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This scientific manuscript presents a comprehensive investigation into the
purification of municipal sewage water through the utilization of agricultural
waste materials [Arachis hypogaea shells (AHS), Triticum aestivum straw (TAS),
and Gossypium herbaceum shells (GHS)]. The treatment process involved a
modified approach with 24 hs of aeration and the addition of 1 gm of
agricultural waste biomaterials. The performance of the bio-coagulant was
evaluated by monitoring the reduction of physico−chemical parameters. AHS
exhibited remarkable turbidity removal efficiency of 93.37%, supported by
pseudo−first and pseudo−second−order kinetic modelling. The application of
agricultural waste materials significantly reduced key parameters, including solids
(up to 70%–80%), dissolved oxygen (DO) (50%), biological oxygen demand (BOD)
and chemical oxygen demand (COD) (up to 90%). Principal Component Analysis
(PCA) showed the significant positive loading of PC1 (84.71%) that influencing the
dual treatments of wastewater. Statistical analysis (p ≤ 0.05) confirmed the
effectiveness of agricultural biomaterials in sewage water treatment compared
to pre−treated water. The turbidity coagulation pseudo−first−order and
pseudo−second−order kinetic modelling also revealed the efficiency against
turbidity reduction in municipal sewage water. The findings underscore the
significance of utilizing agricultural waste materials for sustainable and
efficient purification of municipal sewage water, addressing water pollution
and enhancing wastewater treatment processes.
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1 Introduction

Municipal or sewage water pollution is a global issue that poses a
significant threat to human health, aquatic life and the environment
(Madhav et al., 2020; Ahmed et al., 2022). The discharge of waste
and pollutants into water sources is a common practice in many
parts of the world, particularly in developing nations where
resources are limited, infrastructure is inadequate and there is a
lack of awareness about the impact of such actions (Bijekar et al.,
2022). As a result, water sources are becoming increasingly
contaminated with a range of harmful substances, including
chemicals, dyes (Agarwal et al., 2022), pesticides (Ajiboye et al.,
2022), heavy metals (Ishwari et al., 2022; Uko et al., 2022; Yadav
et al., 2023b), micro plastics (Rabari et al., 2023) and biological
contaminants such as pathogens (Patel et al., 2022). Municipal
wastewater is discharged from commercial, institutional and
similar facilities (Nazari et al., 2021). Despite being a crucial
resource, water bodies across the world are under threat due to
the discharge of untreated sewage water (Zhao et al., 2021). In India,
for example, according to recent report of CPCB (Central Pollution
Control Board) that suggest only 13.5% of the wastewater is treated
in the country and remaining 80%–85% wastewater is directly
released into surface water. This trend is not unique to India but
is a global problem that requires urgent attention (CPCB, 2021).

The practice of discharging untreated sewage water into water
bodies is widespread in many countries and it is the most common
cause of surface water and underground water pollution there by
harming living organisms and directly impacting the food chain and
the entire ecosystem (Bijekar et al., 2022; Jan et al., 2022). This can
result in the loss of biodiversity and disrupt entire ecosystems.
Furthermore, the accumulation of pollutants in the sediment and
soil can lead to long−term contamination, which can persist for
decades and affect the health of the surrounding community
(Ahmad et al., 2021; Cui et al., 2021). In arid and semiarid
countries where water demand is high and annual rainfall is low,
reusing sewage water is an effective and sustainable approach to
address water scarcity (Priyan, 2021; Yadav et al., 2023a). With the
world population expected to increase by 2 billion in the next
30 years, from 8 billion currently, the demand for water will rise
even higher, making sewage water treatment and reuse an essential
part of water management strategies (United Nations, 2021United
Nations, 2021).

Despite the importance of sewage treatment, many countries
still struggle to safely treat household wastewater. According to the
United Nations (2021), out of the total 270,674.505 million m3of
household wastes generated worldwide, only 150,232.379 million m3

were safely treated. In India, average sewage water production is
72,368MLD (million liters per day). Sewage treatment plants (STPs)
in India are able to treat a little more than a third of the sewage
generated per day, according to the latest report of the Central
Pollution Control Board, India. To address the problem of
wastewater disposal, it is essential to implement effective sewage
treatment systems. Treatment can remove or reduce the
concentration of contaminants and pollutants present in sewage,
making it safe for discharge into the environment or for reuse in
non−potable applications such as irrigation.

