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Rapid urbanization negatively affects the hydrologic cycle
and makes cities vulnerable to disastrous flash floods. It can additionally cause erosion
and water pollution in natural ecosystems. Global climate changes have exacerbated such
issues, further upsetting hydrologic patterns. Therefore, many regions have considered the
rain garden as green infrastructure, which can help mitigate urban runoff. However, design
guidelines and the means of assessing rain garden cost effectiveness in the Global South are
limited. Furthermore, as many countries in the Global South experience a tropical climate,
design guidelines developed in the temperate Global North may not be directly transferable.
The need for more information on design and cost effectiveness can make designers and
decision makers hesitate to implement such a new strategy. The main objective of the present
study is to create a design approach and simultaneously specify the cost of the infiltration rate
of the rain garden in urban areas.

This study focuses on the ability of rain garden design to determine accurately
the cost of materials used for construction. Sand and gravel are used in different sand ratios
in the filter media layer, namely 1:1, 1:2, 1:3, and 1:4. The storage layer uses gravel only and
has only one design. The aim is to determine the change in infiltration rate with an increase in
the amount of sand. Knowing the amount of sand can determine the cost per infiltration rate.

The results showed that the most efficient design was a rain garden with a
soil:sand ratio of 1:4, which increased the infiltration rate per cost by 2.00 millimeters per
hour per United States Dollar per square meter. The lowest efficiency option was a soil:sand
ratio of 1:1, which increased the infiltration rate per cost by 1.33 millimeters per hour per
United States Dollar per square meter.

This study will serve as a guide for designers to design a rain garden area
according to the needs of the area, having determined the construction cost per infiltration
rate. However, spatial requirements, construction costs, and social factors may influence
future decisions on rain garden design and must be studied further.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Rapid growth in urban areas has increased
stormwater runoff. The water permeability of the soil
surface decreases continuously owing to the vast and
rising expansion of constructed works which have
been reducing the natural land surface in urban areas.
Structures such as buildings and roads are necessary
living facilities, which are increasingly required as
the population grows (Mardianti and Purba, 2023).
In addition, climate change, unpredictable increases
in rainfall, insufficient existing drainage systems for
stormwater runoff catchment, and low sewerage
treatment capacity result in prolonged waterlogging
and affect life and traffic in urban areas. Therefore,
methods to create a better infiltration rate on
existing land surface areas are an exciting prospect
for alleviating such problems. Water sensitive
urban design (WSUD) in Australia or low impact
development (LID) in the United States are examples
of common approaches to improving soil surfaces
for higher infiltration rates (Huang et al., 2015; Li et
al., 2019). Rain gardens or bioretention systems are
especially well known and could be implemented in
urban areas, as they are well permeable to the original
soil (Morash et al., 2019; Sharma and Malaviya, 2021;
Suharyanto et al., 2023). A rain garden is a system
of soil layers to increase the permeability of the soil
surface. It consists of three main layers: 1) filter media,
2) transition layer, and 3) storage layer (Parker and
Zingoni de Baro, 2019; SSQTA, 2020). The efficiency
indicator is the increased infiltration rate of the entire
system, which must increase the permeability of the
original soil (Qin et al., 2021; Shi, Zhao et al., 2022).
Mixing sand into the soil is the typical method of
increasing porosity and hence the water infiltration
rate of the soil (Sittisom et al., 2022). However, the
key factor in design and construction is cost (Van der
Meulen, 2019; Zeng et al., 2021). How much the soil
must be changed to achieve improved infiltration rates
is not yet known, but adding a proportion of sand to
increase the infiltration rate raises the cost (Zeng et
al., 2021). The study aims to design a rain garden to
determine the construction cost and infiltration rate
efficiency to inform further application guidelines.
This study has been carried out in Thailand in 2023.

Hydrology principle and stormwater runoff
The hydrologic cycle, commonly called the water
cycle, lacks a definitive starting point. Nevertheless, it

is crucial to assign precipitation, which encompasses
rainfall, hail, and snow, as the first step in the cycle.
This water condenses in the atmosphere and returns
to the Earth’s surface. Before reaching the ground,
a portion of the precipitation is intercepted by
natural features, such as leaves and plant branches,
and human-made structures, such as rooftops, in a
process referred to as interception. In cases where the
amount of precipitation surpasses the soil’s capacity
to absorb it, the excess water flows over the land
surface as overland flow (Monger et al., 2022). When
water naturally flows from high areas to low ones and
then to a river, it is called surface runoff. After that,
some water that infiltrates the soil (infiltration) will
flow to lower areas, a phenomenon called interflow.
Water that infiltrates deeper and accumulates in
aquifers is called groundwater, which can flow into
lower areas, rivers, and the sea. As the water flows, it
receives thermal energy from the sun. This water then
disperses into the atmosphere through evaporation,
which is the process by which a liquid changes into
a gas. Transpiration is the process by which plants
release water vapor into the atmosphere through tiny
pores in their leaves. Evaporation can occur from any
wet surface, while transpiration is specific to plants.
When more vapor condenses in the atmosphere, it
becomes precipitation again (Sittisom et al., 2022).
The hydrologic cycle can be written as a hydrologic
balance equation to describe the relationship using
Eq. 1 (Sittisom et al., 2022).

P=Q+G+E+T+I1+S (1)

where P is rainfall, Q is surface runoff, G is
underground water volume, E is surface water
evaporation, T is plant transpiration, and S is water
changes on the soil surface. However, the critical
consideration is alleviating the severity of prolonged
waterlogging caused by stormwater runoff. Therefore,
the equation is applied in designing a rain garden.

Rain garden design

The rain garden is an area intended to efficiently
catch stormwater runoff in urban areas (water
sensitive design). Rain gardens and bioretention are
very similar. The design of rain gardens appears in
many standards used in water catchment areas, for
example in Singapore’s Waters Design Guidelines:
Active, Beautiful, Clean (PUB, 2014) and Low



Impact Development: Technical Guidance Manual
(Puget Sound Action Team, 2012), which has been
implemented in many states in the United States of
America (Batalini de Macedo et al., 2022). The rain
garden is often located in low areas to slow down
the water and reduce the stormwater runoff flow
rate. It also temporarily collects water in instances
where the rain garden is designed as a basin. It
often looks like a garden. Hence, a rain garden can
be created in many kinds of public areas, such as
traffic islands, gardens in residential projects, and city
parks. Apart from the stormwater runoff reduction, it
also enhances aesthetics and increases green areas
(Bak and Barjenbruch, 2022; Wilbers et al., 2022).
The critical function of a rain garden is the ability to
enhance the underground infiltration rate. Therefore,
the design of each layer and the material properties
of each is essential. Various designs are described in
the literature; for example, the Australian guidelines
(Melbourne Water, 2013) recommend the layer
design as follows: ponding depth layer 20-30 cm,
filter media layer 30 cm, transition layer 10 cm,
storage layer 30—40 cm. The materials are sand and
sandy loam for the filter media layer, small gravel for
the transition layer, and large gravel for the storage
layer. An example of landscape architecture design is
presented in Fig. 1.

In addition, Wanitchayapaisit et al. (2022) designed
two variations of a rain garden for rainwater
management in Chiang Mai, Thailand: 1) ponding
depth layer 60 cm, planting soil layer 30 cm, storage
layer 40 cm; and 2) ponding depth layer 40 cm,
planting soil layer or filter media layer 70 cm, storage

Water level
v

layer 20 cm. The materials for the two designs are
soil mixed with sandy loam (filter media layer) and
gravel (storage layer). The results showed that the
efficiency of rainwater harvesting of variant 1) was
higher than that of variant 2). However, variant 2)
was more efficient than the unchanged original soil
and many other designs (Yuan et al., 2017; Zhou
and Guo, 2022). Moreover, the rain garden reduces
runoff pollution (Chen et al., 2023; Makbul et al.,
2021). An area with a higher infiltration rate serves
to reduce the duration and severity of stormwater
runoff; the retention of increased volumes of water
in the drainage systems of urban areas is prevented.
Common critical gaps in creating rain gardens
are as follows. 1) In the Thai context, although
the design guidelines of a rain garden have yet to
be standardized, the variety of designs results in
difficulty in implementation. Furthermore, the design
is implemented in specific areas and depends on the
knowledge and experience of each designer, which
may need clarification. Because of that, the technique
proposed by Wanitchayapaisit et al. (2022) is an
appropriate approach for estimating the construction
cost for infiltration rates because the design takes
into account the characteristics of weather, soil, and
rainfall in the areas under consideration. 2) The cost
per infiltration rate still needs to be standardized, and
it is difficult to design appropriately to serve an area’s
needs and the break-even points. The permeability
rate obtained by mixing sand with soil in various ratios
(Sittisom et al., 2022) was used as a guideline for this
study. 3) The literature review revealed a problem in
determining rain gardens’ cost per infiltration rate.

Ground

Storage layer

Fig. 1: Example of soil layer design for a rain garden (Melbourne Water, 2013)



\
J
!

Infiltration rate (Ir

Fig. 2: Characteristics of the occurrence of the infiltration rate per time of change (Sittisom et al., 2022)

The primary objective is to create a design approach
considering both infiltration rate and cost for rain
gardens in urban areas. Assess the efficiency of a rain
garden, and it is essential to understand the principles
and techniques used to measure infiltration rates.

Principle of the infiltration rate

As the water moves from high to low areas, it
infiltrates into the soil; some of it becomes simply as
soil moisture, whereas some parts penetrate deeper
and become groundwater. The infiltration rate of
soil relies on many factors, such as rainfall intensity,
temperature, soil physical characteristics (Mongil-
Manso et al., 2022), types of cover crops, land use
characteristics, and initial soil moisture content
(Abdelmoneim et al, 2021; Sittisom et al., 2022).
Horton’s theory is applied to calculate the quantity of
permeable water in the soil.

The design and measurement of the infiltration rate
of the rain garden can be written using Eq. 2 (Sittisom
et al., 2022).

ft = fc + (fO - fc) e‘kt (2)

where f is the infiltration rate measured in
millimeters per hour (mm/h), f_ is a constant
infiltration rate (mm/h), f  is the initial infiltration rate
(mm/h), and k is a constant value showing a decrease

in the soil infiltration rate.

To measure the infiltration rate for soil design
following Horton’s theory, an instrument called a
double-ring infiltrometer is used (Raju and Hussain,
2019; Atta-Darkwa et al., 2022).

Double-ring infiltrometer technique

The permeability determination approach is
applied to discover the potential based on urban
catchment management principles. One method
used to determine soil permeability is the double-
ring infiltrometer technique, according to ASTM D
3385-03, as illustrated in Fig. 3.

The double-ring infiltration technique (Fig. 3) is
applied following the prediction equation in Horton’s
theory of permeability, which was first proposed in
the 1940s (Abdelmoneim et al., 2021; Geberemariam,
2019). The literature review showed that the single-ring
infiltrometer technique is another practical technique
for examining the infiltration rate. It is important to
know the infiltration rate of the soil composite because
infiltration measurement techniques are only applied
to determine the soil permeability. To increase the soil
infiltration rate, a basic technique to increase the soil
porosity is to mix sand into the soil. The use of sand as
filter media (Melbourne Water, 2013; Sittisom et al.,
2022) is a standard method to increase soil infiltration
efficiency.



B rillioeder

e
=
P

S

LN

Fig. 3: Double-ring infiltration technique (Sittisom et al., 2022)

The construction cost of a rain garden

The cost estimate is a process of estimating the
quantity of materials and reasonable prices for
actual projects. There are two types of cost estimate:
approximate and detailed.

Approximate estimation

An approximate estimation is a method for price
estimation that does not rely on detailed plans or
precise quantities. This method can be conducted
instantly and involves estimating areas, height,
length, or quantities, relying on the experience of
the estimator. The approximate price estimation may
consist of price per unit of use, price per unit area or
per unit volume, or assembly price per unit.

Detailed estimation

A detailed estimation takes into account all relevant
components, such as the quantity of materials,
material prices, labor costs, machine costs, operating
costs, profits, taxes, interest, and other price-related
details. This estimate requires a detailed plan that
is complete and clear. It is accurate but takes more
time than the approximate estimate (Sitthikankun
et al.,, 2021). The present study aims to determine
the construction cost and infiltration rate efficiency
of a garden design in order to construct further
application guidelines for Thailand. The study was
conducted using the rain garden design model of

Wanitchayapaisit et al. (2022), which selected Chiang
Mai University as the study site, located in the same
area as this study. The material cost for rain garden
construction was obtained from a survey in Chiang
Mai in 2022.

1) Rain garden design. In order to determine the
construction cost, the size of the rain garden is first
described. It consists of a ponding depth layer of 60
cm, a filter media layer of 30 cm, and a storage layer
of 40 cm, as shown in Fig. 4.

2) Determination of infiltration rate. The sand-to-
infiltration rate ratio can be calculated using Eq. 3
(Sittisom et al., 2022):
Ir = 6.025e1994¢" (3)

where | is the infiltration rate, and Sr is the sand
ratio. Once the infiltration rate is determined, the
next step is to determine the cost of the design.

3) Determination of cost. The material cost for
rain garden construction was obtained from a survey
in the Muang Chiang Mai District, Chiang Mai, in
January 2023. The price for general coarse sand was
14.29 United States Dollar per cubic meter (USD/
m3), and for 3/8 inch gravel was 20 USD/m?3. The
original soil in the test area was used, so there was
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Fig. 4: Example of rain garden design.

no cost. Hence, the price takes into account only the
cost of materials. Labor costs, transportation costs,
and other costs are not considered. The price is the
average price from the stores that have been found
to stock the materials, as shown in Table 1.

Cost-efficiency calculation

Cost is inevitably an important factor in rain
garden construction. After deciding on the garden
design, estimating the construction material cost
and determining the sand-to-infiltration rate ratio
retrieved from Eq. 3, the permeability rate to cost can
be calculated, as shown in Eq. 4 (Combes et al., 2018;
Hoang et al., 2021).

Cost efficiency (C, ) = Inf"t?:)':tn(?)te (Ir) (4)

where the infiltration rate (1 ) and the cost (C) is for
the coarse sand and 3/8 inch gravel.

RESULTS AND DISCUSSION

Increasing the filter media layer’s porosity by
mixing more sand into the soil was found to raise
the infiltration rate, but the cost also went up
simultaneously. However, the application depended
on the stormwater runoff characteristics in the
design area. What was important was the cost of
the infiltration rate that the designer considered
reasonable, Sittisom et al. (2022) tested the filter
media layer of bioretention using different mixing
ratios. The sand-to-aggregate ratio and infiltration
rate are summarized in Fig. 5.

In Fig. 5, |_is the infiltration rate (mm/h), and Sr is
the sand-to-aggregate ratio. Design the infiltration
rate by using Eq. 4 and calculate by using the best
design layer of rain garden from (Wanitchayapaisit
et al., 2022) is the ponding depth layer 60 cm, the
filter media layer 30 cm, the storage layer 40 cm,
which is estimated to be an area of 1 square meter
(m?2). Price per unit volume will be the cost estimation




Table 1: Price survey of general coarse sand around Chiang Mai Province

Price (USD/m3)

Store name Sand Gravel
Chuchai 12.86 17.14
Thanasap 14.29 21.43
CMR Sum dang det 15.71 20.00
P.Lansai 17.14 21.43
Huay Sai Lan Sai 11.43 20.00
Lan Sai Khun Yo 11.43 17.14
Lan Sai Ruamchok 17.14 20.00
New Chok Amnuai Sai 14.29 22.86
Average 14.29 20.00

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

Infiltration rate (mm/h) (Ir)

0.0
0.0 0.2 0.4

|, = 6.025e1.9441(51)

0.6 0.8 1.0

Sand ratio (Sr)

Fig. 5: The ratio of sand to aggregate with the infiltration rate (Sittisom et al., 2022)

method used in this study because there is no plan,
and the width and length of the rain garden need to
be specified. As shown in Fig. 6, the price per unit
volume method has a mistake in price of 10-25%.

Although there is a risk of a price mistake from the
price per unit volume method, it has the advantage
of arriving at an estimate more quickly than other
estimation methods (Sitthikankun et al, 2021).
Therefore, this method was chosen in order to be
able to use the price per volume to calculate the cost
efficiency, as shown in Table 2.

The mixture rate to infiltration rate considered in
4 alternative could be used to determine the cost, as
seen in Table 3.

The construction cost is an essential factor in building

arain garden. To be able to forecast the increased cost-
to-infiltration rate, four alternatives are presented.
The results of the relationship between the cost-
to-infiltration rate and sand mixing ratio (Fig. 7) are
beneficial for further costing of the rain garden design.
Moreover, the information can be used to create the
following equation: C_=19.229e"***¢" where Ce is Cost
efficiency (mm/h/USD), and Sr is a sandto-aggregate
ratio. The equation test value is 0.9998, which is a
reliable value (Rinchumphu et al., 2013).

Fig. 7 shows that, when the filter media layer
becomes more porous owing to the addition of sand,
the infiltration rate also increases (Sittisom et al.,
2022), but the cost of sand and gravel rises as well.
This can be used as a guideline for determining the
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Fig. 6: The accuracy of cost estimation for each method (Sitthikankun et al., 2021).

Table 2: The mixing ratio of the filter media layer in each type

ra/-t\:;ersr;airl\;id Soil volume Sand volume Gravel Infiltration Cost (USD) Cost efficiency
,sand, (m?3) (m?3) volume (m?3) rate (mm/h) (mm/h/USD)
1)1:1 0.30 0.30 0.40 16.33 12.29 1.33
2)1:2 0.20 0.40 0.40 22.77 13.72 1.66
3) 1:3 0.15 0.45 0.40 26.88 14.43 1.86
4) 1:4 0.12 0.48 0.40 29.70 14.86 2.00

Table 3: The cost to infiltration rate

Alternative 1: The cost of sand was USD 4.29. The cost of gravel was USD 8. The total cost was 12.29 United States Dollar per
1 square meter (USD/m?), with cost efficiency = 1.33 millimeters per hour per United States Dollar per square meter (mm/h/USD

/m?)
2 2
=1.66 mm/h/USD/m
3 =1.86 mm/h/USD/m?
4

=2.00 mm/h/USD/m?

Alternative 2: The cost of sand was 5.71 USD. The cost of gravel was 8 USD. The total cost was 13.72 USD/m?, with cost efficiency
Alternative 3: The cost of sand was 6.43 USD. The cost of gravel was 8 USD. The total cost was 14.43 USD/m?, with cost efficiency

Alternative 4: The cost of sand was 6.86 USD. The cost of gravel was 8 USD. The total cost was 14.86 USD/m?, with cost efficiency

permeation rate to cost in the construction of a rain
garden. Nevertheless, the limitation of this study
was that the cost survey was conducted only in
Chiang Mai and only during January 2023. For more
appropriate and practical approaches to further rain
garden developments, it is necessary to consider the

differences in area and duration that affect the cost
according to the theoretical principles of construction
cost estimates. When designers can estimate the
increasing cost accurately and quickly, more effective
decisions can be made on the type and size of the
rain garden.
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Fig. 7: Ratio of sand to cost.

This study shows that rain gardens can help reduce
stormwater runoff in urban areas by delaying the
runoff from inside the rain garden; they act like
retention ponds and allow water to infiltrate the
soil instead of flowing onto the surface. Increasing
the permeation rate of the filter media layer by
using sand as the base layer is a method that is
feasible with easily obtainable materials. Water
can penetrate through sand very well. The results
set out the cost of rain garden construction, which
could be helpful for those involved in making
decisions about the design. In order to advance
the use of rain gardens, the determination of
construction costs and standardized designs are,
therefore, important factors. The study examined
the relationship between infiltration rate and the
cost of building a rain garden across four different
cost alternatives. Based on the study’s results,
an equation was developed to determine the
infiltration rate per cost accurately. The equation
was tested and found to have a highly reliable test
value of 0.9998. This study yielded two main results.
1) The rain garden design consists of a ponding
depth layer of 60 cm as the top layer, a filter media
layer of 30 cm as the next layer, and a storage layer
of 40 cm as the bottom layer. 2) It is possible to
set the permeation rate per cost to design the rain
garden to meet local needs. This flexibility allows

urban planners and policymakers to tailor their rain
garden design to meet the required permeation
rate and budgetary limitations. This study had a
limitation in the cost analysis, as the prices used to
determine the costs were based on local prices in
Chiang Mai, Thailand. For another location, it will
be essential to consider the cost of local materials in
that area. In order to create a more comprehensive
dataset that includes different rain gardens suitable
for use in Thailand, it is recommended that future
studies investigate other aspects of rain gardening,
such as cost-effectiveness, maintenance costs, and
incentives available for creating rain gardens. Such
studies would provide valuable information for
urban planners and policymakers seeking to adopt
rain gardens as part of their flood-resistant urban
design strategy in Thailand.

