibition zone formed
was measured using a caliper. Antibacterial activity was measured
or calculated using Equation 1 as follows:

Z = (D1-Dfc) + (D2-Dfc) + (D3-Dfc) (1)
3

Where: Z = Zone clear (mm), D1= Vertical diameter (mm), D2
= Horizontal diameter (mm), D3 = Diagonal diameter (mm), and
Dfc = Film diameter composite (mm). Based on the calculation of
the inhibition zone diameter, the antibacterial activity of the
composite can be categorized as follows: diameter > 20 mm =
very strong, 11-20 mm = strong, 6-10 = moderate, and < 5 = weak
(Massoud & Saffari, 2020).

Air Filter Test

The performance of the air filter system was analyzed by
systems using NaCl aerosol as recommended by Konda et al.
(2020). The test was carried out at 1 atm and 29 °C. The filter was
tested for its ability to filter NaCl aerosol, where nano-sized
particles were generated using a NaCl aerosol generator. The
collection of NaCl aerosol particles was then pumped in through
the test filter. The test filter used was a circular filter film with a
diameter of 2.54 cm. The concentration of particles before they
pass through the filter (C)) and after they pass through the filter
(C) was measured using the Particulate Matter (PM) Analyzer
(SYSC BR-8). The performance of the air filter media is indicated
by the results of the efficiency measurement, as expressed by
Equation 2.
= x100 (2)

%E :

where % E is the percent of efficiency, Crand C;are the number
of particles after and before passing through the filter,
respectively. The air filter test scheme is depicted in Figure 1.
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Figure 1. The illustration of the air filter test scheme

3. Results

Red Dragon Fruit Peel Extract

The extraction process of the red dragon fruit peel waste
produced a concentrated extract of 160 ml with a yield of red
dragon fruit peel extract of 10.6%.

Synthesis of Zinc Phosphate-Red Dragon Fruit Peel Extract

The resulting zinc phosphate was in the form of powder with
various colors. The synthesized zinc phosphate yield can be seen
in Table 2.

Table 2. Yield of zinc phosphate-red dragon fruit peel extract

Sample Code Yield (%)
zpP 60.46
ZP-DF5 63.73
ZP-DF10 89.34
ZP-DF20 95.73
ZP-DF30 111.48
ZP-DF40 171.76
ZP-DF50 60.46

The yield of zinc phosphate increased when more extract was
used. This can be observed in the yield obtained from ZP-DF5 to
ZP-DF40, which increased periodically to reach a maximum limit
at ZP-DF40 and decreased at ZP-DF50. This is because the
penetration of the synthesizer agent into the material had
decreased, so less zinc phosphate was formed in the material.

Mixing red dragon fruit peel extract with zinc phosphate
produced a precipitate that varied from brown to yellowish
brown (Figure 2). This color change indicates a reaction in the
mixture caused by the sensitizing agent used in this study, the red
dragon fruit peel extract. This extract contains dyes, namely
anthocyanin compounds. The conjugated double bond with the
chromophore moiety in the anthocyanin backbone allows for light
energy to be absorbed with maximum absorbance in the visible
light range. As the length and number of the double bonds
conjugated to anthocyanins increase, the color becomes stronger
(Nurtiana, 2019). The dye molecules are stimulated during this
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sensitization process by absorbing visible light, and electrons are
then moved from the highest-occupied molecular orbital (HOMO)
to the lowest-vacant molecular orbital (LUMO) (Dil et al., 2019).

Figure 2. Products of the synthesis of zinc phosphate: (a) ZP, (b)
ZP-DF5, (c) ZP-DF10, (d) ZP-DF20, (e) ZP-DF30, (f) ZP-DF40 and (g)
ZP-DF50.

Stability Analysis of Zinc Phosphate-Red Dragon Fruit Peel

Extract

The UV-Vis absorbance spectrum of transparent colloidal
solution was observed using a UV-Vis spectrophotometer in the
wave range of 200-800 nanometers. Measuring the zinc
phosphate nanoparticles-red dragon fruit peel extract using a UV-
Vis spectrophotometer caused an excitation phenomenon due to
the interaction of light with precious metal nanoparticles called
the surface plasmon resonance (SPR) phenomenon (Budi, 2017).
The SPR phenomenon is related to the color of the zinc phosphate
nanoparticle solution (Haiss et al., 2008; Zakir & Budi, 2016).

The SPR absorption band is a collection of electron oscillations
(Haiss et al., 2008). The collection of electron oscillations that can
be observed from the change of color of the solution from yellow
to dark brown shows the distribution of zinc nanoparticles in the
solution (Budi, 2017). Based on UV-Vis analysis results, the
stability of the complex compound of zinc phosphate
nanoparticles from the Red Dragon fruit peel extract was
reasonably good. Based on the interaction of the solution with
UV-Vis light, the zinc phosphate was stable for 30 minutes as seen
from the stability of the curve of zinc phosphate nanoparticles-
red dragon fruit peel extract (Figure 3). Due to the visible light
being absorbed during this sensitization process, dye molecules
from dragon fruit peel extract are stimulated, and electrons are
then moved from the highest occupied molecular orbital (HOMO)
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to the lowest vacant molecular orbital (LUMO). These excited
electrons are eventually transferred to the conduction band of
the photocatalyst molecule semiconductor, resulting in the
formation of highly reactive superoxide anions (O,) and/or

hydroxyl radicals (eOH) (Ghosh et al., 2020). The maximum
wavelength shifts to a lower value as the concentration of
Zn(NOs), increases, which means that the interaction energy
between organic compounds in the extract and Zn increases.
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Figure 3. UV-Vis absorbance spectrum of zinc phosphate nanoparticles-red dragon fruit peel extract at intervals of (a) 0 minutes, (b) 10
minutes, (c) 20 minutes, and (d) 30 minutes.

Functional Group Analysis of Zinc Phosphate Nanoparticles-

Red Fruit Peel Extract Using an Ftir

Spectrophotometer

Based on the FTIR data in Figure 4, there is a wide band data
centered on 3334-3353 cm™! for all samples (extract, ZP-DF5, ZP-
DF10, ZP-DF20, ZP-DF30, ZP-DF40, and ZP-DF50), which identifies
the —OH stretching vibration (Ghosh et al., 2020; Zhang et al.,
2019). In addition, a strong vibrational band at 1618-1643 cm is
associated with H,O bonds. The FTIR spectrum exhibits
characteristic bands associated with PO43" and H,0. Bandwidths
are exhibited at 500 ~ 700 cm™ (peak at 632 cm™) and 900 ~ 1300
cm? (ref: 900 ~ 1200 cm™) for ZP-DF5, ZP-DF10, ZP-DF20, ZP-
DF30, ZP-DF40, and ZP-DF50 nanoparticles, respectively. Each
spectrum is associated with the presence of PO4* flexible and zZn
strain vibration groups. Therefore, this peak is not visible in the

Dragon

extracted spectrum because it does not contain zinc. From the
synthesized zinc phosphate, a very strong, recognizable peak at
1010 cm™ was caused by the antisymmetric stretching of PO4*
(Wang et al., 2011).
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Figure 4. FTIR spectrum of zinc phosphate nanoparticles-red

dragon fruit peel extract

Crystallite Size Analysis of Zinc Phosphate Nanoparticles

The results of zinc phosphate synthesis are supported by an X-
ray diffractogram, which is compared to the standard diffraction
pattern from the Crystallography Open Database (COD) zinc
phosphate with an entry number of 95-900-0523. The existing
peak 26 data are 9,549, 16,559, 17,319, 18,092, 19,239, 19,939,
22,232, 22,822, 25,572, 26,142, 31,262, 34,212, 39,262, 46,829,
and 49,892. From the diffractograms of ZP-DF20 to ZP-DF50, some
narrow and small intensity peaks of 20 over the range 16,709-
18,282 are evident. This is thought to be derived from
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diammonium hydrogen phosphate residues and extracts.
However, the overall results of the analysis prove that Zns(POs);
has a good match with the Hopeite structure. The XRD pattern of
zinc phosphate-red dragon fruit extract powder is shown in Figure

5.
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Figure 5. XRD spectrum of zinc phosphate nanoparticles-red
dragon fruit peel extract

From the XRD characterization data, the size of the crystal

could be estimated by using the Scherrer formula

KA
D= BCOS(0) (4)

where length wave X-rays are used, and = angle diffraction, K
= is large constant - depends on factors from the crystal,
diffraction (hkl) plane and definition quantity B used, whether - as

e 0201 03

Full Width at Half Maximum (FWHM) or Integral Breadth of a
peak. True K value varied from 0.62 to 2.08. The typical value used
for Kiis 0.94 if B is FWHM and 0.89 for Integral Breadth (Franchitti
etal., 2020; Wu et al., 2022). The equation observed that the wide
peak varied with angle 26 in the form of cos (0). A defined
quantity f was FWHM and the constant K was chosen to be 0.94.
With the thereby obtained number of N sizes crystals under field,
the measured hkl are presented in Table 3. ZP-DF10 shows the
average size crystal, the smallest of which is 37.48 nm. The
existence of an additional extract peel fruit dragon could
influence the size of the resulting crystals. This has been proven
with a comparison with pure zinc phosphate, which was
researched previously by Grzmil et al. who produced an average
crystallite size of 43 nm (Grzmil et al., 2007).
Table 3. Crystallite size of zinc phosphate nanoparticles

Sample Code Crystallite Size (nm)

ZP-DF5 38.96
ZP-DF10 37.48
ZP-DF20 40.32
ZP-DF30 42.99
ZP-DF40 44.19
ZP-DF50 37.98
2.3. Morphological Analysis of Zinc Phosphate

Nanoparticles

SEM analysis of the synthesized zinc phosphate showed the
morphology of each test sample. It is apparent from the analysis
that some samples have aggregate forms. The ZP-DF10 sample
shows a morphology with small grains and is randomly distributed
at 1000x magnification of observation (Figure 6).

Figure 6. The results of the analysis of ZP-dragon fruit peel nanoparticles: (a) ZP, (b) ZP-DF5, (c) ZP-DF10, (d) ZP-DF20, (e) ZP-DF30, (f) ZP-
DF40, (g) ZP-DF50.
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Synthesis of Bacterial Cellulose-Zinc Phosphate Composite bacteria and non-cellulose elements that could interfere with the

Film cellulose molecular chains’ ability to form membrane bonds.

BC is a layer of cellulose, which is a secondary metabolite A BC membrane that has been composited forms a color that
formed by Acetobacter xylinum microorganisms through the varies according to the color of the nanoparticle sample used in
fermentation process. Cellulose is a polysaccharide consisting of immersion. It ranges from white to yellow and orange to brown,
(1-4)-glucoside chains. BC can be produced from the activity of which visually shows that the BC membrane has been distributed
bacteria from the Acetobacter, Rhizobium, Agrobacterium, and with zinc phosphate nanoparticles.

Sarcina groups (Lippi et al., 2022). BC acts as a membrane that will stabilize the size of

The color of nata produced after soaking is yellowish-white nanoparticles. In addition, BC has been used as a stabilizing agent
with a slippery surface. Soaking with NaOH aims to create an that plays a role in the formation of nano-sized particles. The BC-
alkaline atmosphere and raise the pH so that the Acetobacter ZP-red dragon fruit peel extract composite film was pressed with
xylinum bacteria are eliminated. Additionally, it aims to get rid of a hot press to form a film as shown in Figure 7.

(@) | B 7S @

Figure 7. BC-zinc phosphate-red dragon fruit peel extract composite films: (a) BC-ZP, (b) BC-ZP-DFS5, (c) BC-ZP-DF10, (d) BC-ZP-DF20, (e) BC-
ZP-DF30, (f) BC-ZP-DF40, (g) BC-ZP-DF50, (h) BC-Extract.

Furthermore, the success of composite film synthesis is also clear that there are wide peaks at 2800 cm™ to 2900 cm™
proven by FTIR Spectroscopy (Figure 8). The spectrum of pure BC indicating C-H stretching, 1160 cm™ indicating C-O-C stretching,
film was compared with the spectrum of the composite film BC- and 1035 cm™ to 1060 cm™ indicating C=0 stretching. In the BC-
ZP-DF10; the most significant peak change was seen between the ZP-DF10 spectrum, it is clear that there is a sharp peak at a
FTIR spectrum of the pure BC film and the composite film BC-ZP- wavenumber of 1391 cm™ which is the characteristic peak of PO;*
DF10. For pure BC spectrum at wavenumbers of 3345 cm™ to 2902 . The wide band is exhibited at 500 ~ 700 cm™ indicating the
cm?, it shows the presence of —OH stretching. However, in the presence of PO,3 flexural and Zn strain vibration groups.
FTIR spectrum for BC-ZP-DF10 composite, the OH peak is not as Therefore, the composite film that was synthesized exhibits the
wide as exhibited in the pure BC spectrum because some of the successful integration of zinc phosphate nanoparticles into the BC
—OH has interacted with zinc phosphate. In the BC spectrum, it is Film.

BC-ZP-DF10|

FPURE BC

%Transmitance (a.u)

4000 3500 3000 2500 2000 ‘1500 ‘1000 500

VWavenumber ( cm™)

Figure 8. FTIR spectrum of composite films: (A) BC-ZP-DF10,
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(B) Pure BC Film.

Morphological analysis was conducted to determine the
morphology of the composite film in the form of pores and
particle size on the BC-ZP-DF10, which greatly influences the
effectual properties of the membrane that role as a filter and

composite as an antibacterial. The pore size of the membrane
significantly affects the number of metal nanoparticles deposited
in it (Ottenhall et al., 2018). The results of the morphological
analysis using a Digital Optic Microscope are shown in Figure 9.

Figure 9. Digital microscope analysis results of BC-ZP-red dragon fruit peel extract composite films: (a) BC-ZP, (b) BC-ZP-DF5, (c) BC-ZP-
DF10, (d) BC-ZP-DF20, (e) BC-ZP-DF30, (f) BC-ZP-DF40, (g) BC-ZP-DF50, (h) BC-Extract.

This analysis shows an even distribution of zinc phosphate
nanoparticles on the surface of BC. A very good distribution
pattern is also shown in the film BC-ZP-DF10. The ZP-DF10
nanoparticles, which have the smallest size, were strengthened
from the morphological analysis of ZP-DF10 nanoparticles using
SEM (Figure 6), allowing them to be easily distributed into the
pores of the BC membrane. Therefore, to further prove the
formation of the composite film, the BC-ZP-DF10 composite film,
and pure BC film were further tested for their morphology using
SEM. Figure 10a displays the results of the SEM analysis of pure
BC. From the morphology image of BC, it is evident that the pores
are still empty. After being composited with nanoparticles, it is
clear that the pores are evenly filled with ZP-DF10 nanoparticles
(Figure 10b).

Figure 10. The results of the analysis of the morphology of the
film: (A) Pure BC Film, (B) Composite film of BC-ZP-DF10.
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Figure 11. XRD spectrum of composite: (a) Composite film of BC-
ZP-DF10, (b) Pure BC.

Figure 11 shows that there is a difference between peak two
theta on BC and BC-ZP-DF10 composite. The XRD spectrum of the
BC filter shows a semicrystalline phase with a little wide peak at
two theta of 14.482 and 22.629. After incorporation with zinc
phosphate, the peak change that there is the additional peak of
two theta of 9.789, 19.489, 39.639, and 47.179, while the peak
intensity of the semicrystalline phase reduced. This finding
clarifies the profile from FTIR data and SEM morphology. It also
proves that zinc phosphate is incorporated in the cellulose BC
framework as well.
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Antimicrobial Activity Test

The synthesized zinc phosphate and composite samples were
tested for their antibacterial activities against S. aureus (Figure
12) and P. aeruginosa (Figure 13).

S. aureus ZP
| ZP-DF5
ZP-DF10
ZP-DF20

Figure 12. S. aureus antibacterial test results on samples ZP, ZP-
DF5, ZP-DF10, ZP-DF20, ZP-DF30, ZP-DF40, ZP-DF50, and red
dragon fruit peel extract.

Figure 13. P. aeruginosa antibacterial test results on samples ZP,
ZP-DF5, ZP-DF10, ZP-DF20, ZP-DF30, ZP-DF40, ZP-DF50, and red
dragon fruit peel extract.

The results of antibacterial activity tests of zinc phosphate
nanoparticles are displayed in Table 4. Based on the results, all
test samples noticeably inhibited the growth of S. aureus and P.
aeruginosa, except for the negative control. The ZP-DF10 test
sample had the most potent antibacterial activity of all samples.
Based on this finding, further characterization for composite films
only used two samples, namely BC and ZP-DF10.
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Table 4. Average diameter of inhibition zone of zinc
phosphate nanoparticle samples-red dragon fruit peel extract

Indicator Test Sample Diameter of Indication
Bacteria Inhibition
Zone (mm)
14.02 Strong
21.35 Very strong
23.69 Very strong
19.36 Strong
ZP-DF30 17.00 Strong
ZP-DF40 14.36 Strong
ZP-DF50 10.69 Strong
Extract 8.35 Moderate
(+)Tetracycline 26.03 Very strong
(-) Distillate - -
Water
P. P 10.68 Moderate
aeruginosa ZP-DF5 13.37 Strong
ZP-DF10 14.68 Strong
ZP-DF20 11.69 Strong
ZP-DF30 8.02 Moderate
ZP-DF40 8.35 Moderate
ZP-DF50 7.03 Moderate
Extract 8.34 Moderate
(+)Tetracycline 29.01 Very strong
(-)Distillate - -
Water

Based on the diameter of inhibition zone measurements, the
results of the antimicrobial activity test of BC-ZP-dragon fruit
extract nanocomposite film revealed that all test samples had
excellent bacterial growth inhibition against S. aureus (Figure 14
and Table 5). ZP-DF10 had the widest inhibition zone among all
test samples, which was equal to 21.35 mm. However, after
testing the widest inhibitory zone for P. aeruginosa, the inhibition
zone was classified as weak in each test sample (Figure 15 and
Table 5).

Figure 14. The results of the antibacterial activity test of film BC-

ZP-DF5, BC-ZP-DF10, BC-ZP-DF20, BC-ZP-DF30, BC-ZP-DF40, BC-

ZP-DF50, BC-ZP, and red dragon fruit peel extract to S. aureus
bacteria.
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~
BC-ZP-DF10
x. -
BC-ZP-DF20.

Figure 15. The results of the antibacterial activity test of film BC-
ZP, BC-ZP-DF5, BC-ZP-DF10, BC-ZP-DF20, BC-ZP-DF30, BC-ZP-
DF40, BC-ZP-DF50, and red dragon fruit peel extract to P.
aeruginosa bacteria.

Table 5. Average diameter of inhibition zone of bacteria growth
on the zinc phosphate nanoparticle composite film

Indicator Composite Diameter Indication
bacteria of
Inhibition
Zone
(mm)
S. aureus BC-ZP 14.02 Strong
BC-ZP-DF5 17.50 Strong
BC-ZP-DF10 21.35 Very strong
BC-ZP-DF20 19.36 Strong
BC-ZP-DF30 17.00 Strong
BC-ZP-DF40 7.42 Strong
BC-ZP-DF50 11.69 Strong
Extract 8.35 Moderate
(+)Tetracycline  26.13 Very strong
(-) Distillate - -
Water
P. BC-zP 3.51 Weak
aeruginosa BC-ZP-DF5 4.26 Weak
BC-ZP-DF10 3.84 Weak
BC-ZP-DF20 3.53 Weak
BC-ZP-DF30 2.73 Weak
BC-ZP-DF40 2.83 Weak
BC-ZP-DF50 2.34 Weak
Extract 2.83 Weak
(+)Tetracycline  29.28 Very strong
(-)Distillate - -
Water

Air Filter Efficiency Test

Performance analysis of the air filter of the BC-zinc phosphate
composite film aimed to evaluate the separation of particulate
materials based on their molecular size and shape. The composite
film retains particulate components from the feed that are larger
than the membrane pores and passes the smaller ones.

The performance of the air filter media is indicated by the
results of the efficiency measurement. This is expressed by
Equation (2), where %E is the percent of efficiency and Cf and Ci
are the numbers of particles after and before passing through the
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filter, respectively. The results of the air filter performance test of
the BC-zinc phosphate nanoparticles composite are presented in
Figure 16.

Performance testing of the film filter samples for cellulose of
nata de coco, BC-ZP, NC-Extract, BC-ZP-DF5, BC-ZP-DF10, BC-ZP-
DF20, BC-ZP-DF30, BC-ZP-DF40, and BC-ZP-DF50 showed that the
average efficiency of the composite film were 79.80%, 84.33%,
86.73%, 83.44%, 90.10%, 85.87%, 88.87%, 86.56%, and 88.26%,
respectively (Figure 16). The incorporation of zinc phosphate on
the cellulose filter increased the filtering efficiency until BC-ZP-
DF10 and then decreased on BC-ZP-DF20. This is presumably
because the crystal size of the zinc phosphate nanoparticles
started to increase and aggregate on the surface of the BC
cellulose filter (shown in Table 3 and Figure 6), resulting in a less
even distribution on the composite film surface. The capability of
the film as an antibacterial material was an additional advantage
in particulate matter filter application.
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Figure 16. Air filter test of the composite film

4, Conclusion

In this study, the synthesis of zinc nanoparticles through a
green chemistry approach was carried out by reacting a red
dragon fruit peel extract with a zinc phosphate solution. The
results of UV-Vis analysis showed that the absorbance values for
30 minutes tended to be stable. Functional group analysis using
FTIR demonstrated the presence of functional group interactions
between the compounds in the red dragon fruit peel extract and
zinc phosphate. The results of XRD analysis showed that the peak
of two thetas at 9.54¢2, 19,939, and 31,262 indicate the typical
presence of zinc phosphate. The estimated crystallite size
analyzed from XRD shows that ZP-DF10 has an average-sized
crystal with the smallest value of 37.48 nm. The red dragon fruit
peel extract nanoparticles composited with BC film showed
morphological differences with the pure BC film. The SEM test
revealed that BC had empty pores. After being composited with
nanoparticles, it was clear that the pores were evenly filled with
ZP-DF10 nanoparticles. The XRD spectrum of the BC film showed
a semicrystalline phase with a little wide peak at two theta of
14.489 and 22.629. After incorporation with zinc phosphate, the
peak change that there is the additional peak of two theta of
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9.789, 19.482, 39.6392, and 47.172, while the peak intensity of the
semicrystalline phase reduced. This finding clarifies the profile
from FTIR data and SEM morphology, and it also proves that zinc
phosphate is incorporated in the cellulose BC framework.
Antimicrobial activity tests of nanocomposite films using S. aureus
and P. aeruginosa bacteria confirmed that all compositions had
good inhibitory properties, and composite film NC-ZP-DF10 had
the strongest inhibition. The results of the air filter test for
particulate matter demonstrated that the best average efficiency
of the BC-zinc phosphate nanoparticles composite is 90.10%.
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Abstract: According to the standard rates for water testing, 45 wells were sampled and analyzed to evaluate and assess the groundwater
chemistry, classify the hydrochemical facies, and identify the sources of salinity in the study area. The main constituents determined
included Sodium, Potassium, Chloride, Sulfate, Magnesium, Calcium, Nitrate, and Bicarbonate. Electrical conductivity, Total Dissolved
Solids, Total and Excess Alkalinity, and pH were measured on-site during field trips. Using Piper's diagram, chemical information was
utilized to identify the groundwater’s chemical facies. Despite most chemical concentrations being within the Sudanese Standards and
Metrology Organization (SSMO) and World Health Organization (WHO) standard limits, salinity hazards were observed in the middle part
of the study area, such as in Shaoat Sherg, AlImugatah Shreg, and Umm Oud villages, attributed to the concentration of sodium and
chloride in basaltic rocks. The dissolved solids in the study area ranged between 200 to 800 mg/L. The values of calcium ranged between
6.4 to 90 mg/L. The magnesium ion concentration ranged between 4.8 and 90 mg/L. The sodium concentration ranged between 7 and
420 mg/L. The concentration of chloride ranged between 6 and 1098 mg/L. Potassium ranged between 1.2 and 46 mg/L. The concentration
of bicarbonate ranged between 78 and 793 mg/L. The sulfate concentration ranged between 0.5 and 508 mg/L. The nitrate (NO3")
concentration was found to be very small. Based on Piper’s diagram, the samples resulted in 60% being mixed groundwater type and 40%
being Na-HCO3, Na-Cl, and Ca-Mg-HCO; groundwater types. Most samples were deemed good for human and agricultural use. Only nine

were found to be above the recommended values, with reference to SSMO (2002) and WHO (2008) standards.

Keywords: Major constituents, water examination, total dissolved solids, groundwater types

1. Introduction

Groundwater plays a critical role in maintaining river and
stream flows during dry periods and in supporting wetland
ecosystems. It is a vital source of drinking water globally
(Brassington, 2007). Groundwater is considered the safest and
cleanest form of water, with access to clean water recognized as
a human right and a fundamental requirement for development
(Reinhard, 2006). The suitability of groundwater for human
consumption, agricultural, and industrial activities is determined
by its water quality, which in turn depends on the chemical
within the
Analyzing the

concentration of elements
1996).
components of groundwater is an essential aspect of assessing

composition and

Groundwater (Pebesma, chemical
groundwater resources. Various activities that rely heavily on
water depend on the chemical characteristics of groundwater.
The study of water chemistry offers crucial insights into the
formations bearing water, and the occurrence, movement,
recharge, and discharge possibilities of groundwater.
Additionally, unusual chemical constituents in groundwater may

provide important hints about the presence of hidden ore
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deposits (Technical Committee Reports, 1996). The investigation
of water chemistry in the current research is significant for
understanding the chemical evolution of groundwater, aiming to
grasp spatial and temporal variations in groundwater chemistry
better,
groundwater resources for domestic, industrial, and agricultural

thereby enabling the efficient management of
purposes. Some borehole samples reflected water quality that
was unfit for domestic use. The current study involves
determining and describing the main dissolved chemical
components in groundwater and relating these constituents to
water usage. Water samples from the study area were collected
and analyzed. Therefore, identifying elements that exceed
acceptable ranges and understanding the reasons behind high
concentrations play a central role in this research. Investigating
water chemistry and hydro-geochemical processes related to
hydro-geologic settings is crucial for the sustainable utilization of

groundwater resources in the study area.

2. Study Area

The area under study is located in the eastern part of Sudan,
specifically within the Gedaref and Kassala states, positioned
between the towns of Wad Elhelew and Khashm El Girba. It is
bounded by latitudes 14.134171° N to 14.961005° N and
longitudes 35.536335° E to 35.962209° E, covering an area of
3100 square kilometers (Figure 1). The region is traversed by the
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seasonal River Setit and Upper Atbara River, which originate in the
Ethiopian highlands and converge at Eltomat village, south of
Showak city.