There are different types of sewage treatment processes,
including physical, chemical and biological processes, which can

be used individually or in combination. Historically, wastewater
management presented formidable hurdles; nevertheless, modern
approaches have transformed, encompassing recycling that
converges wastewater treatment and a source of renewable
energy (Chahar et al., 2023). However, recently certain chemical
or physical wastewater treatment methods have had some
drawbacks and negative impacts, such as the requirements of
reagents and high expenses, the need for energy–intensive
treatment processes and the generation of hazardous secondary
sludge. Therefore, wastewater reuse needs to be treated with a
suitable wastewater treatment process. The invention of cost-
effective technologies, particularly in wastewater treatment, has
attracted tremendous interest in sustainable water resource
management. Hence, the efficiency of natural biomaterials in the
treatment of wastewater and water has been studied.

Coagulants have long been used in the treatment of wastewater,
but natural−based biomaterials have gained attention in recent years
(Bahrodin et al., 2021). Biomaterials are coagulants that are derived
from natural polymers found in plants, animals, and other natural
sources. These materials have several advantages, including being
non−toxic, sustainable, naturally biodegradable and easily accessible
(Joyce et al., 2021). Over 50 different types of natural coagulants
have been investigated for use in water purification. Among them,
biomaterials such as Prosopis juliflora, Azadirachta indica, Moringa
oleifera (Jabar et al., 2020; Rai et al., 2022), Cocos nucifera (Luis-
Zarate et al., 2018; Grass Ramírez et al., 2023), Saccharum
officinarum (Keeping, 2017; Kerrou et al., 2021) and others have
been studied for their potential in wastewater treatment.

There has been an increase interest in agricultural waste
materials for a variety of purposes in recent years due to easily
available, cheaper and eco-friendly in nature. The agricultural waste
as wheat waste, groundnut shell, and cotton waste materials, for
instance, have been found to exhibit highly rough, porous surface
areas, attributed to their effective cellulosic network that includes
lignin, proteins and other functional groups like phenolic hydroxyl
groups, carboxyl and amino groups. These characteristics provide
structural and porous surface areas with activated functional groups
that make them suitable for water purification applications (Chen
et al., 2020; Khan et al., 2020; Sathiparan et al., 2023).

Based on these characteristics, various research studies focused on
the uses of agricultural biomaterials as source of the various
applications. Moreover, some of the studies reported that application
of biomaterials in water purification but treatment biomaterials was not
vigorous and a limited number of observations. Therefore, the extensive
literature report stated that no specific study was reported on the
efficiency of agricultural waste materials as coagulants for the treatment
of sewage water with broad range of physico−chemical parameters;
hence, in this present investigation, a unique and innovative approach
has been developed, integrating both primary treatment as aeration
(24 h) and secondary treatment as bio-coagulants. This dual treatment
approach distinguishes the research from previous studies.
Furthermore, investigation includes a broader range of
physicochemical parameters for determined the removal efficiency
biomaterials in wastewater.

Therefore, this research work aimed to evaluate the
characterization and removal efficiency of biomaterials such as
agricultural waste materials (wheat waste, groundnut shell, and
cotton waste) for sewage water treatment. The performance of
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coagulating agents was evaluated by measuring the physicochemical
parameters of water, including pH, electrical conductivity (EC),
turbidity, hardness (calcium and magnesium), dissolved oxygen
(DO), biological oxygen demand (BOD), chemical oxygen
demand (COD) and total solids (dissolved and suspended). The
relationship between the physicochemical parameters were
examined using different statistical analyses (hierarchical analysis,
Principal component analysis and paired comparisons test). In
addition, pseudo−first−order and pseudo−second−order kinetic
models were employed to determine the removal efficiency of
biomaterials.

2 Materials and methods

2.1 Collection of samples

Municipal sewage water samples were collected from 15 zones
around the Junagadh region (Latitude: 21°31′29.78″N, Longitude:
70°27′28.60″E), Gujarat. The water samples were collected in an
airtight plastic container. In accordance with APHA’s (2017)
Standard Method, the wastewater samples were preserved,
maintained, and transported to the laboratory.