D. Rinchumphu supervised the fourth author
in analyzing and summarizing the test results,
including giving advice on techniques and methods.
S. Munlikawong researched and collected local
material prices. C. Wanitchayapaisit participated in
advising on the performance analysis of rain gardens
and preparing illustrations. S. Sitthikankun, the
corresponding author, collected all data, analyzed the
results, and drew conclusions. N. Phichetkunbodee
and N. Suriyanon contributed to the data analysis.
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To improve photocatalytic degradation perfomance,
photocatalyst particles with a larger surface area preferred. The effectiveness of titanium dioxide
as a photocatalyst depends on the synthesis method used. The method affect the particle size,
crystallinity and phase composition of the produced catalyst. This study aims to develop a green
synthesis process of nano- titanium dioxide photocatalysts for the advanced treatment of palm oil
mill effluent.

The green synthesis of titanium dioxide nanoparticles used de Man-Rogosa-Sharpe
broth media containing Lactobacillus bulgaricus culture and titanium oxyhydroxide metal oxide.
The factors investigated were the molarity of titanium oxyhydroxide (0.025 molar; 0.035 molar
and 0.045 molar) and temperature (40; 50 and 60 degrees Celsius). The synthesized photocatalyst
was characterized using a particle size analyzer to determine the particle size. The produced
photocatalyst with a nanoparticle size range of 1-100 nanometer was further characterized using
scanning electron microscopy-energy dispersive X-ray and X-ray diffraction. The photocatalyst
was tested for advanced treatment of palm oil mill secondary effluent. The factors investigated in
this test included the irradiation time and titanium dioxide photocatalyst dosage. The treatment
performance was evaluated in terms of effluent quality and pollutant elimination efficiency.

Nano titanium dioxide photocatalysts have been synthesized through titanium oxyhydroxide
metal oxide biologically using Lactobacillus bulgaricus. The synthesis process at a temperature of 60
degrees Celsius and a 0.025 molar metal oxide solution produced a titanium dioxide photocatalyst
with a size of 33.28 nanometer. The content of titanium and oxygen constituents in the photocatalyst
was confirmed to be 39.06 percent and 47.95 percent respectively, with 67.6 percent titanium
dioxide crystallinity in a theta degree of 25.4. This indicates that the green synthesis has produced an
anatase diffraction nano titanium dioxide photocatalyst. Testing the titanium dioxide photocatalyst
to treat palm oil mill secondary effluent yielded in elimination efficiency of 16.16-27.27 percent for
chemical oxygen demand and 11.05-21.95 percent for biological oxygen demand. Phenol, which is
toxic and difficult to degrade biologically, could eliminated significantly (up to 81.12 percent) using a
photocatalyst dose of 1 gram per liter at a time irradiation of 2.5 hour.

The biological synthesis of nano titanium dioxide photocatalysts is affected by
temperatures and metal oxide concentrations. The photocatalytic process for advanced treatment
of palm oil mill secondary effluent shows that this synthesis process effectively eliminates phenols.
Some compounds such as lignin, amino acids, and pectin are not significantly mineralized using this
process.
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The increase in crude palm oil (CPO) production
increases in the amount of liquid waste (Palm Qil Mill
Effluent/POME) produced (Agustina et al., 2021).
Biological treatment (anaeraobic and aerobic) has
been widely applied to treat POME because the
processing costs are low. However, the resulting
effluent still contains contaminants in the form of
suspended and dissolved materials difficult to degrade
biologically (recalcitrant), such as pectin, lignin,
tannins, and other phenolic compounds (Zainuri et al.,
2018; Samimi and Shahriari-Moghadam, 2020). These
materials can cause the effluent to be colored, causing
water pollution problems and ecosystem disturbances.
The remaining pollutants in the effluent need to be
removed using appropriate methods to produce clean
water to support palm oil mill activities, where the
need for clean water at factory sites is now becoming a
problem. Therefore, the development of a wastewater
recycling process in palm oil mills can be a win-win
solution for environmental and economic interests.
Considering that pollutants in the effluent of biological
processes are generally difficult to degrade biologically
(recalcitrant), non-biological process is suitable for
eliminating these pollutants. To achieve this goal, the
research plan is intended to develop a photocatalytic
degradation process for eliminating dissolved organic
pollutants difficult to degrade biologically. A review of
the results of previous research shows that this method
has various advantages for advanced wastewater
treatment (Wang et al., 2022), such as being effective
for recalcitrant pollutants, and the process is fast, does
not depend on microbial activity, and can utilize local
resources (Li Puma, 2003; Fathinia and Khataee, 2013;
Ng and Cheng, 2015; Ng et al., 2019). The performance
of the photocatalytic process is mainly determined by
the photocatalyst used (Nguyen et al., 2021; Hidayah
et al., 2022). One of the prospective metal oxides is
titanium dioxide (TiO,) because it is inert, harmless,
cheap, chemical corrosion resistant, and has good
optical characteristics (Khan et al., 2015; Fares et al.,
2022). The requirement for a good catalyst is to have a
large surface area (Supriyanto et al., 2014) to increase
the adsorption capacity so that a larger photocurrent is
produced (Sucahya et al., 2016). Therefore, the particle
size of a good catalyst needs to be reduced/reduced to
nano size. Several studies in this field have used TiO,
photocatalysts doped with other metal oxides in a
photocatalytic system (Fadzil et al., 2013), where the
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TiO, photocatalyst is combined with feroxalate and
exposed to a stream of ozone, yielding a 54 percent (%)
decrease in organic compound content (as measured
by the decrease in chemical oxygen demand (COD)
value). A decolorization effect of 90% on congo red
with the use of TiO, combined with gadolinium has also
been achieved in previous research (Khademalrasool
et al,, 2016). This research used a TiO, nanoparticle as
the photocatalyst to provide an improved effect on
degradation of palm oil mill wastewater. Efforts were
made in this research to improve the characteristics
of TiO, through green synthesis. Method for creating
nanoparticles, include physical, chemical, and
biological processes. However the biological method
is the simplest and uses no chemicals (Agustina et al.,
2020). This method can improve the properties of TiO,
photocatalysts thus, the biological approach is thought
to be more ecologically friendly (Mukherjee and Nethi,
2019) and efficient. TiO, nanoparticles with a size of
30 nanometer (nm) with a tetragonal structure and
anatase phase (which has the best ability to degrade
organic compounds because it has the highest
bandgap) have been proven in research (Jha et al.,
2009) using Lactobacillus on nutrient-broth media. To
increase the adsorption ability of a TiO, photocatalyst
(Azhar et al., 2011) performed synthesis with the help
of Lactobacillus on de Man-Rogosa-Sharp (MRS) broth
media, however the size of the TiO, photocatalyst
produced was still large (150 nm). Based on the results
obtained from their research, green synthesis of TiO,
was performed in this research to improve its physical
and chemical characteristics so that it can be used as a
photocatalyst in the processing of palm oil liquid waste
using the photocatalytic method. The green synthesis
method is expected to provide advantages that are not
obtained in physical and chemical synthesis (Bandeira
et al., 2020). Polysaccharides from MRS broth media,
which promote the stability of synthesis, are the
medium to be used in green synthesis (Makarov et
al., 2014). According to Jha et al. (2009), Lactobacillus
is a non-pathogenic, partially oxygen-tolerant, gram-
positive, prokaryotic, anaerobic-mesophilic bacterium
with adaptability and high metabolism. It can be
used to enhance the synthesis condition by assisting
in the formation of nanoparticles from TiO,. The
green synthesized TiO, photocatalyst also has other
potential applications besides POME treatment. For
example, it can be used for air purification (removal of
air pollutants, including volatile organic compounds,



nitrogen oxides, and sulfur oxides (Prasetya et al.
2021); coating self-cleaning surfaces such as glass,
ceramics, and metals; solar energy conversion;
environmental remediation, which is related to this
study (degradation of organic recalcitrant in case of
a water purification process). Table 1 shows some
important research conducted related to the synthesis
of nanoparticles for photocatalysts.

To date, no specificinformation about the successful
implementation of green synthesis using Lactobacillus
bulgaricus (L. bulgaricus) for palm oil mill secondary
effluent (POMSE) treatment on an industrial scale
has been found. This study was conducted to solve
the following problems; 1) How to determine the
best conditions for performing green synthesis of
TiO, photocatalysts with superior characteristics to
degraderecalcitrant pollutantsinadvanced processing
of palm oil mill wastewater; 2) How to determine
the performance of the photocatalytic process using
green synthesized TiO, photocatalysts for advanced
treatment of POMSE. The main objective of this study
is to develop a photocatalytic process with a focus on
green synthesis of TiO, photocatalysts so that the
produced photocatalyst can be used for advanced
processing of liquid waste, as an effort to apply the
concept of recycled wastewater in palm oil mills.

Furthermore, the specific aims of this research are as
follows: 1) To produce TiO, photocatalysts through a
green synthesis process using L. bulgaricus as a bio-
reductor; 2) To obtain the performance value of the
photocatalytic process (using the main parameter:
COD, biological oxygen demand (BOD,) and phenol
degradation). This study was conducted from 2021 to
2022, using samples of palm oil liquid waste from a
factory located in South Kalimantan, Indonesia.

Material

The materials used were metal oxide titanium
oxyhydroxide: TiO(OH),, MRS broth, MRS agar, L.
bulgaricus culture, POME, POMSE, TiO, photocatalyst
from green synthesis, polyaluminium chloride (PAC),
filter paper, distilled water and other materials for
analysis. The tools used are photoreactors, hot plates
(with stirrers), water bath, incubators and glassware
for synthesis and analysis.

Green synthesis of TiO, photocatalyst

Synthesis using specific media (MRS broth
containing L. bulgaricus and metal oxide TiO(OH),) was
performed in the following steps (work procedures
adjusted from the study of (Jha et al, 2009):

Table 1: Research on photocatalyst synthesis

No.

Results

Sources

Nano TiOz films have significantly better climatic resistance than blank polyethylene films.
TiO2 nanoparticles were added, which increased in water vapor transmission from 18.1 to
24.6 g/m? in 24 h. Results showed that TiO, nanoparticles incorporated into polyethilen-
based films have a good potential application as an active food packaging solution.

TiO2 nanoparticles made from Planomicrobium sp., a microbial species isolated from
melting ice, were resistant to the growth of Bacillus subtilis, Klebsiella planticola, and
Aspergillus niger bacteria. This nanoparticle synthesis used an eco-friendly, cost-effective
process.

Nanobiotechnology procedures involving biological synthesis have a tremendous potential
to increase the production of nanoparticles without the use of harsh, expensive, and toxic
chemicals typically used in conventional physical and chemical processes.

Catalytic activity during the photodegradation of dyes significantly diminished when TiO»
was substituted with zinc oxide (ZnO) because ZnO is unstable and results in inconsistent
dissolution processes to form zinc hydroxide (Zn(OH)z) on the ZnO particle surfaces, leading
to catalyst deactivation.

Analyses of the experimental conditions, nanoparticle properties, and possible uses of
nanoparticles in pharmaceuticals and biomedical applications were presented for the
production of high-value nanoparticles from food waste (in aquaculture and horticulture).
The reduction of aromatic aldehydes was facilitated using produced metal oxide
nanoparticles. Ammonium formate was used as a green hydrogen donor during the
reduction, and the corresponding alcohols were produced in excellent yields in 2-24 h.
Current analysis of various biological substrate sources, green synthesis processes, and
effects on the characteristics of zinc oxide nanoparticles.

Xing et al. (2012)

Chelladurai et al. (2013)

Shah et al. (2015)

Amini and Ashrafi (2016)

Ghosh et al. (2017)

Muthuvinothini and Stella
(2019)

Bandeira et al. (2020)
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the main culture with various dilutions was added
to MRS broth (culture: MRS broth; 25 millilitre (mL):
75 mL) and incubated for 24 h at 27 degrees Celsius
(°C). Then a 20 mL TiO(OH), solution was added
with the molarity according to the factor applied to
the treatment combination. Heat the solution in a
water bath (temperature adjusted according to the
treatment combination) for 20-25 min until a white
precipitate forms at the bottom of the Erlenmeyer
flask. The solution was then incubated at room
temperature (25°C) for 48 h until a stable white
precipitate formed on the Erlenmeyer flask bottom.
The goal of the synthesis is to obtain the appropriate
size (1-100 nm) in the size range of nanoparticles
(Carvalho et al., 2018); thus the initial design applied
was a-completely randomized (two replications)
at different temperatures of 40°C, 50°C, and 60°C
and molarity levels of 0.025, 0.035, and 0.045 M.
The Determination of the levels was based on the
research results of Jha et al. (2009). The molarity level
and temperature chosen to synthesize Lactobacillus
sp. in this study were 0.025 M TiO(OH), and 50°C,
respectively. The mesophilic Lactobacillus bacterium
can thrive between 35°C and 45°C. The ideal growth
temperature for L. bulgaricus is between 45°C and
47°C. According to previous research findings, green
synthesis of TiO, nanoparticles was conducted
over a temperature range of 37°C—60°C; thus,
the temperature was set at 40°C, 50°C, and 60°C.
Determination of the molarity levels of 0.025, 0.035,
and 0.045 M considered the research results of

Jha et al. (2009) that used a minimum molarity level
of 0.025 M. It was then expected that the higher
concentrations would help the synthesis process to
produce the desired nanocatalyst characteristics. The
synthesized photocatalyst was tested for size using a
particle size analyzer (PSA) in Laboratory of Materials
Physics, Institut Teknologi Sepuluh Nopember,
Surabaya, Indonesia, if the size of the produced
photocatalyst is within the nanoparticle size range,
proceed with another characterization using scanning
electron microscopy-energy dispersive X-ray (SEM
EDX) spectroscopy at Integrated Laboratory and
Technology Innovation Center, University of Lampung
and X-ray diffraction (XRD) Institut Teknologi Bandung
Nanoscience and Nanotechnology Research Center.

Photocatalytic process

The performance of the photocatalyst obtained
through the green synthesis process was tested by
applying the photocatalytic process to POMSE in a
suspended photoreactor, as shown in Fig. 1. In this
study stage, the POMSE sample was first coagulated
and filtered using filter paper to homogenize the
solution, and then, it was tested for the COD, BOD,
and phenol. The analysis was performed in South
Kalimantan Province Health Laboratory. The factors
studied were catalyst dose and irradiation time
for the photocatalytic process using a completely
randomized trial design with two replications. The
photocatalytic process was performed under the
following conditions: (a) the photocatalyst used

suspended

sample and
photocatalyst

Fig. 1: Scheme of photoreactor
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was TiO, resulting from green synthesis; (b) the
photocatalyst dosages used were 1 gram (g), 1.5 g,
and 2 g (Thota et al., 2014; Lestari, 2017);

(c) irradiation times (contact time) in the
photocatalytic process were 1.5, 2, and 2.5 h; (d) the
light source used was a 350-W Philips mercury lamp.

Green synthesis of TiO,photocatalyst

The research phase begins with the preparation
of the microorganism culture (L. bulgaricus) used
for experiments. Furthermore, the main culture of
L. bulgaricus was made on MRS broth media with
four times dilution. In this synthesis, atoms and
molecules mix to create precursor blocks, which
are later self-assembled into nanoparticles (Ealia
and Saravanakumar, 2017). This method is known
as a bottom-up technique. The primary biological
factor affecting the synthesis of a substance is
the cell membrane, which is composed of lipids
and membranes. In the cell membrane, synthetic
biochemical conversion occurs following the oxidation
and reduction mechanisms. Because the composition
of the membrane is dynamic and flexible, the effect of
the composition is not always constant and facilitates
the synthesis (Capeness et al., 2019). It is anticipated
that green synthesis of TiO, nanoparticles will be able
to use extracellular and intracellular microorganisms
under suitable environmental conditions.
Electrostatic interaction between the membranes
of microorganisms containing negatively charged
phospholipids and the combination of metal oxides
used can also result in the extracellular creation of
nanoparticles (Anandgaonker et al., 2019). Eq. 1 is
the chemical reaction that probably occurs (Makarov
etal, 2014).
C,H,0, > CH, - CO — COOH (Pyruvate) & CH, -
CH(OH) - COOH .0
NaHCO, & Na+ + HCO", (1)
HCO",& OH™ +CO,
TiO-(OH), > TiO, | +H,0.

According to Malik et al. (2014), additional research
into other metal oxides and culture variables
is necessary to produce certain nanoparticles.
However, the types of nanoparticles produced
also depend on the temperature used during the
synthesis. The color change of the media to a lighter

shade is one of the early signs of the production of
high-quality nanoparticles (Ridhawati and Fajar,
2017). Based on the self-defense mechanisms of
microbes, microorganisms are used in the fabrication
of nanoparticles (Ghosh et al., 2017). The biological
mechanism converts reactive ions into stable atoms
because high ion concentrations are typically lethal
to bacterial cells. In this investigation, L. bulgaricus
cells were cultivated for 36 h in sterile distilled water
containing carbon and nitrogen sources. A white
precipitate appeared at the bottom of the Erlenmeyer
flask after 20 mL of TiO(OH), was heated in a water
bath at 50°C for 20-25 min to create the metal
oxide. This precipitate appearance is proof that TiO,
nanoparticles have formed. The solution was then
incubated at room temperature (25°C) for 48 h until
a stable white precipitate formed on the Erlenmeyer
flask base. Fig. 2 depicts the green synthesis process
of TiO,.

Measurement using PSA

The results of particle size analysis using the
PSA showed a different pattern. From Fig. 3a, at
a constant treatment temperature of 40°C but
increasing concentrations (0.025, 0.035, and 0.045
M), the size of the particles formed increases. From
Fig. 3b, using the same concentration of 0.025 M but
at different temperatures of 40°C, 50°C, and 60°C
produced better synthesis results, with the particle
size decreasing. At 60°C and 0.025 M the results were
significant, with the obtained particle size within
the size range of nanoparticles (33.28 nm). TiO,
nanoparticles have high protein affinity for binding
metals, which prevents particle aggregation. Proteins
and polysaccharides are produced when L. bulgaricus
is used as a bio-reductor during the synthesis of
TiO, nanoparticles, which is not the case when the
synthesis is performed using physical or chemical
methods. This aids in the process of synthesizing
metal oxide bonds so that they do not cause protein
agglomeration. (Makarov et al., 2014). Regulation of
the synthesis media is necessary to create an optimal
synthesis environment.

Factors affecting the synthesis include pH, metal
oxide concentration, and temperature. Generally,
glucose-containing media support the growth of
microorganisms, particularly Lactobacillus grown
on MRS media. As glucose is a reducing agent, it
tends to reduce the value of the oxidation reduction
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Fig. 2: Green synthesis of TiO, photocatalyst using L. bulgaricus
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Fig. 3: Graph of particle measurement results a) fixed temperature with increasing concentration,
b) increasing temperature with fixed concentration

potential. The degree of aerobiosis is quantified by
the oxidation-reduction potential, which is written as
the oxidation reduction potential (r-H,); the negative
logarithm of the partial pressure of hydrogen gas. The
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pH of the medium and the overall r-H_, both of which
are partially controlled by bicarbonate, have animpact
on the synthesis conditions of TiO, nanoparticles
in addition to the use of glucose, an energy-
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Fig. 4: Spectrum of TiO, based on SEM EDX analysis

generating substance (in the synthesis medium).
The membrane-bound oxidoreductase is activated
by the anticipated slightly acidic pH and decreased
r-H,. The temperature also plays a significant role in
the synthesis process. The mesophilic Lactobacillus
bacterium can thrive between 35°C and 45°C. The
ideal growth temperature for L. bulgaricus is 45°C
and 47°C. According to earlier research findings,
green synthesis of TiO, nanoparticles was conducted
over a temperature range of 37°C-60°C (Jha et al.,
2009). However, the present study’s findings indicate
that the best green synthesis conditions occurred at
60°C. This suggests that for nanoparticle synthesis
to occur, the temperature must be raised above the
range for growth. The concentration of metal oxides
used during catalyst synthesis may have effects on
the process. Higher concentrations may lead to
agglomeration of metal oxide particles, resulting in
decreased surface areas and reduced accessibility
of active sites. Conversely, lower concentrations can
promote better dispersion and higher surface areas,
which can enhance catalytic activity. In this study the
main factors studied were the process temperature
and concentration of the metal oxide used.