The climate of the study area is characterized by long, hot
summers and short, cold winters (Saeed, 1969). Winter
temperatures (January) range from a maximum average of 37.5°C
to a minimum average of 15.2°C, while summer temperatures
(April) can reach up to 43.5°C, with minimum averages around
27°C. Annual rainfall varies between 420 — 1170 mm. The highest
evaporation rate occurs in April, reaching 22.3 mm/day, while the
lowest is in August, at approximately 3.1 mm/day.

Vegetation in Kassala State is largely influenced by rainfall and
the flooding of the River Gash, with common crops including
bananas, citrus, and vegetables. Natural vegetation, comprising
bushes and trees like Acacia species alongside short-lived grasses
during the rainy season, covers the remaining alluvial strips.
Currently, large areas in Gash are dominated by Miscats trees
(Zeinelabdein et al., 2017). In contrast, Gedaref state has seen its
natural vegetation altered by mechanized farming, growing crops
such as sesame, sorghum, and millet (Mirghani, 2002). Rain-fed
plantations represent the primary land use and human activity in
the area.

In semi-arid regions, estimating water resources is challenging
due to limited hydrological information and scarce topographic
data (Edmund et al., 1992). The study area is split into two distinct
parts; the first is near the Rivers Atbara and Setit, marked by
rugged topography and a unique land feature known as the Karab
(Kerib) formation. The second part encompasses the plain areas,
gently sloping westward on the eastern bank and eastward on the
western bank of Rivers Atbara and Setit, with a general slope
across the plain from southeast to northwest.

- Downstream Area
575 Widdie Stream Area
&% upstream Area

Figure 1. Location and sectors of the study area showing the
study area is divided into three sectors; Upstream area, Middle
area and Downstream area.
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3. Geology and Hydrogeology

Hussien et al. (1989), Ibrahem et al. (1992), Hussein and
Adam (1995), and Fadull et al. (1999) conducted geological
surveys in the study area. The hydrogeological units of the area
are represented by Basement rocks (Pre-Cambrian), Sedimentary
rocks (Cretaceous), Basalts (Cenozoic), River Atbara and Setit
sediments (Late Tertiary to Early Quaternary), Karab formation
(Pleistocene), and the superficial layer at the top (Figure 2). The
Basement Complex is composed of granitic gneiss, schist, slates,
quartzite, and pegmatitic rocks. The Cretaceous sedimentary
rocks consist of sandstone, siltstone, conglomerate, and
mudstone, which constitute the major aquifers in the upstream
zone. The Cenozoic basalt occurs as thin layers intruded within the
loose formations and sometimes overlie the basement rocks. The
deposits from the Setit and River Atbara primarily consist of
sands, silt, clay, and gravelly clay layers that dominate this
sequence. These sediments characterize the main aquifer in the
middle and downstream areas. The superficial deposits, occurring
as the top layer, are represented by alluvial deposits of
Pleistocene to Recent age.
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Figure 2. The Geological map of the study area showing six
geological sequences.

4. Methodology

Several methods were employed during this research. These
methods encompassed both fieldwork and office work to achieve
the research objectives. Water samples were collected from
forty-five boreholes located throughout the study area (see
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Figure 3). Parameters such as Total Dissolved Solids (TDS),
Electrical Conductivity (EC), and pH were measured in the field
using a TDS-meter and EC-pH meter. Bottles were used to collect
water samples for subsequent chemical analysis in the laboratory.
The concentration of anions and cations was determined at the
Laboratories of the Groundwater and Wadies Directorate in
Gedaref and Kassala towns, as well as the Laboratory of Kassala
State Water following standard analytical
procedures that
ultraviolet, flame photometric, and titration methods.
Geographical Information System (Arc-GIS) version 10.2
(2013) was employed to display the locations of water sampling
sites and the distribution of chemical constituents as spatial maps.
Microsoft Excel and Word software version 14.0.6023.1000
(2010) were used for data entry and diagram preparation. Surfer
program version 9.8.669 (2009) and Digital Elevation Model
Acquisition (DEM) version (2011) were utilized to create the TDS
map. Piper's diagram was adopted to classify the groundwater

Corporation,

involved Titrimetric, Spectrophotometric,

types.
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Figure 3. Location of the boreholes in the study area, water
samples were taken from forty-five boreholes.
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5. Results and Discussion

The groundwater characteristics in the study area are
explained in the following sections (Table 1). The electrical
conductivity (EC) in the study area varies between 287 and 3580
uS/cm. The high EC values in the study area are primarily
concentrated in the fractured basaltic aquifers in the downstream
area (Eldeweh well) (Figure 4), the middle area (Umm Oud,
Mabroukah, and Shaoat Sharg wells) (Figure 5), and the upstream
area (Karkora 1 well) (Figure 6). With regard to the concentration
of EC in the study area, it complies with WHO and SSMO
standards, except for nine sites that exceed the established
standards (Table 1).

The hydrogen ion concentration (pH) of the solution indicates
the effective hydrogen concentration H+ (Mazor, 2004) and is
mathematically expressed as follows:

pH = -log H* (1)

The pH values in the study area range from 6.2 to 8.5, which
falls within the normal range for water quality (Hem, 2005).
However, there are four exceptions where samples from Magat
Abd Elnabe2, Magate Shoot Shamal, Umm Oud, and Mellagahl
villages exhibit high sodium content, leading to elevated pH
values. In general, the pH values in the study area conform to the
established standards of both WHO and SSMO, except for these
four sites (Table 1).
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Table 1. Statistic overview of chemical and physicochemical analysis of wells in the study area (Data in mg\l unless otherwise indicated)

\Downstream

Parameter MAX MIN AVERAGE STANDARD DEVIATION
Hardness 204 28 138 58.77414
pH 8.4 7.2 7.9 0.517687
EC( uS/cm) 2050 287 1048.667 744.133
TDS 1333 201 695.1667 463.8467
Ca 56 6.4 24.4 19.6204
Mg 39.4 1.92 18.48667 15.59632
Na 420 250 319.4167 61.43648
K 4.3 1.5 2.583333 0.978604
HCO3 427 97.6 270.3333 123.905
cl 404 6.39 134.6483 159.7418
SO 250 0.5 100.5833 110.7495
No3 7.8 0.44 5.253333 3.062644

Midstream

Parameter MAX MIN AVERAGE STANDARD DEVIATION
Hardness 960 150 316.1471 191.1748
pH 8.8 6.2 7.976471 0.620009
EC( uS/cm) 3139 582 1234.941 792.3401
TDS 2040 378 803.1176 516.5334
Ca 71.3 6.88 33.49882 19.16756
Mg 190 4.5 56.34706 39.69301
Na 400 93.52 281.4171 80.9951
K 31 1.3 4.475 0.830662
HCO3 1411 174.3 387.2353 285.6081
cl 1098 10.7 156.2706 263.8523
SO* 508 12 93.73529 122.162
No3 18.48 0 2.826235 4.493662

Upstream

Parameter MAX MIN AVERAGE STANDARD DEVIATION
Hardness 514 28 215.9545 116.3363
pH 8.6 6.6 7.654545 0.509647
EC( uS/cm) 3340 287 992 576.5388
TDS 1670 200 600.0909 308.7955
Ca 90 6.4 36.19091 22.58415
Mg 110 1.92 31.28 25.85884
Na 360 7.04 171.5859 98.02315
K 46 1.2 5.217727 9.263125
HCO3 793 78 383.15 161.4407
Cl 670 21.1 93.77091 136.2717
SO* 175 0 73.02273 51.60714
No3 44 0 10.99545 9.910983
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Figure 4. Comparison between TDS and Total Hardness (mg/L) and EC (uS/cm) in groundwater in downstream sector.
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There are conflicting definitions and difficulties in
characterizing hardness, as noted by Hem et al. (1982). TH is
primarily attributed to the concentration of magnesium and
calcium salts. In the specific study area, total hardness ranges
from 28 to 960 (see Figure 7). According to the classifications by
Sawyer & McCarly (1967), the groundwater in this area can be

categorized from soft water to hard water.
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Figure 7. Spatial identification of Total Hardness showing the
study area is classified from soft water to very hard water.

TDS in water consists of inorganic salts, including calcium,

sulfates, chlorides, magnesium, potassium, sodium, and

39

bicarbonates, as mentioned by Hago (2014). In the study area,
TDS values range from 200 to 2040 mg/L (see Table 1). The salinity
levels vary from slightly saline to moderately saline, with the
exception of seven samples that are highly saline and exceed the
established standards (see Figures 3, 4, and 5). In general, the TDS
levels in the study area meet the standards, except for nine
specific sites (see Figure 8).

3402 35837 35782
1 I L

i

Ak
uss

v

V.

50
i
14758

305
f

14508

s
1
14375

= o 2
Legend 1
Boreholes 2 RiversandWadies TOS, mgit I 1013- 1215 " ¢"

@ rit A Townsand Vilages | |201-40¢ [ i2is a8 N
® un D vownstreamares [ 404-607 [T 14101620
E Knashmel Giroa Dam ) mddie streamAren [0] 507210 [ 1621 1,24

o | W sestoam o= [ sro- 1013 1824- 2,027 g

ke G = 024 8 12 _sexm [

2 Upper Atbara Dam 2

T T T T T
36422 3837 38782 35920 3071

Figure 8. Spatial identification of TDS; the concentration of TDS
at the study area within the WHO and SSMO standards except
nine sites are above the standards.
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The major dissolved solids of water in downstream, middle and upstream areas are presented in the following Figures.
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Figure 9. Major dissolved solids in groundwater in downstream sector (mg/L).
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Calcium (Ca?*) ions are abundant in the Earth and mobile in
the hydrosphere. Calcium is one of the most common ions in
subsurface water (Davis & Dewiest, 1966).
minimum value of calcium in the study area is 6.4 mg/L, while the

However, the

maximum value is about 90 mg/L (see Table 1). Generally, high
concentrations of calcium are found in the middle area
(Mabroukah wells) (see Figure 10) and in the upstream area
(Showak and Abbuda wells) (see Figure 11), which may be
attributed to the dissolution of carbonate minerals in the country
rock.

The primary source of Magnesium (Mg2*) in groundwater in
the study area involves basic volcanic rocks rich in ferro-
magnesian minerals (Olivine, pyroxene, and amphiboles). In
water chemistry, the geochemical behavior of Mg?* is similar to
that of Ca?* (Davis & Dewiest, 1966). The concentration of
magnesium in the study area ranges between 1.92 and 190 mg/L
(see Table 1). It increases towards the boundary of the recharge
area, where volcanic rock is concentrated, such as Mabroukah
well in the middle area (see Figure 10) and Karkoral and Umm
Gargoor wells in the upstream area (see Figure 11). Generally,
magnesium levels in the study area meet the WHO and SSMO
standards, except for four specific sites.

The Sodium ion concentration (Na*) in the study area
generally ranges between 10 and 415 mg/L (see Table 1). High
sodium values are observed in the downstream area (Eldeweh
well) (see Figure 9) and in the middle area (Shaoat Sherg 1&2,
Almugatah Shareg, and Mabroukah wells) (see Figure 10). This
may be a result of Aegirine Pyroxene in the granitic rocks. More
than 50% of the sites have high sodium concentrations, exceeding
the WHO and SSMO standards.

The Potassium concentration (K*) in the study area is lower
than sodium. In the middle area (Almadinah Aarab well) and in
the upstream area (Karkoral well), the K* concentration reaches
relatively high values (31 and 46 mg/L, respectively) (see Figures
10 and 11). The variation in potassium levels in groundwater is
related to leaching processes along the groundwater regime,
especially from southwest to northeast (higher values upstream
and lower values downstream). The Potassium concentration in
the study area generally meets the WHO and SSMO standards,
except for the Karkora site (upstream area), which exceeds the
standards.

The sulfate concentration (S04*7) displays significant spatial
variation. The increase in sulfate concentration does not entirely
coincide with the direction of groundwater flow. Sulfate
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concentrations in the study area range between 0.7 and 500 mg/L
(see Table 1). High sulfate values are observed in wells located in
volcanic zones in the middle of the study area, such as Shaoat
sherg (1) and (2), Almugatah sherg, and Um Oud (see Figure 10).
This may be attributed to volcanic intrusions, which can impact
groundwater quality in the mentioned boreholes. Sulfate
concentrations in the study area generally meet the WHO and
SSMO standards, except for four specific sites.

The dissociation of Bicarbonate (HCOs™) to carbonate is
influenced by the pH value. The dissolution of carbonate rocks
and the presence of carbon dioxide in the soil and atmosphere are
considered the main sources of bicarbonate and carbonate in
water. Bicarbonate concentrations in the study area range
between 78 and 1411 mg/L (see Table 1). High bicarbonate values
are found in Mabroukah (middle area) and Umm Gargoor 1
(upstream area) boreholes (see Figures 10 and 11), possibly due
to evaporite deposits in the calcareous sandstone, thick
mudstones, and upper soil layer. Generally, bicarbonate
concentrations meet the standards, except for fourteen specific
sites.

Chloride (CI7) is the main element in water exposed to the
atmosphere (Hem, 1992). Chloride concentrations in the study
area range between 6 and 1098 mg/L (see Table 1). High chloride
concentrations are observed in the middle zone (Mabroukah well)
and the upstream zone (Karkoral well) (see Figures 10 and 11),
possibly due to the dissolution of chloride minerals in the basaltic
or granitic rocks (Kuarod & Sandell, 1963). Generally, chloride
levels in the study area meet the WHO and SSMO standards,
except for six specific sites located in basaltic zones.

Nitrate concentration (NOs™) in the study area is very low.
Nitrate may have originated from organic matter contamination
within the aquifer. During this study, other sources of
contamination, such as fertilizers, were not reported, especially
those located away from horticultural zones (see Table 1).

The primary ions' composition in groundwater is used to
identify groundwater facies, classified based on the cations and
anions. Such classification can be graphically represented using
various methods (Hem, 1992). Collins (1923), Piper (1944), Raji &
Alagbe (1997), and Domenico & Schwartz (1998) have proposed
and modified chemical analysis methods.

Based on Piper's diagram, the majority of well samples
collected from the study area (60%) belong to the mixed
groundwater type, while (40%) fall into Na-HCOs, Na-Cl, and Ca-
Mg-HCO; groundwater types (see Figure 12).
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Figure 12. The diagram shows groundwater facies in the study
area.

In terms of water quality analysis for the 45 groundwater
samples collected from the study area, the TDS values range from
201 to 801 mg/L, which falls within the acceptable range for
human consumption. However, nine samples exhibit TDS values
ranging from 1201 to 2040 mg/L, exceeding the standards set by
WHO and SSMO, making them human
consumption. This higher TDS content is attributed to elevated

unsuitable for

levels of sodium (Na*), magnesium (Mg?*), and chloride (Cl7) in the
basaltic rocks. The majority of the samples (60%) belong to mixed
groundwater types, while the remaining samples are classified as
Na-HCO3s, Na-Cl, and Ca-Mg-HCO; groundwater types.

The primary land use and human activity in the study area are
rain-fed plantation. Irrigation in the region relies on either rainfall
or direct extraction from surface water sources. Fortunately, most
of the groundwater samples in the study area are suitable for
irrigation purposes.

6. Conclusion

The TDS values in the study area range from 200 to 800 mg/L,
making the water suitable for human use. However, nine samples
have TDS values ranging from 1200 to 2040 mg/L, rendering them
unsuitable for human consumption. These elevated TDS levels
may be attributed to the concentrations of magnesium (Mg?*),
chloride (CI7), and sodium (Na*) in the basaltic rocks.

Based on the findings from the investigations mentioned
above, it is strongly recommended to employ isotopic techniques
using 018 to identify the source of salinity in the nine sites that
exceed the established standards. Additionally, due to population
growth and horticultural expansion within the study area, it is
advisable to conduct chemical and bacteriological analyses
annually to monitor changes in the water quality of the study
area.
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Abstract: The non-dyadic Haar wavelet (Haar scale-3) collocation approach is used in this article to generate numerical solutions for
fractional differential equations. The non-linear fractional ordinary differential equations are linearised using the Quasilinearisation
technique. The Haar scale-3 wavelet approach works by transforming a set of differential calculations into a set of linear algebraic
equations. The reliability of the numerical solution can be improved by raising the degree of resolution, and error analysis can be
performed. The numerical examples were solved to test the simplicity and flexibility of the method. The outcomes of the numerical
examples are compatible with the exact solution and provide better results than previous results existing in the literature. This means
that the procedure used here is consistent, reliable, and convenient to use.

Keywords: Non-dyadic Haar wavelet (HS3WM), Quasilinearisation technique, fractional differential equation, non-linear ordinary

differential equation, Riccati fractional equation

1. Introduction

In recent years, the usage of fractional-order derivatives has
exploded in engineering and biological sciences, as well as other
fields of study. Modelling and controlling numerous dynamic
systems is one of the biggest advantages of using fractional
differential equations. Fractional derivatives and integrals are
more useful and cost-effective than conventional derivatives in
formulating specific electrochemical applications (Oldham &
Spanier, 1974). This discovery stimulated their curiosity not only
in the applications of the concepts of arbitrary order integrals and
derivatives but also in the fundamental mathematical features of
these interesting operators (Li & Zeng, 2015). Many physical
phenomena, such as the behaviour of biological and mechatronic
systems, rheology, complex viscoelasticity, anomalous diffusion,
and so on, cannot be well defined and justified based on partial
calculus. This has led researchers to explore alternative
approaches, as highlighted by Baleanu and Shiri (2015), Miller and
Ross (1993), and Podlubny (1993). In distinct fields such as science
and engineering, fractional differential equations have many
practical applications. Numerous substantial and technical
structures, such as dielectric polarisation methods, viscoelastic
systems, and electrode-electrolyte polarisation, are modelled
using fractional derivatives (Almeida & Bastos, 2016; Gowrisankar
& Uthayakumar, 2016). As a result of the expanding applications,
many numerical approaches for solving these equations have
been developed, including the wavelet method (Chen et al.,
2012), the generalised differential transform method, the
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modified homotopy method (Odibat & Momani, 2008), the finite
difference method (Sun et al., 2012), and so on. Non-linear
phenomena can be seen in several scientific fields, including fluid
dynamics, plasma physics, solid-state physics, chemical kinetics,
engineering, and other fields. The mathematical technique of
wavelet analysis is well-known and extensively applied. Wavelets
are a set of expressions that have been combined to generate a
sum of basic functions, and to generate these basic functions, a
mother wavelet is translated and compressed. Therefore, it
produces locality and smoothness properties. The use of wavelets
has aroused researchers’ interest in solving conventional ordinary
and partial differential equations numerically. Numerous
traditional wavelet techniques for solving these equations have
recently been expanded by researchers. Numerical solutions and
numerical integration of fractional ordinary and partial
differential equations are two further wavelet applications in
practical mathematics. For the time being, wavelets such as the
B-spline, Legendre wavelet, Haar wavelet, Daubechies wavelet
and Boubaker wavelet are used (Kobra & Mohsen, 2021). Many
studies have employed the Haar scale wavelet, a wavelet that is
orthonormal with compact support (Saeed & Rehman, 2013; Shah
etal., 2017). A fractional differential equation is converted into an
algebraic structure with a finite number of variables by using Haar
wavelets (Amin et al., 2021). In 2018, HS3WM was used by Mittal
and Pandit to solve a variety of differential equations and
expressed that many various types of mathematical models
controlled by differential equations, such as dispersive equations
(Kumar & Gupta, 2022) and second-order linear
integrodifferential equations (Kumar & Bakhtawar, 2022), can be
equally capable of solving these wavelet bases (Mittal et al.,
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2018). They also depicted that, in terms of convergence, the
HS3WM is more rapidly convergent than the Haar scale-2
wavelet. Furthermore, the attributes of the solution to the non-
linear fractional differential equation are yet to be investigated
using HS3WNMs. This inspires us to introduce a new technique for
analysing the behaviour of fractional equation-governed systems
by employing the HS3WM.

The following types of differential equations are used to assess
the applicability of modified HS3WM (Arora et al., 2020).

Du®(z) = G(z,u(z),u'(2),u"(2)) @)

With the given set of initial and boundary conditions,

2. Basic Definition of Fractional Calculus

Initial conditions: u(0) = pyand u'(0) = u, 2)
Dirichlet boundary conditions: u(0) = pz and u(1) =y,  (3)

The manuscript is organised in the following sections: The
fundamental definitions of fractional calculus are provided in
Section 2. The HS3W and structure of its family in explicit forms,
as well as the process for finding their integrals, were briefly
discussed in Section 3. Section 4 explains the Quasilinearisation
technique to solve a non-linear term in a differential equation. In
Section 5, the present approach is used to solve five distinct models
of fractional differential equations to evaluate their efficiency and
performance. The conclusion drawn from the data, as well as future
study ideas, is presented in Section 6.

In the given section, we discussed the basic definitions of fractional differentiation and integration.
Reimann Liouville Fractional differential operator of order a: For the positive real numbers a, t across the interval [m, n], the fractional

differential operator established by Riemann-Liouville is given by Das (2011):

1

OO0

4] f:f(x)(t — Xyl

where a denotes the order of the derivative and te [m, n].

Caputo fractional differential operator of order a: For positive real numbers a, t, the fractional differential operator developed by Caputo,

an ltalian mathematician, is (Shah et al., 2022):

1
def(t) =

r'p—a)

fm [%]p FE(t - x)Pdx

where a denotes the order of the derivative and te [m, n].

3. Haar Scale-3 Wavelet

The main difference between Haar scale-2 wavelets is that the construction of the entire wavelet family can be done only by one mother

wavelet, whereas in the HS3W, for the construction of the entire wavelet family, two distinct shapes of mother wavelets are responsible.
Due to this, with the help of HS3W, the rate of convergence of the solution has increased. With dilation factor three, the family of HS3W with
detailed information about Haar function, father wavelet, and symmetric and antisymmetric mother wavelets is provided below (Arora et

al., 2020; Shiralashetti & Deshi, 2016).

f(2) = c1¢1(2) +

even index i 22

ciof(2) + Z )

odd index i 23

Hence, the generalised form of the HS3-W family can be expressed in the form of:

h(o = 60 = {;

, otherwise

<
ast<b fori=1

-1 @ st < x200)

; 1
@) =9l(3 k) =51 7
0

2 X12(D) St < xq3 (0) fori=246..... 3p—1
X13() St < x4 ()
otherwise
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3 1 x11(0) St < xq2(0)

i 0 (H<st< ) ,

() = 0?3 —k) = |= X12 X13 —

hi(t) = ;3! —k) \/; _1 (D) << 1aa(D) fori=135...... ,3p
0 otherwise

. k . 3k+1 3k+2 k+1 i .
m=a+G-05m®=a+G-0%E  pz=atG-0EE  yu=at+b-aSE Hee  p=3/,)=
0,1,2,3,..... ,k=012,.....,p—1.

The translation characteristics, resolution level (dilation factor), and wavelet number of the wavelet family are represented by k, j, and i,
respectively. We defined integrals for HS3W as follows:

x rs
[ $is¥dr = #1609 = {FG+ D : asr<b
0 0 otherwise
0 ;07 <x11()
T AOn () <7 < D)
x 1 3[r = x12(D° — [r — 11 (D]° ) , ,
[0ttt = pros ) = G+ P =1 < s
0 VI 3pr— 2O = 30 — xusOF = [r = 2 OF . .
TG+ 1) s X13() =7 < x14(D)
3[r— x12(D]° = 3[r — )(13(;‘)(15—'__1[; = x1u D +[r— X14(i)]s; yu@) T <1
0 ;07 <xu@®
[rl"_(;(:-l(ll))] s x11(D) S 1 < x12(0)
x 2 [r = xu(OF — [r — x22(D)° ) . ,
[ ois2@rar = pisn @ = ﬁ G+ P ra) = 1< s
0 [r— XD — [rr_(;(:_z(ll))] = [r = x13()] s s <7 < 14 (D)
[r —x1:(D]° = 3[r _)(12(;)2: ; [17;_)(13(11)]S + [ — x1.(D]° D@ <r<1

4. Quasilinearisation Technique

Basically, the Quasilinearisation technique is a generalised form of the Newton-Raphson technique. It converges to a solution in its exact
form. Quadratically, it must show monotone convergence (Saeed & Rehman, 2013). Here, consider a non-linear second-order differential
equation:

P () = k@, Y ©)) (4)

With boundary conditions:

Y(ay) = 04,9P(b) =05 2, <v< by

Here, k is in terms of ¥ (v). Let us choose an approximation at the initial step of solution ¥ (v). Let us say ¥, (v). k can be expanded
around ¥, (v) and is written in the form

k@), v) = ko), v) + W) — o) dky,w) Wo ) ,v) (5)
Y (W) = k(tho(v),v) + W) = PoV) Dy, @) Wo) ,v) (6)
P () = k@), v) + @) — P1(v) Yy, @) W1 (V) ,v) ()
The form of a recurrence relationship is:

Poar" @) = k(WPs@),0) + PO) = Y5 0) Yy, o) W) ) (8)

for obtaining Y4, (v), here, use Y (v), whose value is already known. A non-linear differential equation with the required conditions is
given as follows:
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Ysp1(v) = a,Ps(v) = B. (9)

Now, consider the non-linear second-order differential equation of the form:
Y ) = k@' ), ¥ (@),v)
Here, the first derivative ¢’ (m) can be considered as another function
Psar" (V) = k@' @), P@),0) + W1 (V) — Y5 V)) kyr) W5 V), Ys ), V) + Ws1 (V) — Y5 (D) k W5 ), Ps(v),v) (10)
With boundary conditions Y5, (v) = a,Ys(v) = B. (12)
Follow the same technique to establish the recurrence relation for higher-order non-linear differential equations.
Lhssa(0) = k@s ), Y5 @). ... 7)) + TPz @) = YE @) kyr @), s V), T ),0) (12)

The order of the differential equation is j; the above equation is linear, and it can be solved recursively, 5 (v), if it has a known value and
can be used to get the value of 4,1 (V).

5. Applications of Fractional Differential Equations

In this part, the HS3WM is used to solve certain numerical problems for solving linear as well as non-linear fractional differential equations
and compare the results with the results obtained by methods available in the literature to demonstrate the method’s compatibility.

Numerical Experiment No. 1: Fractional Riccati Equation
D% (x) = —y?(x)+1,forx=0,0<a <1 (13)
Subject to the initial condition y (0) = 0.

exact solutionata =1,
e?*—1

eX41

y(x) = (14)

Solution:
Applying the Quasilinearisation technique to the non-linear term of equation (13), we get

D%Yey1 (%) + 2 ys(X)Ys41(x) = y& +1,x 2 0 (15)

With the initial condition y;,1(0) = 0, we applied HS3WM to equation (15), and we approximated the term containing the highest

derivatives by Haar wavelet series as follows:
3M

D%Y5r () = ) cihu(®) (16)
=1
On integrating the above equation (16), we obtained the lower derivatives, and by using the initial condition, we have,
3M
Yerr () = ) c1Pay(x) (7

=1

Now, substituting equations (16) and (17) in equation (15), we get

3M
> alh) +2 3 () Pa (] = Y20 + 1 (18)
=1
a7 DOl:https//doi.org/10.22452/mjs.vol43n01.5
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For a =1, we assigned the differential order to equation (13) and at J = 2 resolution level. Tables 1 and 2 show the comparative study of
the exact and approximate solutions as well as the values of errors, respectively, derived using the Haar scale-3 wavelet technique, and

graphical results are shown in Figure 1. The absolute inaccuracy decreases as the number of iterations increases. Using the Quasilinearisation

technique at a given level of resolution, the precise answer at @ = 1 and the Haar wavelet resolution at various a’s are demonstrated in

Figure 2.