The bio-coagulants (Arachis hypogaea shells, Triticum aestivum
straw and Gossypium herbaceum shells) were collected from
Zinzuda, located in Junagadh, Gujarat. Then, it was air-dried at
room temperature before being sun−dried for 1–2 days. The dried
Arachis hypogaea shells (AHS), Triticum aestivum straw (TAS) and
Gossypium herbaceum shells (GHS) were grounded and sieved
through a standard steel sieve to obtain a particle size
of <100 mm. As biocoagulants, the AHS, GHS and TAS were not
treated with any physical or chemical treatment. In order to facilitate
further analysis, bio-coagulants are stored in clean, airtight
polythene bags (Chen et al., 2020). There are various dosages of
biocoagulants (viz., 0.1, 0.3, 0.5, 0.7, 0.9, 1, 1.3, 1.5, 1.7, and 1.9 gm)
that have been used to treat sewage wastewater. Amongst them,
1.0 gm of biocoagulant concentration was found to be suitable for
sewage wastewater (data not shown).

2.2 Experimental procedures

This study evaluated the effectiveness of agricultural waste as a
coagulant in treating sewage water. The experiment involved
untreated biomaterials and subjected the sewage water to primary
and secondary treatments to enhance the treatment process.
Aeration served as the primary treatment for 24 h. The
secondary treatment involved using bio-coagulants (AHS, TAS
and GHS) to treat the sewage water. Each beaker containing
500 mL of aerated sewage water and 1.0 gm of each agricultural
bio-coagulant. The biocoagulant was thoroughly mixed with the
sample solutions at varying agitation speeds 150 rpm for 10 min,
followed by slowly at 50 rpm for 30 min and finally at 10 rpm for
20 min. The biocoagulants process increase gradually and forming
large flocs that settled at room temperature. The stable particles were
collected without disruption for subsequent analysis. The water
suspension of these treatments was kept in dark conditions at
room temperature for 20 days, and water suspensions were

regularly analyzed at interval of 5 days. Physicochemical analysis
was conducted on the treated sewage water to assess the coagulation-
flocculation effect (Choudhary and Neogi, 2017; Ishak et al., 2021).

2.3 Wastewater analysis

The efficiency of bio-based coagulating materials (De et al., 2020;
Yadav et al., 2022) has been assessed by monitoring the
physicochemical parameters of sewage water, including pH,
electrical conductivity (EC), turbidity, suspended solids (TSS),
dissolved solids (TDS), dissolved oxygen (DO), biological oxygen
demand (BOD), chemical oxygen demand (COD) and ion
concentrations (Ca2+, Mg2+ and Cl−) of the suspension. After
collecting the sample, we analyzed the pH of suspension using a
digital 700 Eutech (India) pH meter and measured the conductivity
using a 306 Systronics (India) conductivity meter. Solids, including
TSS, TDS and total solids (TS) were evaluated by the gravimetric
method. Moreover, DO and BOD measured the amount of oxygen
required to remove waste organic matter from water in the
decomposition process by Winkler’s method. The closed reflux
method was used to determine the COD of the water (APHA, 2017).

The estimation of hardness (including calcium and magnesium)
and ions such as calcium (Ca2+) and magnesium (Mg2+) were carried
out by the EDTA titrimetric method. The argentometric method is
used for estimating the amount of chloride in sewage water. The
sewage water parameters, including TS, TSS, TDS, DO, BOD, COD,
Ca2+, Mg2+, Cl− and total hardness (calcium and magnesium), were
calculated as per (APHA, 2017).

2.4 Coagulation-flocculation
kinetic modelling

It is well known that the fundamentals of the rate of aggregation
started from the classic work of Smoluchowski (1917) (Ishak et al.,
2021; Liu et al., 2022). After a period of the aggregation of particles,
size distribution and shape of these particles can be changed
fundamentally. To describe the aggregation rate of particle count
based on the Brownian-controlled and rapid coagulation, the
general differential equation can be shown below:

−dC
dt

� kCα (1)

The final turbidity level in mg L−1 is represented by C,
coagulation time in minutes is represented by t, and the nth
order rate constant is represented by k. The kinetic order of the
coagulation process is denoted by ‘α’ and its theoretical values lie
within the range of 1 ≤ α ≤ 2 as described by Varsani et al. (2022),
Naruka et al. (2021). The negative sign indicates that the turbidity
level decrease with an increase in time.