Nanoparticle characterization (using SEM EDX and XRD)
Based on the results of particle measurements
resulting from the green synthesis, the treatment

product was determined at 60°C with a molarity level
of 0.025 M which was further characterized using SEM
EDX. The characterization results were also used to
determine whether the product can be synthesized
in larger quantities so that it can be used as a
photocatalyst in processing palm oil mill wastewater
using the photocatalytic technique. Confirmation
of the content of the synthesized TiO, elements was
performed using SEM EDX. As shown in the spectrum
in Fig. 4, the amounts of the titanium (Ti) and oxygen
(O) elements are 39.06% and 47.95%, respectively.

Table 2 shows the overall results of the constituent
elements in the TiO, nanocatalyst synthesis process
(in atomic and weight percentages). Through SEM
EDX it is possible to identify the constituent elements
in the synthesis in detail. In addition, to Ti and O, the
other elements were carbon (C), zinc (Zn), silver (Ag)
and sodium (Na).

The peak area formed (Fig. 5) shows that the
crystallinity of TiO, is 67.6%, which also indicates
the amount of TiO, in the mixture is 67.6%, with the
remaining 32.4% being an amorphous component.
The highest peak is in the range of 25.4 degrees
theta, indicating anatase diffraction formed by TiO,.

Photocatalyst performance

Through photocatalysis, the TiO, photocatalyst is
crucial in the treatment of POMSE, which is a waste
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Table 2: Elements in TiO, nanocatalyst synthesis process

Formula Mass (%) Atom (%)
C 0.41 0.13
(0] 47.95 59.98
Zn 8.62 1.98
Ag 2.63 0.37
Na 1.33 0.87
Ti 39.06 36.68
Total 100 100

Fig. 5: Peak area of TiO, based on XRD analysis

product of the extraction of palm oil that contains
significant concentrations of organic contaminants,
suspended particles, and nutrients making it
hazardous to the environment if released into the
environment untreated. When exposed to light
energy, especially in the ultraviolet spectrum, the
TiO, photocatalyst can start and accelerate chemical
reactions through the photocatalytic process. When
TiO, is exposed to ultraviolet light, electron hole pairs
are produced, where electrons and holes develop
into highly reactive species. The TiO, photocatalyst
can assist with the overall remediation process in
the context of treating POMSE in organic pollutant
degradation. The reactive species generated by TiO,,
such as hydroxyl radicals (¢OH), can oxidize and break
down complex organic compounds in POMSE. These
radicals react with organic pollutants, converting
them into simpler and less harmful substances, such
as carbon dioxide and water. The general mechanism
is described in Egs. 2 to 13 (Claes et al. 2019).

TiO, + hv = Ti0, (e, + h ;") (2)
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TiO, (h,,") + H,0 > TiO, + H* + OHse (3)

TiO, (h,,") + OH"=> TiO, + OHe (4)

TiO, (e ,) + 0, TiO, +0, e~ (5)

0, +H"=> HO,» (6)
HO,* + HO,» > H,0,+0, (7
TiO, (e7) + H,0, > OHe + OH" (8)
H,0, +0,*” - OHe + OH-+0O, (9)
H,0, + hv > 20Hs (10)
Organic compound + OHe - degradation products (11)

Organic compound + TiO, (h, ') - oxidation products (12)

Organic compound + TiO, (e.,”) - reduction products (13)



Increasing the amount of O, in the liquid waste
affects the BOD, and COD values, because the
availability of sufficient O, in the liquid waste helps the
degradation process of organic components, thereby
reducing the BOD, and COD values in the liquid waste.
The reduction and percentage of the elimination
parameters COD, BOD, and phenol are presented
in Table 3. According to Table 3, the measurement
results of the waste quality parameters after the
photocatalytic process was applied did not meet the
specified quality standards.

The percentage reductions of COD (Table 3 and
Fig. 6) ranged from 16.16% to 27.27%. This shows
that the ability of the TiO, catalyst to degrade organic
pollutants ranges from 16.16% to 27.27% for 2.3 h.
The assumption that can be given from these results
is that in 150 min, organic pollutants which account for
approximately 16-27% of the total organic pollutants
have been mineralized. Meanwhile, the rest, which are
complex compounds (lignin, amino acids, pectin) and
some phenols remain in the depolymerization stage to
form molecules with smaller molecular weights (micro-
molecules) as intermediate compounds, which require
a longer total mineralization time. This is based on
visual observations of the color of POMSE (presumably
from lignin) before and after 150 min of photocatalysis,
which did not exhibit a significant color change. The
presence of sufficient dissolved oxygen in the reactor,
which enables microorganisms to break down
polluting substances, is one environmental aspect
that contributes to the high COD value (Elystia et al.,
2022). Palm liquid waste contains high protein (in the
form of amino acids); thus, it also contains high organic
matter and causes pollutant concentrations to remain
high (Alhaji et al., 2016). This statement is reinforced

by research conducted by (Chang and Wu, 2010) who
reported that under the same pH conditions (7-8), it
takes 960 min of degradation time, to degrade lignin
up to 88% with a TiO, photocatalyst concentration
of 10 gram per liter (g/L) without the addition of air.
Concerning the degradation of amino acids, some
researchers have stated that the degradation of
amino acids is affected by the molecular structure of
its constituents (especially the side chains) and the
interactions between the amino acid side chains and
the catalyst surface which vary with pH (Tran et al.,
2006). Thus, not all amino acids can be degraded at
similar pH values.

Research related to the application of the
photocatalytic process to POMSE has been
conducted, but the TiO, photocatalyst used is a result
of chemical synthesis. The TiO, photocatalyst can
degrade organic compounds (COD) and effectively
eliminate phenolic pollutants in POMSE (31.36%
COD degradation performance and up to 96.66%
phenol elimination by TiO, loading of 1.5 g/L; air flow
rate of 10 cc/min) at 120 min (Lestari et al. 2017).
Another research by Nawaz et al. (2023) investigated
the effectiveness of photocatalytic remediation of
treated POME-containing phenolic compounds using
TiO, nanomaterials. Chemical precipitation was used
to prepare the TiO, nanomaterial. Under visible light
illumination, 78.32% of 224.85 milligram per liter
(mg/L) phenolic compounds were broken down in 180
min at the optimal TiO, dosage (0.9 g/L). The reaction
of hydroxyl free radicals is non-selective, thus, some
free radicals attack phenols, whereas others attack
other organic pollutants; when almost all phenols
are mineralized, the hydroxyl radicals formed oxidize
other organic pollutants in POMSE. Based on this, the

Table 3: Measurement results and percentage of elimination parameters COD, BOD, and phenol

Measurement results (mg/L)

Elimination percentage (%)

Variables

BODs COD phenol BODs COD phenol
Quality standard 50 100 0.5 - - -
POMSE 2061.50 4852.50 4.28 - - -
F1(1g/LTiO; 1.5 h of irradiation) 1790.5 3940.4 3.37 13.21 18.86 21.25
F2 (1,5 g/L TiOz; 1.5 h of irradiation) 1740 3700.6 3.45 15.66 23.79 19.48
F3 (2 g/LTiOz; 1.5 h of irradiation) 1609 3529.1 1.86 22.01 27.32 56.57
F4 (1 g/LTiOz; 2 h of irradiation) 1801 3949.3 1.93 12.70 18.67 54.85
F5 (1,5 g/LTiO2; 2 h of irradiation) 1786.5 3918.1 1.83 13.40 19.31 57.20
F6 (2 g/L TiO2; 2 h of irradiation) 1833.75 3856.9 1.09 11.11 20.57 74.62
F7 (1 g/LTiOz; 2.5 h of irradiation) 1746.1 3828.65 0.81 15.36 21.16 81.12
F8 (1,5 g/L TiO2; 2.5 h of irradiation) 1814.95 3930.3 1.55 12.02 19.06 63.73
F9 (2 g/L TiOy; 2.5 h of irradiation) 1813.5 4067.8 1.65 12.09 16.23 61.54
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F1(1g/LTiOs; 1,5h)
F2 (1,5 g/LTiOz; 1,5 h)
F3 (2 g/LTiO5; 1,5 h)

F4 (1g/LTiOy; 2 h)
F5 (1,5 g/L TiOz; 2 h)
F6 (2 g/LTiOy; 2 h)

F7 (1g/LTiO; 2,5 h)
F8 (1,5 g/L TiO5; 2,5 h)
F9 (2 g/L TiO5; 2,5 h)

Fig. 6: Effect of irradiation time and TiO, photocatalyst dosage on elimination percentage of COD, BOD, and Phenol

assumption that can be given is that approximately 70%
of the pollutants not been mineralized are intermediate
compounds resulting from the degradation of lignin,
amino acids, phenols, pectin, oils and greases, as
well as macromolecules, which are constituent of
organic pollutants in POMSE. However, COD could
only be reduced by 16.16%-27.27%. Phenol, which is a
hazardous substance, toxic, and difficult to degrade by
decomposer organisms, can be reduced significantly
to close to environmental quality standards (0.5 part
per million). The experimental unit F7 (dose of 1 g/L;
irradiation of 2.5 h) resulted in phenol elimination of up
t0 81.12%, producing an effluent phenol concentration
of 0.81 mg/L.

Benefits of using a green synthesis approach for TiO,
photocatalyst production

Utilizing a green synthesis approach for TiO,
photocatalyst  production can offer several

environmental benefits compared with conventional
methods. Here are some key advantages,

e Reduced energy consumption: green synthesis
methods typically employ milder reaction conditions,
such as lower temperatures and pressures, resulting in
reduced energy requirements. This decrease in energy
consumption contributes to lower greenhouse gas
emissions and overall environmental impact.

o Decreased chemical waste: green synthesis
approaches typically emphasize the wuse of
environmentally friendly solvents and reagents,
minimizing the generation of hazardous byproducts
and chemical waste. This aspect reduces the risk of
water and soil contamination and helps preserve
ecosystem health.

e Lower toxicity and pollution potential: conventional
synthesis methods may involve the use of toxic
chemicals and hazardous reagents, which can pose
risks to human health and the environment. Green



synthesis techniques prioritize the use of nontoxic
or low-toxicity substances, thereby minimizing the
potential for pollution and associated adverse effects.
® Renewable feedstock: green synthesis approaches
typically utilize renewable feedstock or bio-based
materials as starting materials, reducing reliance on
non-renewable resources. By utilizing sustainable
sources, such as biomass or agricultural waste, the
environmental impact of the synthesis process is
reduced, and the overall sustainability is improved.

e \Water and energy conservation: certain
green synthesis methods emphasize water-based
reactions or solvent-free approaches, reducing water
consumption and minimizing the need for organic
solvents. Furthermore, by optimizing the synthesis
process, green approaches can reduce the overall
reaction time, thereby saving energy.

e Enhanced product performance: green synthesis
methods can prepare TiO, photocatalysts with
improved performance characteristics, such as higher
surface areas, better crystallinity, or narrower particle
size distributions. Enhanced product performance
can lead to more efficient photocatalytic reactions,
reducing the amount of catalyst required and thus
minimizing the overall environmental impact.

Green synthesis of TiO, photocatalysts was
performed using TiO(OH), metal oxide, yielding a TiO,
photocatalyst with a particle size of 33.28 nm at 60°C
and a 0.025 M metal oxide solution. The content of
Ti and O constituents in the TiO, photocatalyst was
confirmed to be 39.06% and 47.95%, respectively,
with TiO2 crystallinity of 67.6% in the range of 25.4
degrees theta, indicating that the results of the green
synthesis have formed anatase diffraction. The process
temperature and metal oxide concentration are the
factors influencing the formation of nanoparticles. By
applying a photocatalytic to POMSE using synthesized
TiO, photocatalyst, the following results were obtained;
COD can be reduced by 16.16%-27.27%, BOD, by
11.05%-21.95%, and phenol by 19.49% up to 81.12%.
The concentration of dissolved carbon dioxide (CO,)
in water influences the increase in the amount of
oxygen (O,). Generally, this is because CO, triggers
an increase in the concentration of hydrogen (H) ions
which decreases the pH of water to neutral, from 8.39
to a neutral pH value of 6.83-6.91. In the mechanism
of the photocatalytic process, the photocatalyst used
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(in this case TiO,) functions to absorb photon energy
and produce holes (h*). h* oxidizes organic molecules
and reacts with hydroxide (OH’) or hydrogen dioxide
(H,0). Increasing the amount of oxygen (O,) in the liquid
waste affects the BOD, and COD values, because the
availability of sufficient O, in the liquid waste helps the
degradation process of organic components, thereby
reducing the BOD, and COD values in the liquid waste.
The synthesized TiO, photocatalyst seems to specifically
degrade phenol. Phenol experienced a significant
reduction of upto 81.12% ata photocatalyst dose of 1 g/L
and time irradiation of 2.5 h. Overall, adopting a green
synthesis approach for TiO, photocatalyst production
offers significant environmental benefits, including
reduced energy consumption, decreased chemical
waste, lower toxicity and pollution potential, renewable
feedstock utilization, water and energy conservation,
and improved product performance. These advantages
contribute to a more sustainable and environmentally
friendly production process for TiO, photocatalysts.
Notably, while there are challenges associated with
the green synthesis of TiO, photocatalysts using L.
bulgaricus, these limitations can be addressed through
further research in terms of process optimization and
technological advancements. Green synthesis methods
hold great potential for sustainable and eco-friendly
production of TiO, nanoparticles, and ongoing efforts
aim to overcome these challenges to make them viable
alternatives to conventional synthesis methods.
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Industrial wastewater usually contains metal ions which
are hazardous to human and aquatic organisms. Nowadays, the application of inexpensive
biomaterials in adsorptive removal of metal ions, such as plant biomass, has been widely
considered. In this study, the efficiency of Eucalyptus globulus fruit biomass for biological
adsorption of cadmium ions from aquatic environments has been evaluated.

After drying, the collected biosorbent was ground and powdered. The dried
biomass, after screening with particle size of less than 45 micrometers, was used in all
experiments. The effects of operating factors, such as biosorbent to cadmium ratio, pH
value of the solution and residence time of biomass and metal, on the amount of analyte
adsorption were evaluated by response surface methodology. The optimum conditions for
maximum metal uptake by Eucalyptus globulus fruit biomass were also evaluated using the
Box-Behnken Design model. Kinetic studies were statistically described to investigate the
metal adsorption process.

Validation experiments showed the accuracy of the model proposed for
determining the optimum conditions for the cadmium biosorption process. Based on the
experimental data, the values of coefficient of determination, adjusted coefficient and
predicted coefficient used in the model were determined as 0.9948, 0.9855 and 0.9245,
respectively. Using the model, the maximum cadmium ion adsorption by biomass was
obtained at 93.65 percent, biosorbent-to-metal ratio of 9:1, pH value of 6, and contact time
of 80 minutes.

In the present study, the Eucalyptus globulus fruit biomass, under optimal
operating conditions, proved to be an efficient sorbent for cadmium uptake from aqueous
environments. The results from the experimental data of the adsorption studies were
consistent with pseudo-second-order kinetics (maximum capacity of 128.2 milligram per
gram), indicating that the chemical adsorption of cadmium on the used biomass occurring
in monolayers.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Heavy metals enter the environment and
water resources through various processes such
as battery manufacturing, metal plating, dyeing,
etc. (Vilar et al.,, 2007; Ehzari et al., 2022a; Justus
Reymond and Sudalaimuthu, 2023; Sulistyowati et
al., 2023; Sabilillah et al., 2023; Sulistyowati et al.,
2023). Recent studies have shown that around 1.6
billion people cannot access clean water (Biswas,
2022). This trend is dramatically increasing with the
growth of population, showing the necessity of using
efficient methods to remove pollutants (Taugeer et
al.,, 2021). So far, various methods, such as oxidative
degradation, reverse osmosis, coagulation, photo-
catalysis, membrane separation and ultrafiltration,
have been used to purify water and remove
pollutants from aquatic environments (Azimi et al.,
2019; Samimi and Shahriari-Moghadam, 2020; Janani
et al.,, 2022; Ehzari et al., 2022b). These methods are
costly, complex and time-consuming and require
high energy consumption and skilled labor. In recent
decades, the use of biosorbent has become more
common due its high efficiency, simplicity, low cost,
and environmental friendliness, compared to the
mentioned methods (Abdelfattah et al., 2016; Rafiq
et al., 2016; Wang et al., 2021). Low concentrations
of heavy metals lead to the production of free oxygen
radicals causing cytotoxicity. Therefore, the removal
of these contaminants, rather than other water
pollutants, has been considered extensively (Islam et
al., 2021). Cadmium, as one of the heavy metals, is
widely used in various industries. Cadmium ions are
very toxiceven at low concentrations, causing liverand
kidney damage, high blood pressure, increased bone
fragility, and decreased red blood cell count (Briffa et
al., 2020; Zhanget al., 2020; Pipoyan et al., 2023). Due
to toxic properties and bioaccumulation of cadmium,
it has been identified as one of the most dangerous
metal pollutants by the United States Environmental
Protection Agency (Parker et al., 2022). The natural
properties of the adsorbent are important in the
adsorption processes aided by biological adsorbents.
Various adsorbents have been studied and introduced
for removing different compounds from aquatic
environments (Safari et al., 2019; Samimi and Moeini,
2020; Shourije et al., 2023). Several studies have also
been conducted on different parts of eucalyptus
tree as an absorbent. For instance, the activated
charcoal produced from Eucalyptus urograndis wood

28

was used as an adsorbent for copper, cadmium, and
nickel ions (de Souza et al., 2023); E. globulus leaves
were used as an efficient biosorbent for methyl blue
dye (Ouldmoumna et al., 2013); E. camaldulensis
leaves were utilized for the removal of lead ions
from aquatic environments (Sabri et al., 2018); E.
globulus wood was applied for the removal of lead
ions (Tejada-Tovar et al., 2021); and Eucalyptus leaf
ash was used for the removal of cadmium, cobalt,
and nickel ions from aqueous systems (Zavarmousavi
and Khalegh, 2013). Eucalyptus tree belongs to the
Myrtaceae family and includes about nine hundred
species and subspecies. This evergreen plant, ranging
from shrubs to tall trees, is native to Australia and
Tasmania. Among various species of this genus grown
in different regions of the world, E. globulus is the
highly distributed one (Chandorkar et al, 2021).
Although numerous studies have been conducted
on heavy metals removal by plant adsorbents, no
study has investigated the efficiency of Eucalyptus
globulus fruit for the removal of metal pollutants.
The aim of this study was to evaluate the efficiency
of E. globulus fruit biomass (EFB) for the biological
removal of divalent cadmium (Cd(Il)) from aqueous
environments. In addition, biomass characteristics,
optimization of operational factors by Response
Surface Methodology (RSM) and Box-Behnken design
(BBD), biosorption mechanism, and adsorption
kinetics of the biosorbent in the biological adsorption
of the analyte were investigated. This study has been
carried out in Kermanshah, Iran in 2023.

Preparation of biomass and the equipment

The E. globulus fruit was collected from Zabol
city in Sistan and Baluchistan - Iran. The biomass
preparation process was carried out according to the
study conducted by Samimi and Shahriari-Moghadam
(2023). The fruits were washed with deionized
water to remove impurities from the surface of the
biosorbent and then dried at 35 degrees Celsius (°C)
in an oven for 48 hours. The dried adsorbent was
ground, powdered, and sieved. Finally, the prepared
EFB, with a particle size <45 micrometer (um), was
applied in further studies. Metals measurements
were performed using a flame atomic absorption
spectrometer (Savant AA model, Australia) and
Fourier-transform infrared spectroscopy (FTIR) by a
spectrometer (Bruker Ltd., Germany).