Table 1. Comparison of Exact Value and Approximate Value at Different Values of x and Result Comparison by Two Different Methods

X Exact Value Approx. value Absolute Error by Kobra, 2021
HS3WM

0.1 0.01851640192288 0.018512172212923 2.8650e-05 6.11e-05

0.2 0.05549847010902 0.055485850362306 4.2584e-05 1.16e-04

0.3 0.092328886151755 0.092308082564065 5.9053e-05 1.12e-04

0.4 0.128908385222714 0.128879735027882 6.7831e-05 8.34e-04

0.5 0.165140412924629 0.165104375053012 6.9465e-05 6.69e-03

0.6 0.200932122324545 0.200889264899714 6.6312e-05 6.64e-03

0.7 0.236195287939167 0.236146273143560 5.7972e-05 6.24e-04

0.8 0.270847118516721 0.270792685450088 4.6444e-05 5.86e-03

0.9 0.304810954186844 0.304751900397517 3.7996e-05 1.48e-04
Table 2. Comparison of Value of Error of L, Error and L, Errors at Different Levels of Resolution.

Level of resolution J=2 J=3 =4 J=5

HSWM3 Lyerror 1.0785e-04 1.1896e-05 1.3217e-06 1.5412e-07

HSWM3 Lyerror 6.9465e-05 7.7184e-06 8.5760e-07 9.7023e-08

y(x)

Numerical Experiment No. 1

o 08 Absolute value of Error
—=—Exact Solution AR el
07 . . o = ¥ i
——Numerical Solution / e
L o l ® ¥ %
08 f}k Egl e
- X %
05f d 1 2 # %
=2
04 X} i< x e
# > X
£ 3r 4 ¥
03r & 11
# !
4 = ot P
02t & 1X 2
& —
o (] *
01t g’F | Q 1+
& w |
0 & . . . . > 0 . ' . .
0 0.2 0.4 06 0.8 1 0 02 0.4 0.6 0.8 1

X

Figure 1. Graphical Representation of the Exact Solution and the Numerical Solutionat a = 1
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Numerical solution at different values of alpha

=

—<—— alpha=1
g ——— alpha=0.25
(%] alpha=0.50
o ; ’ . — alpha=0.75
o 0.2 0.4 0.6 0.8 1
X
Figure 2. Graphical Representation of the Numerical Solution for Different Values of a Lies Between 0 and 1. At j = 2 Resolution Level.

!

Numerical Experiment No. 2: Fractional Vander-Pol Oscillator Problem

D) ) +y2 0 2

a —_
D%y + dx dx

=2 cos(x) — cos3(x), 1<a<2 (19

Subject to early circumstances: y (0) =0, y'(0) = 1
At @ = 2, the precise answer that exists in the literature (Odibat & Momani, 2008) is given by: y(x)= sin(x)
Solution: After applying the Quasilinearisation technique to equation (19), we get

D511 () + (1 + 2y5(0) s’ (0))ys41 () + (1 + ¥52(0))yse1'(6) = 2¥5" ()52 (x) + 2c0s(x) — cos®(x),1 < a
<2 (20)

With the initial condition y4,1(0) = 0, y,'(0) = 1, we applied the Haar scale-3 method to (20), and we approximated the term with the
highest derivatives by the Haar wavelet series as follows:

3M
DYsr () = ) i) @1
=1
On integrating the above equation (21), we obtained the lower derivatives, and by using the initial condition, we have
3M
Y51 () = ) ciPey() 22)
=1

Now, substituting equations (21) and (22) in equation (20), we get

3M

Z al () + (1 + 2y5(x) ¥5' (1)) Pei () + (1 + ¥5 (1)) Pe—1,(x)]
=1

= 2y52(0)ys" () = (1 + 2y () ys (%) )x — 1=y5%(x) + 2cos(x)
—cos3(x) (23)

With initial approximations yo(x) = 0,y (x) = 1

We assigned the differential order to equation (20) for a = 2 and the level of resolution to J = 2. Tables 3 and 4 show the comparative
study of the exact and approximate solutions as well as the values of errors, respectively, derived using the Haar scale-3 wavelet technique,
and graphical results are shown in Figure 3. With more iterations, the absolute error decreases. The precise solution at @ = 1 and the Haar
wavelet solution at distinct a's are represented in Figure. 4 via the Quasilinearisation technique at a fixed level of resolution.
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Table 3. Comparison of the Exact Value and the Approximate Value at Different Values of x and Discussion of Absolute Error by Scale-3 Haar
Wavelets with Haar Scale Wavelets

X Exact Value Approx. value Saeed, 2017 Absolute Error by
HS3WM
0.1 0.0998334166 0.0998334056 0.0998333872 2.89934e-06
0.2 0.1986693308 0.1986693108 0.1986692768 8.67113e-06
0.3 0.2955202067 0.2955202012 0.2955201331 1.44070e-05
0.4 0.3894183423 0.3894182990 0.3894182543 2.01071e-05
0.5 0.4794255386 0.4794255100 0.4794254413 2.57714e-05
0.6 0.5646424734 0.5646423900 0.5646423719 3.13998e-05
0.7 0.6442176872 0.6442176329 0.6442175863 3.69924e-05
0.8 0.7173560909 0.7173560600 0.7173559950 4.25492e-05
0.9 0.7833269096 0.7833268874 0.7833268225 4.80701e-05

Table 4. Comparison of the Value of the Error of the Scale-3 Haar Wavelet at Different Levels of Resolution.

Level of resolution

J=3

=4

HSWM3 Lyerror
HSWM3 Ly.error

6.33395260e-05
4.12718973e-05

7.03695009e-06
4.58592395e-06

7.81873793e-07
5.09566047e-07
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Figure 3. Graphical Representation of the Exact Solution and the Numerical Solution
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Numerical solution at different values of alpha
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Figure 4. Graphical Representation of Numerical Solution for Different Values of a Lies Between 1 and 2. At j = 2 Resolution Level

Numerical Experiment No. 3: Non-linear Oscillator Ordinary Differential Equation
D% (x) + (¥)?(x) —y(x) +y*(x) —1=0, 1<a<?2 (24)

With the initial conditiony (0) =2, y'(0) = 0
The value of the exact solution at @ = 2 given as,

y(x)=1+cos(x)

Solution:

Applying the Quasilinearisation technique to equation (24) and the equation becomes
Dyg41(x) + 2y5()ys41(x) — (1 = 275 (0))ys41(x) = ¥&(x) + (' )?(x) + 1 (25)
With the initial conditions y¢,,(0) = 0, y4(0) = 0,

We applied HS3WM to (24), and we approximated the term that contains the highest derivatives by Haar wavelet series as follows:
3M

D%Ysr () = ) cihu(®) (26)

=1

On integrating the above equation (26), we obtained the lower derivatives, and by using the initial condition, we have

3M
Yerr () = ) Py () +2 @7)
=1
3M
V() = ) Py () (28)
=1

Now, substituting equations (26), (27), and (25) in equation (24), we get

T ailh () + 25 (6) Pam1,1(x) = (1 = 2y5(x)) Poa ()] = Y20) +yi¥ () + 2(1 = 2y5(x)) + 1 (29)

With initial conditions y,(x) = 0, y5(x) = 0
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For a = 2, we assigned the differential order to equation 25 and at J = 2 resolution level. Tables 5 and 6 show the comparative study of
the exact and approximate solutions as well as the values of errors, respectively, derived using the Haar scale-3 wavelet technique, and
graphical results are shown in Figure 5. The absolute inaccuracy decreases as the number of iterations increases. At a constant level of
resolution, the exact solution at a = 1 and the Haar wavelet solutions at various a's are shown in Figure 6.

Table 5. Comparison of Exact Value and Approximate Value at Different Values of x. Discussion of Absolute Error by Scale-3 Haar Wavelets
with Haar Scale Wavelets.

X Exact Value Approx Value Saeed 2013 Absolute Error by
HS3WM
0.1 1.995004165 1.995004166 1.995004166 3.734e-06
0.2 1.980066578 1.980066579 1.980066581 1.568e-05
0.3 1.955336489 1.955336492 1.955336496 3.958e-05
0.4 1.921060994 1.921060999 1.921061007 7.543e-05
0.5 1.877582562 1.877582576 1.877582583 1.232e-04
0.6 1.825335615 1.825335628 1.825335647 1.830e-04
0.7 1.764842187 1.764842204 1.764842233 2.547e-04
0.8 1.696706709 1.696706740 1.696706772 3.384e-04
0.9 1.621609968 1.621609998 1.621601051 4.341e-04

Table 6. Comparison of Values of the Error Scale-3 Haar Wavelet at Different Levels of Resolution.

Level of resolution 1=2 J=3 J=4
HSWM3 L,error 8.69048147e-06 9.66118381e-07 1.07352784e-07
HSWM3 L error 3.71196461e-05 4.25861607e-06 4.78242174e-07
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Figure 5. Graphical Representation of the Exact Solution and the Numerical Solution
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Numerical solution at different values of alpha
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Figure 6. Graphical Representation of the Numerical Solution for Different Values of a Lies Between 1 and 2. At j = 2 Resolution Level.

Numerical Experiment No. 4: Composite Fractional Oscillation Equation

D%y(x) +y(x)=f(x),0<a<1 (30)
With initial condition y(0) = 0, where f(x) = x? + FZ(’;Z__:) 3D

For a = 1, the exact solution of the equation is y(x)=x?2

Solution:
We applied the Haar scale-3 method to (30), and we estimated the advanced derivatives term by Haar wavelet series as follows:
3M
Dey() = ) () (32)
=1

On integrating the above equation (32), we obtained the lower derivatives, and by using the initial condition, we have

3M

V) = ) aPay () (33)
=1

now using equations (33) and (32) in equation (30).

2x2—a

Yt alhi () + Py (0] = x* + So—

(34)

We assigned the differential order to equation 30 for @ = 1 and the level of resolution to J = 2. Table 7 depicts the absolute errorat a = 1
and other fractional values of alpha, and Table 8 presents the value of L, and L., error at different values of J. Here, Figure 7 depicts the
exact and approximate solutions obtained using the HS3WM approach. With more iterations, the absolute error decreases. The precise
solution at a =1 and the Haar wavelet solution at distinct a's are represented in Figure 8.
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Table 7. Comparison of Exact Value and Approximate Value at Different Values of x. Discussion of Absolute Error by Scale-3 Haar Wavelet
with Haar Scale Wavelets at Different Values of a

X Exact Approx. Absolute error  Absolute Error by Shah 2017 (¢ =0.50) Shah 2017
Value Value at HS3WM
a=1 a=1 a=1 (¢ =0.25)
0.1 0.01 0.0101 3.012e-04 4.225e-06 9.000e-03 4.1904e-06 4.000e-03
0.2 0.04 0.0414 2.797e-04 4.105e-06 8.000e-03 4.3903e-06 5.000e-03
0.3 0.09 0.0914 2.503e-04 4.004e-06 4.000e-03 4.0882e-06 1.000e-03
0.4 0.16 0.1609 2.224e-04 3.939e-06 2.800e-03 3.9885e-06 8.000e-03
0.5 0.25 0.2500 2.085e-04 3.875e-06 6.300e-03 3.9234e-06 2.300e-03
0.6 0.36 0.3634 1.816e-04 3.843e-06 3.200e-03 3.8435e-06 6.000e-03
0.7 0.49 0.4923 1.665e-04 3.812e-06 2.000e-03 1.6807e-06 7.000e-03
0.8 0.64 0.6406 1.490e-04 4.088e-06 9.000e-03 1.5997e-06 0.000
0.9 0.81 0.8159 1.384e-04 3.796e-06 5.200e-03 1.7160e-06 1.400e-03
Table 8. Comparison of the Value of Error of HS3WM at Different Levels of Resolution
Level of resolution 1=2 J=3 =4
HS3WM Lyerror 5.0450146e-04 5.602634e-05 6.2247865e-06
HS3WM Lyerror 3.3670033e-04 3.787018e-05 4.2250783e-06
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Figure 7. Graphical Representation of Exact Solutions and Numerical Solutions
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Numerical Solution at different values of alpha
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Figure 8. Graphical Representation of Numerical Solution for Different Values of a Lies Between 0 and 1. At j = 2 Resolution Level.
Numerical Experiment No. 5: Fractional Relaxation-Oscillation Equation
DY (x)+y(x)=f(x),0<a<1 (35)
With initial conditions y (0) = 0.

Here,

1 2 _ 4 1-2a 10 2—-a
f(x)=1-4x+5x r(z—a)x + r(g_a)x (36)

for @ = 1, the exact solution of the given equation is y(x) = 1-4x+5x2

Solution:
We applied HS3WM to (35) and approximated the term that has derivatives by Haar wavelet series as follows:

D*y(x) = XY c;hy(x) (37)
On integrating the above equation (37), we obtained the lower derivatives, and by using the initial condition, we have
y(x) = X € Pe () (38)

now using equations (37) and (38) in equation (35).

3M
Zc [ (x) + Py (x)] = 1 — 4x + 5x2 —Lxl‘2“+ix2‘“
£ e @l r-a) r3—a)

We assigned the differential order to equation 35 for a = 1 and the level of resolution to J = 2. Table 9 depicts the absolute errorat a =1
and other fractional values of alpha, and Table 10 presents the value of L, and L, error at different values of J. Here, Figure 7 depicts the
exact and approximate solutions obtained using the HS3WM approach. With more iterations, the absolute error decreases. The precise
solution at @ = 1 and the Haar wavelet solution at distinct a's are represented in Figure 8.
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Table 9. Comparison of Exact Value and Approximate Value at Different Values of x. Discussion of Absolute Error by Scale-3 Haar Wavelet

with Haar Scale Wavelets at Different Values of .

X Exact Approxim  Absolute error Absolute Error Shah 2017 Absolute Error Shah 2017
Value ¢ = ate Value at by HS3WM. by HS3WM
1 a=1 a=1 (¢ =0.25) (¢ =0.50)
0.1 0.6500 0.6475 1.506e-03 2.1038e-05 8.000e-03 2.0525e-05 2.300e-03
0.2 0.4000 0.4058 1.399e-03 2.0441e-05 1.700e-03 1.4646e-05 3.000e-03
0.3 0.2500 0.2500 1.252e-03 1.9942e-05 2.000e-03 1.3941e-05 1.000e-03
0.4  0.2000 0.2006 1.121e-03 1.9536e-05 3.100e-03 1.3601e-05 2.200e-03
0.5 0.2500 0.2542 1.040e-03 1.5579e-05 1.210e-03 1.1873e-05 6.800e-03
0.6 0.4000 0.4142 9.314e-04 1.5199e-05 8.400e-03 1.0238e-05 2.200e-03
0.7 0.6500 0.6599 8.333e-04 9.1999e-04 6.000e-03 1.0017e-05 2.600e-03
0.8 1.0000 1.0016 7.456e-04 8.9387e-04 2.700e-03 9.5078e-05 0.0000
0.9 1.4500 1.4665 6.678e-04 7.8681e-04 1.720e-03 1.9536e-05 5.300e-03

Table 10. Comparison of Value of Error of Scale-2 and Scale-3 Haar Wavelets at Different Levels of Resolution.
J=2 J=3 =4

1.382717e-03 1.53448107e-04 1.704744e-05
1.683501e-03 1.89350905e-04 2.112539e-05

Level of resolution
HSWM3 L,error
HSWM3 L.error
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Figure 9. Graphical Representation of Exact Solutions and Numerical Solutions
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Numerical solution at different values of alpha
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Figure 10. Graphical Representation of Numerical Solution for Different Values of « Lies Between 0 and 1. At j = 2 Resolution Level.

6. Conclusions and Results

The Haar scale-3 wavelet operational matrix of fractional
order integration is used to solve fractional differential equations
numerically in this article. This proposed method has been used
to analyse both linear and non-linear problems with success. The
study found that the applied technique is less complicated and
more convergent than others. The proposed method is used to
reliability.
Furthermore, the approaches for error analysis are thoroughly
examined with the help of MATLAB, which shows good
agreement of the numerical solution with the exact solution and

discuss numerical problems of this kind with

other solutions existing in the literature. Through our study, we
conclude that in the future, the proposed method could be
applied to many fractional differential equations to generate
more precise findings or to equations that have higher-order
fractional derivatives.
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Abstract: Plastics have become the preferred materials for use due to their barrier properties and strength. This study aimed to determine
the wettability, contact angle, and polymer chemical properties by comparing pure and mixed starch bioplastics with different plasticizers.
Gamma radiation and electron beams are used in industrial applications. Gamma radiation is used because it is extreme in penetration,
and Cobalt-60 is often used for sterilization. Most bioplastics with citric acid as the plasticizer produced a high contact angle and achieved
hydrophobicity. Materials used in constant amounts are distilled water and glycerol. Others manipulate variables based on the presence
of starch, such as corn, potato, rice, or a mixture of the two starches. The Samples were characterized using tensile and elongation tests,
water contact angle, Fourier Transform Infrared (FTIR) analysis, topography using Atomic Force Microscopy (AFM), moisture content tests,
and biodegradability tests. Potato and corn-rice bioplastics have low moisture contents. Meanwhile, the corn bioplastic degraded faster
at 80.17%. Potato rice with citric acid lead tensile test with 4.095 MPa. However, potatoes with sorbitol lead with 34.57% for the
elongation case. FTIR analysis identified the functional groups of the normal polymeric OH and C-H stretching of the methylene group at
wavenumbers of 3280-3300 cm! and 2920-2935 cm-l, respectively. According to FTIR analysis, corn rice with the presence of citric acid
bioplastic was chosen to undergo AFM to survey roughness in case to determine whether crosslinking might happen; the different average
roughness between pre-irradiated and post-irradiated samples is 8.82 nm. Based on these findings, bioplastics may contribute
tremendous benefits, especially in smart packaging applications.

Keywords: Waterproof, irradiated, packaging, bioplastic, cobalt-60

1. Introduction

Plastics are everywhere, including the market, ocean, streets,
and in the body. None degrade well because the plastic
compounds are hard to break down. Plastics have become
popular due to their barrier properties and strengths. We can
obtain them anywhere; they are cheap, resistant to water, and
flexible. Currently, polymers can be molded into various shapes.
Most people are obsessed with plastic, and the beloved planet
becomes dirty and unorganized, negatively affecting lands,
waterways, and the ocean. This is because plastics have been
used for more than 50 years. It was created in the late 19th and
early 20th centuries. Besides, plastic bombing occurred during
World War Il (Clunies-Ross, 2019).

Carbon emissions cause environmental issues during
manufacturing because they cause harm rather than positive
effects. An estimated 33 billion tons of plastic are produced
annually due to the increasing rate of plastic production. Single-
use plastics accounted for approximately one-third of the total
plastic production in 2018, with an estimated 359 million tones.
Many efforts have been made to reduce the amount of plastics,
but they have not been successful, including the 3R program,

reduction, reuse, and recycling. This affects but not on a large
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scale. Thus, bioplastics are created to educate people about
making better choices to save the earth.

Many people are unfamiliar with bioplastic production, but
only a few have used it in their lives. Bioplastics are now widely
known in society and their awareness has occasionally increased.
Therefore, biodegradable materials are preferred to overcome
fossil fuel consumption and plastic accumulation (Tokiwa et al.,
2009). Natural polymers are more environmentally friendly and
easy to dispose of (Marichelvam et al., 2019). Their chemical and
physical properties must meet the ideal characterization to
construct a beautiful structure to evaluate the biodegradability of
solid polymers. The term “bioplastic” can be confusing because
some petroleum-based plastic also degrades or bio-based plastic,
which is synthesized from biomass or renewable sources. Some
bio-based plastics, like Nylon 11, has been produced as non-
biodegradable. Unlike acetyl cellulose, biodegradability refers to
the degree of acetylation.

However, fossil fuel is at an endangered level. Hence, plastics
synthesized from biomass are preferable. Bioplastics have many
kinds because the molecules can be carbohydrate-based or fat
and oil-based polymers to reduce dependency on fossil fuels.
However, carbohydrate-based polymers are the most popular
because they are derived from starch, cellulose, lactic acid,
lactide, polyhydroxyalkanoates, and chitosan, which are easier to
obtain, especially starch-based polymers because they are the
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cheapest among others. Bioplastics are growing in market niches,
such as packaging, agriculture, and automotive parts due to cost
and trends (Aranda-Garcia et al., 2015).

Domestic and municipal composting are the preferred end-of-
life disposal options for these materials (Mostafa et al., 2018)
instead of landfills, which is the worst disposal option. Starch and
water cannot compete with polyethylene (PE) or polypropylene
(PP). Therefore, plasticizers must be added to enhance the water
barrier and mechanical strength. Plasticizers, such as glycerol,
sorbitol, citric acid, and beeswax (Byun et al., 2014), have been
tested in several studies to reduce water permeability. However,
not all studies will derive the same result because each plasticizer
has weaknesses. Therefore, the wettability of bioplastics must be
determined by studying their moisture content and water contact
angle.

When it comes to radiation exposure to products, people
make a fuss, and myths about the products emerge over time.
People fear ionizing radiation because it involves radioactive
substances or handling equipment. Most people believe that
radiation exposure is equivalent to death. Many studies have
been conducted on handling and using radiation as a progress to
produce a product. A few incidents show how evil radiation can
be, but scientists were more careful after that incident, and
standard operations and policies were enhanced to ensure that
workers faced less health risks. The incident became a story that
served as a reminder to prioritize safety. "The benefits hidden
behind a negative image are finally revealed."

Packaging material is widely used in markets, industries, and
households. Over 67 million tons of packaging have been
reported (Maulida et al., 2016), leading to severe environmental
complications. In a landfill, the dumps of packaging material
increase yearly as online shopping becomes a trend among
shoppers. This results in a poor situation because most packaging
is polymer-based and degrades poorly. Some studies have started
to apply bioplastic in the packaging sector, but due to its short-
term shelf-life nature, it does not spread well, especially when
dealing with water resistance. Many studies have been conducted
on handling and using radiation as a progress to produce a
product. A few packaging materials are listed in Title 21 of the
Code of Federal Regulations (CFR) (Paquette et al., 2004) and
irradiated under regulation 179.45(d) with a maximum dose of 60
kGy. This shows that packaging material has already been
introduced to radiation for years.

Bioplastics have many properties that must be enhanced to
achieve a good packaging standard and can replace petroleum-
based plastics in the future. Environmentally friendly materials
have a shorter shelf life, as they degrade faster than petroleum-
based plastics, removing carbon dioxide, methane, water, wood,
humic matter, and other natural substances (lbrahim et al., 2017).
Starch-based bioplastics are mixtures of amylose/amylopectin
ratios, depending on their botanic origin (Jiang et al., 2017).
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Starch may have many weaknesses, and plasticizers help maintain
their chemical and physical robustness. Since bioplastic's
biodegradability is faster than petroleum-based plastics, their
lifelong has been questioned many times. They can be an
excellent choice for degradation, but wearing them for a long time
is not recommended.

Barrier properties have focused on providing an effective and
cost-effective packaging system and maximizing the shelf life of
packaged foods and beverages. Hydrophobicity mostly depends
on the material used or the concentration of the material.
Bioplastics must achieve a level where they can be picked as
desired products. Bioplastics production must beat petroleum-
based plastic standards because, through composition, all these
biomaterials are hydrophilic but quite crystalline, messing things
up, specifically regarding the packaging of wet products. For
decades, many studies have experimented with radiation toward
polymers. The radiation process is difficult because it can cause
significant damage and may break the bonds of the plasticizer and
other compounds as the polymer chains are broken and/or cross-
linked, allowing the mechanical, thermal, and physicochemical
properties to change if exposure over the limit of the substance
can be handled (Zygoura et al., 2011).

In this study, mixed- and pure-starch bioplastics were
compared. Rice, potato, and corn starches were used to produce
the samples. Examples of mixed starches include potato rice, corn
rice, and corn potato. Additional materials, including glycerol and
distilled water, were used at a constant weight. Plasticizers such
as sorbitol and citric acid were compared to analyze their
wettability and mechanical properties. Then, bioplastic samples
undergo a characterization test and irradiation treatment effect
test.

The wettability of the samples under characterization can be
determined by measuring the contact angle with a sessile drop
and studying their moisture content. Fourier Transform Infrared
(FTIR) spectroscopy was used to determine the polymer behavior
and molecule concentration to compare pre- and post-irradiation
bioplastic samples. Pure and mixed starch morphology were
compared to common plastic using atomic force microscopy
(AFM). Gamma radiation was used to irradiate samples at doses
ranging from 0.5 kGy to 2.5 kGy.

2. Methodology

Chemicals

In this study, 5 g of corn flour, 5 g of rice flour, and 5 g of
potato flour were combined to prepare a bioplastic. However, 1.5
g of glycerol, 1 g of sorbitol, 0.3 g of starch, 0.5 g of citric acid, and
1 mL of distilled water were mixed with each type of bioplastics.
Low-density polyethylene (LDPE) plastic was used for comparison.
All the chemicals were purchased from Emory.
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Table 1. Abbreviations used for Bioplastics with Different Types
of Plasticizers

Types of Plasticizers

Types of Sorbitol Citric acid (CA)
Bioplastics
Corn (C) CS CCA
__ Rice(R) RS RCA
(%)
‘_g Potato (P) PS PCA
5 Corn-Potato (CP)  CPS CPCA
» Corn-Rice (CR) CRS CRCA
Potato-Rice (PR) PRS PRCA

Sample Preparations

Different solution mixtures were stirred until the starches
achieved the gelatinization phase, and the solution's liquid
consistency turned from watery to a thick gel. The temperature
was regularly checked to prevent overheating of the molecular
mixtures, as it might decrease the function or properties of the
bioplastics. When the solutions thickened, it was poured into the
proper mold. The solution was dried for three—four days before
turning into the solid phase. Bioplastic films were made in several
pieces for characterization tests. LDPE and bioplastic pieces were
produced for tensile strength testing. All plastics were exposed to
five doses of gamma radiation: 0.5, 1.0, 1.5, 2.0, and 2.5 kGy.
Afterward, all the post-irradiated sample conditions were
compared to the pre-irradiated sample conditions with water
contact angle reading and Fourier-Transform Infrared (FTIR)
spectroscopy.