If coagulation follows the first order kinetics where α = 1, the
derive rate Eq. 2 is;

−dC
dt

� k1C
1 (2)

Considering the aforementioned information, by substituting
the value of (α = 2) into Eq. 1 and performing integration while
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adhering to the specified boundary conditions, namely, the initial
condition (t = 0, C = C0) and the final condition (t = t, C = C), we can
derive Eq. 3.

k2 �
1
C-

1
Co

t
(3)

The relationship between friction factor (β, m3 kg−1·s) and nth
order coagulation rate constants calculated from Eq. 2 and Eq. 3, we
can derive Eq. 4.

β � 2k (4)

Brownian diffusion coefficient (D, kg2m−1·s) is determined by
the Boltzmann constant (kB), temperature (K) and friction factor
(Okey-Onyesolu et al., 2020). The diffusion coefficient is correlated
by through Eq. 5.

D � kBT/β (5)
Where kB = 1.3806452 × 10−23 (m2kg/s2K)

The half-life period for the pseudo − first order kinetic reaction
can be determined using Eq. 6, which is expressed as:

t1/2 � ln 2
k1

(6)

The half-life period for the pseudo − second order kinetic is
calculated using Eq. 7.

t1/2 � 1
k2C0

(7)

2.5 Statistical analysis

In the present research work, Origin Pro software (version
2023), Minitab® (version 19.2020.1) and Prism 9 (version 9.5.1)
were utilized for the various statistical (hierarchical analysis,
principal component analysis and paired comparisons test) and
kinetic (Pseudo−first−order and Pseudo−second−order) analyses.

3 Results and discussion

3.1 Effect on physico−chemical parameters
of sewage water after primary treatment

Initially, untreated municipal sewage water was used for the
analysis. The parameters pH of untreated water was found to be 7.77
(alkaline). After aeration, the concentration of protons decreased
and the pH of the sewage water became more basic, measuring
8.75 due to turbulence in the wastewater and the release of carbon
dioxide into the air, leading to a rise in proton concentration during
aeration. After 24 h of aeration, the following removal efficiencies
were observed: 3.31% for conductivity (from 1.479 to 1.430 mS/cm),
63.82% for turbidity (from 84.03 to 30.4 NTU) and 15.96% for
hardness (from 7.33 to 6.16 mg/L).

Upon release of the air, the solids content of the sewage water,
including both suspended and soluble solids, decreased by 40%–
50%. After primary treatment (aeration), the concentration of
chloride decreased by 54.16% (from 199.9 to 91.63 mg/L) and

both the BOD and COD declined significantly by 36% (from
56.11 to 35.91 mg/L) and 16.38% (from 693.75 to 580 mg/L),
respectively. These reduction of physico−chemical parameters in
sewage water through agricultural waste materials are due to various
reasons, including the biological activities of microorganisms
present in sewage water, settling and separation process in which
suspended particles and flocs are formed and allowed to settle. As
these particles settle out of the water, they may carry ions and
conductivity with them, resulting in a decrease in EC as well as the
ion exchange reactions of biomaterials decrease the solids materials
(Koul et al., 2022).

After primary (aeration) treatment, three agricultural waste
products as AHS, GHS and TAS were used for the secondary
treatments of the municipal sewage water.