Batch adsorption

Acertainamount of cadmium sulfate (CdSO,.2H,0)
salt was dissolved in double distilled water and
stirred at 100 revolutions per minute (rpm) for 15 min
to achieve 1000 milligram per liter (mg/L) of Cd(ll)
solution. The solutions, with different conditions,
required for the experiments were prepared by
diluting the stock solution. To evaluate the ability of
EFB in Cd(Il) adsorption, 100 mg of biosorbent was
added to 100 milliliter (mL) of the analyte solution
(at 120 rpm) with different concentrations of metal
ions. The analyte solution was vortexed and stirred at
different times of the experimental design. The EFB-
Cd solution was centrifuged (using centrifuge model
Z205-A - USA) at 5500 rpm for 15 min to separate
any solids from it. The amount of cadmium ions
adsorption was indirectly analyzed by determining
the residual metal in the supernatant. The kinetics of
Cd(l1) biosorption by EFB was studied in batch systems
at room temperature. Cadmium uptake per gram of
EFB and its removal efficiency were calculated using
Egs. 1, 2 and 3 (Samimi and Safari, 2022).
Adsorbate removal efficiency (%):

(©=Co) 10
Co (1)
g <% C) .y )
M
Vv
6=(Cy=C)xrr 3)

Where, g, and q, are the EFB uptake capacity
expressed in milligram per gram (mg/g) at equilibrium
and time t (min), respectively; C, and C_ are the
initial and final cadmium concentrations (mg/g),
respectively; M is the EFB dosage (g); and V is the
cadmium solution volume (L).

Design of experiments (DOE) and removal optimization
According to the number of operating variables,

the Box-Behnken Design (BBD) model was used
to determine the conditions of the experimental
parameters. Minitab-18 software was used to
implement the model. The RSM was used to achieve
optimal conditions for the adsorbate removal process.
The influence of the E. globulus fruit biomass (EFB)-
to-cadmium ratio (EC), the potential of hydrogen (pH)
of an aqueous solution containing cadmium ions,
and the contact time (t) were evaluated as the most
important experimental variables for the adsorptive
removal of Cd(ll). The operating parameters and their
variety of levels (coded from -1 to +1) are summarized
in Table 1.

The experimental variables were examined at
EFB-to-cadmium ratios of 3:1, 6:1 and 9:1, pH values
of 2, 4 and 6 and contact times of 10, 45 and 80 min.
For this purpose, 15 tests were carried out based
on the BBD model (13 tests and 2 duplicate tests
to determine the errors). The DOE for operating
variables and their results are reported in Table 2. For
further statistical analysis of the mathematical model,
an analysis of variance (ANOVA) was also performed
with a significance level of 5 percent (%).

The full quadratic model for the correlation
between the Cd(ll) removal percent (CR%) and the
response variables are expressed using Eq. 4 (Oliver
Paul Nayagam and Prasanna, 2023).
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Where, CR% is the response; X; and xij
are independent variables; andao, a, and
a; are intercept (offset term), linear, quadratic
and interaction terms (regression coefficients),
respectively. The F-value used for analyzing the
statistical significance of the second-order models was
calculated by dividing the mean-square regression
value by the mean-square residual, as presented in
previous studies (Moghadam and Samimi, 2022).

Table 1: The operational factors and variety of levels

Variables Rang of levels

Main factors Symbol -1 0 +1
EFB-to-cadmium ratio EC 3:1 6:1 9:1
The pH value of analyte solution pH 2 4 6
Contact time (min) t 10 45 80
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Analysis of response variance and process optimization

Based on the BBD model, a least squares quadratic
model (regression equation in uncoded units) was
derived for the cadmium uptake as explained by Eq. 5
(Samimi and Shahriari-Moghadam, 2018).

CR % =51.63+11.265X . +8.224X ,, +
18.426X, —1.74X 2. —2.20X 2, —12.73X} + (5)
728X o Xy +7.02X 0. X, +6.52X . X,

The model, selected based on the comparison
between the measured and predicted amounts of
CR%, had coefficient of determination (R?), adjusted
coefficient (R ), and predicted coefficient (R7.,)
values of 0.9948, 0.9855, and 0.9245, respectively.
The ANOVA of the quadratic model for cadmium
adsorption is presented in Table 3. Based on the
results, the total degrees of freedom (DF), the DF for
regression, and the DF for residual error were 14, 9,
and 5, respectively. The higher the F-value with the
p-values less than 0.05, the greater the significance

Table 2: DOE and responses for three independent factors

Run. No. Manipulated variables Response
Xic Xpu X, CR%
1 0 0 0 51.68
2 -1 -1 0 33.21
3 0 0 0 52.84
4 1 -1 0 44.67
5 -1 1 0 36.24
6 -1 0 1 39.11
7 1 0 1 72.28
8 0 0 0 50.37
9 1 0 -1 21.17
10 -1 0 -1 16.08
11 0 1 -1 19.55
12 0 -1 -1 17.20
13 1 1 0 76.64
14 0 -1 1 40.79
15 0 1 1 69.23
Table 3: The ANOVA of the quadratic model for cadmium adsorption
Source DF Sum of squares Mean squares F-Value P-Value Degree of significance
Regression 9 5455.07 606.12 106.40 <0.001 Significant
Linear 3 4272.46 1424.15 249.99 <0.001 Significant
Xec 1 1015.20 1015.20 178.20 <0.001 Significant
Xpu 1 541.04 541.04 94.97 <0.001 Significant
X 1 2716.21 2716.21 476.79 <0.001 Significant
Square 3 605.94 201.98 35.45 0.001 Significant
XE 1 11.13 11.13 1.95 0.221 Not significant
Xpu 1 17.93 17.93 3.15 0.136 Not significant
X? 1 598.70 598.70 105.09 <0.001 Significant
2-Way Interaction 3 576.67 192.22 33.74 0.001 Significant
Xec-Xpn 1 209.38 209.38 36.75 0.002 Significant
Xec - Xe 1 197.12 197.12 34.60 0.002 Significant
Xpu- X¢ 1 170.17 170.17 29.87 0.003 Significant
Residual error 5 28.48 5.70 -
Lack-of-Fit 3 25.43 8.48 5.55 0.156 Not significant
Pure Error 2 3.05 1.53 - - -
Total 14 5483.56 - - - -
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(response is CR%, a = 0.05)
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Fig. 1: Pareto graphical evaluation of the impact of standardized factors on CR%
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Fig. 2: The mean effects (a) and 2-way interaction diagrams (b) of coded operational parameters on CR%
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level of the factors, the coded terms of X, X, X,,
xZ and the 2-way interaction terms (namely Xeo X o
, Xee- X,y and XX, ). However, the parameters with
p-values greater than 0.05, such as XZ. and X},,
were not significant.

As shown in the graphical Pareto analysis (Fig. 1),
all terms except BB and AA (namely x2. and x’fH)
crossed the hypothetical point boundary, confirming
their importance as they were further from the
vertical line (Samimi et al., 2023a). The analysis result
confirmed the data calculated from the regression
equation.

The plot of the main effects and the mutual
interactions of the encoded operating parameters
on the average cadmium removal percentage based
on the BBD model are shown in Fig. 2. Obviously,
the cadmium uptake was higher at high levels of all
operating parameters, and the increasing slope of X,
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factor on the removal percentage was more evident.
The interaction effects of the parameters also
confirmed this trend. Fig. 3 shows the experimental
model of CR% in contour plots created by Minitab
software tool in different modes. In Fig. 3a, the
contour diagram of cadmium sorption was plotted
based on X, and X,, (with the encoded EFB-to-
cadmium ratio at the average level: X, =0). In Fig.
3b, the contour plot of CR% was drawn based on
X, and Xg (with the encoded pH at the average
level: X,, =0) and in Fig. 3c it was sketched based on
Xwm and X (with the encoded time at the X,=0)
. As shown in Fig. 33, at the biosorbent-to-metal ratio
of 6:1, the CR% increases with the simultaneous
increase in contact time and pH value. The results of
Fig. 3b at the medium pH level (i.e. pH=4) illustrated
that the highest CR% was proportional to the
simultaneous increase of the contact time and the
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Fig. 3: The contour diagrams of the effect of operational variables on CR% for a) versus XpH; b) versus ; and c) versus .
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Fig. 4: Optimization diagram of the operating conditions in cadmium biosorption process by EFB
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Fig. 5: The FTIR analysis for a) EFB and b) EFB-Cd(lI)

Table 4. Constants of PFO, PSO and IDM in the Model

Models PFO PSO IDM
qe ky R? qe k, R? ky C R?
132.26 0.0514 0.946 128.205 1.85x10* 0.979 10.15 -3.782 0.969
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Fig. 6: Kinetics diagram of a) PFO, b) PSO, and c) IDM for Cd(ll) biosorption by EFB
Table 5: Adsorption capacities of different biosorbents for the removal of heavy metals

Biosorbent Analyte Removal% Gmax (ME/8) Optimal pH Sources
Banana leaves activated carbon Copper 83 66.2 5 Darweesh et al., 2022
Corchorus olitorius leaf Zinc - 11.63 6 Ali and Bhakta, 2020
Activated Eupatorium Cadmium 88.9 45.45 7 Joshi et al,, 2022
adenophorum
Activated Acer oblongum Cadmium 96 44.64 7 Joshi et al., 2022

. Samimi and Shahriari-
Strain-MS3 Lead 58.69 138.88 6.6 Moghadam, 2021
EFB biosorbent Cadmium 89.57 128.205 6 The current study

EFB-to-cadmium ratio. However, the pH increase in time of 45 min also revealed that the CR% increased
Fig. 3a or the sorbent-to-analyte ratio increase in with a simultaneous increase in pH value and EFB-
Fig. 3b at low-time contact did not not considerably ~ to-cadmium ratio. However, at low sorbent-to-metal
affect CR%. According to the direction of the lines ratio levels, the pH changes did not significantly affect
and curves, the contour diagram of Fig. 3c at resident CR%.
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Numerical optimization of the BBD was performed
to predict the optimal conditions of EFB for achieving
the maximum metal sorption. According to the
optimization results presented in Fig. 4, the maximum
CR% in aqueous environment, obtained at EC of 9:1,
pH of 6 and contact time of 80 min, was 93.65%.

As shown in the BBD results (Table 3), the p-value
of the lack-of-fit term was not significant (0.156),
confirming the model’s validity (Samimi et al., 2023a).
However, based on the experimental validation test
under optimal conditions, the removal of cadmium
from aqueous environments by EFB was found to
be 89.57%. The small difference (<5%) between the
value predicted by the model (93.65%) and the actual
value (89.57%) demonstrated the high accuracy and
validity of the proposed model.

FTIR analysis for biosorbent/metal

The prepared biosorbent was analyzed by FTIR
spectroscopy to identify the functional groups of
EFB. The FTIR spectrum of the biosorbent is shown
in Fig. 5. According to Fig. 5a, the absorption peak at
3419/cm corresponded to the -OH group in EFB. The
absorption band at 2936/cm was associated with the
stretching vibration of the methyl group (C-H bonds).
Other stretching vibration peaks were attributed
to the C=0, C-C, and C-O bonds. The above active
sites on the EFB surface could affect the adsorption
of Cd(Il). The shifted peaks after metal biosorption
showed that Cd(Il) was adsorbed on the surface of
EFB (Fig. 5b).

Kinetics of metal biosorption

Cadmium uptake rate by EFB versus contact time
were generally evaluated using adsorption kinetics
by pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic models and intraparticle diffusion
mechanism (IDM). The linear forms of the mentioned
models are expressed by Egs. 6, 7 and 8, respectively
(Samimi et al., 2023b).
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Where, k, (g/mg/min) and k  (1/min) are
adsorption rate constants for PSO and PFO kinetics,
respectively; and kp(mg/g/min“z) parameter is IDM
constant. All the kinetics experiments were done at
pH value of 6. The kinetics diagrams of PFO, PSO and
IDM for cadmium adsorption are shown in Fig. 6a to
c. As described in Table 4, the higher value of R? for
PSO kinetics rather than PFO and IDM indicated that
the rate-controlling stage in cadmium uptake was
the chemical interaction between the EFB functional
groups and Cd(Il). Comparison of the cadmium uptake
capacity obtained in this study and the adsorption
capacities of different biosorbents reported in other
studies has been presented in Table 5.

Cadmium ions, as one of the heavy metals, find
their way into the aquatic environments through
industrial applications. In the present study, a novel
biomass derived from E. globulus fruit was evaluated
for cadmium uptake from aquatic environments. The
results of the regression equation, Pareto graphical
analysis and contour plots revealed that all the
selected experimental parameters, such as biomass-
to-metal ratio, pH value of the solution, and contact
time, significantly affected the cadmium biosorption
by EFB biosorbent. Investigation of the parameters
and numerical optimization of the quadratic model
were performed to predict the optimum conditions
for achieving the maximum cadmium uptake by
EFB. The maximum metal uptake (at biosorbent-
to-metal ratio of 9:1, pH value of 6 and residence
time of 80 min) was determined as 93.65%. The
statistical analysis and validation tests revealed the
high accuracy of the BBD model in predicting the
optimum conditions for cadmium adsorption by EFB.
Based on the comparison between the measured and
predicted amounts of CR%, coefficients of R?, Rjdj ,
and RSred in the BBD model were 0.9948, 0.9855, and
0.9245, respectively. According to the results, the
cadmium adsorption followed a PSO kinetic model,
indicating that the rate-controlling stage in cadmium
sorption was the chemical interaction between
functional groups in EFB and Cd(ll) ions. However, the
q, values calculated by PFO and PSO models (132.36
and 128.2 mg/g, respectively) were obtained from
the experiments in optimal conditions based on the
BBD model. The results of FTIR analysis, proved the



active role of functional groups (e.g. methyl group
and hydroxy group) on the EFB surface. The EFB, as
a biomass prepared from worthless and unusable
fruit for humans, showed a significant potential for
the removal of heavy metals from wastewater. The
present study illustrated that cadmium could be
simply removed from aqueous environments using
this naturally occurring adsorbent.
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To address the potential harm caused by the intensive use
of pesticides in pest control in agriculture, there is a need for accurate and efficient methods
to detect and monitor pesticide residues. Therefore, this study aimed to develop a biosensor
that can detect organophosphate pesticides highly toxic to humans and the environment.

Biosensor organophosphate pesticides using a single film containing
acetylcholinesterase/choline oxidase have been designed using silver-based plasmonic
nanoparticles as a colorimetricindicator. In the presence of acetylcholinesterase, acetylcholine
is hydrolyzed to choline and acetic acid, then choline oxidase catalyzes the oxidation of choline
to hydrogen peroxide and betaine. Hydrogen peroxide reacts with the silver nanoparticles,
and the discoloration of the brown solution occurs due to the oxidation of silver+.

As a biosensor indicator, silver nanoparticles were extremely accurate, sensitive,
and stable over a long period of storage. Transmission Electron Microscope images confirmed
the reduction in size of nanoparticles from 16.82 + 4.36 to 9.63 + 2.29 nanometers.
The analyte profenofos, one of the organophosphate pesticides, inhibits the activity of
acetylcholinesterase, thereby reducing the concentration decrease of silver nanoparticles
by releasing less hydrogen peroxide. Optimum conditions for biosensors were achieved with
a potential of Hydrogen of 7, buffer, and acetylcholinesterase concentrations of 7 and 70
millimolar, respectively, with an incubation time of 5 minutes. Biosensor response showed
a linear range at profenofos concentrations of 0.05-2.00 milligrams per liter, with limits of
detection and quantization of 0.04 and 0.13 milligrams/liter, respectively. Biosensor also has
excellent sensitivity, reproducibility, and stability, with a Relative Standard Deviation of 2.5
percent and a stable response of up to 4 months. Subsequently, using a biosensor in the
chilli as a sample resulted in a profonefos level of 0.04 milligrams per liter, making it safe for
consumption.

Biosensor measurement outcome aligned with the gas chromatography-
mass spectrometry result, which is the accepted standard method for detecting profenofos.
Additionally, the proposed biosensor offers several advantages such as ease of use, fast,
low-cost, and on-site analysis. Hence, this method is suitable for monitoring and controlling
pesticide residues, particularly organophosphate, in agricultural products and the
environment.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Pesticide is the most effective solution in controlling
pests such as insects, fungi, and weeds due to its
effectiveness in killing nuisance organisms (Tudi et al.,
2021). The advantages of using pesticides include their
ease of use, high success rate, easy to obtain, readily
available, and relatively low cost. Their significant
role in reducing disease and increasing crop yield has
resulted in their widespread use, which, in turn, has
led to excessive use of pesticides, including increased
dosage, usage frequency, and the use of different
types and compositions. Although some pesticides
have a low persistence in the environment, they are
harmful to humans and the ecosystem due to their
high active toxicity (Damalas and Koutroubas, 2016;
Mesnage et al., 2014). Consumers are exposed to
pesticide residues present in crops, including residues
from the soil that are absorbed by the roots and
tubers of harvested plants. To ensure food safety, the
Indonesian National Standard Agency regulated the
maximum allowable limit for pesticide residues in
plants, with the concentration of organophosphate
residues in vegetables not exceeding 0.05 milligrams
per kilogram (mg/kg) (SNI, 2008). Ensuring the safety
of agricultural products necessitates the detection
of pesticides. Although several analytical methods
have been reported in the literature for determining
organophosphate pesticides, ultraviolet-visible
(UV-Vis) and Fourier Transform linfrared (FTIR)
spectrophotometry remain the standard analysis
methods due to their simplicity (Li et al., 2018; Sahu
et al., 2020). However, this method uses reagents
that are toxic and not environmentally friendly; this
will cause new problems when the measured waste
is disposed of into the environment. Other methods
such as gas chromatography (GC) (Gaber, 2014), gas
chromatography-mass spectrometry (GC-MS) (Yang et
al., 2018), high-performance liquid chromatography
(HPLC) (Rajput et al., 2018), high-performance thin
layer chromatography (HPTLC) (Hussain et al., 2020),
and liquid chromatography-mass spectrometry (LC-
MS) (Stachniuk et al., 2017) have also been commonly
used in determining organophosphate because of their
efficiency. However, these methods require relatively
long preparation, skilled labor, and sophisticated and
expensive equipment. To overcome this problem,
enzyme-based biosensors have been developed as
an alternative method. For example, various types of
cholinesterase biosensing agents were used to measure
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the inhibition of enzyme activity due to the addition of
pesticide analytes in enzymatic reactions (Kuswandi
et al., 2008). Acetylcholinesterase (AChE) biosensor
has been proposed for detecting organophosphate
pesticides using potentiometric (Mashuni et al.,
2022), amperometric (Zhang et al., 2019), and optical
transducers (spectrometry or fluorometric) (Yan et al.,
2019; Shah et al., 2021). The optical sensor, especially
colorimetric sensors employ an indicator for detecting
the pesticide, such as a zwitterionic polymer (Zhu
et al., 2008) and bromothymol blue (Kuswandi et
al., 2008) but these indicators are toxic and have a
limited range of action due to their dependence on
the potential of hydrogen (pH). The weakness can be
overcome by using silver nanoparticles (AgNPs) as a
colorimetric detector. AgNP has unique properties,
such as a high-sensitivity SPR spectral effect, making
it a colored solution. (Loisea et al., 2019). The optical
biosensor for detecting pesticides is proposed to utilize
the SPR of AgNPs. The sensor mechanism is based
on AChE inhibition due to the presence of analytes
(Kaur and Singh, 2020). AChE enzyme hydrolyzes
acetylcholine (ACh) to produce choline (Ch) and acetic
acid in the presence of oxygen and water is oxidized
to betaine and hydrogen peroxide (H,0,) through the
catalytic activity of choline oxidase (ChO) (Bodur et al.,
2021). Hydrogen peroxide spontaneously undergoes a
redox reaction in the presence of colloidal AgNPs in an
aqueous system (Sequeira, 2021; Tagad et al., 2013),
where the AgNPs serve as an indicator. By combining
these two enzymes with a colloidal AgNPs coupled
biosensor system, biosensors are being developed. As
the mechanism of action of the biosensor developed is
based on the activity of the AChE enzyme, pesticides
with a mechanism of action to inhibit AChE can be
detected using this biosensor, such as organophosphate
and carbamate pesticide. In this study, prefonofos (an
organophosphate) is used as an analyte that inhibits
AChE activity, while the enzymes AChE and ChO were
trapped in one film by a simple procedure without
further chemical modifications. Subsequently, enzyme
immobilization on a suitable matrix can maintain
its activity and increase its resistance to changes
in reaction condition such as pH and temperature
(Hermanto et al., 2020). The film was placed into
colloidal AgNPs with added substrate and analytes,
and measurements were carried out in a batch system.
The validation of biosensor results compared to GC
method was described. The application of biosensor



in determining profenofos in the real sample also was
conducted. Therefore, this study aimed to develop a
biosensor for organophosphate determination and
was carried out in Mataram, West Nusa Tenggara,
Indonesia in 2023.