Sample Characterizations Water Contact Angle

Hydrophilicity has become a problem for bioplastic
production. The bioplastic hydrophilicity was determined by
measuring the wettability of the bioplastic surface. The contact
angle is the most sensitive surface analytical technique because
wettability is influenced by the top of the surface nanometer. The
contact angle was determined by checking the intersection angle.
The test was run in a temperature- and humidity-controlled room
to reduce random errors when reading was performed.
Moreover, sessile droplets were used to interact with polymer
molecules. The contact angle test was performed using Video

Contact Angle (VCA) optima.

Moisture Content Test

This test has a similar goal to the water contact angle test.
However, in this case, glycerol played a significant role in
determining the moisture content percentage, which was
obtained using the following equation:

(W1-W>)

1

Moisture Content = x100 (1)

with W; =initial weight before drying, W, = final weight after
drying
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W, can be obtained by drying the bioplastic sample at 100C -
110°Cin an oven to obtain a fixed reading as the final weight.

Biodegradability Test

The soil burial method was chosen to consider landfill
conditions for at least 15 days, and the time could be lengthened
if necessary. The weight loss percentage was calculated using the
following formula:

Weight loss percentage =

WMo=W), 100 ()
W,

0

with W, = weight of the sample before burial, W = weight of
sample after burial.

The samples were buried for 15 days before being weighed.
The biodegradability test was conducted in a plastic bag to avoid
confusion with other foreign materials. Each bag was filled with
approximately 300 g of soil, and the sample was buried deeply to
ensure that the soil covered the sample. Each sample had its bag
and was labeled with stickers.

Tensile Strength Test

All samples were set to the same length and height. All
samples were placed vertically, with a tensile grip probe gripping
both ends and measuring 1 cm wide and 7 cm long. A texture
analyzer (Stable Micro System machine) was used for the assisted
tensile strength test. Fixed parameters for the test were chosen
under the packaging film standard test, with a test speed of 60
mm/min and tension mode.

FTIR Spectroscopy

FTIR spectroscopy is an analytical machine to ease the
research journey. FTIR is well known for characterization analysis
due to its accuracy and sensitivity by affecting atomic vibration
with infrared radiations. There are several wavenumber divisions:
far, mid, and near spectra. However, the mid-region of the
wavenumber was used to analyze the samples because this
spectrum region was divided into four more categories: single
bond ranging from 2500 to 4000 cm™?, triple bond ranging from
2000 to 2500 cm™?, double bond labeled ranging from 1500 cm™?
to 2000 cm™?, and fingerprint ranging from 600 cm~1 to 1500 cm™1.
Approximately 1 g of different types of bioplastics were prepared
for FTIR characterization.

AFM

AFM was used to determine the roughness of sample
surfaces. A laser beam was produced to light behind the
cantilever and was reflected towards the photodiode. There are
three modes: contact, tapping, and lateral. This experiment was
performed in tapping mode, where the contact between the tip
and samples is discontinuous due to the sensitive sample surface.
Moreover, tip contamination may result in a convex fold related
to the contaminant size relative to the surface size features to be
measured.
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Gamma Irradiation Treatment

In this study, gamma and ultraviolet (UV) irradiation
treatments were used to apply to the samples. However, a
photosensitizer was required to complete the UV irradiation
treatment process because it was feared that increasing the
barrier properties would cause the sample to become completely
hydrophobic. Therefore, gamma radiation was used in this study.
The samples were treated with five doses of 0.5, 1.0, 1.5, 2.0, and

2.5 kGy.

3. Results and Discussion

Water Contact Angle

LDPE is the control sample, showing 97.70° for the contact
angle and 99.60° for the right after irradiation; it decreased to
96.40° for the left and 95.30° for the right. Irradiation treatment
can degrade and reduce the contact angle in the presence of free
radicals (Gorna et al., 2003). Crosslinking may occur in some
samples as the contact angle values increase. However, it
maintained a hydrophobic state after losing 1°. For sorbitol in
pure starch, the contact angle for the pre-irradiated potato
bioplastic was 0°; however, after irradiation treatment, it
increased to 49.40° for the left and 56.10° for the right. The same

applies to the corn bioplastic case, where the contact angle
increased. After treatment, the rice bioplastics experienced much
lower contact angles of 13.30° on the left and 17.60° on the right.
Unlike when citric acid is involved, all pure starch bioplastics do
not experience a significant difference after treatment. Corn-
potato bioplastic reading angles were unique in the mixed
bioplastic cases because when sorbitol was present, the contact
angle decreased, whereas citric acid produced the opposite
result. Itincreases from approximately 30° to 60°. Simultaneously,
the corn-rice bioplastic contact angle differed significantly before
and after irradiation, starting at approximately 30° and becoming
hydrophobic at approximately 106°.

Plasticizers in bioplastics help reduce brittleness/fragility and
increase flexibility in films, making them simpler to handle and
prevent cracks and pores. Plasticizers are classified into two types,
hydrophilic and hydrophobic, based on their chemical properties.
When hydrophilic plasticizers are applied to bioplastics at greater
concentrations, they can lead to increased water diffusion in the
plastic. Hydrophobic plasticizers can reduce water uptake by
plugging the micro-voids into the films (Varee and Bhaswati,
2019). These factors influence the wettability of bioplastics.
Different bioplastics exhibit varying degrees of wettability.

Table 2. Contact Angle of Bioplastic with Presence of Sorbitol or Citric Acid

Contact Angle (°)
(Left, Right)

Types of Plasticizers

Sorbitol Citric Acid
Types of Before
Bioplastic Before Radiation After Radiation Radiation After Radiation
Corn 41.10, 37.60 67.10, 67.90 103.90,100.60 99.70, 98.90
Rice 22.10, 23.80 13.30, 17.60 101.90, 99.80 109.10, 106.70
Potato 0.00, 0.00 49.40, 56.10 33.10, 25.70 33.70, 37.90
Corn-Rice 96.70, 94.50 85.50, 89.50 28.70, 29.00 106.70, 105.20
Corn-Potato 43.40, 44.20 27.40, 28.70 34.10, 39.70 61.90, 60.90
Potato-Rice 29.10, 12.80 20.80, 19.30 100.10, 98.60 103.80, 100.90
Before After
LDPE 97.70, 99.60 96.40, 95.30
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vii

No image for this because
the angle is 0.00° making
it unreadable by the
system.
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ngles: [268.70°,29.00%)
viii
Angles: [27.40°,28.70°)
ix
X
Xi
ngles: [100.10%,98.60%)
xii
Xiii

(a) (b)
Figure 1. Contact angle of bioplastic with presence of sorbitol or citric acid (a) Pre-irradiation (b) Post-irradiation for (i) CS (ii) CCA (iii)
RS (iv) RCA (v) PS (vi) PCA (vii) CRS (viii) CRCA (ix) CPS (x) CPCA (xi) PRS (xii) PRCA (xiii) LDPE samples
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Content of Moisture Test

When all the bioplastics were dried in an oven from 100 °C to
110 °C for the first 30 min, their weights did not differ
considerably. Thus, several samples showed weight changes for
the second time, but all samples had a difference in weight for the
third time. All the samples were placed in an oven for the fourth
time to ensure a fixed weight of the dried samples. Some
remained at the same weight as before, while others decreased
and reached a fixed weight after the fifth 30 min. The duration of
this test was approximately 2 h and 30 min. Table 3 shows that
rice-sorbitol bioplastic has a high moisture content of 18.49% in
the pure starch category, whereas corn has 21.21% in the citric

acid category. Regarding the mixed starch category, potato-rice
bioplastics had a high moisture content of 16.68%. However,
when citric acid replaced sorbitol, the corn-potato bioplastic had
the highest moisture content (22.11%). The moisture content of
the bioplastics is related to their wettability. It is defined as the
tendency of a fluid to spread or adhere to a material surface
(Tarek Ahmed, 2019). Therefore, it alters the three-dimensional
network of the polymer chains, resulting in increased mobility by
increasing the free volume. Plasticizers aid in bioplastic resistance
to migration and extraction in water or solvents (Sothornvit and
Krochta, 2005).

Table 3. Weight of Samples for Moisture Content of Bioplastic with Presence of Sorbitol or Citric Acid

Types of Plasticizers

Weight
Sorbitol Citric Acid
Type of Bioplastic Initial Final Moisture Initial Final Moisture
Weight (g) Weight (g) Content (%) Weight (g) Weight (g) Content (%)
Corn 0.3654 0.3114 17.34 0.2372 0.1957 21.21
Rice 0.3582 0.3023 18.49 0.2005 0.1714 16.98
Potato 0.5586 0.4750 17.60 0.1481 0.1287 15.07
Corn-Rice 0.4704 0.4105 14.59 0.2844 0.2455 15.85
Corn-Potato 0.9380 0.8558 9.60 0.3407 0.2790 22.11
Potato-Rice 0.2203 0.1888 16.68 1.4673 1.2555 16.87

Biodegradability Test
Degradation is required to dispose of waste without
negatively affecting environmental conditions, and bioplastics
should pass this test. Consequently, the duration of degradation
depending on the mixture of molecules. When

hydrophobicity increases, the chance of degradability may

varies

decrease; however, all bioplastics beat the challenge. The lowest
weight loss percentage was 9.9% for the corn-potato bioplastic
(Table 4). Moreover, all bioplastics involving sorbitol as a
plasticizer experience a great weight loss percentage, from
47.36% to 80.17%. Unlike when citric acid played the role of
sorbitol, only rice bioplastics had a high weight loss of 53.15%,
while the others only achieved a range of 11.34% to 21.28%. The

primary process generated by irradiation is degradation, which is
accompanied by cross-linking. Irradiation-induced changes in film
characteristics can be attributed to changes in the film surface
properties (particularly surface oxidation) and structures. The
chain scission process causes degradation to reduce the
molecular weight of all irradiated samples (IAEA, 2019). Adding
plasticizers to pure starch may increase its workability and reduce
film brittleness. Plasticizers aim to improve starch flexibility and
processibility by lowering the strong intermolecular interactions
between starch molecules. Therefore, the polymeric chain
mobility increases, improving the flexibility, extensibility, and
ductility of plasticized films (Sanyang et al., 2015).

Table 4. Weight of Samples for Biodegradability of Bioplastic with Presence of Sorbitol or Citric Acid

Weight of Samples (g)

Sorbitol Biodegradability

Types of Plasticizers

Citric Acid Biodegradability

Initial Weight ~ Final Weight ~ Weight Loss Initial Final Weight ~ Weight Loss
Types of starch (8) (®) (%) Weight (g) (®) (%)
Corn 0.7840 0.1555 80.17 0.2918 0.2587 11.34
Rice 0.5109 0.2102 58.86 0.8972 0.4203 53.15
Potato 1.0268 0.5045 47.36 0.7229 0.6311 12.69
Corn-Rice 1.2442 0.5920 52.42 2.3591 1.8570 21.28
Corn-Potato 1.8327 1.6512 9.90 1.5723 1.2878 18.09
Potato-Rice 1.0188 0.3980 60.93 1.9409 1.5718 19.02
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Figure 2. Images of Bioplastic with Presence of Sorbitol or Citric Acid During Soil Burial Process (a)
before (b) after for (i) CS (ii) CCA (iii) RS (iv) RCA (v) PS (vi) PCA (vii) CRS (viii) CRCA (ix) CPS (x) CPCA (xi)
PRS (xii) PRCA samples.

vi
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Tensile Strength and Elongation Test

From the maximum force, Fmax (kg), the tensile strength of the
bioplastics was calculated using the equation for the force per
initial area of the samples. Simultaneously, the elongation
percentage was estimated from the difference between the initial
and elongated length of the samples. Table 5 shows that for
bioplastics with sorbitol as a plasticizer, the highest tensile
strength would be the corn-rice bioplastic with 2.916 MPa, but
the potato bioplastic had the highest percentage (34.57%).
Meanwhile, when citric acid replaced the sorbitol, potatoes

experienced 3.189 MPa. However, corn bioplastics had a high
elongation percentage (28.98%). Bioplastics containing citric acid
experience higher tensile strength due to their crosslinking
characteristic, resulting in high rigidity in the polymer. The
covalent intermolecular interactions between the hydroxyl and
carboxyl groups may strengthen the bonds between the
(Azeredo et al., 2016).
However, the samples’ tensile strength is inconsistent with the

plasticizer and starch compounds

elongation percentage reading.

Table 5. Tensile (MPa) and Elongation (%) of Bioplastics with Presence of Sorbitol or Citric Acid

Tensile and Elongation

Types of Plasticizer Involved

Sorbitol Citric Acid
Tensile Tensile
Fmax . Fmax .
strength Elongation (%) strength Elongation (%)
(ke) o (ke) VP
Types of Bioplastic (MPa) (MPa)
Corn 1.0300 1.4430 31.150 1.058 1.4820 28.980
Rice 0.5970 0.8364 16.120 0.538 0.7537 14.410
Potato 1.1930 1.6710 34.570 2.276 3.1890 18.980
Corn-Rice 2.0810 2.9160 10.350 1.198 1.6780 23.150
Corn-Potato 1.2160 1.7040 13.780 1.592 2.2300 16.980
Potato-Rice 0.6350 0.8896 6.240 2.923 4.0950 8.297
Type of Plastic Fmax (kg) Tensile strength (MPa) Elongation (%)
LDPE 1.558 2.183 84.31

FTIR Spectroscopy

FTIR spectroscopy was used to investigate the molecules that
appeared with a certain transmittance percentage. Figure 3(a)
indicates that each bioplastic experienced a curve ranging
between 2800 and 2930 cm~! and at wavenumbers of 3200-3400
cm1in the pre-irradiated samples. However, PRCA achieved the
highest transmittance (73.62%) with a wavenumber of 3287 cm~1.

(a)

%T

50 - T
4000 3500 3000 2500
cm-1

2000

(b)

In contrast, RPS exhibited the lowest transmittance (50.78%) at
3292.96 cm™L. The LDPE graph narrowed down to 2916 cm~! and
2848 cm! with transmittances of 69.97% and 72.35%,
respectively. The CS curve exhibits a transmittance of 77.95% at
2929 cm™1. This shows that LDPE and CS have a highly functional
group of methylene C-H asymmetric/symmetric stretching,
whereas RPS has a highly normal polymeric OH stretching.

% T

3600 3000 2500 2000

Figure 3. Graph of FTIR Analysis of (a) Pre-Irradiated samples (b) 0.5kGy Irradiated Samples
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Figure 3(b) shows that the PRS has a low transmittance
percentage at 3292 cm™! (50.78 %), followed by RS (51.36 %).
However, in the range of 2800 cm~! to 3000 cm™%, RS had the
lowest transmittance percentage of 78.56% at 2931.39 cm7},
although there was not much difference with the PRS
transmittance percentage at 78.63%. LDPE maintained the same
wavenumber but decreased the transmittance percentage by
65.81% and 71.765%, respectively. Figure 4(a) shows that almost
all bioplastics have a similar transmittance percentage, but the
lowest is PRS, with 51.20% at 3293 cm, followed by CS at

—C510
RS10
CPS 10

PRS10
CRS 10
PS10

PRCA1.0

%T

___CPCATO
—_RCA10
—_ CRCA10

PCA 10
—_CCA10

LOPE10

50+ : - .
4000 3500 3000 2500 2000
cm-1

%T

wavenumber 3291 with 53.07%, and the lowest is bioplastic at
2923 cm™ with 77.34%. The LDPE curves in three different
regions, 3393 cm~1 with 95.93%, at 2916 cm~! with 66.098%, and
2848 cm™! with 67.99%. The result exposed 1.5 kGy gamma
radiation, which resulted in a slightly lower transmittance
percentage than the 1.0 kGy (Figure 4b). PS had the lowest
50.77% at 3285 cm™1, followed by CS with 50.89% at 3283.9 cm™1.
At wavenumber 2931 cm, it has an equal transmittance
percentage with CRCA at 2930 cm™! with 78.59%.
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Figure 4. Graph of FTIR Analysis of (a) 1.0 kGy Irradiated Samples (b) 1.5 kGy Irradiated Samples (c) 2.0 kGy Irradiated Samples (d) 2.5
kGy Irradiated Samples

Figure 4(c) shows the results of the sample treated under
gamma radiation at a dose of 2.0 kGy. CRS achieved the lowest
transmittance of 50.89% at a wavenumber of 3285 cm~1. The LDPE
remained at the same wavenumber, but the transmittance
percentage changed to 66.03% at 2916 cm~! and 68.18% at 2848
cm-1. PS achieved low transmittance percentages of 51.68% at
3266 cm™! and 78.62% at 2931 cm™L. Figure 4(d) shows that the
CPS percentage was 50.75%, making it have the lowest
transmittance at 3293 cm™, followed by CRCA at 3294 cm™! with
53.81%. However, CRCA leads with 77.17% at 2928 cm~1 than CPS
with 79.38% at 2933 cm™1. LDPE again obtained three readings at
wavenumbers of 3361 cm~1 with 96.73%, 2915 cm~! with 77.29%,
and 2848 cm™! with 79.03%.

Most bioplastics experienced decreasing transmittance
percentages as exposure radiation doses increased due to
interactions via the hydroxyl group of bioplastics. Furthermore,
bonding significantly enhances the mechanical strength and
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degradation of bioplastics for polymeric materials (Wang et al.,
2017). In contrast, RCA had the highest percentage when exposed
to a dose of 2.5 kGy for the pure starch bioplastic. However, CRCA
had the lowest percentage of mixed-starch bioplastics. All
bioplastics show two huge curves, with the first curve at
wavenumbers in the range of 3280-3300 cm~?, followed by the
second curve at wavenumbers in the range of 2920-2935 cm™!
from all six graphs of FTIR analysis due to similarities of functional
groups (Hindiet al., 2017). The first curve shows the normal
polymeric OH stretch group and the second curve defines the
asymmetric C-H stretch of the methylene group (Coates, 2006).
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Functional group

OH stretch group
C-H stretch of methylene
group
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AFM

To analyze the roughness, an image of the sample topography
in the tapping mode was used to reduce contact between the tip
and the samples, as shown in Figure 6.

Figure 5. CRCA roughness conditions (a) before and (b) after irradiation exposure

The pre-irradiation sample had a peak-to-peak distance of
2.14011 nm. The minimum peak depth was 17.7510 nm and the
maximum peak depth was 19.9 nm. The maximum depth at the
histogram was 19.8911 nm, with 157 peaks. The difference in the
image surface area was 0.0647%. The root means square image
was 4.64 nm with an average roughness of 3.68 nm. The
maximum image roughness was detected at 34.7 nm. When the
samples underwent irradiation treatment, the peak-to-peak
distance became 2.74845 nm, with a minimum peak depth of
44.1834 nm. The maximum peak depth was recorded at 46.9 nm,
with 162 peaks and a maximum histogram depth of 46.9318 nm.
The roughness result was described with an image surface area
difference of 0.738%, with a root mean square of 17.1 nm,
average roughness equal to 12.5 nm, and maximum image
roughness was detected at 122 nm. According to Oleyaeia et al.
(2016), surface roughness is related to water permeability.
However, irradiation treatment might indicate surface etching,
leading to increased roughness.

4. Conclusions

Regarding wettability, mixed starches were confirmed to deal
with hydrophilicity, but pure starch could handle it with citric acid
as a plasticizer. However, CRS was the highest for sorbitol, while
PRCA was the best angle for citric acid as a plasticizer, with
readings of 100.10 ‘and 103.8’, respectively. The water contact
angle test revealed that many bioplastics containing citric acid act
as plasticizers to achieve hydrophobicity. Regarding moisture
content, RS (21.21%) led to pure starch, but corn potato with citric
acid (22.11%) was present in the mixed starches. The highest
biodegradability percentages were for CS (80.17%), PRS (60.93%),
and RCA (53.13%). The tensile strength cases were enclosed by
the CRS (2.916 MPa) and PRCA (4.095 MPa) results. Meanwhile,
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for elongation, PS (34.57%), and CCA (28.98%). CRCA was
subjected to AFM topography to survey its surface roughness
because it has a high transmittance percentage from FTIR analysis
under dose radiation-exposed 2.5 kGy. The hydrophobicity levels
for bioplastics can achieve LDPE standards, but other physical
properties are far from the target. However, only the C-H stretch
methylene group could achieve the same transmittance
percentage for chemical bonding. Therefore, this study meets the
objectives and can serve as a reference to other researchers to
enhance the properties of existing and future bioplastics,
especially in smart packaging applications.
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APPLICATION OF BENTHIC MACROINVERTEBRATES AS POTENTIAL BIO-INDICATORS IN
MALAYSIAN'S RIVERS: GAP AND BIBLIOMETRIC ANALYSES

Nadeesha Dilani Hettige', Rohasliney Hashim?*, and Ahmad Abas Kutty®®

Abstract: The literature on reliable indices, suitable bio-indicators, taxonomic level, frequency of measurements, and replications on
benthic macroinvertebrates remains scarce in Malaysia. In addition, no review study was conducted using bibliometric analysis related to
this discipline. Thus, this review aimed at gap and bibliometric analysis of publications on benthic macroinvertebrates as potential
biological indicators. Sixty-six relevant scientific research papers from 2011 to 2022 were selected from the different databases. Then,
descriptive and inferential statistical analyses were performed to assess the most reliable potential bio-indicators for river assessment
and monitoring. Visualized statistics regarding bibliographic coupling analysis of authors, journal proceedings, and organizations were
analyzed. The findings revealed that publications on invertebrates had no significant relationship in the last ten years (r = 0.241; p > 0.05).
Most publications on macroinvertebrates in Malaysian rivers were found in the Scopus database (53.57%). Therefore, research articles
must be published in journals included in the Journal Citation Report (JCR) to improve their quality further. Besides, benthic
macroinvertebrates are commonly identified only up to the family level (47%) due to incomplete tropical benthic macroinvertebrates
identification keys. As such, using environmental DNA methods with the power of next-generation sequencing has come in handy in bio-
indicator species identification. Among the potential bio-indicators found in Malaysian rivers are Chironomidae (9.11%), Baetidae (8.87%),
and Hydropsychidae (8.62%). Based on the approaches utilized in analyzing benthic macroinvertebrates as bio-indicators, in-depth
research such as bioassay and toxicology tests is necessary to realize the potential bio-indicators fully. Many studies focused on
recreational rivers in Peninsular Malaysia. Therefore, research studies would be expanded to urban rivers and rivers in Sabah and Sarawak.
Also, to overcome the limitation of the single biotic index, developing a multimetric index to evaluate the water quality by selecting many
river basins is essential. Bibliographic analysis showed that the Institute for Tropical Biology and Conservation, Universiti Malaysia Sabah,
made the greatest total link strength. The Serangga Journal published the highest number of research articles. Finally, utilizing advanced

technologies is recommended to address Malaysia's lack of potential bio-indicator studies.

Keywords: Bio-indicators, bio-indices, biomonitoring, freshwater pollution, and macroinvertebrate

1. Introduction

Streams and rivers are among the most endangered
ecosystems globally due to anthropogenic activities, which can
directly or indirectly harm river environments (Ekka et al., 2020).
Traditionally, physicochemical parameters are used to evaluate
the quality of running water in streams worldwide (Aazami et al.,
2015), including in Malaysia. However, this method is cost-
intensive, time-consuming, and dependent on particular
instruments. Similarly, physicochemical parameters fluctuate
over time and only show environmental conditions at the

moment of measurement (Aazami et al., 2015; Dorji, 2016).
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Hence, if no long-term physicochemical parameters with good
spatial coverage are available, it does not accurately signify a clear
picture of the health of the river ecosystem.

Biological monitoring is imperative in evaluating the
environmental health of aquatic ecosystems (Parmar et al., 2016;
Yusop et al., 2017). Algae, fish, aquatic plants, and invertebrates
serve as bio-indicators in bioassessment (Barbour et al., 1999). In
brief, bio-indicators are living organisms generally utilized to
assess the health of natural ecosystems (Parmar et al., 2016) due
to their capacity to respond to pollutants present in the ambient
environment (Kumari & Paul, 2020). Also, they can act as an index
of measure or a model that categorizes aquatic ecosystem health
(Manickavasam et al.,, 2019). In benthic
macroinvertebrates are considered useful bio-indicators for

particular,

environmental changes in many aquatic ecosystems (Belal et al.,
2016) due to their high biodiversity, minimal mobility, relatively
long life cycle, bottom-dwelling nature, and immense sensitivity
to environmental changes (Flores & Zafaralla, 2012; Jun et al,,
2012; Tampus et al., 2012; Dacayana et al., 2013; Sharma et al.,
2013; Selvanayagam & Abril, 2016). To date, the utilization of
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benthic macroinvertebrates as bio-indicators has garnered
significant attention in global river monitoring programs,
including those in Malaysia (Gallacher, 2001; Resh, 2007;
Narangarvuu et al., 2014; Tan & Beh, 2015).

Initially, stream biomonitoring predominantly
employed single indices, such as ecological indices, to assess

studies

water quality status. These included the Shannon diversity index
(Shannon, 1948), Margaleaf diversity index (Margalef, 1958),
Simpson's diversity index (Simpson, 1949), Biological Monitoring
Working Party (BMWP) in 1976 (Armitage et al., 1983), and Family
Biotic Index (Hilsenhoff, 1988). However, this concept is an
inadequate measure of overall ecological integrity because the
cause-effect relationships of indicator organisms are not fully
established and are often confusing (Barbour et al., 1999). Hence,
multimetric indices have been developed as an alternative bio-
assessment approach to reflect all types of degradation and
cumulative impacts at the ecosystem level (Barbour et al., 1999).
This approach held the potential for wide-ranging application in
the assessment of stream ecosystems, as it involved various types
of measurement and provided comprehensive comparative
information relative to pre-determined criteria derived from non-
impacted reference conditions (Klemm et al., 2002).

Toxicity testing is one of the methods that can be used to
select bio-indicators. The main goal of toxicity testing is to
monitor or predict the effects of single compounds, elements, or
mixtures on the long-term health of individual organisms,
populations, communities, and ecosystems. Researchers have
found plants, plankton, and benthic macroinvertebrates as bio-
indicators of water pollution in the aquatic environment. For
example, Mazur et al. (2016) identified Lymnaea stagnalis as a
highly sensitive bio-indicator capable of detecting even minimal
levels of environmental stressors. Esposito et al. (2018) found
Leptodictyum riparium to be a bio-indicator of toxic metal
pollution. The significance of toxicity testing lies in its efficiency,
which eliminates the need to conduct tests on numerous available
pollutants (Peyravi et al., 2020).