3.1.1 Removal efficiency of AHS in sewage water
After primary treatments waste sample were used for

secondary treatment by addition of the AHS particles. Primary
treatments resulted the significant reduction on the
physico−chemical parameters of wastewater. The use of bio-
coagulants as AHS has been shown to impact several
parameters such as pH, turbidity, calcium hardness, and COD
after 5 days of treatment. The removal efficiencies of these
parameters were 10.69%, 76.88%, 15%, and 10.18%,
respectively, due to the aggregation of suspended particles,
which caused them to settle and thus reduced turbidity and
COD. Additionally, ions adsorbed on the surface of bio-
coagulant and reduced the hardness of sewage water (Mohd
Nor et al., 2017; Bahrodin et al., 2022). Removal efficiencies
for pH, conductivity, turbidity, Chloride concentrations, COD
and solid contents increased after 10 days of sewage water
treatment (Figure 1). After 10 days of treatment, the reduction
efficiency was 3.54% for pH, 5.68% for conductivity, 77.19% for
turbidity, 22.71% suspended solids, 6.35% and 8.88% for chloride
concentration and COD in sewage. After 15 days of analysis, no
reduction was observed in pH, EC, hardness and ionic
concentrations. According to Varsani et al. (2022) all the
water−soluble components of coagulants dissolved in water
and increased ions concentration. Hence, reduction level is
lower after 10th and 15th day. Only 5%–6% of solids and 3%–

4% of DO and BOD levels decreased after 15 days of sewage water
treatment compared to primary treatment. On the 20th day,
reductions were observed in pH (4.82%), turbidity (81.68%), TSS
(67.28%), TDS (49.59%), TS (46.53%), and COD (94.30%).

According to Figure 1, dried AHS was able to reduce turbidity by
around 90% (84.03–5.56 NTU), hardness by 13.69% (7.3–6.3 mg/L),
solid content by 70%–80% (660–150 mg/L) and COD by 80%–85%
(693.75–99.13 mg/L) in sewage water after 20 days of treatment
compared to untreated sewage water. However, there was no
observed reduction in BOD during the municipal sewage
water treatment.

The use of AHS particles in the coagulation-flocculation
process has been shown to reduce turbidity by 75.4%–85.0%
and COD by 41.7%–53.2% in surface water (Wasify et al.,
2023). According to Kingue et al. (2023) reported that the AHS
extract has a capacity to removed more than 80% of the turbidity
using a 500 mg/L of extract. Walanda and Napitupulu (2023)
conducted research on the reduction efficiency of AHS in
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hospital wastewater, which resulted in a decrease of BOD from
72 to 24 g/L and COD from 46 to 14 g/L. Hence, the application of
a dual treatment approach (primary and secondary) in sewage
water treatment exhibited significant improvements, compared to
previous studies.

The dried powder of M. oleifera seeds mixed with alum
reduced BOD by 8.67% and COD by 50.40% in wastewater (Koul
et al., 2022). Hence, this present research study demonstrated
that AHS as a coagulant achieved even higher removal efficiency.
This superior performance can be attributed to the extended

FIGURE 1
Removal efficiency of AHS in sewage water. (Note: A = aeration treatments).

FIGURE 2
Removal efficiency of GHS in sewage water. (Note: A–aeration treatments).
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duration of treatment, as results were obtained after a 20-day
period, in contrast to the shorter−term findings reported by Koul
et al. (2022). Additionally, the presence of a high amount of
cellulose in AHS, as indicated by Varalalakshmi et al. (2021),
may contribute to the enhanced coagulation effectiveness
observed in our study.

When compared with other bio-coagulant such as M. oleifera
seeds as coagulant, the dried powder of M. oleifera seeds mixed
with alum reduced BOD by 8.67% and COD by 50.40% in
wastewater (Koul et al., 2022). Hence, the % removal efficiency
of COD and BOD were found to be maximum in the present
investigation.

3.1.2 Removal efficiency of GHS in sewage water
Figure 2 presents the percentage removal efficiency of various

physicochemical parameters in sewage water through GHS. After
5 days of treatment, sewage water exhibited reductions of 15.75% in
pH, 51.20% in turbidity, 10.81% in hardness and 11.80% in dissolved
oxygen (DO), respectively. However, conductivity, solids, biological
oxygen demand (BOD), chemical oxygen demand (COD), calcium,
magnesium and chloride ion concentrations did not show any
significant reduction.