Chemicals

AChE from Electrophorus electricus (EC 3.1.1.7, type
Type VI-S, 200 units/milliliter, units/mL), ChO from
Alcaligenes sp. (EC 1.1.3.17, the activity of 210 units/
mL), ACh chloride (299 percent: %, TLC), sodium alginate
from brown alga (300-400 centipoise, cP), chitosan
from crab shell (95% deacetylated), and profenofos
(Sigma Pestanal®) were obtained from Sigma Aldrich
(St. Louis, Missouri, USA). The 2-pyrimidine aldoxime
methiodide (2-PAM) was purchased from Merck. All
chemicals were of analytical grade and used as received
without further purification, and double distilled water
was used to prepare the solutions.

Preparation of film and immobilization procedure
Based on the previous study, a solid support film
for the immobilization of AChE and ChO was prepared
by mixing both chitosan and alginate hydrosols
(Hermanto et al, 2020). The alginate-chitosan
hydrosol 3 microliter (uL) was added to 1 L Tris
hydrochloric acid (HCl) buffer (pH 6.5). The buffer
mixture was added to 10 pL of the bi-enzyme mixture.
The prepared bi-enzyme mixture consisted of AChE
(10 microliters: pL, 200.0 units/mL) and ChO (200 pL,
10.0 units/mL) at a 1:1 enzyme ratio in 40 uL of Tris-
HCl buffer solution (pH 7.0). Furthermore, the enzyme

A single film based
on alginate-chitosan

immabllized
AChE/ChO

Glass vessel {cuvette)

Sample Solution:

Add 2 mL of colloidal AgNP;
- Next, add 1 mL of ACh chloride;
: Finally, at the same time, add 1
ml of profencfos pesticide

activity was maintained using a Tris-HCI buffer in a
modified hydrosol process. The mixture was flattened
immediately using a magnetic stirrer (300 rotations per
minute (rpm) for 10 seconds, then stored for the aging
process for 72 hours (h) and 4 degree Celsius (°C). The
produced film was stored in a closed container at 4°C
until used (Hermanto et al., 2022).

Preparation colloidal AgNPs

The proposed method for preparing colloidal
AgNPs is a conventional synthesis method using
green electrolysis, as described by Hermanto, et al.
(2023). The synthesized colloidal AgNPs were further
separated and purified by centrifugation (Tomy
Centrifuge MDX 310, Japan) at 12,000 rpm, followed
by freeze drying (Freeze dryer Alpha 1-2LDplus with RZ
2.5 vacuum pump, Germany) before being used as an
indicator biosensor.

Fabrication optical biosensor

A single alginate-chitosan-immobilized AChE/ChO
film was cut into a cuvette size (10 x 45 millimeters
(mm) and carefully placed into the cuvette (Fig. 1).
Furthermore, 2 mL of colloidal AgNP was added to
the cuvette (10 mg of separated AgNP was taken
and redispersed using 1 L double distilled water).
The measurements were carried out using atomic
absorption  spectrophotometer  (AAS) Thermo
scientific iCE3000 USA, obtaining an Ag concentration
of 10.38 milligram/liter (mg/L). Next, 1 mL of ACh
chloride (substrate) was added to the cuvette. Finally,
at the same time, 1 mL of organophosphate pesticide
(profenofos pesticide) was also added to the cuvette

Incidert mmjge

light beam

to detector

Spectrophotometric
measurements

Fig. 1: Biosensor design
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with various concentrations to make a standard curve.
Incubation for 30 minutes (min) was required to
complete the inhibition reaction. A blank solution was
prepared using the above procedure without pesticide
profenofos.

Measurement procedure

The absorbance of colloidal AgNPs as indicator
of biosensor was then measured using UV-Vis
Spectrophotometer (Spectrophotometer 7809, Labo-
hub, China). The increase in the concentration of
profenofos pesticide is proportional to the increase
in inhibition. It affected the intensity of the SPR
absorbance of the AgNPs colloid due to the redox
reaction between hydrogen peroxide (product of the
enzyme-substrate reaction) and AgNPs. The response
of the optical biosensor is shown as a calibration
curve, in which there is a linear correlation between
the concentration of profenofos and the SPR intensity
of colloidal AgNPs.

Determination with GC-MS methods

For comparison, GC-MS detection method (GC—-MS
QP210 Ultra, Shimadzu) equipped with an RTX®-5MS
fused-silica capillary column (methyl polysiloxane
type containing 5% Diphenyl and 95% Dimethyl
Polysiloxane, length 30 meters (m) x 0 .25 mm id. x
0.25 micrometer (um) film thickness in static phase)
was also used as a reference method for determining
profenofos pesticide in actual samples. High-purity
helium carrier gas was used as the mobile phase
(1.5 mL/min). The automatic injection process (Auto
sampler carousel, AOC, Ahimadzu type) in GC-MS
device was performed by injecting 1 L at an injection
temperature of 250 °C. In contrast, the interface

temperature and the ion source were set at 300 °C
(Alen et al., 2016). Identifying profenofos pesticide
based on peak chromatograms was performed, then
its concentrations were determined using a calibration
curve of peak area versus profenofos concentration.

Determination of profenofos in real sample

A real sample of Chilli (Capsicum frutescens L.) was
obtained from the local market (Pagesangan, Mataram-
Indonesia). A total of 100 g of crushed chilli was mixed
with 50 mL of pH 7 Tris-HCl buffer under stirring
conditions. The mixture was filtered and centrifuged
at 8000 rpm for 5 min. The supernatant was separated
and analyzed for the profenofos content.

Biosensor scheme

In this study, an optical biosensor was developed
for detecting organophosphate pesticides based on a
single film of alginate-chitosan modified with silver-
based plasmonic nanoparticles. For this purpose,
a simple alginate-chitosan film was prepared by
immobilizing the double enzymes (AChE and ChO). The
scheme of the enzymatic reaction of AChE and ChO
enzymes immobilized on film with ACh is shown in Fig.
2. First, the hydrolysis reaction (reaction with water,
H,0) of ACh to Ch and acetic acid occurs with AChE as
a biocatalyst (Kuswandi et al., 2008; 2021). Under the
role of ChO, Ch released is oxidized to betaine. The ChO
prosthetic group, namely Flavin Adenine Dinucleotide
(FAD), is reduced to 1,5-dihydro-FAD (FADH,) by
accepting electrons. This reaction is reversible. In the
presence of oxygen (O,) as the electron acceptor, FADH,
is oxidized to FAD. Therefore, the enzyme returns to
its original form, while the oxygen as the electron

Fig. 2: Scheme of enzymatic reaction (AChE/ChO)
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acceptor is reduced to hydrogen peroxide (H,0,)
(Bodur et al., 2021). The hydrogen peroxide produced
by this reaction enters the aqueous system with
colloidal AgNPs. Hydrogen peroxide is oxidized into
water molecules, while AgNPs as a biosensor indicator
will decrease in concentration because silver (Ag°) is
reduced to ionic silver (Ag* ion) (Sequeira, 2021; Tagad
et al., 2013). The determination of ACh can be carried
out by measuring changes in the intensity of the SPR
absorbance of the AgNPs. The presence of profenofos
(an organophosphate pesticide) as an inhibitor of ACh
hydrolysis of the enzymatic reaction in Fig. 2 caused a
reduction in the amount of H,0, released, and hence
the discolouration of AgNP was reduced compared to
the absence of profenofos.

In this study, a color change from brown to pale
yellow causes a decrease in the intensity of the SPR
AgNPs signal. This aspect is important because the
operating range of AgNPs as an optical biosensor
indicator closely matches the changes in hydrogen
peroxide released in enzymatic reactions. On the other
hand, the colloidal AgNPs are evenly distributed in the
aqueous system to allow easy access to the enzymatic
reaction products, resulting in the high sensitivity of the
optical biosensor indicator, which is also responsible for
reaction inhibition (the presence of organophosphate
pesticide analytes). Besides reducing the SPR-AgNP
signal intensity, the presence of hydrogen peroxide
associated with the enzyme-substrate reaction leads
to the erosion of the AgNP. This erosion results from
the redox reaction, and hydrogen peroxide is reduced
to a water molecule while AgNP is oxidized to Ag". It
is demonstrated in Transmission Electron Microscope

(a)

(TEM) images of AgNPs before and after reacting
with hydrogen peroxide associated with the enzyme-
substrate reaction (Fig. 3).

In this study, Fig. 3a shows the TEM images of the
AgNPs prepared. As shown above, nanoparticles are
spherical with a quasi-uniform size, and the estimated
mean diameter is 16.82 + 4.36 nanometer (nm)
(Hermanto et al., 2023). Fig. 3b shows a TEM image
of an AgNP undergoing oxidation due to interaction
with hydrogen peroxide. Nanoparticles have a quasi-
uniform sphere size but decreasing size; In the mean
distribution histogram, its diameter is 9.63 + 2.29 nm.
Subsequently, TEM images confirm that the AgNPs
before and after the reaction with hydrogen peroxide
are spherical. This spherical AgNP allows all sides to
interact well and spontaneously in the presence of
hydrogen peroxide, and it can be used as a biosensing
agent.

Optimization of experimental parameters

Before the analytical properties of biosensors can
be determined, various parameters must be optimized
through a series of preliminary investigations. Table
1 shows some of the experimental parameter ranges
investigated and their optimum values.

The investigated experimental parameters
influenced the enzymatic reaction, namely pH, buffer
and substrate concentration (ACh), and incubation
time. Tris-HCl buffer was utilized for this system,
while phosphate buffer was avoided because of its
interaction with AChE because it has the potential
to compete with profenofos pesticide, which has
a phosphate group. It was found that the buffer

50 nm

(b)

Fig. 3: TEM images of AgNPs (a) before (b) after reacting with hydrogen peroxide released in enzymatic reactions (Hermanto et al., 2023)
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concentration was 7 millimolar (mM), and pH 7
was the optimum buffer solution; this was used
for further measurement. The enzymatic reaction
proceeds efficiently when the concentration of ACh
as a substrate is proportional to the activity of AChE
enzyme. In order to achieve good reproducibility, the
substrate concentration was optimized in the range
of 10 to 100 mM ACh. The concentration of 70 mM
is the optimum ACh concentration and is used for
further measurements. The chemical environment
around the enzyme influences biosensor response. In
this case, the alginate-chitosan film act as the enzyme
immobilization matrix. The substrate must diffuse and
penetrate the film to interact with the enzyme, and a
measurable response change was obtained. Incubation
time to ensure the optimal enzymatic reaction was
achieved and induced AgNPs color change. In this
study, the reaction incubation time was 5 min.

The response of optical biosensor

The dynamic response of the profenofos biosensor
was determined by changes in the SPR absorbance
signal before and after inhibition at 425 nm under
optimal conditions (Fig. 4a). The response of
plasmonic-based biosensor to AChE and ChO activity

due to the presence of the profenofos pesticide is
plotted as a calibration curve. The biosensor system
detected a series of profenofos pesticide solutions at
concentration intervals of 0.05-2.00 mg/L with three
replicates (Fig. 4b). Samples containing profenofos
interacted with AChE resulted in an inhibitory response
to ACh production. Regeneration of inhibited enzyme
activity was carried out by adding the 2-PAM solution
to restore immobilized enzyme activity (Kuswandi
and Suwandari, 2007). However, inhibited AChE
regeneration cannot restore 100% of its activity due to
the strong interaction between AChE and profenofos
pesticide (as a competitive inhibitor). Therefore, it is
considered an irreversible reaction, and regeneration
can only be carried out on film. On the other hand, it is
difficult to regenerate AgNPs as an indicator of optical
biosensors due to the impossibility of obtaining their
original shape and size. From Fig. 4a, itis known that the
increase in the concentration of profenofos pesticide is
proportional to the increase in SPR absorbance. Fig. 4b
shows the relationship between the concentration of
profenofos pesticide and SPR absorbance in a standard
curve (linear plot).

A calibration curve was constructed by evaluating
the level of inhibition against the profenofos pesticide

Table 1: Optimization of experimental parameters

Experimental parameters Value range Optimal value
The concentration of buffer (mM) 1-10 7
pH 6-8 7
ACh concentration (mM) 10-100 70
Incubation time (min) 1-10 5

(a)

(b)

Fig. 4: SPR spectra of AgNPs as a biosensor detection system for profenofos at various concentrations (a); calibration curve (b)
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concentration. A linear correlation (r) of 0.99 was
obtained for the working range of profenofos pesticide
concentrations from 0.05 to 2.00 mg/L, as shown
in Fig. 4b. A flat biosensor response was obtained
for higher concentrations of pesticide profenofos,
indicating that the response is approaching the optimal
maximum SPR uptake of AgNP. Since the maximum
concentration of analyte in the sample that falls within
the linear range is 2.00 mg/L profenofos, for samples
that provide absorbance above the linear range,
dilution is required until the concentration is within
the linear range. The limits of detection (LOD, 30) and
limits of quantization (LOQ, 10 o) of the calculated
results were 0.04 mg/L and 0.13 mg/L of profenofos
pesticide, respectively. Determination of the pesticide
chlorpyrifos by a previous study (Kuswandi et al., 2008)
through a fiber-optic biosensor based on AChE and
bromothymol blue on a single sol-gel film was able to
detect 0.04 mg/L of chlorpyrifos with a concentration
range of 0.05-2.00 mg/L. This value represents the
same LOD and linear range as this proposed biosensor.
Another visible sensor that uses poly(sulfobetaine
methacrylate)-coated paper for detecting profenofos
has a higher detection limit of 4.891 mg/L (Zhu et al.,
2023). The proposed biosensor is better and allows the
detection of profenofos at the maximum residue level
(0.05 mg/kg) approved by the Indonesian government
by Menkes and Mentan (1996) and SNI (2008). As a
comparison for determining profenofos using HPLC in
previous studies (Mahajan and Chatterjee, 2018), it
showed a detection limit of 0.104 mg/L. The developed
biosensor provides better analytical features with a
lower measurement limit of 0.04 mg/L. AgNP as an
indicator offered better sensitivity than the previous
indicator, which used poly(sulfobetaine methacrylate)
(zhu et al., 2023) and bromothymol blue (Kuswandi
et al., 2008) in visual/optical sensors for pesticide
determination. It is indicated by the higher slope
value of the change in pesticide absorbance per unit
concentration, and the higher the slope value, the
more sensitive the sensor. In this study, the slope
was 0.5249 a.u L/mg, while the slope in the previous
study was 0.0085 and 0.0331 a.u L/mg, respectively.
In addition, AgNPs are highly accurate and stable
over a long storage period (Hermanto et al., 2023). In
fabricating enzyme-based optical biosensors, recovery
of inhibited enzymes is an advantage, and it is one of
the purposes of immobilizing enzymes, repeatedly
used, enabling biosensors to be more economical,

effective, and practical in handling. The phosphate
group of profenofos has a strong interaction with
AChE, and AChE exposed to profenofos has an ester
bond between the phosphate and serine groups
on AChE, making it difficult to restore its activity
(competitive inhibitor) and repeated reactivation using
Tris-HCI buffer solution and ACh was not achieved.
However, reactivation using 1 mM 2-PAM can restore
AChE activity effectively due to its strong nucleophilic
character towards the electrophilic phosphorus atom
of phosphorylated AChE, and phosphorus attached to
AChE is released, producing a free and active form of
AChE (Kuswandi and Suwandari, 2007). Then, washing
with Tris-HCI buffer solution spontaneously restored
ChO activity effectively. Biosensor reproducibility
is another important analytical performance. The
reproducibility of silver-based plasmonic nanoparticles
proposed for biosensors is expressed as Relative
Standard Deviation (RSD) or the Coefficient of Variation
(CV) of determining the response of biosensor at a
concentration of 0.05 to 2.00 mg/L with 3 repetitions
on a same single film containing AChE/ChO. The
reproducibility of biosensors (RSD) was an average of
2.5% (Fig. 4b), meaning the reproducibility was good.
The repeated use of film from this biosensor produces
a good response after being reactivated, which is
expressed as the stability of the biosensor. The stability
of this biosensor is good, and even after being used
repeatedly for a week for the detection of profenofos
pesticide, this biosensor can still provide a sensor
response of about 90% of the initial response, as long
as a film containing AChE/ChO is stored at 4 °C. Fig. 5
shows that sensor response can last up to 4 months,
after which it gradually decreases, and the acceptable
biosensor response > 60% of the initial response. At
four months of the storage period, namely the seventh
measurement, biosensor response was reduced to
60%, probably due to the leaching of AChE/ChO from
the film during film washing, which was carried out
during the enzyme reactivation process in the film
using a solution of 2-PAM, in this case, reactivation
was carried out six times. In these conditions, film
on biosensors can no longer be used to determine
profenofos, and this result is better than the previous
study (Kuswandi et al., 2008). Considering the use of
low-cost material for synthesizing film and AgNP, the
production cost per biosensor unitis 5 USD. Atechnique
of immobilizing the enzyme on film facilitates the
reuse of the enzyme, offering a biosensor production
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Fig. 5: Decrease in sensor response as a function of time, measurement using 2 mg/L profenofos
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Fig. 6: Chromatogram of profenofos (a); and the linearity relationship of profenofos pesticide concentrations were measured using an
optical biosensor and GC-MS as a reference method (b).

cost reduction of about 80%, and per unit film can be
measured up to 7 times (6 times enzyme reactivation).

Validation of analytical methods is the evaluation
of specific parameters using laboratory experiments
to demonstrate that they meet the requirements
for their use. Optical biosensor validation uses GC-
MS as a standard method to determine profenofos
pesticide in real samples. Subsequently, the samples
were analyzed using both methods, in which samples
spiked with profenofos were made in four different
concentrations, 0.1, 0.5, 1.0, and 1.5 mg/L, with three
times repetition. Fig. 6 shows the linear relationship
between the measurements of profenofos pesticide
using both methods.

Fig. 6a is the chromatogram of the profenofos
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pesticide with a retention time as a qualitative
parameter of about 6.248 min. Meanwhile, the peak
area parameter of the chromatogram was used
quantitatively by plotting it in the linear regression
equation of the profenofos calibration curve to
obtain the profenofos residue level in the sample.
Based on Fig. 6b, the linear regression analysis shows
a linear relationship (y=1.1637x-0.1795), with a
good agreement between the two methods (R?* =
0.9876). The regression coefficient is =1, meaning
there is no significant difference when comparing the
optical biosensor method and GC-MS in determining
profenofos pesticide. It is supported by the analysis
of the slope of the linear regression curve of 0.9749
(close to the ideal value of 1.0). The measurement



results of the proposed optical biosensor, therefore,
agree with the reference method (GC-MS), and the
determination of the profenofos content in chilli as
a real sample was determined using the proposed
biosensor. The profonefos level in chilli was 0.04
mg/L; this value is below the maximum residue
threshold permitted by the Government of Indonesia,
making chilli safe for consumption. Compared to
conventional method such as GC-MS and HPLC, the
proposed biosensor is cheaper for fabricating and
maintaining the apparatus and sample preparation,
more accessible, faster, and allows on-site analysis.
The reusability of biosensors can be achieved by using
film as an immobilizing matrix for AChE/ChO enzyme
and reactivation process. In addition, this method
minimizes expensive solvents such as those used in
HPLC analysis. Therefore, the developed biosensor
is suitable for monitoring and controlling pesticide
levels in agricultural products and the environment
to ensure the safety of its consumption and minimize
the negative impact of pesticides on non-target living
things and the environment.