A total of 189 river basins are found in Malaysia: 89 are
located in Peninsular Malaysia, 78 in Sabah, and 22 in Sarawak
(Diya et al., 2015). One of the earliest publications about
biomonitoring in Malaysian rivers was reported by Bishop in 1973.
This study comprehensively analyzed physical, chemical, and
biological features, including algae, benthic invertebrates, and
some vertebrates like fishes in the Gombak River, Selangor.
Subsequently, the interest in river water quality monitoring using
benthic macroinvertebrates has grown since 2010. The trend is a
result of the limited prior studies and available data in Malaysian
ecosystems, specifically the absence of physicochemical data.
This scarcity has heightened the interest in utilizing benthic
invertebrates (Arsad et al., 2012). However, most studies mainly
focused on diversity, biotic indices application, water quality
monitoring, and land use patterns to conduct biomonitoring (Al-
Shami et al., 2011a; Md Rawi et al., 2014; Al-Shami et al., 2017;
Shafie et al., 2017). In contrast, few studies have explored the role
of benthic macroinvertebrates as bio-indicators to assess the
water quality of rivers and streams (Azrina et al., 2006).
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Presumably, the river classifications are related to water quality
levels based on the species composition of macroinvertebrates.
Hence, some studies have developed river classification using
macroinvertebrates for the Malaysia River (Arsad et al., 2012;
Ghani, 2016). Also, few papers have reviewed this topic, and no
systemic review has been done on benthic macroinvertebrates in
Malaysia's rivers.

Bibliometric analysis is a statistical method used to assess the
characteristics and significant development trends of a given
research subject based on published research (Guo et al., 2019).
This analytical approach has been applied to evaluate various
aquatic organisms for water quality monitoring (Zyoud et al.,
2014) and is applicable to quantify and characterize the global
scientific production of Taxus-related research (Zyoud et al.,
2014). this
bibliometric analysis to systematically
publications on benthic macroinvertebrates as potential bio-

Therefore, study extends the application of

review scientific
indicators in Malaysian rivers. A novel aspect of this research
involves integrating the science mappings approach, including
bibliographic coupling analysis for authors, journal proceedings,
and organizations, to visualize information related to benthic
macroinvertebrates as bio-indicators in Malaysian rivers.

2. Materials and Methods

Statistical Analysis for Literature Approach

This review was conducted in January 2023 using resources
extracted from journals and conferences from 2011 to 2022 in
Scopus's primary scientific database and several other databases
based on Universiti Putra Malaysia (UPM) subscription (Emerald
Insights, Nature Journal, Oxford Journal, and Science Direct) for
12 years. The keywords used were "benthic macroinvertebrates,
benthos, aquatic insects, and bio-indicators" in rivers, Malaysia.
Since this study analyzed selected potential bio-indicator groups,
only articles discussing potential bio-indicators in streams and
rivers were included. Furthermore, articles published in Malay
are discussed were also included.
that did not benthic
macroinvertebrates as bio-indicators were removed from the

where bio-indicators
Meanwhile, articles mention
study scope. Abstracts and other documents (reviews, books, and
book chapters) were also excluded because these are not primary
literature. Moreover, the thesis was also excluded due to its
unavailability in the selected databases. Out of the 205 papers,
only 66 were evaluated for this review.

First, descriptive statistics were used to assess the trends and
approaches, such as published journals, taxonomic identification,
and study area. Then, the Pearson correlation was carried out to
determine the time series trends in publications related to
benthic macroinvertebrates and potential bio-indicators only for
benthic macroinvertebrates. Also, selected research papers were
searched via Journal Citation Report (JCR) to determine whether
the journal's name is recorded as Q ranking based on JCR (Q1, Q2,
Q3, and Q4).

The geographical locations of the studies, the frequency of
measurements (i.e., number of sampling during the study period)
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conducted by the researchers, replication variables used in their
studies, taxonomic identification of identified potential bio-
indicators, and methodological information used by the authors
were summarized in this review paper. The dominant potential
bio-indicators were determined based on the number of papers
reported using the benthic macroinvertebrates families. The
study areas for rivers, namely recreational, forested streams,
urban or polluted rivers, and different land use areas, were
categorized based on the information provided in the research
paper.

Visualized Analysis

VOSviewer (Leiden University, Leiden, The Netherlands) was
used to visualize and analyze the literature. The software was
used for bibliographic coupling analysis for authors, journals,
proceedings, and organizations. The total link strength of the
authors was determined through the bibliographic coupling
analysis of the authors. The total link strength represents the
frequency of simultaneous appearances of two items in
publications. Also, the bibliographic coupling analysis for journals
and proceedings established the minimum threshold value of 155

=
o

Number of pappers
OFRPDNWPM OO N 0 ©

and the total link strength for both journals and proceedings.
Moreover, the total link strength of organizations was determined
through bibliographic coupling analysis. In cases where the
VOSviewer database contained duplicate author names and
similar terms, a thesaurus file was created and used to combine
the identical information.

3. Results and Discussion

Results

Research Trends

Figure 1 illustrates the percentage of publications related to
benthic macroinvertebrates and potential bio-indicators of
benthic macroinvertebrates in Malaysian streams for 12 years.
There has been a surge in the use of benthic macroinvertebrates
to evaluate Malaysia's river quality since 2011, with several peaks
in 2013 and 2020. Meanwhile, benthic macroinvertebrates as
potential bio-indicators started trending in 2011, recording the
highest percentage in 2020. However, there is no significant
relationship between the number of publications on benthic
macroinvertebrates and the last 12 years (2011 to 2022) (r =
0.241: p > 0.05).
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Figure 1. Time series plot for overall published papers on benthic macroinvertebrates and potential bio-indicators of benthic

macroinvertebrates from 2010 to 2022.

Published
Information)

Journals and Proceedings (Bibliographic

Based on Figure 2, the Serangga Journal (Scopus indexed)
published the highest number of papers. The second-highest
papers were published in Sains Malaysiana (Journal Citation
index: Q4), I0P Conference Series: Earth and Environmental
Science, Sains Malaysiana, and Journal of Sustainability Science
and Management. A total of five journals published in these
databases were authored by researchers from Malaysian
universities, namely Universiti Putra Malaysia (Pertanika Journal

of Tropical Agricultural Science, and Pertanika Journal Science and
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Technology), Universiti Kebangsaan Malaysia (Serangga), and
Universiti Sains Malaysia (Sains Malaysiana, and Tropical Life
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Sciences Research). In addition, Jurnal Teknologi published two
research papers on aquatic ecology. Many previous studies that
identified potential benthic macroinvertebrates as biological
indicators were published in high-impact journals, with the
highest percentage (53.57%) recorded in Scopus index journals,
followed by Journal Citation Report (JCR) index journals (25.00%),
including Q1 and Q2. Moreover, approximately 14.29% of papers
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on this research area were published in other indexed journals,
and about 7.14% of papers included proceedings. Meanwhile,
only eight research papers related to potential bio-indicators
were published in conference proceedings, notably the IOP
Conference Series: Earth and Environmental Science Proceedings.

Serangga I —————

Sains Malaysiana n————

Journal of Technology (Sciences. . m—
Life Science Journal mm
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Water, Air, and Soil Pollution ==

Figure 2. The number of published papers on benthic macroinvertebrates as potential bio-indicators.

There are two languages used by Malaysian researchers when
they published their research: Malay and English. The Malay
language was used in local journals, with 8.47% of publications
related to potential bio-indicators. However, most research
articles (91.53%) were published in English.

Geographical Locations of The Studies, Frequency of

Measurement, and Replication

Most studies related to this discipline were conducted in
Peninsular Malaysia (Table 1), and few were carried out in Sabah
(five studies), while none were found in Sarawak.

Table 1. Geographical locations of the studies in Peninsular Malaysia with the year

State River River type Year
Kedah Tupah River Forested 2012
Selama River Forested 2013
Rivers of Gunung Jerai Forest Reserve Forested 2017,
2019
Rivers at various elevations of Gunung Jerai forest reserve Forested 2019
Perangin River Recreational 2020
Urian Perangin River 2020
Terengganu Two freshwater streams of Hulu Terengganu Recreational 2011
Ikan River Recreational 2015
Three streams of Terengganu Forested 2018
Mendak River Recreational 2019
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Kelantan Dawai and Dekong rivers Forested 2014

Recreational rivers Recreational 2018

Lata Janggut Recreational Area Recreational 2020,

2021

Perak Rivers in the Bukit Merah catchment area Forested 2017

Air terjun Lata Kinjang Recreational 2018

Penang Juru River Basin Urban 2011,

2012

Pauh River, Cameron Highlands Forested 2015

Air Terjun River Recreational 2018

Sayong River Recreational 2021

Jeriau River Recreational 2022

Selangor Semenyih River Urban 2011

Penchala River Urban 2013

Congkak River Recreational 2013

Langat River Urban 2014

Selangor River Urban 2020,

2022

Johor Berasau River Forested 2015

Tropical forest streams in Gunung Pulai Recreational 2015

Johor River 2017

Asah River in Pulau Tioman Recreational 2018

Pontian Besar, Ulu Sedili Besar, Endau, and Skudai rivers Recreational and 2019

Urban

Bantang River Recreational 2019

Kawal River Recreational 2021

Negeri Sembilan  Kongkoi River Different land use 2013

area

Pahang Lata Meraung Waterfall Recreational 2015

Janda Baik River Recreational 2018

Jeriau River, Bukit Fraser 2022

Melaka Asahan Waterfall Recreational 2016
The highest percentage of studies focused on recreational (30.19%) only one sampling for biomonitoring of a particular river,
rivers (36%), followed by forested streams (24%) and urban or while the other 18.87% did not state the frequency of
polluted rivers (20%) in Malaysia (Figure 3). measurements for their study. However, these researchers

included the duration of their study. Meanwhile, approximately
Forested 22.64% of researchers conducted six samplings within a one-year
stream . Recreational study period. On the other hand, most studies did not mention
24% ‘ 36% the number of replicates used for their sampling (52.63%).
However, several studies specified three (42.11%), five (3.51%),
and six replicates (1.75%) of sampling to increase the precision of

the study.

3.1.4 Taxonomic lIdentification of Identified Potential Bio-

) Indicators and Methodological Information
Different land
use area Urban Most studies on Malaysian rivers used benthic

20% 20%

macroinvertebrates at the family level (47%) due to incomplete

: o . identification of tropical benthic macroinvertebrates, especially in
Figure 3. Study areas for potential bio-indicators research in . . . . L
o Southeast Asia. However, some studies achieved identification up

Malaysian rivers. .
to the genus level (29%), and a smaller proportion managed to

) . identify them down to the species level (10%), as depicted in
Regarding the frequency of measurements (i.e., number of Fieure 4
sampling during the study period), several researchers conducted g '
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Figure 4. Resolution of taxonomic identification of benthic macroinvertebrates in reviewed studies.

According to Figure 5, a total of 22 families, namely Atyidae,
Baetidae, Caenidae, Coenagrionidae, Chironomidae, Elmidae,
Heptageniidae,

Ephemerellidae,

Hydrophilidae, Hydropsychidae, Leptophlebiidae, Libellulidae,
Perlidae, Potamanthidae, Simuliidae (Arthropoda), Hirudinidae,

Euphaeidae,

Gomphidae,

Lumbriculidae, Naididae, Turbificidae (Annelida), and Physidae

potential

presented in Table 2.

(Mollusca) were identified as potential bio-indicators in Malaysian
rivers. Chironomidae (9.11%) was identified as the dominant
bio-indicator, followed by Baetidae (8.87%) and
Hydropsychidae (8.62%). The examples of bio-indicators and
relevant pollution identified from the previous studies are

Table 2. The bio-indicators identified with particular reference to the type of pollution

Common group

Bio-indicators

Type of pollution

Reference

Arthropoda

Annelida

Mollusca

Atyidae
Baetidae
Caenidae
Coenagrionidae
Chironomidae
Elmidae
Ephemerellidae
Euphaeidae
Gomphidae
Heptageniidae
Hydrophilidae

Hydropsychidae

Leptophlebiidae
Libellulidae

Perlidae

Potamanthidae
Simuliidae

Hirudinidae
Lumbriculidae

Naididae (Nais elinguis)

Turbificidae
Physidae

Clean water

Clean water

Clean water
Moderate pollution
Urban pollution
Clean water

Clean water

Clean water
Sensitive to pollution
Clean water

Clean water

Clean water

Clean water
Moderate pollution

Clean water

Clean water

Clean water

Urban pollution
Urban pollution
Heavy metal pollution
Urban pollution
Urban pollution
Urban pollution

(Kutty et al., 2017)

(Farah Safiah et al., 2020)
(Aweng et al., 2012)
(Al-Shami et al., 2014)
(Al-Shami et al., 2013)
(Ahmad et al., 2013)
(Azmi et al., 2018)

(Md Rawi et al., 2014)
(Suhaila et al., 2016)
(Hamid et al., 2016)
(Mustagim-Alias & Ahmad,
2013)

(Nurhafizah-Azwa & Ahmad,
2018)

(Hettige et al., 2020)
(Al-Shami et al., 2011a)

(Mustaqgim-Alias
2013)

& Ahmad,

(Azmi et al., 2018)
(Mohd Rasdi et al., 2012)
(Rak et al., 2011)
(Hettige et al., 2020)
(Othman et al., 2012).
(Rak et al., 2011)
(Hettige et al., 2020)
(Mahazar et al., 2013)
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Figure 5. Benthic macroinvertebrate families were identified as potential bio-indicators.

Authors utilized many approaches in the analysis of benthic
macroinvertebrates as bio-indicators. Based on Figure 6, the
multivariate statistical analysis (28.99%) is currently the most
popular option for these studies, followed by ecological indices
(21.79%), biotic indices (20.29%), diversity indices (14.49%),
diversity (8.70%), and genotoxicity (5.80%). Biotic and diversity
indices (ecological indices) are commonly used in analyzing

benthic macroinvertebrates. Out of all the reliable bio-indices, the
biological monitoring working party (BMWP) (33.3%) is the most
frequently used bio-indices, besides the Family Biotic Index (FBI)
(17.33%) and Average Score Per Taxon (ASPT) (16.00%).
Meanwhile, the Shannon-Weiner diversity index (29.49%) and the
Margalef index (16.67%) are the most frequently used when
considering diversity indices.
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Figure 6. Approaches used in potential bio-indicators studies.

DOl:https//doi.org/10.22452/mjs.vol43nol1.7

78 Malaysian Journal of Science 43(1): 72-85 (March 2024)



Malaysian Journal of Science Regular Issue

Visualized Analysis
Bibliographic Coupling Analysis

mahgara

shuhaimidgihman m.

Yol 2.
nelge nd.
¢
ahr‘a.kv
¥/ viga

iweaf" omags.a:s.
sunaiigan. - "rAgR?

axmipa,
#.che salgggh m.r: Trahalfed .
al-shafpi s.a. hanig s 2 s
hanlin s flkgiian
= > rakae
Wongh.oh
> najisapag s
mohd ighadina. mohdipor'sa
shmgen. ma P G5

& vOSviewer
Figure 7. Bibliographic coupling analysis of authors.
Thirty-three authors were identified with a minimum Shami, S. A. (n = 1880), Suhaila, A. H. (n = 655), and Ahmad, A.K.
threshold of two publications from a single author (Figure 7). The (n=461).

top three authors with the greatest total link strength were Al-

iop conferencggeries: earth a

journal of sugainability scie

aacl pflux
sains mglaysiana
serafigga
alp conferend@ proceedings
malaysian agplied biology
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Figure 8. Bibliographic coupling analysis of journals and proceedings.

Of the 30 journals, 8 meet the minimum threshold of two 145), and IOP Proceeding Conference Series: Earth and

(Figure 8). The top three journals with the greatest total link Environmental Science (n = 44).

strength were Serangga Journal (n = 173), Sains Malaysiana (n =
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Figure 9. Bibliographic coupling analysis of organizations.

The top three organizations with the greatest total link strength were the Institute for Tropical Biology and Conservation, Universiti

Malaysia Sabah (n = 143), the School of Biological Science, Universiti Sains Malaysia (n = 71), and the Department of Technology and Natural
Resources, Faculty of Applied Sciences and Technology, Universiti Tun Hussein Onn Malaysia (39) (Figure 9).

Discussion

The application of benthic macroinvertebrates as bio-
indicators has received much scientific attention for continuous
pollution monitoring due to the
physicochemical parameters as a monitoring tool in freshwater

limitation posed by

ecosystems. An  assessment of the literature on
macroinvertebrates as bio-indicators in Malaysian rivers reveals a
consistent upward trend over the years. As a result, many studies
now concentrate on the health assessment of streams and rivers
using benthic macroinvertebrates as bio-indicators in Malaysia,
albeit many research gaps remain in this discipline. The papers
were mainly published in leading periodicals with relevant scopes,
including research on freshwater ecology. In addition, many
papers with different studies were published in journals, e.g.,
Serangga and Sains Malaysiana.

Moreover, the reviewed findings also showed that the
identification of macroinvertebrates primarily relies on
morphological characteristics. Based on descriptive statistics,
most studies in Malaysian rivers use benthic macroinvertebrates
at the family level due to incomplete identification of tropical
benthic macroinvertebrates, especially in Southeast Asia.
Therefore, identifying up to the species level is vital to separate
benthic macroinvertebrates based on their sensitivity to
pollution. However, no studies have reported the use of
molecular methods, such as Environmental DNA sequencing, to
facilitate  the benthic

macroinvertebrates in Malaysian rivers. Therefore, gaps still exist

support or identification  of

in the identification of benthic macroinvertebrates.

80

Many bio-indicator studies focused on microscopic
identifications, along with biotechnology and toxicology analysis.
Toxicity testing was also used to identify suitable organisms as
bio-indicators, such as Oligochaeta. Only one toxicity test has
been reported with Naididae (aquatic Oligochaeta) in Malaysia
(Othman et al., 2012). This study identified Nais elinguis as a bio-
indicator for heavy metal pollution, but this research did not
conduct biomonitoring. Thus, in-depth research such as bioassay
and toxicology tests are needed to realize the potential of
Naididae as bioindicators fully. Besides, a genotoxicity study was
conducted on Chironomus kiiensis in the Juru River (Al-Shami et
al., 2013). The study revealed that sediments polluted by
industrial wastes exhibit a more pronounced and immediate
adverse genetic impact compared to urban pollution. As such,
including molecular and genetic techniques is imperative in
benthic macroinvertebrate studies in Malaysian rivers.

into four main

Biomonitoring is mainly categorized

approaches: single metrics, multimetric, multivariate, and
models. Biological indices primarily consider the tolerance score
of specific benthic macroinvertebrates (Blakely et al., 2014),
which provides a clear idea about the bio-indicator taxa.
However, in some southeast countries, taxa like Protoneuridae do
not have tolerance values in the Family Biotic Index (FBI) due to
the adaptation of the FBI by researchers from other countries to
suit the context of their geographical regions. Hence, the
benthic

macroinvertebrates is essential. For instance, Arman et al. (2019)

development of a multimetric index using

developed a Malaysian water quality index based on aquatic
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invertebrates specific to four different catchments in Johor State,
Malaysia. Therefore, developing a multimetric index based on the
benthic macroinvertebrates with an extensive nationwide
database is also necessary. This initiative would benefit many bio-
indicator studies within the local context, with a comprehensive
collection of taxa throughout Malaysia.

Many studies conducted in Peninsular Malaysia were based
on the geographical extent of studies. However, there were
limited studies in Perak, Melaka, and Negeri Sembilan. On top of
that, biomonitoring studies in rivers and streams of Sabah and
Sarawak are still lacking; thus, species richness and ecology of
aquatic invertebrates remain unknown in these regions. Yong &
Yule (2004) stated similar findings. Also, many studies have been
conducted on Peninsular Malaysia recreational rivers. Benthic
macroinvertebrates' distribution varies based on geological
location, elevation, and habitat condition (Mohd Rasdi et al.,
2012; Min & Kong, 2020). Researchers in Peninsular Malaysia
often select a mostly polluted river (e.g., Juru River, Penang) (Al-
Shami et al., 2011a; Al-Shami et al., 2011b). Thus, there is a crucial
need to direct future research towards urban rivers, given the
limited understanding of the diverse impacts on the conditions of
benthic macroinvertebrates in this specific river type.

In addition, most studies have focused on a one-time
frequency of occurrence. Consequently, much sampling is
required to obtain accurate data on invertebrates' life cycles and
better represent benthic macroinvertebrates. Furthermore,
multiple replicates substantially improve the data's precision and
allow more minor changes to be detected. Therefore, conducting
a minimum of three replicates is recommended to obtain reliable
measures for ecological monitoring (Mavric et al., 2013).

Bibliographic maps provide a valuable aid in the investigation
of bibliographic coupling. To ensure a thorough analysis, focusing
on the top three authors and journals of significance is
recommended. This approach helps to analyze the relationships
among each author, the journals, and the impact of their research
in this field. The bibliographic coupling also highlights the most
productive journals and their connections in this study area. This
study is the first to present the primary paths of bibliographic
coupling research besides examining the bibliographies of
authors, journals, and organizations. The results of the primary
path analysis indicate a future research trend, which involves
consolidated analysis based on diverse citation structures and
textual similarity.

4. Conclusions

This review has revealed the bias and gaps in scientific
publications for future research needs in bio-indicators studies.
The Atyidae, Baetidae, Caenidae, Coenagrionidae, Chironomidae,
Elmidae, Ephemerellidae, Euphaeidae, Gomphidae,
Heptageniidae, Hydrophilidae, Hydropsychidae, Leptophlebiidae,
Libellulidae, Perlidae, Potamanthidae, Simuliidae (Athropoda),
Hirudinidae, Lumbriculidae, Naididae, Turbificidae (Annelida),
and Physidae (Mollusca) were identified as the most popular

potential biological indicator species in Malaysian streams and

rivers due to their presence in the most favorable environmental
conditions in aquatic ecosystems. Several recommendations were
given to overcome the research gaps in studies on benthic
macroinvertebrates as potential bio-indicators, such as modeling
and developing the multimeric index. Besides, species
identification is scarce in Malaysia compared with other Asian
countries. Identifying taxa up to the species level is difficult due
to the lack of taxonomic expertise; hence, the eDNA barcoding
method with the power of the next-generation sequencing
technique can be applied to overcome this limitation.

Also, there is an urgent need for new studies to address the
limited bioassay and toxicology tests in identifying certain benthic
macroinvertebrates as potential bio-indicators. Moreover, since
little attention is given to benthic macroinvertebrate studies in
Sabah and Sarawak, studies in these geological locations are most
pertinent. Lastly, proper coordination among government
agencies and private organizations is crucial in developing benthic
macroinvertebrate studies, especially in preparing a database
that includes all publications related to benthic
macroinvertebrates. Furthermore, this science mapping
approach appears to be the first bibliographic analysis of
Malaysian research on potential bio-indicators of benthic
macroinvertebrates in streams and rivers.

5. Recommendations for Wayforward

e In order to disseminate their research widely and reach a
diverse audience, researchers worldwide rely on
publishing their findings in a variety of high-impact
journals, both locally and internationally. To effectively
communicate their knowledge to a global audience, they
must use English as the primary language while publishing
their research.

e  Bibliographic analysis is a highly effective method for
evaluating the status and trends of current research.
Through bibliographic coupling analysis of journals and
proceedings, we have discovered that the two Malaysian
journals with the greatest total link strength were also the
top two with the highest total link strength. Further
analysis of authors and organizations revealed that the
three authors with the most publications were affiliated
with the three institutions that made the most significant
contributions. This research highlights the value of
bibliographic analysis for understanding research trends
and identifying key players in a given field.

e |t is imperative to enhance the accessibility of the
macroinvertebrate database to facilitate its utilization by
other researchers. Such an action will unlock new avenues
for research and application in freshwater management
and conservation.

e  Developing a multimetric index is an effective method to
classify the various impacts of pollution. Such indices can
encompass a wide range of information and data, which
are then condensed into a single figure, making it easier to
understand and compare the different pollution levels.
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The resulting index can provide valuable insights into
pollution's severity and help guide efforts to mitigate its
adverse effects.
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Abstract: We reviewed scientific literature on the synthesis of acetaminophen and ibuprofen, as well as their derivatives and biological
properties. The synthesis of acetaminophen involves the acetylation of 4-aminophenol and acetic anhydride, while ibuprofen is
synthesised by reacting isobutyl benzene and acetic anhydride in four continuous reaction stages, which are Friedel-Crafts acylation,
carbonyl reduction, chloride substitution, and Grignard reaction. To obtain their derivatives, modifications have been made either by
complexing the main structure of the drug compound with metal elements or adding certain desired moieties, such as thiourea, amide,
ammonium, halogen, silicon, and 1,3,4-oxadiazole. Ibuprofen and acetaminophen have been recognised as effective painkillers and anti-
inflammatories. Recently, their derivatives have been implicated in a variety of biological effects. The biological activities of
acetaminophen and ibuprofen derivatives have been reported to exhibit urease inhibition and inflammatory inhibition, as well as inhibit
the proliferation of breast cancer cells MCF-7. Overall, this review article describes the synthesis of acetaminophen and ibuprofen
derivatives, complete with their biological activities such as antimicrobial, antifungal, anti-inflammatory, urease inhibitors, and anticancer.

Keywords: Acetaminophen, ibuprofen, biological activity, chemical modification, comparative study

1. Introduction

Human and diseases are inseparable. It is not an exaggeration
to say that the plagues that happened over centuries are actually
the humans' fault (Kiriiri et al., 2020). On the bright side, due to
these phenomena, researchers have identified several ailments
and listed a large range of herbal and other treatments. For
instance, anaesthetic was one of the first synthetic chemicals ever
made. This led to the development of synthetic organic chemistry,
which led to the growth of the pharmaceutical industry (Hill &
Rang, 2013). Pharmaceutical chemists are employed by the sector
to design pharmaceuticals, perform drug research, and oversee
quality assurance procedures. Nevertheless, issues with the
efficacy and toxicity of medicinal drugs have impeded their
success in clinical use, leading to the introduction of
molecular/chemical modification. There exists a range of
chemical modifications that can enhance various biological
properties, including stability, cellular uptake, and potency
(Corey, 2007). Drug designing can alter the chemical structure of
the established drugs and integrate the principle of organic
compounds, producing a tailored drug (Hughes et al., 2011). This
approach establishes new research avenues and also introduces
a novel compound with demonstrable therapeutic effect
(Akhondzadeh, 2016).

There are many reasons on why therapeutic effect is
important to the human body. For example, inflammation is
common as it is adaptive immune response to infection. If left
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unchecked for a certain time, it may result in neurodegenerative
disease or cancer (Dinarello, 2010). Therefore, anti-inflammatory
drug is required. On the other hand, antimicrobial resistance is
rapidly increasing, making infections from Gram-positive and
Gram-negative pathogens difficult to almost impossible to treat
(Collignon et al., 2016). Unsurprisingly, inappropriate prescription
and poor antimicrobial control have also contributed to massive
resistance issues (Reygaert, 2018). Another therapeutic effect is
antiproliferative, which is used to inhibit cell growth on cells,
especially tumours. This is an alternative approach in finding safe,
effective, and stable drug modifications to treat or prevent cancer
(AIKhalil et al., 2020).