A successful optical biosensor has been developed
for detecting organophosphate pesticides based on an
alginate-chitosan film containing AChE and ChO. In this
system, the alginate-chitosan single film was used as a
matrix of double enzymes (AChE and ChO), and silver-
based plasmonic nanoparticles serve as a colorimetric
indicator. As an indicator, the excellences of AgNP are
highly accurate, sensitive, and stable over a long storage
period. Silver nanoparticles are oxidized to silver ions
in the presence of hydrogen peroxide produced by
enzyme activity. A decrease in the concentration of
nanoparticles is indicated by the fading of the solution
color from brown to pale yellow in the system.
Profenofos inhibits the ACh hydrolysis, reducing the
amount of H,0, released. Therefore, the discoloration
of AgNP was reduced compared to the absence of
profenofos, and the increase in the concentration of
profenofos pesticide was proportional to the increase
in SPR absorbance of AgNP. The size reduction of
AgNPs was confirmed by TEM images from 16.82+4.36
to 9.63+2.29 nm due to its reaction with H,O,. The
optimum biosensor performance was at 7 mM buffer
concentration, pH 7, 70 mM ACh concentration, and
5 min incubation time. Biosensor response due to
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inhibition of profenofos showed a linear relationship
with the concentration of profenofos in the range of
0.05 to 2.00 mg/L, with LOD 0.04 mg/L and LOQ 0.13
mg/L. The proposed organophosphate biosensor also
has excellent sensitivity, reproducibility, and stability,
with RSD of 2.5% and a stable response of about 4
months. The method validation through GC-MS analysis
as a standard method in profenofos concentration
of 0.1 to 1.5 mg/L shows good agreement between
the results of the two methods. Applying biosensor
in chilli as a sample gives profonefos level of 0.04
mg/L, and therefore it is safe for consumption. The
advantages of biosensor include its simplicity, ease,
cheapness, short time, and on-site analysis, making it
is suitable for routine analysis to ensure the safety of
consumption of agricultural products and reduce the
negative impact of pesticides on the environment. The
film containing AChE/ChO enzymes must be stored at
4 °C when not in use to ensure the performance of
the biosensor remains good for on-site detection of
organophosphate pesticide.
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Soil is an essential abiotic component serving as a habitat for numerous
organisms, including cellulolytic bacteria commonly found in mangrove ecosystems. This bacteria could
produce active enzymes needed to improve environmental quality by accelerating the organic matter
decomposition. The unique mangrove environment may contain new types of cellulolytic bacteria with
new characteristics. Despite several mangrove areas being explored as sources of cellulolytic bacteria,
there is currently unexplored data on its diversity in Aceh Province, Indonesia. Accordingly, it is necessary
to analyze the molecular biological approach, namely the 16 svedberg ribosomal ribonucleic acid gene,
to identify the diversity of cellulolytic bacteria and analyze the phylogenetic relationships between them.

Bacteria isolates were collected from mangrove soil at six research locations with three
replications. A purposive sampling method was applied to determine the research location. Isolates from
soil samples were streaked and purified in carboxymethyl cellulose as selective media for cellulolytic
bacteria. Molecular identification adopted 16 svedberg ribosomal ribonucleic acid gene sequencing,
and the sequencing data were matched with GenBank data. Phylogenetic analysis and genetic distance
between species were evaluated using molecular evolutionary genetics analysis.

Thirteen isolates were sequenced, and nine species of cellulolytic bacteria dominated by
the Bacillus genus were identified. These species exhibited an identity value of 97.77-100 percent
when compared to data from GenBank, and B. velezensis was found to have a close relationship with B.
amyloliquefaciens at a value of 0.002 percent. Interestingly, the non-rehabilitated mangrove areas had
more bacterial species than the rehabilitated ones. Two Bacillus genus had different nucleotide bases,
proving they were distinct species.

Nine cellulolytic bacteria species were identified; the two closely interspecies genetic
distance related were B. velezensis and B. amyloliquefaciens, whereas the farthest were Bacillus spl.
and Bacillus sp2. Small genetic distances of interspecies indicate a close relationship between species. In
comparing the two sampling sites, the non-rehabilitated mangrove contains higher bacterial cellulolytic
species than the rehabilitated and Bacillus-dominated site. The findings provide valuable insights into
the diversity of cellulolytic bacteria in mangrove ecosystems. The abundance of bacterial species could
serve as sources of cellulase enzymes with different characteristics, essential in an environmental aquatic
management.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The mangrove ecosystem is a unique marine
environment characterized by distinctive features,
such as high productivity and providing a habitat
for diverse aquatic organisms (Thatoi et al., 2013;
Hu et al., 2022). Bacteria are the most abundant
and diverse microorganisms found in the mangrove
ecosystem, and its soil plays a crucial role in providing
essential nutrients, such as carbon, nitrogen, and
phosphorus, which contributes to high productivity
(Becker et al., 2020; Palit et al., 2022; Saneha et al.,
2023). However, as a heterotrophic microorganism,
bacteria serve as primary decomposers within the
ecosystem and are instrumental in decomposing
organic matter, mineralization, and nutrient cycling
for plant growth (McGuire et al., 2012; Liu et al.,
2019; Pringgenies et al., 2023). In mangrove eco-
system, fallen vegetation litter contributes to the
abundance of cellulose on the soil surface. These
are rich in polysaccharides, such as cellulose and
hemicellulose, and are major components of plant
cell walls and a primary carbon source in the carbon
cycle (Furusawa, 2019). Cellulolytic bacteria can
digest cellulose and are widespread microorganisms
(Watanabe and Tokuda, 2010). Cellulolytic bacteria is
one of the essential bacteria types commonly found
in mangrove soil; they contribute carbon sources to
improve soil fertility. The diversity of bacteria in the
ecosystem serves as an indicator of water fertility,
and each species has its unique function and role,
such as cellulolytic bacteria, which produces cellulase
enzyme that accelerates cellulose degradation (Biswa
et al., 2020; Nimnoi and Pongsilp, 2022). Microbial
enzymes involved in plant cell wall degradation
convert these polysaccharides into digestible
components (Ejaz et al.,, 2021). Bacteria participate
directly in the nutrient cycle and provide insight into
soil environmental quality through decomposition
(Hafich et al., 2012). Studying highly active cellulolytic
bacteria is essential to understanding microbial
cellulose degradation (Talia et al., 2012). Interest in
cellulase enzymes has grown in recent years due to
its application in bioenergy and biofuel production,
alongside other industries, such as beverage, paper,
and textile (Srivastava et al., 2015; Ejaz et al., 2021).
Safika et al. (2018) stated that cellulolytic bacteria
has been proposed as a cost-effective method for
reducing fibrous feed and increasing its digestibility,
as opposed to using commercial cellulase enzymes.
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In the fisheries sector, cellulose degradation in feed
ingredients can enhance fish growth by improving
digestibility (Kurniawan et al., 2019). The isolation of
cellulolytic bacteria from mangrove organic materials,
like sediments and leaf litter, has been reported in
several studies (Behera et al., 2014; Yahya et al., 2014;
Chantarasiri, 2015; Kurniawan et al., 2018; Ningsih
et al.,, 2014). Cellulolytic bacterial diversity isolated
from the mangrove ecosystem using the 16 svedberg
ribosomal ribonucleic acid (16S rRNA) gene has been
carried out. Pramono et al. (2021) reported the
species found in mangrove soil, namely Fictibacillus
nanhaiensis; Kurniawan et al. (2019) recorded two
species, namely Vibrio parahaemolyticus and Bacillus
amyloliquefaciens from mangrove soil. There are
three species of cellulolytic bacteria from mangrove
soil in Malaysia, namely Anoxybacillus sp., Bacillus
subtilis, and Paenibacillus dendritiformis (Naresh et
al., 2019). Bacterial diversity can be assessed using
two approaches: cultivation and non-cultivation, with
metagenomic analysis being a useful tool to overcome
the limitations of cultivation-based methods
(Glogauer et al., 2011). In studying bacterial diversity
in forest soil enriched with cellulolytic bacteria, the
16S rRNA gene sequencing analysis is commonly
employed (Talia et al., 2012). This method is useful for
analyzing the diversity of microorganisms (lzquierdo
et al., 2010). Diverse studies of cellulolytic bacteria in
Indonesia’s mangrove ecosystems have been carried
out for morphology approach and molecular biology.
However, there is no information about the diversity
of cellulolytic bacteria in the soil of rehabilitated and
non-rehabilitated mangrove areas in Aceh Besar and
Banda Aceh, Aceh Province, Indonesia. Those areas
have different bacterial populations, productivity,
and soil characteristics, including organic carbon (OC)
content and soil texture, making those interesting
subjects to study. Non-rehabilitated mangrove areas
exhibited higher OC content and cellulolytic bacterial
populations than rehabilitated ones. Specifically,
the OC content and bacterial populations in non-
rehabilitated and rehabilitated mangrove areas were
1.21 percent (%) and 0.90%, categorized low and
very low OC content (Dewiyanti et al., 2021), and
5.07 x 107 colony form unit/gram (CFU/g) and 3.47
x 107 (CFU/g), respectively. High bacterial diversity
can be associated with the stability and fertility of an
ecosystem. The suitable environmental management
should be applied in mangrove ecosystem to increase



productivity and fertility. One way is to analyze the
presence of cellulolytic bacteria and their species
richness. Furthermore, the distinct environmental
characteristics of mangrove soil harboring cellulolytic
bacteria have encouraged several studies to discover
new bacterial strains capable of producing cellulase
enzymes with unique properties. Therefore, the
current study aims to analyze the molecular biological
approach, namely the 16S rRNA gene, to identify the
diversity of cellulolytic bacteria species and to analyze
the phylogenetic relationships between them in the
mangrove ecosystems, Banda Aceh and Aceh Besar.
This study was carried out in the northern coast of
Aceh Province, Indonesia, in 2021-2022.

Study area

Cellulolytic bacteria isolates were collected from
the soil samples in rehabilitated and non-rehabilitated
mangrove areas in the northern coast of Banda
Aceh and Aceh Besar, Aceh Province, Indonesia. The
rehabilitated mangrove is the vegetation planted
after the tsunami catastrophe in 2004, while the non-
rehabilitated is the ecosystem that was not destroyed
by the tsunami. The rehabilitated mangroves were
dominated by Rhizophora sp., but the three common
species in the non-rehabilitated ecosystem included
Rhizophora sp., Avicennia marina, and Sonneratia
alba. ldentifying these isolates was performed
through molecular biological techniques, specifically
the phylogenetic analysis of the 16S rRNA gene at the
Research Laboratory, Faculty of Veterinary Medicine,
Universitas Syiah Kuala (USK).

Sample handling

The study involved using bacterial isolates sourced
from the soil samples. These isolates were purified
and then tested for their ability to produce cellulase
enzymes in the rehabilitated and non-rehabilitated
mangrove ecosystems. Then, the isolates producing
cellulase continued to the molecular biology step.
The soil samples were collected from six locations,
with three located in the non-rehabilitated area and
the remaining in the rehabilitated mangrove region in
Aceh Besar and Banda Aceh. Stations one, two, and
three were identified in Lambadeuk, Dayah Teungoh,
and Gampong Pande (rehabilitated); four, five, and
six were in Ruyung, Lamreh, and Gampong Lampanah
(non-rehabilitated). The study area’s geographic

location and soil sampling location are depicted in
Fig. 1. Table 1 explains the location and coordinates
of the study area.

Production of carboxymethyl cellulose (CMC) liquid
media

The preparation of selective media for cellulolytic
bacteria was carried out by weighing specific amounts
of various ingredients, such as 1 gram (g) of CMC, 0.02
g of magnesium sulfate heptahidrate (MgSO,7H,0),
0.05 g of potassium dihydrogen phosphate (KH,PO,),
0.075 g of potassium nitrate (KNO,), 0.002 g of ferrous
sulfate (FeSO,), 0.004 g of calcium chloride (CaCl,), 0.2
g of yeast extract, and 0.1 g of glucose, which were
then added to 100 mililiter (mL) of distilled water
and placed in an Erlenmeyer flask. Subsequently, one
bacterial isolate was introduced into the flask and then
centrifuged. The Erlenmeyer flask containing the liquid
media was covered with aluminum foil and plastic
wrap before transporting to the research laboratory at
the Faculty of Veterinary Medicine, USK, for bacterial
deoxyribonucleic acid (DNA) extraction.

DNA extraction

This process involved using the commercially
available gDNA Presto™ Bacteria Mini kit (Geneaid) to
extract the DNA separately. The purified total DNA of
50 microliter (uL), ~200 microgram per milititer (ug/mL)
was eluted and then used as a template for Polymerase
Chain Reaction (PCR) testing (Sari et al., 2017). To begin
the extraction process, a pellet was resuspended by
vortexing in 200 mL of extraction buffer. Subsequently,
20 mL of proteinase K was added to the mixture, which
was then incubated at 37 degree Celcius (°C) for 30
minutes (min), with the sample being inverted every 10
min, during the incubation period. The present study
outlines a DNA extraction and purification protocol
using a column-based method. Initially, 200 g of
Genomic bind (GB) buffer was added to the sample,
and the mixture vortexed for 10 seconds (s) before
being incubated at 70°C for 10 min. The elution buffer
is preheated to 70°C for the subsequent step, where
200 mL of absolute ethanol is added to the mixture
and lysed using a shaker. The resulting sample is then
transferred to a column tube of 2 mL capacity and
centrifuged at 14.000-16.000 revolution per min (rpm)
for 2 min. The supernatant is then discarded, and the
pellet is transferred to a new 2 mL tube. Next, 400 mL of
wash1 buffer is added to the column and centrifuged at
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Fig. 1: Geographic location of the study area along with soil sampling locations with red dot in the mangrove ecosystem

Table 1: Location and coordinates of the study area

No. Location Coordinate
1 Gampong Lambadeuk 05°32'35.8"(North) N 95°14'30.9"E (East)
2 Gampong Dayan Teungoh 05°33'50.3"N 95°18'13.3"E
3 Gampong Pande 05°34'15.3"N 95°18'46.4"E
4 Gampong Ruyung 05°36'08.2"N 95°29'46.8"E
5 Gampong Lamreh 05°36'30.0"N 95°32'18.1"E
6 Gampong Lampanah 05°35'25.1"N 95°40'20.9"E

14.000-16.000 rpm for 30 s. The resulting supernatant
is then discarded, and the process is repeated using
600 mL of wash buffer (containing ethanol). After the
final centrifugation at 14.000-16.000 rpm for 30 s,
the column is transferred to a 1.5 mL tube. Following
this, preheated elution buffer (30-50 mL) is carefully
added to the center of the column, and the DNA tube is
allowed to incubate at room temperature for 3-5 min
before being centrifuged at 14.000-16.000 rpm for 1
min. Finally, the purified DNA tube is stored at -20°C to
prevent degradation until it is used in the PCR for DNA
amplification.
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DNA amplification

A study conducted by Sari et al. (2017) involved
obtaining approximately 50 pL of pure DNA at a
concentration of 200 pg/mL, which was then utilized
as a template for PCR testing. The adopted primers
were 63Forward (F) 5’ (AGA GTT TGA TCM TGG CTC
AG) 3’ and 1387Reverse (R) 3’ (TAC GGY TAC CTT GTT
ACG ACT T) 5, thereby amplifying the 16S rRNA gene
with a length of approximately 1500 base pair (bp).
Meanwhile, 30 nanogram (ng) of DNA was combined
with a total of 25 mL mixture containing 10 picomole
(pmol) of each primer and 12.5 mL of the main mix



(Kapa Biosystems, Boston, Massachusetts, United
States). The PCR amplification process involved 25
cycles and a pre-denaturation temperature of 95°C
for 5 min. During each of the 25 cycles, denaturation
was performed at 95°C for 1 min, followed by
annealing at 50°C for 30 min, and extension at 72°C
for 2 min. A final extension step was performed at
72°C for 10 min. In determining the purity and size
of the amplification products, 1.2% weight/volume
(w/v) agarose gel electrophoresis was used in 1x
Tris-Acetate-ethylene diaminete traacetic acid (EDTA)
buffer (TAE buffer), potential of hydrogen (pH) = 8.3
(containing 40 miliMolar (mM) Tris-hydrochloric
acid (HCI), 40 mM acetate, 1.0 mM EDTA), and the
Gel Doc XR+ System (Bio-Rad) was used for analysis.
TAE is commonly used as a buffer for nucleic acid
electrophoresis.

DNA electrophoresis and sequencing

The Gel Doc XR+ System from Bio-Rad was used
for analyzing the gel electrophoresis results. The
resulting electrophoresis bands were visualized using
an ultra-violet (UV) transilluminator, such as the
UVITEC Fire-Reader V10-Plus machine. The presence
of a single, clear band with a size of relatively 1500
bp indicates good PCR product visualization. PCR
products showing satisfactory electrophoresis
results were sent to First BASE Laboratories, in
Malaysia for further analysis. Cycle sequencing was
performed using the PCR Kapa 2G Fast ReadyMix kit
with dye, and the reaction product was sequenced
with Dye Terminator (3’-labeled dideoxy nucleotide
triphosphate).

Identification and Phylogenetic tree construction

To identify the bacteria species, the 16S rRNA
gene based on sequencing techniques commonly
employed for detecting and classifiying bacteria
(Ntushelo, 2013). The 16S rRNA gene sequence
is the most common genetic marker applied for
almost all bacteria due its function has not changed
over time, suitable for bacterial classification, and
has sufficient variation to distinguish between taxa
(Ntushelo, 2013; Manjul and Shirkot, 2018). The
Clustal W program in the molecular evolutionary
genetics analysis (MEGA X) version was used to
align the obtained sequencing results alongside the
sequencing data from GenBank (Tamura et al., 2013).
The edited sequencing alignments were 1386 bp; it

is used to construct a phylogenetic tree with 1000x
bootstrap support (Gusakov et al., 2011; Naresh
et al., 2019; Sari et al., 2017). However, to confirm
the species similarity with existing databases, the
Basic Local Alignment Search Tool (BLAST) was used
to analyze the obtained sequencing results and
determine the similarity between DNA sequencing
and that of bacteria. Meanwhile, the BLAST-
nucleotide, programmed at the National Center for
Biotechnology Information (NCBI), was adopted to
analyze the homology of 16S rRNA gene sequencing
using data in the GenBank database. Using the
kimura-2-parameter (K2P) model, genetic distances
were estimated, and bacterial relationships were
presented in a phylogenetic tree constructed using
the Neighboring Joining (NJ) method with 1000x
bootstrap and the K2P model. The MEGA X program
was used to construct the phylogenetic tree based on
the methods that Kumar et al. (2018) and Tamura et
al. (2013) adopted.

Composition of cellulolytic bacteria species in soil on
mangrove ecosystems

The 16S rRNA gene was amplified from cellulolytic
bacteria using the primer pair 63F and 1387R,
yielding a fragment size of 1500 bp upon alignment
of the DNA ladder (Fig. 2). After alignment, the 16S
rRNA gene fragment size was determined to be 1386
bp. This primer pair is capable of amplifying genes
of approximately 1300 bp, resulting in an average
size of 1350 bp for the 16S rRNA gene fragment
(Faturrahman, 2005; Kusumaningrum et al., 2016).
The 16S rRNA is commonly used and selected as
a method of bacterial identification because of its
distribution in all bacteria species, its function that
never changes, and this gene is large enough to reach
1500 bp in size (Safika et al., 2018).

The sequencing results were compared to the
GenBank database, revealing species similarities
ranging from 97.77% to 100%. The specific similarity
values for each species are presented in Table 2.
This indicates that the values between 97.77% and
100% of the sequencing matched the database. For
instance, the isolates BTM121, BTM622, BTM632,
and BTM511 were identified as B. altitudinis with
100% homology, whereas isolate BTM113 was
identified as Bacillus spl. with 97.77% homology,
and Bacillus sp2. with 99.86%. According to Petti
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Fig. 2: Visualization of DNA from each cellulolytic bacterial isolate on geldoc Description: 1 kilobyte (kb) = 250 DNA Ladder (bp)

Table 2: Species of cellulolytic bacteria identified using 16S rRNA

No. of species Sample code Species BLAST (%) bp
1 BTM113 Bacillus sp1. 97.77 1386
2 BTM512 Bacillus sp2. 99.86 1386
3 BTM 121 B. altitudinis 100 1386

BTM 622 B. altitudinis 100 1386
BTM 632 B. altitudinis 100 1386
BTM 511 B. altitudinis 100 1386
4 BTM211 B. amyloliquefaciens 99.78 1386
5 BTM533 B. safensis 100 1386
6 BTM123 B. subtilis 99.93 1386
BTM621 B. subtilis 99.93 1386
7 BTM611 B. velezensis 99.93 1386
8 BTM431 Brevibacillus sp. 99.57 1386
9 BTM321 P. aeruginosa 98.85 1386

(2007), a genus is considered similar assuming the
similarity score is 97%, and a species is deemed one
supposing the similarity obtained is 99%. However,
assuming Bacillus spl. from isolate BTM113 does
not reach the 99% to 100% homology threshold, it
may suspect a new species, and there are nucleotide
base differences compared to GenBank. The same
sequencing result has not been recorded or registered
in GenBank. Additionally, isolate Bakteri tanah
mangrove (BTM)432 and BTM321 were identified
as Brevibacillus sp., and Pseudomonas aeruginosa,
with a 99.57% and 98.85% similarity to the data in
GenBank. The highest individual composition is B.
altitudinis followed by B. subtilis.