Acetaminophen is known to have a mild antimicrobial activity
due to the absence of enzyme that contributes to the mechanism
of pain alleviation in microorganisms (Verma et al.,, 2020).
Meanwhile, ibuprofen has low anticancer effects against several
cancer cell lines (He et al., 2021; Pedro-Hernandez et al., 2017)
and does not inhibit urease by itself (Seraj et al., 2021). It is
necessary to make structural modifications to increase drug
potency and selectivity (Guo, 2012). Therefore, this review article
documents, discusses, and compares the biological activities of
the derivatives or metal complexes of acetaminophen and
ibuprofen with their parent drugs, which can help researchers
identify chemical modification variables. It also provides the
understanding of the current state of knowledge in this area and
identifies potential future explorations by understanding the
factors (ligands, type and position of halogen, etc.) that affect
biological activity.
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2. Acetaminophen

Acetaminophen (Figure 1), which is also known by the name
paracetamol, is the non-prescription analgesic and antipyretic
medication that is purchased in the greatest quantity worldwide.
It has attracted interest as the first line of pharmacological
therapy because it is more promising in terms of its safety profile
compared to other treatment alternatives. A diverse variety of
acute and chronic, severe symptoms are treated with
acetaminophen (Ennis et al., 2016; Roberts et al., 2016).

Unlike non-steroidal anti-inflammatory drugs (NSAIDs) like
aspirin and ibuprofen, it has no anti-inflammatory properties due
to weak inhibition of cyclooxygenase (COX) enzyme in the
peripheral tissues (Ohashi & Kohno, 2020). Acetaminophen does
not bind to the active site of COX-1 or COX-2 enzyme, but it rather
reduces the activity pathway of COX that inhibits the synthesis of
prostaglandin in the central nervous system, making it a
2023).
However, due to its availability, acetaminophen may lead to
overdose, which can cause hepatotoxic (Bateman et al., 2014;
Caparrotta et al., 2018; Ramachandran & Jaeschke, 2019). As it is
eradicated through various metabolic pathways, acetaminophen

is metabolised by several cytochrome P450 enzymes to the

prominent analgesic and antipyretic agent (Gerriets et al.,

potentially toxic, chemically reactive metabolite N-acetyl-p-
benzoquinone imine (NAPQI), and a small portion of it is excreted

SR

di. H2504
NaNO4

2020). NAPQI
causes toxic metabolites as it is covalently bonded to protein, thus
contributing to liver failure (Ozawa et al., 2019).

through urine as unchanged drug (Mian et al.,

OH
O

Ay

H

Figure 1. Structure of acetaminophen

Acetaminophen contains hydroxyl and amide functional
groups. The incorporation of a hydroxyl group can make a
molecule more lipophilic (Syahri et al., 2017), hence influencing
its pharmacokinetic, pharmacodynamic, and toxicological profiles
(Lobo, 2020).

Acetaminophen is synthesised in three stages, beginning with
phenol with the addition of diluted sulphuric acid and sodium
nitrate (NaNOs), producing nitrophenol. Following that, sodium
borohydride (NaBH4) reduction is used to convert the nitro group
on the para-substituted nitrophenol to an amine. Finally, acetic
anhydride is reacted with the obtained para-aminophenol to
produce acetaminophen via acetylation (Scheme 1) (Khosroshahi
et al., 2016; Kingsley Ogemdi, 2019).

OH OH OH OH
C 0
i NO, i i AR i
NaBH, O
+ — _
NO, NH, HN

Scheme 1. Synthesis of acetaminophen

Acetaminophen with Metal Complexes
Metal complexes are
coordination with metals (Amin et al.,

important in drug design for
2017), which are potent
against cancer cells and can act as drug-resistant bacteria (Malik
2018; Nandanwar & Kim, 2019). Metals seem to target a
variety of different cellular processes, which results in the

pleiotropic effect on bacterial cells (Turner, 2017). Complex metal

et al.,

(1) such as cobalt, nickel, copper, and zinc are potent against
certain species of microorganisms, such as Escherichia coli,
Bacillus cereus, and Pseudomonas aeruginosa (Damilola et al.,
2019). These complex metals in the form of metal-based drugs
possess modified pharmacological and toxicological potential.
They form low molecular weight complexes which are more
advantageous against numerous diseases (Rizzotto, 2012). There
is a wide variety of modes of action for metal complexes, including
ligand exchange or release, reactive oxygen species (ROS)
production, coordination spheres, and redox activation, which

87

can influence the kinetic and thermodynamic aspects of biological
receptors (Malik et al., 2018; Zuegg et al., 2020). Metal complexes
exert their effect by inhibition of cell membrane functions,
arresting cell cycle, inhibiting enzymes, enhancing lipophilicity,
etc. (Malik et al., 2018).

Antimicrobial Activity of Novel Metal Complexes of

Piperaquine-Acetaminophen

Piperaquine (Figure 2) is a bisquinoline used in conjunction
with dihydroartemisinin as a potential antimalarial agent (Assefa
2021).
derivative of quinine (Ayipo et al., 2016), and is a highly lipophilic
base that increases the oral bioavailability of drug when

et al., It belongs to the 4-aminoquinoline group, a

administered together with fat (Annerberg et al., 2011; Iseh et al.,
2017). Although piperaquine derivatives are well-known for their
antimalarial properties (Ma et al., 2019; Permala et al., 2017;

Rasmussen et al., 2017), other derivatives also showed potential
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in antibacterial (Ayipo et al., 2021) and antimicrobial studies
(Ayipo et al., 2016).
Cl

Cl

Figure 2. Structure of piperaquine

Although NSAIDs, like acetaminophen, have no antibiotic
activity when used alone at therapeutic concentrations, they can
enhance the inhibitory potential of antibiotics when co-
administered with them. This joint administration can either
impede bacterial growth or modify resistance mechanisms,

resulting in more effective treatment (Singh et al., 2021). As metal

. — 2+
NZ | | ~N
. M (\N Z
N N
cl \\/\‘// cl
Y. xH,0
M
o} / \
HN OH where Y=
Cly, SO40r
(CH3CO0),

Cl

complexes and piperaquine derivatives showed high potential in
antimicrobial drugs, a metal-piperaquine-acetaminophen drug
was investigated (Ayipo et al., 2016; Malik et al., 2018).

The procedure involved the combination of metal salt,
piperaquine phosphate, and acetaminophen in a 1:1:1 mole ratio.
The resulting mixed ligands were dissolved in a solution of 5%
lactic acid and added to the previously prepared metal salt
solutions in ethanol. 10% methanolic ammoniacal solution was
added to maintain the pH of the mixture solution. The mixture
was then refluxed for several hours and cooled in a refrigerator to
facilitate the crystallisation of the metal. The resulting crystals
were filtered, and the unwanted reactants and products were
removed by washing them with diluted lactic acid and distilled
water. The final products were then dried in a desiccator for
several days. The same procedure was applied for all metal salts.
The synthesised metal complexes piperaquine-acetaminophen
(Figure 3) were evaluated for biological activity against E. coli and
S. aureus (Ayipo et al., 2016).

2+
NF | N
> N/\ (\N /
N N \)
K/ \/7 cl
M Y. xH0
/
(0]} \
3 where Y=
HNOOH Cly, S04 of
(CH5C00),

Figure 3. Proposed structures of metal complexes piperaquine-acetaminophen, where M = Fe(ll), Cu(ll), Zn(l1), and Co(ll)

that
acetaminophen metal complexes are stronger against Gram-

Antimicrobial  activities  signify piperaquine-
positive bacteria (S. aureus) compared to the parent drug,
acetaminophen. The result of the antimicrobial activities can be

seen in Table 1.

Table 1. Antibacterial Activity of Acetaminophen, Piperaquine,
and Their Metal Complexes

Inhibition Zone (mm)
Compound / Complexes

S. aureus
Cu(PQ)(Ac)Cl, 5.00
Co(PQ)(Ac)(OAc), 4.20
Zn(PQ)(Ac)SO4 4.80
Fe(PQ)(Ac)Cl, 5.20
Piperaquine (PQ) 3.55
Acetaminophen (Ac) 2.50

Among the piperaquine-acetaminophen metal complexes
tested, Fe(ll) showed the highest inhibition against S. aureus (5.20
mm), followed by Cu(ll) (5.00 mm), Zn(Il) (4.80 mm), and Co(ll)

88

(4.20 mm). The inhibition zone of piperaquine-acetaminophen
against S. aureus increased significantly compared to the parent
drug (Ayipo et al., 2016).

Chelation is effective in reducing the polarity of metal (ll)
complexes by sharing the metal's positive charge with ligand
donor groups and delocalising the electron across aromatic rings.
As a result, the metal atom's polarity weakens. It has increased
the lipophilicity of the bacterial cell membrane, making it easier
for it to get through the lipid layers of the bacterial membrane
(Osowole et al., 2014). This shows that metal complexes of
piperaquine and acetaminophen perform better against
microorganisms than acetaminophen alone (Ayipo et al., 2016).
Besides, heavy metals are known to be able to form secondary
metabolites that can inhibit the growth of bacteria and are also
toxic to organisms (Chudobova et al., 2015; Garza-Cervantes et

al., 2017).

Antibacterial and Antifungal Activity of Cu(ll) and Co(ll) of

Prednisolone-Acetaminophen

Prednisolone (Figure 4) is a synthetic cortisol glucocorticoid
that works as analogue cortisol, a natural hormone that is
produced by adrenal gland and used for many disease treatments

DOl:https//doi.org/10.22452/mjs.vol43n01.8
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to suppress inflammations and various allergies (Straub & Cutolo, Prednisolone solution was prepared in distilled water-isopropyl
2016). Prednisolone is also potentially a good anti-inflammatory alcohol medium and mixed in Cu(ll) sulphate pentahydrate. The
agent as it can inhibit prostaglandin and leukotriene (Kumria et mixture was stirred for 1 h and then mixed with acetaminophen
al., 2016; Santis & Saad, 2016; Motwani et al., 2018). solution. The stirring continued for several hours. The mole ratio

for metal salt, prednisolone, and acetaminophen was 1:1:1. The
mixture was filtered and then washed using distilled water-
isopropyl alcohol. The residue obtained was left to dry in a
desiccator for several days and weighed. The process was
repeated for Co(ll) chloride (Damilola et al., 2019).
Gram-negative bacteria like Xanthomonas axonopodis (A),
Streptococcus faecalis (B), Pseudomonas aeruginosa (C),

Chromobacterium liusdium (D), and Erwinia carotovora (E) were

Figure 4. Structure of prednisolone used for antibacterial activity determination. The results showed

that the inhibition zones of the synthesised drugs were higher

The synthesis of Co(ll) and Cu(ll) of prednisolone- compared to the parent paracetamol (Damilola et al., 2019). The
acetaminophen used the same method (i.e., direct mixing). results of the antibacterial activity are tabulated in Table 2.

Table 2. Antibacterial Activity of Acetaminophen, Prednisolone, Their Metal Complexes, and Streptomycin Sulphate

Compound/ Zone of Inhibition (mm)

Complexes A B C D E

Cu(Pd)(Ac)(H.0) 15.00 15.00 13.00 10.00 3.50

Co(Pd)(Ac)(H0) 20.00 19.00 17.00 17.50 18.50

Prednisolone (Pd) 10.00 1.00 6.00 3.50 0.00

Acetaminophen (Ac) 12.00 10.00 5.50 5.00 2.00

Streptomycin sulphate 27.00 31.00 31.00 33.00 22.00

The results showed that the metal complexes Antimicrobial Activity of Mg(ll) Complex of Acetaminophen
acetaminophen-prednisolone demonstrated higher inhibition Mg(ll) acetaminophen (Figure 5) was synthesised by the
against microbials, especially Co(Pd)(Ac)(H;0). It gives an almost addition of MgCl,-6H,0 to acetaminophen in distilled water and
comparable value with the control when used against E. Although then heated for a few hours. It was left overnight to allow
the results of the metal complexes of acetaminophen- precipitation. The precipitate was filtered, washed, and allowed
prednisolone may not be as robust as the standard control (i.e., to dry for a few days. The final product was taken for the
streptomycin sulphate), they still demonstrate satisfactory antimicrobial activity study by oral administration in rats (Paul et
performance when compared with acetaminophen and al., 2018). The microorganisms tested were S. aureus, Bacillus
prednisolone. The Co(ll) and Cu(ll) of prednisolone- subtilis, E. coli, Salmonella typhi, P. aeruginosa, Candida albicans,
acetaminophen showed more inhibition due to the antimicrobial and Aspergillus niger (Table 3).
mode of action. Different properties of metal ions gave higher H
activity of metal complexes due to chelation. This caused a Y
decrease in the polarity of the metal ions by the overlapping of lo
ligand orbitals and the partial sharing of the metal ion's positive o ',"
charge with the donor group. Therefore, chelation facilitates }2_‘“/]'9'2,0’_[2 2ck
complexes' penetration of lipid membranes and is more effective
in inhibiting metal binding sites in bacterial enzymes (Al-Amiery O"/ @]
et al, 2012). )|\
N

Figure 5. The proposed structure of Mg(ll) acetaminophen
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Table 3. Antimicrobial Activity of Acetaminophen, Mg(Il) Acetaminophen Complex, and Control

Zone of Inhibition (mm) at Varying Concentrations (mg/mL)

Organism Tested Compound/
6.25 12.5 25 50
Complex
Ac 0.0 0.0 0.0 0.0
S. aureus Mg(I1)Ac 0.0 13.0 15.0 19.0
Cp 20.0 25.0 30.0 38.0
Ac 0.0 0.0 0.0 0.0
B. subtilis Mg(I1)Ac 0.0 0.0 0.0 0.0
Cp 25.0 28.0 32.0 39.0
Ac 0.0 0.0 0.0 0.0
E. coli Mg(I1)Ac 0.0 0.0 0.0 0.0
Cp 19.0 22.0 25.0 30.0
Ac 0.0 0.0 0.0 0.0
S. typhi Mg(Il)Ac 0.0 0.0 12.0 15.0
Cp 25.0 28.0 32.0 37.0
Ac 0.0 0.0 15.0 18.0
P. aeruginosa Mg(I1)Ac 0.0 13.0 18.0 27.0
Cp 16.0 18.0 21.0 25.0
Ac 0.0 0.0 0.0 0.0
C. albicans Mg(I1)Ac 0.0 0.0 0.0 0.0
Fl 25.0 28.0 32.0 36.0
Ac 0.0 0.0 0.0 0.0
A. niger Mg(Il)Ac 0.0 0.0 0.0 0.0
Fl 13.0 15.0 20.0 25.0
Note:- Ac: Acetaminophen, Mg(ll)Ac: Magnesium complex of Antimicrobial  Activity of Metal Complexes of

acetaminophen, Cp: Ciprofloxacin, Fl: Fluconazole

The results showed that the parent drug (acetaminophen) did
not inhibit bacterial growth at any concentration (6.25, 12.5, 25,
and 50 mg/mL) except P. aeruginosa at 25 and 50 mg/mL (Paul et
al., 2018). The antibacterial effects of acetaminophen have been
reported to be negligible (Singh et al., 2021). However, the
inhibition zones of S. aureus, S. typhi, and P. aeruginosa increased
proportionally to the concentration of Mg(ll) acetaminophen
2018). Although Mg(ll)
acetaminophen exhibits less potency than the standard control, it
shows a noteworthy improvement in comparison to the isolated

being administered (Paul et al.,

effects of acetaminophen. Tweedy's chelation hypothesis
predicted that the polarity of the metal atom would decrease with
chelation, mostly as a result of the metal's positive charge being
partially shared with donor groups and perhaps resulting in
electron delocalisation over the whole ring. This increased the
lipophilic nature of the chelates, which made it more possible for
them to penetrate through the lipid layers of the bacterial

membrane (Al-Amiery et al., 2012).

90

Acetaminophen-Ascorbic Acid

Ascorbic acid (Figure 6), commonly known as vitamin C or
ascorbate, is made up of an enediol that is conjugated to the
carbonyl group in the lactone ring. This enediol provides an
electron for ascorbic acid's function as an antioxidant (Barba et
al., 2014). It is a renowned water-soluble antioxidant that plays an
essential part in several physiological processes in the human
body (Attia et al., 2020). It can control the gastrointestinal
absorption of iron ions and stabilise iron-binding protein, as well
as post-translational hydroxylation of collagen, carnitine
biosynthesis, and tyrosine metabolism (Golonka et al., 2017).
Ascorbic acid is widely recognised as a strong antioxidant and free
radical scavenger (Njus et al., 2020), but people do not seem
aware of its other biological activities, such as anticancer (Shenoy
et al., 2018), antitumor (Mata et al., 2016), antiviral (Biancatelli et
al., 2020), and antimicrobial properties (Hernandez-Patlan et al.,
2017; Sangcharoen et al., 2017; Verghese et al., 2018). As metal
ions like cobalt, nickel, and zinc are known for their effectiveness
against several diseases, the combination of analgesic-antioxidant
drug metal complexes is being studied.
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Figure 6. Structure of ascorbic acid
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(a)
M= Ni, Co, Fe (3mmol synthesis) and X= Cl,
M= Ni, Cu, Co (5mmol synthesis) and X= Cl,
M= Zn (5mmol synthesis) and X= SO,

Acetaminophen-ascorbic acid metal complexes (Figure 7) are
synthesised by the preparation of metal chlorides (Ni, Co, Fe, Cu)
sulphate (Zn) in Then,
acetaminophen and ascorbic acid were mixed in their appropriate

and metal aqueous solution.
solvent. The mixture was refluxed, and the resulting precipitate
filtered, solvent-washed, air-dried, stored. The
experiment was conducted in 3.0 and 5.0 mmol concentrations.

The antimicrobial activity of acetaminophen, ascorbic acid, and

was and

acetaminophen-ascorbic acid metal complexes can be seen in
Table 4.

OH |«

ow
T

(b)

M= Cu (3mmol synthesis) and X= Cl,
M= Zn (3mmol synthesis) and X= SOy4

Figure 7. Proposed structures of acetaminophen-ascorbic acid metal complexes

Table 4. Antimicrobial Activity of Acetaminophen, Ascorbic Acid, and Acetaminophen-Ascorbic Acid Metal Complexes

Compound/ Complex

Inhibition Zones (mm)

Conc. (mmol) A B C D E
3.0 5.0 0.0 2.0 3.0 2.0
Co(Ac)(Asc)Cl,
5.0 6.0 0.0 6.0 6.0 0.0
. 3.0 14.0 9.0 5.0 10.0 2.0
Ni(Ac)(Asc)Cl,
5.0 0.0 4.0 1.0 3.0 11.0
3.0 2.0 6.0 4.0 0.0 0.0
Cu(Ac)(Asc)Cl,
5.0 31.0 32.0 15.0 0.0 0.0
3.0 1.0 0.0 3.0 0.0 0.0
Fe(Ac)(Asc)Cly
5.0 - - - - -
3.0 7.0 0.0 10.0 0.0 0.0
Zn(Ac)(Asc)Cl,
5.0 0.0 0.0 0.0 0.0 0.0
. 3.0 2.0 4.0 5.0 3.0 9.0
Acetaminophen (Ac)
5.0 - - - - -
. . 3.0 5.0 0.0 5.0 9.9 2.0
Ascorbic acid (Asc) 0

Biological assays of the complexes were experimented on for
3 days against Enterococcus faecalis (A), S. aureus (B), Clostridium
difficile (C), Klebsiella spp. (D), and Helicobacter pylori (E).
Different concentrations of complexes were found to give
different results.

At 3.0 mmol,
complexes did not exhibit antimicrobial activity on the first day.

the acetaminophen-ascorbic acid metal

Meanwhile, at a concentration of 5.0 mmol, acetaminophen-
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ascorbic acid with copper complex, Cu(Par)(Asc)SO, against S.
aureus (32 mm) and acetaminophen-ascorbic acid with cobalt
complex, Co(Par)(Asc)SO4 against H. pylori (31 mm) showed the
best antimicrobial activity. Both complexes showed higher
itself.
However, the complexes' inhibition decreased on the third day
due to the reduction in the concentration of the drug (Babamale

inhibition compared to the parent acetaminophen

et al., 2016). This is due to the population of bacteria exposed to
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an inadequate concentration of a specific drug as they can
develop resistance to the drug (Kowalska-Krochmal & Dudek-
Wicher, 2021).

3. Ibuprofen

Ibuprofen (2-(4-isobutylphenyl) propionic acid) (Figure 8) is a
common over-the-counter drug used as an analgesic and
antipyretic agent. It is consumed to inhibit COX, thus reducing the
level of prostaglandin in the human body, which is used to treat
inflammation or pain and can also be used as a fever reliever. It is
usually used to treat headaches, menstrual cramps, minor injury,
toothaches, and blood clotting, and to control blood pressure.
The adverse effect of ibuprofen is likely due to frequent and
widespread usage (Gomaa, 2018). Ibuprofen exerts its anti-
inflammatory effect based on the inhibition of COXs in
prostaglandin synthesis (Amir et al., 2016). It also has an
antibacterial effect, especially on E. coli, which is a major
pathogen causing urinary tract infection (Ahmed et al., 2016). The

o) HO
HF NaBH,
Ac,0 CH40H

presence of carboxyl and aromatic groups in the molecular
structure of ibuprofen has been reported to contribute to its
biological properties (Martinez et al., 2017).

O

OH

Figure 8. Structure of ibuprofen

The synthesis of ibuprofen can be accomplished using isobutyl
benzene and acetic anhydride with four continuous reactions,
which are Friedel-Craft acylation, carbonyl reduction, chloride
substitution, and Grignard reaction (Kilburg & Tyler, 2017)
(Scheme 2).

cl CIMg G

Mg 1) CO,
2) HCl

Scheme 2. Synthesis of ibuprofen

Urease Inhibition of Co(ll) Complex of Ibuprofen-Thiourea

Derivatives

Thiourea derivative is known for its biological activities, such
as antimicrobial (Stratan et al.,, 2018; Vedavathi et al., 2017),
antituberculosis (Stratan et al., 2018), and analgesic (Shoaib et al.,
2017). It has a variety of uses outside of pharmaceuticals,
including as a fungicide and herbicide, a growth inhibitor for
plants, and as a substance used to control insect and insect-
related growth (Shakeel, 2016). It has also been considered as a
particularly good chelating agent for transition metal complexes
by inhibiting enzymes due to their specific molecular architecture
(Mumtaz et al., 2018). Urease is a nickel-based metalloenzyme
that is present throughout the human body (Seraj et al., 2021). It
catalysed the hydrolysis of urea to produce ammonia and carbon

dioxide, which were subsequently protonated to produce
ammonium (Rizvi et al., 2019). This assists in an increase of pH in
the stomach. Urease enzyme can promote the growth of H. pylori
that caused many pathological conditions including peptic ulcer,
hepatic encephalopathy, and urinary stone formation, which
answered the growing interest of urease inhibitor in the medicinal
field in recent years (Kafarski & Talma, 2018; Mumtaz et al., 2018;
Seraj et al., 2021).

Mumtaz et al. (2018) studied urease inhibition by introducing
metal ligands into ibuprofen-thiourea. Ibuprofen-thiourea with
halogen substitutes obtained were characterised and underwent
reaction with metal complex (Figure 9) (Mumtaz et al., 2018). The
synthesis of Co(ll) complex of ibuprofen-thiourea is represented
below (Scheme 3).
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Scheme 3. Synthesis of Co(ll) complex of ibuprofen-thiourea
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Figure 9. Proposed structure of Co(ll) complex of ibuprofen-thiourea: (a) chloro substituent, (b) bromo substituent, and (c) dichloro
substituent

Urease inhibition of ibuprofen-thiourea derivatives were
compared with jack bean urease. The enzyme activity was
determined by the amount of ammonia produced measured by
the indophenol method and the absorbance was recorded
(Mumtaz et al., 2018). The collected data indicated that ibuprofen
was unable to inhibit urease enzyme. However, the incorporation
of thiourea moiety into ibuprofen has increased the inhibition
potency of enzyme activity (Seraj et al., 2021). Therefore, thiourea
has been used as a standard for urease inhibition. Table 5 shows
the results for urease inhibition of Co(ll) complex of ibuprofen-
thiourea.

Table 4. Urease Inhibition Activity of Co(ll) Complex of
Ibuprofen-Thiourea Derivatives

Compound ICs0 (ULM) + SEM
(a) 14.6+3.3
(b) 32.9+14.1
(c) 24.6 £7.45
Standard (thiourea) 21.1+1.23

Ibuprofen -
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Ibuprofen-thiourea derivative with metal ligand bearing -Cl
exhibited the most potent inhibition against urease enzyme.
Ibuprofen-thiourea metal-containing bromine atom showed
2018). Although
both -Cland -Br belong to the electron-withdrawing group (EWG),

lower urease inhibition than -Cl (Mumtaz et al.,
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-Cl is more electronegative and has smaller atomic size than -Br,
which may affect the urease inhibitory activity (Rashid et al.,
2020). Moreover, -Br exhibits inadequate inhibition of enzyme
due to extended bulkiness of the compound, which resulted in
longer and more labile bonds (metal ligand easily broken), thus
unsuitable for drug candidates, whereas the presence of -Cl has
altered the volume and shape of the compound, allowing for
positioning in deep cavities of enzyme (Fejzagi¢ et al., 2019).
Compound (c) containing two -Cl at meta-para position showed a
moderate result compared to the standard and compound (b).
This shows that the position of halogens determines the inhibitory
activity instead of the number of halogen present (Ashraf et al.,
2019).

Antibacterial Activity of Metal Complexes with Isoniazid-

Ibuprofen

Formerly, metal has been used as an antimicrobial agent that
is highly beneficial in the medical field. Normal cell metabolism
requires many metals, but higher concentrations may cause
health risks. According to the oligodynamic effect, heavy metal
can bind to thiol or amine moiety of cellular protein, leading to
deactivation and precipitation of proteins. As proteins are
strongly attracted to metal ions, it results in cellular concentration
growth and cell death (Mittapally et al., 2018). As antibiotics are
developed, the use of metals as antimicrobials is gradually being
phased out. However, the emergence of several reports related
to antibiotic resistance became a reason for the development of
metals used as antibiotic conjugates (Hegde et al.,, 2021;
Mittapally et al., 2018).

Isoniazid (Figure 10), also called isonicotinyl hydrazide (INH),
is an antibiotic consisting of a pyridine ring with hydrazine moiety
that has a narrow spectrum antimicrobial against Mycobacterium
tuberculosis (Hegde et al., 2021).

94

NH,
= H/
N~

Figure 10. Structure of isoniazid

It is a pro-drug activated by KatG (a biological enzyme
presents in mycobacteria) to generate isonicotinoyl radical.
Nicotinamide adenine dinucleotide (NAD+) and this free radical
interact to form a complex called NAD-INH, which functions as a
competitive inhibitor of InhA. The inhibition interrupts the entire
process of mycolic acid synthesis, which is responsible for the
formation of mycobacterial cell wall. Furthermore, the inhibition
process resulting in NADH accumulation and ATP burst that is
toxic to the mycobacterial itself ( Shetty & Dick, 2018; Hegde et
al., 2021).

Isoniazid has been used as an antituberculosis agent for more
than 6 decades until the emergence of resistance cases.
Numerous researchers have established isoniazid derivatives to
combat INH resistance using newly discovered mycobacterial
targets and host-directed treatment (Torfs et al., 2019). The
combination of isoniazid-pyrrole hybrid LL-3858 resulting in a
promising compound for tuberculosis treatment (Hu et al., 2017).
Isoniazid embedded with triazole moiety induces antitubercular
and antimicrobial activities. Mixed isoniazid-ibuprofen metal
complexes also showed antibacterial activities (Bamigboye et al.,
2019).

The synthesis of isoniazid-ibuprofen metal complexes (Figure
11) started with isoniazid in methanol and ibuprofen in ethanol,
which were mixed in metal chloride salts (Cu?*, Zn?*, Ni?*, and
Cd?*) and dissolved in solvents. After being refluxed for a short
period of time at a certain temperature, the mixture was cooled
to room temperature, allowed to precipitate, filtered, and
washed with a mixture of solvents. The product was dried in a
desiccator and used in antibacterial screening against E. coli, S.
aureus, and P. aeruginosa (Bamigboye et al., 2019).
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Figure 11. Proposed structure of isoniazid-ibuprofen metal

The antibacterial activity of metal complexes (Ni, Cu, Cd, and Co) isoniazid-ibuprofen compounds resulted in higher inhibition zones
against E. coli, S. aureus, and P. aeruginosa compared to the parent ibuprofen. The results (Table 6) indicated that ibuprofen and isoniazid
themselves did not inhibit bacteria at 20 and 40 uL/mL (except for isoniazid against S. aureus at 40 uL/mL) (Bamigboye et al., 2019).

Table 5. Antibacterial Activity of Complexes, lbuprofen, and Isoniazid

Inhibition Activity at 20 and 40 uL/mL Concentration

Compound/Complexes E. coli S. aureus P. aeruginosa

20.0 40.0 20. 40.0 20.0 40.0
Ni(Iso)(Ibu)Cl, 11.0 14.0 8.0 12.0 8.0 13.0
Cu(Iso)(Ibu)Cl, 4.0 16.0 5.0 24.0 14.0 19.0
Cd(1so)(Ibu)Cl; 22.0 29.0 13.0 14.0 13.0 16.0
Co(Iso)(Ibu)Cl; 9.0 12.0 11.0 11.0 17.0 18.0
Isoniazid (Iso) - - - 11 - -

Ibuprofen (lbu) - -

Meanwhile, the existence of metals in the complex enhanced
the effectiveness of ligand to inhibit bacterial growth. This
increasing antimicrobial activity can be linked to the chelation
theory. Chelation usually results in ligand acting as a more
effective bactericidal agent (Damilola et al.,, 2019). The donor
atoms in the ligands partially share some of the positive charge of
the metal, as in the complex, and may contribute to electron
delocalisation in the chelate ring. This factor contributes to the
lipophilicity of the central metal atom, which improves its
hydrophobicity and solubility in lipids, allowing it to permeate
through the lipid layer of bacterial membrane (Abd El-Halim et al.,
2018).

Anti-Inflammatory and Ulcerogenic Activity of lbuprofen

Bearing Ammonium Moieties

Drugs containing carboxylic acid have an essential function in
the medical treatment of pain and diseases. One of the roles is
acting as a solubiliser to modulate lipophilicity and cell
permeation (Badea & Radu, 2018). However, some claim that the
damage caused by NSAIDs containing a carboxylic group
(ibuprofen, aspirin) is more potent (Mehta et al., 2010). It has
been questioned whether NSAIDs require the presence of
carboxylic acid group. One of the test drugs is ibuprofen. The
carboxylic acid-free group of ibuprofen can cause gastrointestinal
(Gl) toxicity (erosion or bleeding) due to its pharmacological
mechanism that inhibits COX-1 and COX-2, thus decreasing the
formation of prostaglandin and thromboxane systematically
(Bhandari et al., 2008; Ullah et al., 2016).

The synthesis of ibuprofen bearing ammonium moieties is
depicted below (Scheme 4).

DOl:https//doi.org/10.22452/mjs.vol43n01.8
Malaysian Journal of Science 43(1): 86-112 (March 2024)



Malaysian Journal of Science Regular Issue

o) i o i o)
OH cl Q (b) R=H
(¢) R=CH,0OH
R
iii iv
o)
NT"oH Q (b) R=H
H (c) R=CH,OH
R
iv v
AN + /()R=H
\(/\Q\(\H OH /lQ (i) R=CH,OH
R
(b) R=H
Y (c) R=CH,OH

H
Y\Q\r\ ril"/\/\OH
H
(a)

Scheme 4. Synthesis of ibuprofen bearing ammonium derivatives. Reagents and conditions: (i) oxalyl chloride, DCM, 25 °C, 3—12 h; (ii)
pyrrolidine or L-proline, DCM, 25 °C, 3 h; (iii) 2-hydroxyethylamine, DCM, 25 °C, 3 h; (iv) LiAlH4, THF, 25 °C for 3d, reflux (a) for 3 h; and (v)
dry HCl, ether, N,, 25 °C

The subsequent ammonium salt was taken for anti- respectively, whereas celecoxib gave 0.02 pM. This indicates that
inflammatory and ulcerogenic assay. Based on the in vitro results, these drug modifications are not as potent as celecoxib as the
compounds 2e, 3e(i), and 3e(ii) (Figure 12) gave the half-maximal selective COX-2 inhibitor.

inhibitory concentration (ICso) values of 28.1, 22.2, and 20.7 uM,

Hz / /
H
(b)

()

CH,OH
(@)

Figure 12. Structure of ibuprofen-ammonium derivatives

Meanwhile, in the findings of in vivo anti-inflammatory activity (Table 7), the compounds (a) and (b) had a statistically relevant anti-
inflammatory impact in comparison to the control group, whereas compound (c) had no effect (Ullah et al., 2016). Drugs containing
ammonium salts could improve solubility in body fluids (Ouellette & Rawn, 2018). The ammonium salts made from ibuprofen have shown
that NSAIDs are not required to include carboxylic acid groups (Ullah et al., 2016). Nevertheless, further study needs to be done to increase
the potency.

Table 6. COX-1 and COX-2 Inhibition of Ibuprofen Derivatives without Carboxylic Acid Group

ICs0 (M)
Compounds

COX-1 COX-2
(a) >100 28.1
(b) >100 22.2
(c) >100 20.7
Celecoxib >100 0.02
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Anti-Inflammatory and Anticancer Activity of lbuprofen-

Amide Derivatives

Studies found that amide derivatives of NSAIDs contributed to
antitumor activity (Zhang et al., 2021). Compared to the parent
NSAIDs itself, amide derivatives are said to be potent inhibitors of
cell proliferation. A compound comprises amide linkage is said to
be anticancer, antimicrobial, antinociceptive, and anti-
inflammatory (Haider et al.,, 2018). It is well-known that
heterocyclic compounds containing nitrogen are a valuable

source of therapeutic agents (Figure 13) (Ansari et al., 2017).

OH

DCC o

Figure 13. Structure of amide

Anti-Inflammatory Activity of with 1,3,4-Thiadiazolyl-
Propanamide Ibuprofen Derivatives

Alkabodi et al. (2016) aimed to derive a potential ibuprofen-
amide derivatives drug with selective COX-2 inhibition having a
low ulcerogenic effect. The synthesis of the ibuprofen-amide
derivatives is shown below (Scheme 5):

s—m
\
HQN/L\NIN

o N— N\
reflux /Il\
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N
reflux O l A\ CFs
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HN— |
NN (b)

Scheme 5. Synthesis of ibuprofen-amide derivatives

The experiment continued with the anti-inflammatory activity test using the ovalbumin paw edema method of albino rats and ulcerogenic
index screening, and the results obtained are as shown in Table 8 (Alkabodi et al., 2016).

Table 8. Percentage Inhibition of Paw Edema and Ulcer Index to Determine the Anti-Inflammatory Activity of Ibuprofen with 1,3,4-

Thiadiazol Amide Derivatives

Compound % Inhibition of Paw Edema Ulcer Index
(a) 45.0 5.8

(b) 44.0 8.3
Diclofenac 41.0 -

Celecoxib - 6.0
Indomethacin - 17.0

The inhibition of compounds (a) and (b) resulted in a decent
anti-inflammatory activity (45% and 44%, respectively) compared
to the standard drug, diclofenac (41%) (Alkabodi et al., 2016).
Meanwhile, the ulcerogenic screening showed that compounds
(a) and (b) gave 5.8 and 8.3 ulcer index while celecoxib produced
an ulcer index of 6.0. The activity of ibuprofen-amide derivatives
was compared to diclofenac and celecoxib (selective COX-2
inhibitors). Overall, it was discovered that compound (a) gave
better results in comparison to celecoxib. The difference between
compound (a) and celecoxib is the presence of amide functional
group (Alkabodi et al., 2016). Several studies found that the amide
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derivatives have increased the anti-inflammatory activity (Ahmadi
et al., 2017; Narsinghani & Sharma, 2017).

Compounds (a) and (b) also consist of thiadiazol, which may
contribute to COX-2 inhibition. Several studies on thiadiazol
derivatives showed promising scaffolds for potent selective COX-
2 inhibitors (Maddila et al., 2016; Ragab et al., 2017; Murahari et
al., 2019).

The difference between these two compounds is the presence
of ethyl in compound (a) and trifluoromethyl in compound (b). A
study found that trifluoromethyl may affect the electrical
properties of the target chemicals, and its lipophilicity can
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promote membrane permeability (Cong et al., 2021). However,
(b) to non-selective COX inhibitor
indomethacin, the Gl side effects for compound (b) are less severe

but not as efficient as a COX-2 inhibitor, celecoxib.

comparing compound

Hence, the presence of amide and 1,3,4-thiadiazol in
ibuprofen-amide derivatives (compound (a)) has improved the
anti-inflammatory effect on the edema paw of albino rats and
gives better tolerance against the ulcerogenic of albino rats

compared to celecoxib.

Anti-inflammatory Activity of Ibuprofen-Amide Derivatives

as Dual FAAH/COX Inhibitor

Ibuprofen can initiate gastrointestinal toxicity after a long
time of usage, and the pharmaceutical industry will design a new

HO

drug candidate with improved therapeutic properties compared
2010). The suppression of both
COX-1 and COX-2 caused gastrointestinal damage. In order to

to the parent drug (Mehta et al.,

overcome this phenomenon, the inhibition of fatty acid amide
hydrolase (FAAH) alongside COX inhibitors is introduced (Deplano
2019; Goodman et al., 2018). FAAH is a serine hydrolase
that is important in controlling the endogenous level of

et al.,

anandamide, an endocannabinoid mediator with analgesic and
tissue protective function, and works as a pain and inflammation
reliever (Dainese et al., 2020; Deplano et al., 2019; Sasso et al.,
2015; Scarpelli et al., 2016). A dual-action FAAH-COX inhibitor is
reported to give useful therapeutic properties. The synthesis of
ibuprofen-amide derivatives is shown below (Scheme 6).

N;\ /?

O
NH,
R
3 N EDC, HOBt,
_ MeCN, rt. 36 h

HN R
o
R=ClI, Br, |, CF3

Scheme 6. Synthesis of ibuprofen-amide derivatives

Figure 14 shows the proposed structure of ibuprofen-amide

derivatives  with  different  substituents (halogen and
trifluoromethyl). The first endogenous ligand discovered to
interact with cannabinoid receptors is N-

arachidonoylethanolamine (AEA). FAAH enzyme breaks down

55

AEA to arachidonic acid and ethanolamine in most rat tissues (Ahn
et al.,, 2009; Marrs & Stella, 2009). The ibuprofen-amide
derivatives were tested towards rat brain FAAH-catalysed
hydrolysis of AEA. The inhibition of the ibuprofen-amide
derivatives at ICso was analysed (Table 9) (Deplano et al., 2020).

8%

Figure 14. Structure of ibuprofen-amide derivatives (Cl, Br, |, CFs3)
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Table 9. ICso Values for the Inhibition of Rat Brain FAAH
Catalysed Hydrolysis of AEA by Ibuprofen-Amide Derivatives

Compound ICsp (LM)
(a) 0.910
(b) 0.083
(c) 0.120
(d) 0.360

lbuprofen -

The presence of -Cl, -Br, and -I resulted in bulky compounds,
which blocked the active sites or affected the permeability of cell
membranes. Even though brominated compounds were said to
be longer with a more labile bond, it allowed for easier
incorporation into molecules (Fejzagi¢ et al., 2019). This explains
the highest potency of ibuprofen-amide derivatives starting with
(b), which has -Br at 0.083 puM, followed by (c) with -1 at 0.120 pM,
(d) with -CF3 at 0.360 uM, and lastly (a) with -Cl at 0.910 uM
(Deplano et al., 2020). These results indicated the presence of
halogen, which increased the potency of ibuprofen-amide

derivatives as FAAH inhibitors but still retained its ability as a
selective COX-2 inhibitor. The presence of EWG such as halogen
and trifluoromethyl gives higher activity compared to ibuprofen
itself.

Anticancer Activity of Dexibuprofen-Amide Derivatives

Anhydrous benzene is present when a reaction took place
between thionyl chloride and dexibuprofen, producing the
In  the
dexibuprofen acid chloride underwent condensation with
substituted amines in the presence of dry acetone to obtain the

corresponding acid chloride. second stage, the

required dexibuprofen-amides (a—d). After being synthesised,
each dexibuprofen-amide derivative was subjected to flash
chromatography to achieve purity and their structures were
validated using spectroscopic data.

The dexibuprofen amides with halogen substituted on
aromatic moieties improved the antitumor activities. These
compounds (Figure 15) were evaluated against breast carcinoma
cells (MCF-7).

Cl Cl
N

()

(a) (b)
Cl Cl Cl
i 1T LT
(d)

Figure 15. Structure of dexibuprofen-amide derivatives with different positions of chloro-halogen: (a) 2-Cl, (b) 2,5-dichloro, (c) 4-choro, and
(d) 2,4-dichloro

Compound (a) with 2-chloro, (b) with 2,5-dichloro, (c) 4-
chloro, and (d) 2,4-dichloro substituted gave excellent I1Csq results
for MCF-7 (Table 10). Both compounds (a) and (b) exhibited
excellent outcomes against the cancer cells, but neither

compound was cytotoxic to normal breast cells.

Table 10. Cytotoxic Activity against MCF-7 Cell Line by the
Synthesised Dexibuprofen Amides, Erlotinib, and Doxorubicin

Compounds 'Cso (uM/mL)
MCEF-7
(a) 0.03 £ 0.004
(b) 0.01 £ 0.002
(c) 6.57 + 1.54
(d) 1.02 +0.15
Erlotinib 0.02 £ 0.003
Doxorubicin 0.04 + 0.006

For compounds (a) and (b), the chloro substituent at the
ortho-position of the phenyl ring is crucial to the anticancer
activity of these derivatives. Under these circumstances, the
chlorine substituents' steric and/or electronic actions caused
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localised electronic attraction or repulsion, as well as steric
interference with any nearby amino acids of the target proteins.
(Fang et al., 2019). Compound (c) with a para-chloro substituent
has reduced the cytotoxicity. Due to the increasing number of
chloro-substituents, compound (d) demonstrated the least
inhibition. It can be concluded that the location of the halogens,
not their quantity, is the determining factor of inhibitory action
(Ashraf et al., 2019).

Even though ibuprofen was not evaluated in this study,
previous research has shown that it provides limited inhibitory
effect against MCF-7 (Pedro-Hernandez et al.,, 2017). Several
amide derivatives of ibuprofen have shown enhanced
antiproliferative effects when compared to the parent drug
(Abourehab et al., 2021). This supports that dexibuprofen-amide
derivatives are more effective in inhibiting MCF-7 than the parent

drug, ibuprofen (He et al., 2021).

Anti-Inflammatory Activity of Ibuprofen Conjugated with

Silicon

In 2017, novel silicon-containing amides derived from
ibuprofen were successfully synthesised and investigated for their
anti-inflammatory efficacy against nuclear transcription factor kB
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(NF-kB). There were four potential derivative compounds of
silicon-containing amide derivatives that offered better activities
for inhibiting NF-kB when compared to ibuprofen as the parent
drug. The presence of better biological activity coordinated with
the increase in the derivative compound's lipophilicity supports

H .
N\/SWIeZPh

~

3.8

(b)

H
N SiMe,PhOMe

)\/W
(c)
N~ SiMe;
O
(d)

its ability to pass through the cell membrane, making it easier to
reach cytosol as the target area of NF-kB activation. From these
results, it appeared that the conversion of ibuprofen to the form
of amides can affect their anti-inflammatory activity (Pérez et al.,
2017).

H :
N\/Sil\fle3
H

Figure 16. Chemical structure of silicon-containing amide derivatives of ibuprofen

Other studies conducted a modification at the alkyl side chain
of ibuprofen by substituting silicon. The synthesis of silicon
ibuprofen conjugate, which was later named sila-ibuprofen, was

done by reacting 2-[(4-bromo-methyl) phenyl] propionic acid and
dimethylchlorosilane (Me,SiCIH) in a one-pot reaction (Scheme 7)
(Kleemiss et al., 2020).

' \mo
Hol o
_c OH
1

1. NEty/Me,SiCIH
O 2. Mg/Me,SiCIH d O
» Ho | g+
Br OH 3. H0 _Si OH
2

Scheme 7. Synthesis of silicon ibuprofen conjugate

Although there was no significant enhancement in its anti-
inflammatory activity as a COX inhibitor, the substitution of silicon
onto ibuprofen's structure showed the improvement of physical
properties, especially in its solubility. Sila-ibuprofen has four
times higher solubility in physiological media than ibuprofen and
this property can be useful for further development (Kleemiss et
al., 2020).

Anticancer Activity of Ilbuprofen with N-Acyl-1,3,4-

Oxadiazole Derivatives

Researchers in the field of medical and pharmaceutical
chemistry are interested in heterocyclic compounds with nitrogen
atoms. Examples of these types of molecules include oxadiazole
moieties. Due to its versatility in terms of its effects on living

things, the 1,3,4-oxadiazole heterocyclic ring is regarded as one of
the most important heterocyclic moieties (Ahsan, 2018; Siwach &
Verma, 2020). 1,3,4-oxadiazole derivatives have been reported to
exhibit therapeutic activities, such as antibacterial (Glomb &
Swigtek, 2021), anti-inflammatory (Chawla et al., 2018),
antioxidant (Mihailovi¢ et al., 2017), and antitumor (Nayak et al.,
2021). The compounds have different mechanisms of action that
are significant in perceiving the resistance of tumours to standard
drug treatment (Glomb et al., 2018).

It was discovered that ibuprofen that is associated with 1,3,4-
oxadiazole derivatives with halogen, methoxy, and nitro-
substituents exhibited promising results in anticancer studies
(Alderawy et al., 2020). The synthesis of the compounds can be
summarised as below (Scheme 8).
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Scheme 8. Synthesis of ibuprofen-N-acyl-1,3,4-oxadiazole

Compounds (a)—(d) (Figure 17) were studied against MCF-7, and it was found that most of the compounds gave high percentage inhibition
(Table 11) (Alderawy et al., 2020).

II
—H c— N—N-C—

*@ QL
(a) (b)
II
N—N C— N—N C—
gy *@M
(c) (d)
Figure 17. Structure of ibuprofen-N-acyl-1,3,4-oxadiazole with (a) 4-NO,, (b) 4-Fl, (c) 4-Cl, and (d) 4-OCHs
Table 11. Percentage Inhibition of MCF-7 by Ibuprofen-N-acyl- and substitute are quite common in compound derivatives to
1,3,4-Oxadiazole Derivatives study the anticancer and antiproliferation activities and were
Compound % Inhibition of MCF-7 found to be successful in several studies, especially against MCF-
() 84.9 7 cell line (Alghamdi & Nazreen, 2020; Hassanzadeh et al., 2020;
Khanam et al., 2017; Yadav et al., 2020). It has been demonstrated
(b) 851 that derivatives containing aromatic rings and nitro groups exhibit
() 74.7 significant cytotoxicity, especially when used against MCF-7
(d) 83.8 cancer cells.
Control 0 As 4-methoxy is introduced as a substitute, there was a slight
decrease in antitumor activity to 83.8% (Alderawy et al., 2020).
Among all the tested compounds, compound (b) containing 4- Studies found that the methoxy group can contribute to positive
fluoro gave the highest inhibition against MCF-7 cell line (85.1%) results in anticancer activity (Bonakdar et al., 2017; El-Sayed et al.,
(Alderawy et al., 2020). The presence of 4-fluoro on 1,3,4- 2017). The number and positioning of the methoxy substituent
oxadiazole derivatives exhibited great focal adhesion kinase are also crucial in cytotoxicity (Novilla et al., 2019).
(FAK), which is a common intracellular kinase that regulates Previous research demonstrated that ibuprofen has limited
signalling pathways related with cellular migration, proliferation, effectiveness (<20%) against MCF-7 (Pedro-Hernandez et al,,
and survival, making it a significant aim in developing anticancer 2017), but this was not evaluated in the current study. However,
drugs (Liew et al., 2020). the result indicates that the presence of N-acyl-1,3,4-oxadiazole
As presumed, NO, and 1,3,4-oxadiazole gave one of the contributes to the anticancer effect against breast cancer cells.

highest inhibitions among derivatives, up to 84.9%. These moiety
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Anticancer  Activity of Organoselenides-lbuprofen
Derivatives
Compounds containing organoselenium are becoming more

significant in the fields of enzymology, medicine, and bio-organic

relevant analytes, such as ROS. Production of ROS is linked to
Alzheimer, Parkinson, and cancer, where excess production is a
key cause (Kumawat et al., 2021; Madibone et al., 2020). The
organoselenides-ibuprofen derivatives are synthesised according

chemistry (Mugesh et al, 2001). Organoselenium-based to Scheme 9.
molecular probes allow accurate detection of physiologically
A~ KSeCN A~ &
HO Br HO SeCN 4+ DCC, DCM
CH4CN, o _—
DMAP
A
@]
TBAF, TMSCF q
NN ’ g
© SeCN 07 ™>"secF;
THF
(a) (b)

Scheme 9. Synthesis of organoselenides-ibuprofen derivatives. Compound (a) cyano substituted and compound (b) trifluoromethyl
substituted

The capability of organoselenides-ibuprofen derivatives to
suppress the development of human tumour cell lines, such as
CaCO; (human epithelial colorectal adenocarcinoma cell line),
BGC-823 (human gastric cancer cell line), MCF-7, and PC-3
(human prostate cancer cell line) was examined, and the results
are presented in Table 12. MTT assay was used to evaluate
anticancer activities in vitro while the positive control used was 5-
fluorouracil as it is often used in cancer treatment, both adjuvant
and palliative.

Table 7. Cytotoxic Activity against CaCO,, BGC-823, MCF-7, and
PC-3 by Organoselenides-Ibuprofen Derivatives, Ibuprofen, and
5-Fluorouracil

ICso (UM)
Compounds CaCoO, BGC- MCF-7 PC-3
823
(a) 145+18 173 + 89+08 112 ¢
2.3 2.3
(b) 11.3+15 82+07 7.7+06 104 %
0.9
Ibuprofen >50 >50 >50 >50
5-Fluorouracil 7.8+3.1 154 + 123 + 95
1.8 2.2 1.1

Although compound (a) was effective in inhibiting CaCO,,
BGC-823, and PC-3 cancer cells, it could not surpass the
performance of 5-fluorouracil. However, it was still superior to
standard ibuprofen.

Compound (b) was discovered to have higher inhibitory
efficacy against CaCO,, BGC-823, MCF-7, and PC-3 cells when the
derivatives were compared to ibuprofen. The drug showed lower
ICsp values against BGC-823 and MCF-7 cells in comparison to the
standard anticancer drug, 5-fluorouacil. Compound (b) contains
trifluoromethyl (-CF3), which is known to have anticancer effects.
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It is possible that this factor contributed to the suppression of
cancer cells (Lanquist et al., 2021; Olszewska et al., 2020; Scattolin
et al.,, 2020; Wang et al.,, 2019). Fluorine-containing groups,
notably perfluorinated fragments, can drastically modify
pharmacological characteristics (Scattolin et al., 2020).

Anticancer Activity of Ibuprofen-Organotin Complexes

Figure 18 illustrates an example of an organotin compound,
which is defined as bearing at least one covalent connection
between a carbon (C) atom and a tin (Sn) atom. They are usually
denoted by the formula RaSnXs.; (a = 1-3, R = aryl or alkyl, X =
halogen ion or carboxylate, etc.) (Ghani & Yousif, 2021).

) I R
R-Sln—x R-Sln—R R-Sln—X
X X R

Figure 18. Chemical structure of organotin

Organotin compounds have two stable states, which are (l1)
and (IV) (Ghani & Yousif, 2021). Since the past few years, organic
tin(IV) complexes have been used in the field of cancer treatment
and have proven their effectiveness to treat lung cancer (A-549),
cervical cancer (Hela), and breast adenocarcinoma (MDA-MB-
231) (Hazra et al.,, 2016). Lately, the cytotoxicity effect of
organotin(lV) has been reported to have great complex synergy
with NSAIDs (Antonenko et al., 2022). Complexes of ibuprofen
with triorganotin(IV), IBF-dimethyltin(IV), and IBF-dibutyltin(IV)
were successfully synthesised by Kumari et al. in 2020. In the
same year, Farooqi et al. (2020) also reported on the synthesis
of triphenyltin(IV) ibuprofen. The synthesis was done through a
single-step reaction by reacting the mixture of triphenyltin
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hydroxide and ibuprofen in dry ethanol under 7 h reflux. The yield
of the product was favourable and it was characterised
spectroscopically (Farooqi et al., 2020).

The synthesised compounds (Figure 19) were tested against

human cancer cell lines viz. prostate cancer (DU145), colon

adenocarcinoma (HCT-15), colorectal cancer (CaCO;), breast
cancer (MCF-7), androgen-sensitive prostate adenocarcinoma
(LNCaP), and Hela (Kumari et al., 2020).

(@] / @]
Sn— n R 0
RJ\O/ \ R)J\O/ NN @
(a) (b) (c)
o R
T R
Sn o) O=<
R O !O\*‘b({/ 0
:S{‘F—-d\ 5 /\/\Sr/]\/\/
O )\'c*a‘{\/ O/
\\
):O >=O R=
R R
(d) (e)

Figure 19. Chemical structure of organotin(lV) complexes with ibuprofen

According to the results (Table 13), the complexes exhibited
several activities against various cell lines. Except for compound
(a) [MesSn(IBF)], all the compounds (b, c, d, and e) induced the
cytotoxicity in the researched cancer cell lines. Compound
(c) [PhsSn(IBF)] exhibited the greatest cytotoxicity against
colorectal cancer (CaCO,), with an ICsg value of 1.21 uM, which
was superior compared to cisplatin, followed by compound (b)
[BusSn(IBF)] (ICso = 2.48 uM) and compound (d) [[Me2Sn(IBF)],0,]
(ICsp = 13.38 uM). Furthermore, IBF demonstrated potent
cytotoxicity only against prostate cancer cells (DU145) (ICso = 1.65
uM) while being non-cytotoxic (ICso 100 uM) against HCT-15 and
CaCoO; cell lines. In terms of 1Csg value against DU145, compound

(d) and (e) [BuaSn(IBF);] demonstrated approximately 2.6-4.0
times higher activity than 5-fluorouracil. Compound (c) was
moderately cytotoxic to DU145. Compound (d) (ICso = 2.188 uM)
also demonstrated the greatest cytotoxicity against colon cancer
cells (HCT-15), which was approximately 6 and 2 times greater
than 5-fluorouracil and cisplatin, respectively. As a result,
compound (d) was highly cytotoxic, with the greatest cytotoxicity
against prostate and colon cancer cell lines among compound (a)—
(e), whereas compound (c) was very cytotoxic to colorectal cancer
cell lines (Kumari et al., 2020).