Briefly, nine species of cellulolytic bacteria were
identified among the 13 sequenced isolates obtained
from the mangrove ecosystem soil (Table 2). These
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include B. altitudinis, B. amyloliquefaciens, Bacillus
spl., Bacillus sp2., B. safensis, B. subtilis, B. velezensis,
Brevibacillus sp., and P. aeruginosa. However, among
these species, Bacillus was the most commonly found
genus, with four isolates identified as B. altitudinis,
and two identified as Bacillus sp. and B. subtilis.
This finding is consistent with previous studies, such
as Shome et al. (1995) who identified 38 bacterial
isolates, and reported that Bacillus sp. is the most
dominant species (>50%) isolated from mangrove
sediments in South Andaman. Yahya et al. (2014)
reported that Bacillus sp. is the most abundant
bacteria involved in the decomposition process of
mangrove litter in the coast of Pasuruan Palace,
thereby exhibiting the ability to degrade cellulose.
Vasquez and Millones (2023) reported two species of
bacteria that produce cellulase enzymes: B. safensis



and B. subtilis. Bacillus is a genus of Firmicutes
group; Basak et al. (2016) found that Bacteroidetes,
Acidobacteria, Firmicutes, Actinobacteria,
Nitrospirae, Cyanobacteria, Planctomycetes, and
Fusobacteri are groups of microorganisms mostly
found in mangrove sediments in Dhulibhashani, India.
Brevibacillus sp. is a type of cellulolytic bacteria that
can produce cellulase enzymes. Liang et al. (2009)
reported that strain JLX of Brevibacillus sp., can break
down various unique polymers, including cellulose,
and utilizes various carbohydrates, such as cellulose,
cellobiose, glucose, and xylose. Several studies have
reported that P. aeruginosa is another cellulase-
producing bacteria found in soil (Gunavathy and
Boominathan, 2015; Gunavathy and Boominathan,
2016) and sawdust (Agarwal et al., 2014). Kurniawan
et al. (2018a) identified P. aeruginosa as one of the
cellulose-degrading bacteria found in mangrove
forest soil in Bangka Island, Indonesia. The diversity
of cellulolytic bacteria varies in each area of the
mangrove ecosystem; various species can be found
in different mangrove ecosystems due to differences
in their environmental characteristics, such as soil
and water. The higher the species diversity and
abundance of bacteria, the faster process of organic
matter degradation. The bacterial richness indicates
ecosystem fertility because they uniquely functions
as a decomposer, such as cellulolytic bacteria, which
produces cellulase enzyme that accelerates cellulose
degradation (Biswas et al., 2020). Several studies
have been conducted on mangrove soil’s bacteria. For
example, Kurniawan et al. (2019) found cellulolytic
bacteria using molecular biology of the 16S rRNA
gene, including TBL1 isolate with 85% similarity to
Vibrio parahaemolyticus, and strains HY3 and TBL2
with 98% similarity to B. amyloliquefaciens. Pramono
et al. (2021) identified isolate LG2 as the species
Fictibacillus nanhaiensis strain JSM 082006, which
produced the highest cellulase enzyme activity.
Naresh et al. (2019) successfully identified three
species using the 16S rRNA gene: Anoxybacillus sp., B.
subtilis, and Paenibacillus dendritiformis, and Biswas
et al. (2020) discovered strains T2-D2 as Bacillus sp.
and E1-PT as Pseudomonas sp. The composition of
cellulolytic bacteria found in mangrove sediments
is high, reaching 87.87% (Pramono et al., 2021). In
the fisheries sector, several cellulase bacteria were
found to have potential as probiotics. According to
Yanbo and Zirong (2006) and Soltani et al. (2019),

Bacillus sp. is one of the bacteria believed to increase
the digestibility of fish because these bacteria are
classified as probiotics, so they are often applied
to feed to increase feed digestibility. The species
of Bacillus often applied as a probiotic is B. subtilis
(El Dakar et al., 2007; Olmos et al., 2020; Truong et al.,
2021), and this bacterium was found at the study site.
The use of Bacillus sp. as a probiotic bacterium in fish
feed is believed to enhance their digestive capacity
by converting unutilized feed into a digestible form
(Putra et al., 2021; Widanarni et al., 2022). This
approach can be an alternative to producing dual-
function feed and indirectly improve feed quality.

Genetic distance of cellulolytic bacteria species

Table 3 shows the genetic distance within-species
(intraspecies) values, and the values of interspecies
distances. Four isolates detected as the B. altitudinis
species exhibited a species distance of zero, meaning
that these isolates are identical. Similarly, two isolates
identified as the B. subtilis species exhibited a within-
species distance of zero. Bacillus sp. has a interspecies
distance value of 0.084%, indicating differences
between the two species (Bacillus spl. and Bacillus
sp2.). The interspecies genetic distance is 0.069%
between Bacillus sp2. and B. amyloliquefaciens,
0.067% between Bacillus sp2. and B. altitudinis,
and 0.067% between B. velezensis and Bacillus sp2.
The closest intraspecies distances were found to be
between B. velezensis and B. amyloliquefaciens at
0.002%, followed by B. safensis and B. altitudinis at
0.004%, B. velezensis and B. subtilis at 0.004%, as
well as B. subtilis and B. amyloliquefaciens at 0.006%.
Maduppa et al. (2018) stated that a smaller genetic
distance implies a closer a relationship between
species and vice versa.

In a study by Fan et al. (2017), B. velezensis, B.
methylotrophicus, and B. amyloliquefaciens were
found to have a high degree of similarity in their
nucleotide base sequence, depicting that they
belong to the same clade. Furthermore, Hossain et
al. (2015) reported that a recent phylogenomic study
has shown that the genomes of B. methylotrophicus,
B. velezensis, B. oryzicola, and B. amyloliquefaciens
are highly similar. A specific strain isolate code of
B. amyloliquefaciens (DSM 23117T), first identified
as B. amyloliquefaciens in 2008 (Wang et al., 2008),
was later revised as B. amyloliquefaciens sub-sp.
plantarum in 2011 (Borris et al., 2011), and finally
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Table 3: Within-species and interspecies distance values of cellulolytic bacteria

No. Species 1 2 3 4 5 6 7 8 9 10 11 12 13
1 B. altitudinis 0

2 B. altitudinis 0.000 0

3 B. altitudinis 0.000 0.000 0

4 B. altitudinis 0.000 0.000 0.000 0

5 _B.amylo 0030 0.030 0030 0030 0

liquefaciens

6 Bacillus sp1. 0.045 0.045 0.045 0.045 0.019 0

7 Bacillus sp2. 0.067 0.067 0.067 0.067 0.069 0.084 0

8 B. safensis 0.004 0.004 0.004 0.004 0.032 0.048 0.067 0

9 B. subtilis 0.029 0.029 0.029 0.029 0.006 0.021 0.066 0.031 0

10 B. subtilis 0.029 0.029 0.029 0.029 0.006 0.021 0.066 0.031 0.000 0

11 B. velezensis 0.028 0.028 0.028 0.028 0.002 0.019 0.067 0.030 0.004 0.004 0

12 Brevibacillussp.  0.969 0.969 0.969 0.969 0960 1.006 0.914 0.963 0.957 0.957 0.960 0

13 P.geruginosa 5.428 5.428 5428 5428 N/A  N/A  N/A N/A N/A N/A NA NA O

reclassified as B. velezensis in 2016 based on DNA
hybridization, and phenotypic and phylogenetic
analyses (Dunlap et al., 2016). Although some recent
publications and GenBank data sets still refer to this
strain as B. amyloliquefaciens, it was later confirmed
as B. velezensis strain using molecular methods (Fan
et al., 2017; Liu et al., 2019; Santiago et al., 2021).
Despite having similar morphology, physiology,
phenotypic properties, and 16S rRNA gene
sequences, B. velezensis and B. amyloliquefaciens can
be distinguished based on their fatty acid (FA) cellular
composition, as noted by Huynh et al. (2022). Both
B. velezensis and B. amyloliquefaciens belong to the
B. subtilis group, which suggests a close taxonomic
relationship (Fan et al., 2017).

Phylogenetic tree of cellulolytic bacteria

Using the NJ method with 1000x bootstrap
repetitions, the phylogenetic analysis consistently
revealed that B. velezensis is closely related to B.
amyloliquefaciens and B. subtilis and showed that
B. subtilis is closely related to B. safensis (Fig. 3).
Recently, Vasquez and Millones (2023) reported the
close phylogenetic relationship of cellulolytic bacteria
of B. subtilis and B. safensis isolated from solid waste
of palm forests, Peru. Constructing the phylogenetic
tree from 13 cellulolytic bacteria isolates divided
into nine species, and two main clades (groups).
Clade one consist of B. altidudinis, B safensis, B.
amyloliquefaciens, B. subtilis, Bacillus sp1. (BTM113),
Bacillus sp2.(BTM512), B. velezensis, and Brevibacillus
sp. Meanwhile, clade two consists of P. aeruginosa at
1000x bootstrap. One main clade was then divided
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into two subclades, which separated Brevibacillus sp.
Species of A. hydrophila (access code LR991675.1), an
outgroup species in the phylogenetic tree (Fig. 3). The
Bacillus and Brevibacillus genera gather in the same
class and order, namely the Bacilli class and the order
Bacillales, but in different families. Bacillus belongs
to the Bacillaceae family while Brevibacillus belongs
to the Paenibacillaceae family. Both families are the
phylum Firmicutes. Sulistiyani et al. (2021) reported
two families and three genera identified using the
16S rRNA gene, namely Bacillaceae (genus Bacillus
and Fictibacillus), and Paenibacillaceae (genus
Brevibacillus). These families can produce cellulase,
xylanase, amylase, and lipase enzymes (Shanti and
Roymon, 2018; Powthong and Suntornthiticharoen,
2017).

Comparatively, there are five species of cellulolytic
bacteria in the rehabilitated mangrove area: B.
amyloliquefaciens, Bacillus spl., B. subtilis, B.
altitudinis, and P. aeruginosa. The non-rehabilitated
area has six species of celluloytic bacteria, including
Bacillus sp2., B. subtilis, B. altitudinis, B. velezensis,
B. safensis, and Brevibacillus sp. Based on the
analysis, Bacillus spl., B. amyloliquefaciens, and
P. aeruginosa were not found in non-rehabilitated
areas, while Bacillus sp2., B. safensis, B. velezensis
and Brevibacillus sp. were also not found in the
rehabilitated areas. The phylogenetic trees of the
rehabilitated and non-rehabilitated mangrove areas,
shown in Fig. 4a and Fig. 4b, respectively, consist of
two main clades, with one serving as an outgroup.
The species used as an outgroup in this phylogenetic
tree is A. hydrophila (access code LR991675.1).



Fig. 3: Phylogenetic tree of 9 cellulolytic bacterial sequences isolated from mangrove soil using NJ method

The present study found that the number of
cellulolytic bacteria species was higher in the non-
rehabilitated mangrove area than in the rehabilitated
one. Preliminary studies suggested that this
difference in species richness was due to lower OC
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in the rehabilitated mangrove soil. The OC in the
non-rehabilitated and rehabilitated mangrove were
1.23% and 0.90% (Dewiyanti et al., 2021), followed
by a higher percentage of silt fraction (fine fraction)
in non-rehabilitated mangrove (43%) than in



a

b

Fig. 4: Phylogenetic tree of cellulolytic bacteria in soil in mangrove ecosystems (a) rehabilitated mangrove (b) non-rehabilitated mangroves

rehabilitated (31%). Soil organic C content is higher
in fine soil with small porosity (silt) than in coarse soil
with big porosity (sand). Carney and Matson (2005)
mentioned that fine-textured soils support more
microbial biomass and species than their coarse-
textured. Huang et al. (2019) supported this view,
stating that bacterial diversity tends to increase with
higher organic matter content in the soil. A higher
number of mangrove vegetation in non-rehabilitated
than in rehabilitated area was assumed to contribute
more litter production that can increase OC content.
There were 70 individuals/100 square meter (m?)
in non-rehabilitated than 39 individuals/100 m?
in rehabilitated. Litter production significantly
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contributes OC into the soil, promoting the diversity
of cellulolytic bacteria (Leff et al., 2012). Another
factor that could explain the higher number of
bacterial species in the non-rehabilitated areas is the
more extensive root systems in these ecosystems.
Batubara (2021) reported that the rhizosphere, the
soil layer where roots grow, is enriched with nutrients
from root exudates (materials released from living
root cells, such as sugars, amino acids, organic acids,
and FA) and other soil organisms. Bacteria tend to
dominate in the rhizosphere due to organic matter
abundance; many bacteria species form symbiotic
relationships with plant roots, as these exudates
serve as the primary food source for microorganisms



Table 4: Nucleotide base composition and accession number registered in GenBank of cellulolytic bacteria

No. Eif;z'a' Species A:S:Z':r" T (%) C (%) A (%) G(%)  GC(%)
1 BTM121 B. altitudinis 0Q152604 20.00 23.78 25.02 31.20 54.98
BTM632 B. altitudinis 0Q152605 20.00 23.78 25.02 31.20 54.98
BTM511 B. altitudinis 0Q152606 20.00 23.78 25.02 31.20 54.98
BTM622 B. altitudinis OP363153 20.00 23.78 25.02 31.20 54.98
2 BTM211 B. amyloliquefaciens 0Q152607 19.93 23.78 24.87 31.42 55.20
3 BTM113 Bacillus sp1. 0Q152608 20.65 22.98 24.95 31.42 54.40
4 BTM512 Bacillus sp2. 0Q152609 20.87 22.76 25.82 30.55 53.31
5 BTM123 B. subtilis 0Q152610 20.07 23.71 24.95 31.27 54.98
BTM621 B. subtilis 0Q152611 20.00 23.64 25.02 31.35 54.98
6 BTM611 B. velezensis 0Q152612 20.00 23.64 25.02 31.35 54.98
7 BTM622 B. safensis OP363154 19.93 23.71 24.87 31.49 55.20
8 BTMA431 Brevibacillus sp. 0Q152613 20.51 23.64 24.80 31.05 54.69
9 BTM321 P. aeruginosa 0Q152614 20.36 22.62 25.38 31.64 54.25
Table 5: Average nucleotide composition
Nucleotide Average Minimum Maximum

T% 20.18 19.93 20.87

C% 23.51 22.62 23.78

A% 25.06 24.80 25.82

G% 31.26 30.55 31.64

GC % 54.76 53.31 55.20

and their activities (Raaijmakers et al., 2009;
Sulistiyani et al., 2020). A previous study investigating
cellulolytic bacteria: B. altitudinis and B. safensis
showed a higher cellulolytic index (Cl) than other
bacteria found in mangrove non-rehabilitated areas.
Dewiyanti et al. (2022) reported that B. safensis
had Cl index of 4.82, followed by B. altitudinis with
2.09 Cl index, categorized as a high Cl index. A high
Cl index indicates high cellulase production (Naresh
et al., 2019). Enzyme produced by microorganism
could be good indicators to ecosystem response’s to
environmental changes (Luo and Gu, 2015).
Composition of nucleotide bases in cellulolytic
bacteria

The sequencing of 13 isolate samples resulted
in nucleotides with a base length of 1386 bp, and
Guanine (G) being the most abundant nucleotides,
followed by Adenine (A), Cytosine (C), and Thymine
(T). The nucleotide base composition for each
cellulolytic bacterial species is presented in Table
4. The nucleotide composition had an average of
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20.18% (T), 23.51% (C), 25.06% (A), and 31.26% (G).
The GC content of the first, second, and third codon
positions increased, with mean GC and AT contents
of 27.39%, and 22.62%, respectively. The average
nucleotide composition is shown in Table 5.

After conducting a nucleotide alignment, the two
Bacillus sp. isolates were discovered to be distinct
species, as revealed by Multalin (multiple sequence
alignment) program (Fig. 5). The interspesies were
identified in both isolates, with nucleotide base
changes observed at several points, denoted by
the following base sequence numbers 9, 11, 12, 16,
17, 28, 29, 74, 75, 118, 119, 120, 121, 122, etc. The
nucleotide base of these two species had a variation
of 106 base sequence points (7.7%) due to nucleotide
base substitution. These nucleotide base variations
are highlighted in blue and black (Fig. 5), and were
primarily caused by nucleotide base changes,
including transition and transversion substitutions.
Transitions are changes between A and G bases
(purines) or disparities between C and T bases
(pyrimidines), while transversions are alterations
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Fig. 7: Sequence alignment of B. altitudinis (BTM121, BTM622, BTM632 and BTM511) using Multalin

between a purine and pyrimidine base (Elyvra et al.,
2009; Nandy, 2009; Ubaidillah and Sutrisno, 2009).
Specifically, the nucleotide chain polymorphism
in Bacillus sp. includes 74 nucleotide transitions
and 32 transversions. Among these substitutions,
nucleotide transitions were more commonly found
than transversions (Kochzius and Nuryanto, 2008).
The nucleotide composition of Bacillus sp1 (BTM113)
was 20.65% (T), 22.98% (C), 24.95% (A), and 31.42%
(G), and the highest average was the G+C pair with
a value of 27.2% while the lowest is the A+T pair
(22.8%), the G+C nucleotide pair composition was
also higher in Bacillus sp2. (BTM512). Assuming both
species have a higher A+T nucleotide base value
based on composition, the species will have many
similarities due to independent parallel substitutions.
Conversely, supposing both species have a higher G+C
nucleotide base composition, the species will have
fewer similarities (Lam and Morton, 2006). Transition
mutations were found to occur more frequently and
easily than transversion mutations, which explains
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why transitions were more commonly found among
substitutions (Graur and Li, 2000). Notably, the
average content of the G+C nucleotide base was
greater than that of the A+T nucleotide base in each
identified species of cellulolytic bacteria, with values
of 27.39% (GC) and 22.62% (AT), respectively. This
formula also occurred in each identified species of
cellulolytic bacteria. This finding is consistent with
previous research suggesting that G+C nucleotide
pairs are more prevalent in bacterial genomes.

Meanwhile, two isolates, identified as B. subtilis,
and the four isolates, identified as B. altitudinis, were
confirmed through alignment to be the same species.
Figs. 6 and 7 show that the nucleotide base variations
in these isolates were identical, indicating that they
belonged to the same species.

CONCLUSION

The study results revealed cellulolytic bacteria in
mangrove soil for rehabilitated and non-rehabilitated,
Banda Aceh and Aceh Besar, Aceh Province, Indonesia.




Based on the alignment using MEGA X and comparing
to the BLAST database in GeneBank, nine species
were identified from the 13 isolates successfully
sequenced using the 16S rRNA gene: B. altitudinis,
B. amyloliquefaciens, Bacillus spl., Bacillus sp2., B.
safensis, B. subtilis, B. velezensis, Brevibacillus sp.,
and P. aeruginosa. The similarity of data sequencing
and GenBank database ranged from 97.77% to 100%.
The isolates BTM121, BTM622, BTM632, and BTM511
were identified as B. altitudinis with 100% homology,
whereasisolate BTM113 was identified as Bacillus sp1.
with 97.77% homology, and Bacillus sp2 with 99.86%.
Species of B. amyloliquefaciens, B. safensis, B. subtilis,
B. velezensis, and P. aeruginosa have 99.78%, 100%,
99.93%, 99.57%, and 98.85% homology, respectively.
The species obtained are considered similar due to
similarity achieving 97%, and categorized as same
species with database if the similarity obtained
99%. Further analysis revealed that B. velezensis
is closely related to B. amyloliquefaciens, with
interpecific genetic distance of 0.002%. The farthest
interspecies genetic distance was 0.084% related
between Bacillus spl. and Bacillus sp2. Small genetic
distances of interspecies indicate a close relationship
between species. Research studies were located
at two kinds of mangrove habitats (rehabilitated
and non-rehabilitated mangrove) with different
characteristics, for example, substrate fraction, OC,
and mangrove species. Previous research showed
that non-rehabilitated mangrove contain higher
OC, silt fraction, and mangrove vegetation species
and abundance. This condition makes the non-
rehabilitated mangrove soil acquire more bacterial
cellulolytic species than the rehabilitated habitat.
The characteristics of a suitable soil environment
strongly support the life and diversity of cellulolytic
bacteria, so an action is needed to increase the
presence of cellulolytic bacteria in mangrove soils
by applying cellulolytic species that produce high
enzyme cellulase. The bacteria diversity is a critical
aspect to the functioning of the ecosystem, managing
the ecosystem while maintaining diversity may be
one of the approaches to ensure the stability and
productivity of the mangrove ecosystem in the study
area. Notably, Bacillus is a genus commonly found
in the study area, and two isolates from the Bacillus
sp. were identified as different species, as proven by
different nucleotide bases that have been aligned.
Bacillus spl. could be a novel species due to low
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homology percentage and the absence of nucleotide
bases identical to the aligned data on GenBank. B.
subtilis found is a cellulolytic bacterium often applied
in the industrial, animal husbandry, and fishery
sectors.
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Developing countries’ governments face challenges in
municipal solid waste collection, such as rapidly increased volume of waste, physical and
social obstacles to collection routes, or funding shortages. The lack of practical evaluation
of the waste collection performance is considered a gap in improving the waste collection
system in these countries. This study aims to assess the efficiency of current municipal solid
waste collection by analyzing operational data that can help enhance the collection.

The geographical information system and the geographical position system data
of all active trucks were collected for 14 consecutive days using the digital map. Data on
waste volume collected by trucks, waste volume at collection points, and operational time
of trucks throughout a working day were collected by survey. The operational efficiency
indicators, including the deadhead rate, waste collected per distance unit, stopping time
rate, and costs, are estimated to evaluate the effectiveness of municipal solid waste
collection services.

The results indicate that solid waste collection efficiency of 1.67 tons/kilometers
is low for high-density population areas. The deadheading rate of approximately 20
percent shows that the collection route operated by drivers is meandering and inefficient.
Although using small trucks (6=7 tons) for transporting waste to landfills over a long
distance is inefficient, small vehicles are used more than large ones. Ineffective utilization
of transfer stations could lead to high idle time, accounting for approximately 37.6 percent
of a collection trip. The regulated estimating method for transportation costs is not
comprehensively developed, which may cause mistakes in choosing collection vehicles for
operation and transfer station usage.

The research findings assess the performance and identify ineffective
factors that require improvement of waste collection, aiming to enhance the solid waste
management system. Waste collection routes of Hoan Kiem district must be designed
using empirical data. The distance-based coefficients should be developed for all collection
vehicles with different loading capacities to better estimate collection and transportation
costs in Hanoi, helping decision-makers utilize the current transfer station more effectively
and appropriately in choosing collection vehicles for operation.
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In developing countries, waste management
systems often struggle to provide effective collection
services to urban populations (Shekdar, 2009).
Ineffective urban waste collection practices can
spread disease and adverse environmental and
socio-economic impacts due to fuel consumption
and pollutant emissions (Zsigraiova et al.,, 2013).
Collection accounted for a significant share of
the waste management cost (Greco et al., 2015),
averaging between 50 percent (%) and 70% of the
total system (Hannan et al., 2020). Municipalities in
developing countries have implemented numerous
waste collection schemes. Urban areas cannot take
advantage of these initiatives due to financial distress
andlimitedresources(Soni,2022).Guerrinietal.(2017)
advocated that enhancing the efficiency of waste
collection services must be prioritized for adequate
financial support. Improving the performance of solid
waste collection systems (WCS) is a major challenge
for most developing countries. In developing cities,
drivers were responsible for constructing the waste
collection routes without considering the increasing
demand. An efficient OCR is vital as cities expand due
to urbanization (Hazra and Goel, 2009). Analyzing
demand, performance analysis, and planning routes
more effectively are necessary to meet this increasing
demand. The performance analysis findings can help
make decisions about corrective actions to improve
performance to meet environmental needs, ensure
public acceptance, encourage social participation,
and inform investment decisions or other specific
activities (Sulemana et al, 2018). Urban waste
collection rate has increased gradually in cities and
provinces in Vietnam. It rose from 81% in 2010 to
92% in 2019 (Monre, 2020). Major cities, such as
Ha Noi, Ho Chi Minh, and Da Nang, had relatively
high urban solid waste collection rates of 99% and
100%. The secondary waste collection efficiency
is inadequate, causing adverse effects, such as
traffic problems, unpleasant odors, and litter on
the road, affecting the sewage system. The rapid
increase in the generated waste and continuous
change in waste composition due to socio-economic
development leads to confusion in operational
practices. According to the National Status of the
Environment Report (Monre, 2020), the solid waste
composition showed a significant change due to the
lifestyle of urban residents. Biodegradable organic
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matter in household waste dropped from a high rate
of approximately 80—-90% in the 2000s to 50-60% in
2015-2020. Recyclable materials, such as paper and
plastic, including components challenging to handle,
such as textile, leather, rubber, and low-valued plastic
waste, tend to increase over the years (Hoang et al.,
2017; Pham et al., 2021). Low-density waste in the
composition leads to a relative increase in waste
volume, affecting the WCS capacity and operational
efficiencies. Current research on collection efficiency
focused on evaluating the municipal solid waste
(MSW) collection service performed by private
companies and local governments. Salazar-Adams
(2021) research reveals that private waste collection
companies may outperform the government’s
efficiency. However, in terms of eco-efficiency
in MSW collection service, Romano et al. (2020)
demonstrated that publicly-owned waste operators
tend to excel. In Vietnam, the number of publicly-
owned waste collection operators surpasses that of
private companies. Notably, the collection efficiency
of both is subpar. Collection activities’ performance
analysis through operational data is more important
than relying on operators’ choices. Collection system
optimization has gained significant attention as a
research trend. Previous studies defined optimal
collection routes by re-allocation of recycling stations
(Le et al., 2022); developed optimal routes to reduce
costs and greenhouse gas emissions (Hannan et
al., 2020), minimizing the number of vehicles with
transfer stations (Ghiani et al., 2021), or maximizing
waste volume collected (Son, 2014). A substantial
amount of data input is needed to achieve accurate
results using optimization models. This requirement
necessitates data worthiness and timeliness, which
lack in Vietnam. The problems in Vietnam are the lack
of data and key performance indicators (KPIs) to assess
the collection system. Literature assessed the KPlIs of
WCS, including the operational cost (Zsigraiova et
al., 2013), vehicles’ traveled distances (Tavares et al.,
2009), and the number of trips (Kinobe et al., 2015).
The operational scheduling and routing of collection
vehicles are often considered as leading causes of
poor performance of the collection system, but these
factors are less considered in previous literature.
This shortcoming occurs in many developing cities,
including Ha Noi City (HNC). Regarding waste
collection in densely populated urban areas, such
as the city center of HNC, operational time is critical



in ensuring efficient and timely waste collection.
The problem of traffic congestion during rush hour
exacerbates the challenge of waste collection. Being
efficient in the timely waste collection could help
minimize traffic flow disruption. The operational time
has been studied in previous literary works, yet these
studies have been somewhat limited concerning
its impact on enhancing the collection process.
Operational time for each waste collection process,
such as loading and unloading waste, moving, and off-
route during operation, was not specified in the study
of Le et al. (2021). The timely efficiency was evaluated
in the study by Nguyen (2018) but did not consider
factors affecting the running time, such as routes and
distance from landfills and transfer stations. Weight
collected per distance unit is a crucial measure
for evaluating the efficacy of collection routes. It
provides valuable insights into appropriate collection
services based on area conditions, especially in high-
density urban settlements (Nguyen, 2018). Other
essential metrics for waste collection assessment
are cost for collection and deadheading rate. The
term ‘deadheading’ means the unnecessary distance
traveled by collection trucks that do not collect trash.
A high deadheading rate means more fuel, labor, and
upkeep expenses with no income in return. Academic
research tends to focus on the former (Salazar-
Adams, 2021; Le et al., 2022; Hannan et al., 2020) and
not consider the latter. An assessment of the rate of
deadheading, accompanied by KPIs, such as weight
collection per unit of routes and trucks, operational
time, and cost analysis, can uncover potential
strategies for improving the system. Previous studies
have been found to overlook the issue of insufficient
attention. A thorough analysis of these indicators
and the factors that influence them is necessary to
develop effective strategies for improvement. This
study mainly aims to identify the primary factors
that affect collection efficiency indicators and to
devise strategies for enhancing WCS. This study was
conducted in Hoan Kiem district (HKD), Ha Noi City,
Vietnam in 2021.

Ha Noi is one of the most prominent cities in
Vietnam with a population of 8.5 million people
and plays a significant role in Vietnam’s economy
and culture. Like many rapidly growing cities, waste
management in Ha Noi has become a critical issue in

recent years (Monre, 2020).

Study area

HKD is one of the famous tourist destinations
in Ha Noi (Fig. 1). Located in the city’s heart, this
district is famous for its peaceful beauty and cultural
significance, offering visitors a glimpse into its rich
heritage. The district is the smallest district of Ha
Noi City, with a population of approximately 140
thousand.

The waste collection in the old quarter district often
faces problems due to the complexity of the urban,
high-density population, the significant number
of tourists, and the inappropriate waste collection
routes (Phuong et al., 2021). Fig. 2 shows the waste
flow and collection method applied in HKD.

Although vehicles and facilities are adequate, slow
waste transportation due to inefficient route design
causes various difficulties for collection activities.
The daily waste generation in HKD is approximately
250-300 tons (t), primarily from household, tourist,
commercial, and public activities, and this amount of
waste is transported to Nam Son landfill (NSL), which
is 50 kilometers (km) from the city.

Survey and data collection

The global position system (GPS) loggers attached
to Ha Noi urban environment company (URENCO)
collection vehicles record the coordinate data by time.
The database is stored and processed in URENCO
digital map system for management. The GPS data of
operational trucks operating in HKD is collected for
14 consecutive days (May 16-29, 2021) via Ha Noi
URENCO digital map system (Nordtest, 1995). With
11 collection trucks (including six 6-ton loads, two
7-ton, two 10-ton, and one 11-ton vehicles) operating
in the area, the team could collect operational data of
approximately 197 collection rides (197 samples) for
processing and analyzing the efficiency of the WCS.
Quantum global information system (QGIS) ver. 3.30.1
software was used to map collection routes with
collection points. The collection points’ geographic
coordinates are collected from Ha Noi URENCO. Due
to no collection route being designed, the collection
route in each area is defined by survey team members
based on the location of collection points, and the
road segment drivers travel most to collect waste in
that area. The volume of waste in collection points
and waiting time at collection points were observed
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Fig. 2: Methods for collecting waste in HKD

by the field survey team in the collection points
during the survey period. The collection cost for
each trip was estimated and provided by URENCO as
secondary data. The explanation of indicators, input
data, and collection methods is presented in Table 1.

Data analysis
Several indicators evaluate the collection
operation’s effectiveness in this study. Firstly, the
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effectiveness of the collection route and vehicle usage
in the related tour is evaluated by the rate of waste
collected amount per moving distance of collection
trucks. This indicator is popular in comparing
collection methods (Nguyen, 2018). In this study,
indicator E1 (Eq. 1) assesses the route operated by
collection drivers in each area while the indicator E,
(Eq. 2) evaluates the effectiveness of using collection
vehicle types for the whole trip. The effectiveness of



Table 1: Factors and indicators for assessing the performance of the collection route

No. Input data and indicators Denotes Units Explanation and determination
1 ij,k Denote the collection truck, route, and vehicle type
2 Number of sample n The number of trucks collecting waste on route j, and the
P number of collection trucks type k

3 Length of total collection trip Q; Km The total length of the trip (from garage to landfill and go
back to garage) that the collection truck i collecting waste on
route j. The data is collected from recorded data in the digital
map of URENCO based on the registered plate of vehicles and
time.

4 Operational time T; minute The operational time of a collection truck i for one trip. The

(min) data is collected from URENCO digital map.

5 Stopping time T min The total stopping time of collection truck i during the
operation. Survey team members collect and calculate the
data by tracking vehicle i on each trip on URENCO digital map.

6 The length of the collection route D; km The length of route j traveled by collection trucks from the
first collection point to the last. D; is determined based on
the digital map after survey team members create the
collection route.

7 The length of the deadhead D;’ km The total segment length of that collection vehicle traveled
more than once in route j without waste collection. D,’-7 was
defined by survey team members based on the movement of
the collection truck in the collection route map.

8 Collected waste amount of a M; t The amount of waste that the collection truck i collected in

vehicle in one trip one route. Data of M; are collected from recorded data of
weighbridge in NSL according to the registered plate of
vehicles and the time the vehicle arrived

9 The efficiency of the collection Eﬁ, t/km The rate of the waste amount per distance of the collection

route route j inside the city

10 The route efficiency of collection E’§ t/km The rate of the waste amount that trucks type k (small and

vehicles (truck types) large) transport over the distance of the collection routes

11 The trip efficiency of the collection ES t/km The rate of the waste amount that trucks type k (small and

vehicles (truck types) large) transport over the distance of the collection trips

12 The indicator for deadheading rate E; % The percentage of the deadheading segment length and the

assessment length of the collection route
(Mcbride, 1982)
13 The indicator for time usage E, % The percentage of stopping time over operational time
effectiveness assessment
route j was calculated using Eq. 1 (Nguyen, 2018). whole tour was calculated using Eq. 3 (The current
Z M, study result).
|
nj z ijk
K Qi (3)
Ek=—Thk
The effectiveness of trucks type k was calculated ny

using Eq. 2 (The current study result).

(2)

The effectiveness of collection vehicles for the

The deadhead indicator presents the proportion
of ineffective road segments applied to evaluate the
collection route drivers’ superiority based on their
experience with city traffic and area conditions. A
higher deadhead rate indicates the current collection
route is meandering and inefficient. The deadheading
rate was calculated using Eq. 4 (Cortés et al., 2011).
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h
E3:&X100 (4)
D.

J

The indicator of collection time usage evaluates
the ratio of stopped time (including waste collection
time) to the total operating time of the collection
vehicle. A higher ratio indicates a longer idle time
for the vehicle. A high ratio implies that the vehicle
has to stop frequently during its operation, and the
utilization of the collection vehicle’s operation time
along the route is inefficient. Stopping time can be
affected by the local traffic condition or the road
characteristics in downtown areas. The time usage
effectiveness was calculated using Eq. 5 (The current
study result).

E, =1 x100 (5)
T.

Fig. 3 presents the maps of collection routes for
waste collection in each area in HKD, as re-created
by GPS data of collection vehicles during the survey.
The red lines present the actual moving pathway of
collection vehicles from the garage to collection areas,
and the blue lines describe the route for collecting
waste in assigned areas, defined by collection points
in the areas and the highest moving frequency of
collection vehicles.

The collection routes are not properly planned;
the drivers choose the optimal route based on their
experience and understanding of traffic conditions
in the collection area. The collection routes in Hang
Bai, Tran Hung Dao, and Cua Nam vary among
collection trips. The drivers’ unstable routes made
the management and operation difficult, especially
in assessing the effectiveness of waste collection
activities. Analyzing and assessing collection activities’
efficiency isimpossible when drivers operate different
routes time by time. Thus, the current collection
face difficulties in improvement due to a lack of
assessment data. Determination of route collection
maps helps estimate the length, deadheading rates,
and route efficiency.

Efficiency of collection routes

Table 2 presents the daily data of collection routes,
cost and efficiency, and the rate of truck types used for
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each route defined in the maps. Based on the created
maps, the average length of a waste collection route
is 5.3 km, with an average frequency of approximately
1.5 trips per day. The means of route efficiency of
trucks is approximately 1.67 tons per kilometer
(t/km), higher than Da Nang city (0.6-1.65 t/km)
(Nguyen, 2018). The distance between the city and
the disposal site is a key factor in collection efficiency.
The routes with the highest effectiveness are Trang
Tien, Tran Hung Dao, and Phan Chau Trinh, while
those with the lowest effectiveness are Hang Dao, Le
Van Linh, and Ly Thai To. Although the latter routes
generate high volumes of waste, their collection
efficiency is only approximately 1 t/km. Long-distance
routes and dense populations decrease collection
efficiency in these areas. The effectiveness of a route
is also affected by the utilization of vehicles, as shown
in this case study. Using larger vehicles can increase
the amount of waste collected per distance unit and
potentially increase collection costs. The cost column
indicates the fee for collecting and transporting one
ton of MSW from the city to the landfill for disposal,
thereby representing the unit cost of a truck for this
purpose.

The deadheading rates

The high proportion of deadheading segments is
attributed to the characteristics of the assigned area’s
terrain, road, and traffic conditions. One of the main
factors is the inefficient routing and scheduling of
waste collection trucks. Poor route design can lead
to long detours and backtracking, wasting time, fuel,
and resources. The deadheading rate significantly
impacts the effectiveness of waste collection routes,
but it lacks attention in waste collection studies in
Vietnam. Fig. 4 illustrates the deadheading rate of
waste collection routes, indicating that the average
deadheading rate is approximately 20%. The
collection routes with the highest deadhead are
Hang Bai (50%) and Le Van Linh (30%). Due to its
low deadheading rate, the Trang Tien route is the
most efficient moving distance. The box plot reveals
several outliers for the Bach Dang, Cua Nam, Hang
Dao, Hang Bai, and Ly Thai To routes, indicating that
collection vehicles traveled differently on each trip
due to drivers’ choices, increasing deadheading rates.
The deadheading rate in waste collection routes
got little attention in previous literature, and other
Vietnamese cities’ information on the deadheading
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Fig. 3: Waste collection routes of HKD. The red and orange line shows the actual moving of collection vehicles, while the blue lines show the
collection route in different areas. Handcart icons and their address present the collection points
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Table 2: Data and parameters of collection routes in Hoan Kiem

Efficiency Daily collected Frequency Percentage of 6 and

D; (k i
Route j (km) Eé (t/km) (t/day) Cost (VND/1) (trips/day) 7-ton trucks (%)
Trang Tien 4.4 2.53 3.2 271,850 0.3 0
Tran Hung Dao 4.2 2.82 12.7 268,681 1.1 0
Phan Chau Trinh 4.9 2.47 10.4 271,226 0.9 8
Ly Thai To 7.2 1.00 13.4 244,622 1.9 100
Le Van Linh 7.8 1.30 31.1 250,027 3.1 50
Hang Dao 7.9 0.98 13.2 247,020 1.7 100
Hang Bai 4.6 1.71 11.7 249,875 1.5 95
Cua Nam 3.8 1.98 12.5 262,147 1.6 100
Co De 4.3 1.79 4.4 257,808 0.6 100
Bach Dang 3.7 2.14 12.3 248,039 1.6 100
Average 5.3 1.67 12.5 257,130 1.4 65

Trang Tien +

Tran Hung Dao = E{]
Phan Chau Trinh { -
Ly Thai To .— .- .
Hang Dao - l .- .
Cua Nam . .
Cobe | J—
Bach Dang -[ m s e N .
0 0.5 1.0 1.5

Fig. 4: The deadheading rate of collection routes

rate of waste collection routes is unavailable.

To reduce deadheading rates in waste collection
routes, waste collection companies can invest in
better route optimization and scheduling software
to optimize routes based on real-time data on waste
generation patterns (Ramos et al., 2018). Various
optimization methods are successfully applied to
optimize collection systems, such as variable routing
optimization (Hannan et al., 2020); GIS approaches
(Tavares et al., 2009), mixed integer programming
(Bhambulkar and Khedikar, 2011) or Integer Linear
Programming (Ghiani et al., 2021). In addition to
optimizing routes and schedules, URE