Table 8. Cytotoxicity of Synthesised Compounds against Tested Cancer Cell Lines

ICso (LM)
Compounds DU145 HCT-15 Caco,
(a) 100 100 100
(b) 100 100 2.48+0.1
(c) 19.22+0.8 100 1.21+0.84
(d) 3.97+0.81 2.188 + 0.67 13.38+1.5
(e) 5.92+1.54 3232+2.1 100
Ibuprofen 1.65+0.2 100 100
5-Fluorouracil 15.4+0.8 12.2+0.5 -
Cisplatin - 5.04+1.4 96.38 £ 32.03

103 DOl:https//doi.org/10.22452/mjs.vol43n01.8

Malaysian Journal of Science 43(1): 86-112 (March 2024)



Malaysian Journal of Science

Regular Issue

4. Conclusions

The modification of drugs to find other or better biological
activities that can benefit humankind has become increasingly
common. This review article offers a comprehensive synthesis
and analysis of common drugs, including their modifications and
effects on potential biological activities. The introduction of metal
(Cu, Co, Mg, etc.)
modification, especially acetaminophen and ibuprofen, enhanced
the effectiveness of ligands to inhibit bacterial growth. The

complexes in over-the-counter drug

antimicrobial activities of M-piperaquine-acetaminophen, M-
prednisolone-acetaminophen, Mg(ll)acetaminophen, and M-
acetaminophen-ascorbic acid against Gram-positive and Gram-
negative bacteria are higher compared to standard
acetaminophen. The metal complex of ibuprofen-thiourea is a
great urease inhibitor compared to ibuprofen, especially at meta-
position with chloro-substituent. Chlorine is more electronegative
and has smaller atoms, which may affect the urease inhibitory
activity. The removal of carboxylic acid in ibuprofen (affect
gastrointestinal) is replaced by ammonium moieties, which are
slightly better than ibuprofen in terms of anti-inflammatory
activity. lbuprofen-amide derivatives also showed positive anti-
inflammatory results compared to standard celecoxib, and the
presence of halogen (Br) affected cell permeability, thus
the potency of FAAH/substrate-selective COX
inhibitors. Ibuprofen silicon conjugate has high antioxidant

activity. Ibuprofen with 1,3,4-oxadiazole gives promising results in

increasing

the anticancer activity of breast cancer cells, especially in

halogen-, methoxy-, and nitro-substituted compounds.
Furthermore, ibuprofen with organotin complexes has better
anticancer activity compared to the parent drug. According to the
findings of this review article, the majority of the derivatives or
metal complexes of acetaminophen and ibuprofen exhibited
promising biological activities, although further research is
necessary to fully exploit the potential of these compounds in
developing novel therapeutics. This includes studying their safety,
pharmacokinetics, and pharmacodynamics, as well as optimising
novel modifications or metal complexes of current
acetaminophen and ibuprofen to improve their therapeutic

applications.
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Abstract: The massive industrial and agricultural development in the past few years has increased the pollution level of water bodies.
Several studies have concluded that the global depletion of freshwater resources will result in difficulties accessing clean water. Plant-
based water treatment techniques have attracted great interest in the past few years due to their safety and cost-effectiveness compared
with chemical-based techniques. Natural coagulants have been extensively studied in terms of the type of plant and the mechanism of
coagulation. Banana is one of the most famous tropical fruits from the Musa genus in the Musaceae family. It is widely consumed in
Malaysia, especially Musa acuminata, Musa balbisiana, and Musa paradisiaca, resulting in tremendous amounts of biomass residue,
including peels, stems, and leaves, with high potential use for wastewater treatment applications. This review aims to highlight the

advantages of natural coagulants and to discuss the potential use of different banana wastes in water treatment applications.

Keywords: Plant-based coagulant, banana wastes, water treatment, natural coagulant, waste biomass

1. Introduction

Since the last century, with a dramatic increase during the
Industrial Revolution, many industrial wastes have increased
proportionally, increasing a worldwide primary source of severe
pollution (Mohan et al., 2019). Air, water, and even soil have been
polluted by anthropogenic activities. For instance, water pollution
may occur due to the use of multiple chemical reagents, ranging
from inorganic compounds to polymers and even organic
products (Salmasi et al., 2020). Many developing societies lack
appropriate wastewater treatment techniques, leaving waste
without treatment. Many of these communities consume non-
treated or badly treated water daily, which eventually affects
their health and leads to severe waterborne disease (Ravindra et
al., 2019).

Coagulation is a water treatment technique used to assist in
colloidal particle removal (Lv et al.,, 2018), lime softening
(Ghernaout et al., 2018), water clarification (Lépez et al., 2021),
sludge thickening (Atamaleki et al., 2020), and solid dewatering
(Feng et al., 2022). Due to the potential cause of health problems,
the use of chemical coagulants, such as alum, is not a preferable
option (Bahrodin et al., 2021). Its use is restricted to turbidity
removal, and it is not recommended for use in developing
countries (Sulaiman et al., 2017). The use of plant-based materials
as natural coagulants for water purification is simple, safe for
human health, eco-friendly, and effective.
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In a previous study by Nath et al. (2021), the authors showed
that several chemical coagulants have the ability to change the
physicochemical properties of treated water. The same authors
encouraged the use of natural coagulants to replace chemical
ones. Several studies have concluded that natural coagulants
show a significant improvement in the environment and
ecosystem as a sustainable solution to wastewater treatment
issues (Mumbi et al., 2018). The use of natural coagulants has
been practiced since ancient times and has been proven in water
treatment, while retaining natural benefits (Nandini and Sheba
(2016).

Banana is one of the most consumed tropical fruits in
Malaysia and many tropical countries (Soluri, 2021). The banana
tree has been reported to produce around 3 to 20 fruits in a single
cluster once in its lifetime. However, after consumption, this tree
leaves a large amount of biomass that can be used for several
applications. In our previous research, we investigated the
potential use of banana peels in river water treatment
applications and found great potential for such waste as a natural
coagulant (Azamzam et al., 2022). Worldwide, the volume of
bananas produced in 2020 has reached approximately 119.83
million tonnes, which increased from 117.53 million tonnes in
2019 (Duraiprasanth et al., 2022). Therefore, one million tonnes
of peels are mostly discarded and are rarely utilised. It has been
reported that Malaysians consume bananas, either ripe (fried
banana) or unripe (fresh fruits), for making chips and juice (Aida
et al., 2016). However, it has been reported that chip and juice
factories generate tonnes of banana peel waste every year,
which, in most cases, is not utilised and is dumped in landfills
(Ahmad and Danish (2018). These wastes have a high quantity of
beneficial organic compounds, including cellulose, lignin, pectin
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substances, pigments, and chlorophyll ( Kandeeban and
Malarkodi (2019). Banana stem juice has promising potential for
use as a natural coagulant in water treatment (Hilal et al., 2004).
in the past few years, many review articles have been published
discussing natural coagulants (Nath et al., 2020), polymeric
coagulants (Nath et al., 2020), and plant-based coagulants (Choy
et al.,, 2015). Several studies have been conducted on the
potential use of banana wastes in water treatment applications,
but they have never been reviewed. The present review attempts
to deliver collective information about the potential use of
banana waste materials as natural coagulants for water
treatment. It also briefly discusses the advantages, disadvantages,
and mechanisms of natural-based coagulants in water treatment
applications.

2. Coagulation Treatment Method

Coagulation is an extensively used method for wastewater
treatment that reduces turbidity and removes suspended
colloidal particles. This method is usually performed using a
sizeable chemical reactor that enters the basin and influences
wastewater. The wastewater is then homogenised with a suitable
coagulant agent and mechanically mixed until the sedimentation
process takes place. Eventually, gravity settling is performed to
remove the particulate matter (Amran et al., 2018). Concerted
research and development efforts have been conducted in the
past two decades to discover new plant species and constituents
that can be used as natural coagulants, further boosting the
effectiveness of existing plant-based natural coagulants (Liao et
al., 2017). The coagulation process is a physicochemical process
that reduces the repulsive potential of an electrical double layer
of colloids using various coagulants. This will lead to the
agglomeration and development of colloidal microparticles into
larger particles or flocs (Mazloomi et al, 2019). This
agglomeration can be formed by several mechanisms, including
polymer bridging, charge neutralisation, and sweep coagulation,
as discussed in the following section.

Coagulation Mechanisms

The coagulation process of both natural and synthetic
coagulants can be performed using several mechanisms, including
polymer bridging, sweep coagulation, double layer compression,
and charge neutralisation (Bolto and Gregory (2007) as presented
in Figure 1. Naceradska et al. (2019) investigated the removal
mechanism of algal organic matter using Jar tests with either
aluminium sulphate or polyaluminium chloride. The authors
reported that high-molecular weight organic matter, such as
saccharides, was more amenable to coagulation than lower

weight compounds. The low surface charge of the removed
fraction indicated that the prevailing coagulation mechanism was
the adsorption of non-proteinaceous matter onto aluminium
hydroxide precipitates. In comparison, Adeleke et al. (2021)
showed different mechanisms for the natural coagulant Moringa
oleifera and reported that the amino acid residues in Moringa had
certain interactions with pollutant ligands, indicating that
coagulation may occur.

‘ Polymer bridging |

Coagulation ‘ Sweep coagulation |

mechanisms

‘ Double layer compression

‘ Charge neutralization |

Figure 1. Diverse types of coagulation mechanisms. Reprinted
from Bolto and Gregory (Bolto et al., 2007), with permission
from Elsevier.

Many polysaccharides, such as cellulose, starch, gelatine,
alginate, and chitosan, have been investigated as natural
coagulants due to their biosafety to humans (Nath et al., 2020).
The coagulation/ flocculation  mechanism  of  these
polysaccharides involves charge neutralisation and polymer
bridging (Nath et al., 2020). In charge neutralisation, the positively
charged coagulant attracts the negatively charged pollutant
particles, which are adsorbed on its surface, neutralising the
colloid particle charges. As shown in Figure 2, the surface charge
difference between the pollutant and the coagulant leads to a
decrease in electrostatic repulsion in the colloid particles, which
then results in the attraction of the particles and coagulation
(Henderson et al., 2008). In polymer bridging mechanisms, the
adsorption of the particles takes place in a long chain of linear and
high molecular weight polymers, leaving dangling heavy
coagulant polymer segments to bridge all the particles of the
pollutants together, as presented in Figure 2b (Diddens and Heuer
(2019). Sweep coagulation is another mechanism that occurs in
the presence of chemical coagulants (i.e., metal salts), which are
usually added to the water at higher dosages than the solubility
of the amorphous hydroxides, and the colloid particles eventually
become entrapped within the precipitate and are removed from
the suspension (Nan et al., 2016). High electrolyte concentrations
in colloidal solutions cause double-layer compression. The
colloids become unstable and increase the possibility of
coagulation by lowering the colloid particles’ repulsive force
(Kristianto, 2017).
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Figure 2. Coagulation mechanisms: (A) charge neutralisation and (B) polymer bridging. Reprinted from Nath et al. (2020) with permission
from Elsevier.

The efficiency of coagulants in water treatment depends on
the type of coagulants, their quantity, mixing conditions, and pH,
as well as the properties of the solution to be treated, such as
particle size, particle charges, the presence of divalent cations,
the hydrophobicity level of the particles, and destabilising anions,
such as sulphate ions, bicarbonate, and chloride (Sillanpaa et al.,
2018).

Synthetic and Inorganic Coagulants

Many synthetic and inorganic coagulants have been used in
water treatment applications, such as metal salts and polymeric
polysaccharides from a non-plant source, such as chitosan (Nath
et al., 2020). Most polymeric coagulants are positively charged
due to the presence of charged function groups on their surfaces
(Rizal et al., 2020). Positively charged groups are called cationic
polymer coagulants, and negatively charged polymers are called
anionic polymer coagulants. In contrast, a mixture of two or more
types of polymers is called a polyelectrolyte coagulant. Chitosan,
for example, is one of the most frequently used polymers in
different applications, including absorption. The presence of the
cationic charge in their structure (i.e., amino groups) enables the
polymer to efficiently absorb various metal ions (Alsharari et al.,
2018). Metal salts and pre-hydrolysed coagulants have also been
used in primary wastewater treatment (Theodoro et al., 2013).

115

Aluminium-based salts (such as aluminium sulphate and
chloride) and ferric-based salts (such as ferrous sulphate and
ferric chloride) are the most widely used metal saltwater
treatment coagulants (Bahadori et al.,, 2013). Lately, the
application of ferric-based coagulants is preferable compared to
aluminium-based coagulants, which have been linked to many
health risks. Ferric chloride and aluminium sulphate have
excellent performance as wastewater treatment agents. Poly-
ferric chloride, poly-ferrous sulphate,
chloride are the most commonly used pre-hydrolysed coagulants.

and poly-aluminium

However, the use of these materials has the limitation of reducing
the water pH to become close to acidic. Additionally, they have
been reported to cause some health issues in humans after the
consumption of water, such as presenile dementia and
Alzheimer’s disease (Gurumath and Suresh (2019). Another
limitation of using metal salts as coagulant agents is the resulting
large volume of sludge and the relatively high coagulant cost
(Kristianto, 2017). Shi et al. (2004) reported that using ferric salt
and poly-ferrous sulphate as coagulants could accelerate pipe
corrosion. Table 1 presents an illustration of various non-plant-

based coagulants applied for water treatment.
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Table 1. Applications of synthetic and inorganic coagulants in water treatment applications

Type of water

Regular Issue
Reference

Coagulant Type of pollutant
Titanium salts Sludge dewatering and
algae-laden

Titanium (Ill) chloride Dissolved organic matter

polymeric zinc—ferric—silicate— Humic acid, algae and oils
sulphate
Ferric salts Organic matter, sludge, and

turbidity
Poly-ferric-titanium-silicate- Organic dyes
sulphate
Aluminium salts Organic matter and turbidity

Titanium-Based Xerogel Turbidity and cyanobacteria

Seawater and wastewater

Surface water
Wastewater

Wastewater and drinking water

Disperse and reactive dye
wastewaters treatment

Wastewater

Wastewater treatment of

(Shrestha et al., 2017; Zhang et al.,
2017)

(Hussain et al., 2019)

(Liao et al., 2017; Sun et al., 2017)

(Chua et al., 2020; Mazaheri et al.,
2018)
(Huang et al., 2020)

(Mazloomi et al., 2019; Wan et al.,
2019)

(Wang et al., 2016; Wang, Wang et
al., 2018)

Natural-Based Coagulants

Natural coagulants have been investigated with immense
potential in water treatment applications (Ang and Mohammad
(2020). The water treatment process removes suspended and
colloidal materials and particles in water, such as organic matter,
microbes, and inorganic matter (Jayalakshmi et al., 2017). Various
plant-based materials have been used in many parts of the world,
such as China, India, and even Africa (Asrafuzzaman et al., 2011;
Kristianto, 2017). Due to the health, costs, and environmental
aspects of many inorganic and synthetic coagulants, numerous
studies have recently been conducted to search for a sustainable,
eco-friendly, and non-toxic alternative to inorganic coagulants for
water treatment purposes. The use of plant-based coagulants for
water treatment has gained more interest as a natural, cost-

effective, and renewable method that has been widely studied in

the past few decades.

Plant-based coagulants have become more popular in recent
research as an alternative and safer material to chemical and

synthetic-based

coagulants,

especially in drinking water

treatment. Table 2 presents a few examples of commonly used
plants for water treatment. Plant-based coagulants are non-toxic,

lower cost, safe, biodegradable, available, and sustainable; plant-

based coagulants from different parts of plants have been utilised
in water treatment, including roots, stems, fruits, fruit shells,

leaves, and even seeds. In some plants, such as banana and

Moringa, many parts of the plant tree have been utilised as

natural coagulants.

Table 2. Plant-based coagulants and their applications.

Plants and their used Treatment applications Optimum result Reference

parts

Oryza sativa Treatment of palm oil mill Removing up to 88.4% TSS at the small (Tehetal, 2014)

Rice starch dosage of 0.55 g/L

Hibiscus sabdariffa Treatment of wastewater containing Removing up to 91.2% of colourat 190 mg/L  (Yong and  Ismail
Roselle seeds Congo red dye coagulant dosage at a 400 ppm dye (2016)

Moringa oleifera
Moringa seeds

Corchorus olitorius L.

Nalta jute
Ocimum basilicum
Basil

Zea mays
Cornstarch
Citrus sinensis
Orange peel
Artocarpus
heterophyllus
Jackfruit

Cyanobacteria and natural organic
matter (OM) treatment

Treatment of humic acid wastewater

Treatment of Landfill leachate

Treatment of kaolin and
microorganisms

Dairy wastewater treatment

Treatment of kaolin

concentration

Removing 80% of chlorophyll a, 80-90% of
dissolved OM, and 80% of cyanobacteria
cells

Removing up to 95% turbidity and 100% of
total organic carbon

When combined with alum, it was able to
reduce 64.4% of COD and 77.4% of water
colour

Ata 0.5 mg/L dose, it was able to remove up
to 98% of kaolin, E. coli, and S. aureus

At only 0.2 g/L, it was able to remove up to
97% turbidity

60 mg/L dose was able to reduce turbidity
by 43%

(Teixeira et al., 2017)

(Altaher et al., 2016)

(Rasool et al., 2016)

(Liu et al., 2017)

(Anju and Mophin-
Kani (2016)
(Choy et al., 2017)

Abbreviations: TSS, Total suspended Solids; COD, Chemical Oxygen Demand
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A plant-based coagulant is sustainable and cheaper than a
chemical coagulant, as most chemical coagulants require other
material to effectively treat high turbidity, which raises the cost
of the treatment process and makes it difficult to use in
developing countries (Antov et al., 2010). However, a significant
increase in water organic material is one of the top disadvantages
of using a plant-based coagulant, which in the
accumulation of microbial activity. This issue has been solved by

results

the addition of chlorine at safe doses to sanitise treated water
(Amran et al., 2018). The sedimentation time is another limitation
that can be mentioned regarding plant-based coagulants, which
require more time than chemical coagulants (Kumar et al., 2017).

3. Banana Wastes as a Bio-Coagulant

In recent years, the utilisation of banana waste as a bio-
coagulant in water treatment has earned growing interest due to
its eco-friendliness, sustainability, and biodegradability. A variety
of banana waste, including banana peels, leaves and stems, fruit
peels, and stem juice, has been investigated for removing water
turbidity. Different banana parts, such as banana peels, piths,
trunks, and leaves, have been studied in terms of utilising them in
many applications, including water treatment (Mokhtar et al.,
2019). Table 3 presents selected studies on banana waste as a bio-
coagulant for water treatment applications.

Table 3. Recent studies on the use of banana waste as a natural coagulant in water treatment applications

Banana part Type of water Pollutants Finding Ref
Banana pith River water Physicochemical and Significant reduction in turbidity, COD, (Kakoi et al.,
heavy metal TSS, nitrates, sulphates, and heavy 2016)
metals
Banana peels Wastewater Turbidity Removal of up to 96% of water (Azamzam et al.,,
turbidity 2022)
Banana Textile Wastewater Turbidity and TSS Slight reduction of TSS and significant ( Gopika and
Pith Juice removal of turbidity Kani, 2016)
Banana peel Storage water tanks  Turbidity and colour A decrease in both turbidity and colour  (Fu et al., 2019)
Banana peel with  palm oil mill effluent  Turbidity Better removal efficiencies than (Lingetal., 2018)

fenugreek seeds
Banana Peel

Banana Peel

Lemon and Banana Peel

Domestic
wastewater
Synthetic
Wastewater
Synthetic raw water

Turbidity, COD, and
NHs-N
Turbidity

Turbidity and BOD

commercial flocculant
89.9%, 80.0%, and 62.5% reduction

(Ting et al., 2022)

Banana peel gel Acid mine drainage Heavy metal
water

Banana Pith Starch River water
treatment TDS

Turbidity, colour, and

88%  turbidity reduction under (Mokhtar et al.,

optimum conditions 2019)

Turbidity and BOD were significantly (Subashree et al.,

removed 2018)

Removed Cd, Cu, Pb, and Zn (Yabuki et al.,
2020)

Turbidity reduced by 94.4% and colour
by 87.46%

(Yushananta and
Ahyanti, 2022))

Banana Peels

Banana fruit peels have been analysed as coagulation agents
for the removal of different physicochemical parameters
(Mokhtar et al., 2019; Olaoye et al.,, 2018). Banana peel
establishes approximately 40% of the overall weight of fresh
banana fruit, generating a large amount of unusable waste
(Pelissari et al., 2017). Banana peels contain many active organic
compounds, such as polysaccharides, cellulose, pectin, and
hemicellulose, in addition to pigments and other low molecular
weight compounds (Khawas and Deka, 2016). They are an
excellent source of starch, cellulose, galacturonic acid, and pectin,
with different ratios based on banana type, analysis method, and
maturation level (Chaturvedi et al., 2018). Chaturvedi et al. (2018)
used the aqueous extract from banana peel and were able to
remove up to 88% of water turbidity of household wastewater
under the optimised conditions of the tested parameters. in a
separate study, the powdered extract of banana peels (Musa
paradisica) removed up to 83% of water turbidity at all tested pH
values, and the maximum removal of turbidity was recorded at a
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pH between 5 and 9, which was 98.8% (Daverey et al., 2019),
suggesting the promising potential of utilising banana peels as a
safe and cost-effective water treatment technique for turbidity
removal. In our previous research, we found that the high positive
charge in banana peel attracts the negatively charged particles
that cause turbidity in the water (Azamzam et al., 2022). We used
microwave treatment to enhance the attraction, which showed
greater coagulation performance compared with the non-
modified particles and the solution (Figure 3). The modification
led to the formation of larger flocs around the banana peel
particles and, thus, better precipitation. In a different study,
Pathak and Mandavgane (2015) followed the same modification
process and reported that the surface of their banana peel
became rough and porous after microwave treatment, confirming
its efficiency in releasing active compounds (Pathak and
Mandavgane (2015). The results of these studies confirm that the
mechanism of the banana peel coagulation process is performed
by the charge neutralisation of different charges.
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Figure 3. Coagulation mechanism of microwave-modified and non-modified banana peel particles. Adapted from Azamzam et al. (2022)

Banana Stem
The banana stem has been reported to be rich in
polyelectrolytes that have not yet been significantly utilised for
water treatment or any other economic purposes (Alwi et al.,
2013). Two distinct methods have been reported for the
mechanism of polyelectrolytes present in the banana pith, namely
(i) bridging between particles and (ii) formation of bridges
between particles (Kakoi et al., 2016). However, after harvesting
banana fruit, the stem in most cases is left in the plantation as a
mulching agent and fertiliser. The inner part of the stem is
referred to as the pith, which is rarely used as food for livestock
and, most of the time, is considered waste. After drying,
powdered banana pith (Kakoi et al., 2016) is used for the direct
removal of turbidity, suspended solids, and some heavy metals
from river water. According to Feng et al. (2015), there are two
steps in polyelectrolyte action: neutralisation of charges and the
creation of bridges between particles. Chemically, banana pith is
composed of a large number of significant functional groups, such
as carboxylic, ether, and hydroxyl groups (Nayak et al., 2018).
The juice of banana pith has been used by Alwi et al. (2013) to
reduce water physicochemical parameters, including turbidity,
suspended solids, and chemical oxygen demand; they successfully
reduced turbidity by 98.5%. They proposed that the juice contains
inulin, which is the active coagulant agent responsible for creating
bridges and thus decreasing the mentioned parameters.
Namasivayam et al. (1993) reported that banana stems removed
up to 87% of Rhodamine B from textile wastewater, even at low
pH levels (pH 4). The use of banana stems has also been studied
for the direct removal of red colour and acid brilliant blue, using
the adsorption technique. It was able to absorb up to 5.92 mg of
natural red and 4.42 mg of bright blue per gram of pith
(Namasivayam et al., 1998), indicating the promising potential of
pith
applications. Yushananta and Ahyanti (2022) synthesised banana
pith starch using agricultural waste and used it for river water

using banana in adsorption and water treatment

treatment applications. The authors also modified their isolated
starch using cations from GTA (3-Chloro-2-hydroxypropyl
trimethyl ammonium chloride) into the main chemical structure
of starch using microwave radiation. Modified banana pith starch
reduces up to 94.4% of water turbidity, in addition to 87.46% and
57.33% of colour and Total Dissolved Solids (TDS), respectively.
These findings put additional value on banana waste, which can
be further modified to enhance its water treatment performance.

4. Challenges and Propositions of Using Bio
Coagulants in Water Treatment

Different types, parts, and composites of natural coagulants
have been investigated for treating synthetic or wastewater,
aiming to provide safer options than conventional chemical
methods. The use of banana waste does not give the best results
compared to other natural coagulants. Most natural coagulants
generate flocs, but issues regarding the removal of those flocs
have still not been settled. Composite coagulants can overcome
many problems linked with a sole coagulant, including the
generation of small flocs and the non-optimal removal of some
parameters (Mohd-Salleh et al., 2019). Similarly, composite
coagulants generate more recoverable aggregated flocs and more
resistance to shear than aggregated flocs caused by non-
composite coagulants (Wang, Yue et al., 2018). However, the
materials induced the growth rate and antibiotic sensitivity
mutations in the tested microorganisms (Yahya, Abdulsamad, et
al., 2020). Most studies, such as Kalemelawa et al. (2012) and
Mosa et al. (2015) focus on the good side of naturally occurring
products and ignore the potential lousy side related to a human
directly or indirectly. Therefore, more microbiological studies
regarding the use of natural coagulants need to be done (Yahya,
Alfallous, et al., 2020).
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5. Conclusion

The use of renewable and sustainable sources of low-cost
agricultural biomass waste, such as banana peels and stems, to
produce natural coagulants is considered a better choice for
water treatment. They can be used as a coagulant to treat various
water parameters, such as turbidity, colour, COD, BOD, and even
heavy metals. Future studies can be carried out to further
investigate the efficiency of this plant-based treatment
technique, which can be used as an option to overcome the issue
of clean water scarcity, especially in rural areas.
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