After 10 days of treatment, there was a reduction of 4%–5% in
pH, 61.73% in turbidity, 26.15% in total solids (TS), 47.45% in
total suspended solids (TSS), 25.24% in total dissolved solids
(TDS), 12.64% in dissolved oxygen (DO) and 35.99% in chemical
oxygen demand (COD) compared to the primary treatment.
After 15 days of treatment, reductions of 67.10% in turbidity,
18%–20% in hardness, 30%–40% in ion concentration (Ca2+,
Mg2+ and Cl−), 30%–50% in solids (TS, TSS and TDS), 24.14%
in DO and 65.23% in COD in sewage water. Arulmathi et al.
(2019) and DePaolis et al. (2023) studies reported that the GHS
act as a coagulant, binding with suspended particles and forming
flocs that settle down and reduced impurities in water through
precipitation, sedimentation, ion exchange and adsorption onto
surface by containing macromolecules such as protein and
cellulosic materials. After 10 days reduction was gradually
decreases compared to 5 days treatment, suggests that these
parameters have stabilized and tries to reach at equilibrium
stage. After 20 days of treatment, only pH showed a reduction
of 8.64%, while DO, BOD and COD level decreased by 47.52%,
68.42% and 86.72%, respectively. However, other
physicochemical parameters such as solids (TS, TSS and TDS)
reduced 20%–40% increased after 20 days compared to primary
(aeration) treatment.

By adding 1.0 gm of GHS to municipal sewage water, the
turbidity can be reduced by 85.79% (from 84.03 to 11.93 NTU),
hardness can be decreased by 16% (from 7.33 to 6.16 mg/L), total
suspended solids can be reduced by 70%–80% (from 250 to 80 mg/L)
and BOD and COD can be lowered by around 40% (from 56.11 to
34.02 mg/L) and 88% (from 693.75 to 77.01 mg/L), respectively,
after 20 days of treatment.

The maximum removal of colour, COD, and turbidity by
GHS was found to be 90.13, 72.96% and 85.48%, respectively, at
pH 5.5, coagulant dose 2.2 g/L and contact time was 35 min
(Arulmathi et al., 2019). Other biomaterials such as cactus
leaves showed 78.28% reduction in TDS (from 1750 to
380 ppm) and 32% turbidity (from 50 to34 NTU) from

wastewater (Majeed and Jasim, 2015). According to Varsani
et al. (2022) activated M. olefera seeds reduced 60%–70%
reduction in solid content. Hence, present research study
determined that the AHS shows great efficacy of coagulation
ability in sewage water.

3.1.3 Removal efficiency of TAS in sewage water
Figure 3 represents the reduction efficiency of wheat waste in

sewage water. After 24 h of aeration (primary treatment), TAS
biomaterial is provided as a secondary treatment for sewage water
purification. After 5 days treatments, TAS material reduced the pH by
12.98%, turbidity by 44.40%, total hardness by 21.62% and dissolved
oxygen (DO) level by 3.22% in sewage water. After 10 days, the
conductivity level was reduced by 35.76%, turbidity by 23.07%,
chloride ions by 72.50%, solids content by 52%, COD by 34.03%
and there was a slight reduction in DO (0.96%) due to TAS bio-
coagulant. According to Chen et al. (2019) research study reported that
the TAS composed of macromolecules such as cellulose, hemicellulose,
lignin and protein, which are composed of elements such as C,H,O and
N. These macromolecules contain functional groups such as hydroxyl,
carboxyl and amino groups with strong coordination and possess
strong ability of coagulation. Total hardness (calcium and
magnesium hardness) as well as ion concentrations of calcium and
magnesium reduction was not observed in sewage water after 10 days of
treatment when compared with primary treatment (aeration) by
deposition of solids and ions in water during ion exchange
mechanism of coagulation.

After 15 days of treatment with TAS bio-coagulant, only 10%
reduction in hardness, while there was no reduction was observed in
reduction in BOD level of sewage water due to organic deposition in
sewage water. The physicochemical parameters, such as turbidity,
TS, TSS, TDS and COD showed a reduction of 57.01%, 33.46%,
35.51%, 28.81% and 38.07%, respectively, in sewage water compared
to primary treatment.

After 20 days of sewage water treatment, the reduction efficiency
was 9.93% for pH, 25% for turbidity, 52.49% for total solids (TS),
51.69% for total suspended solids (TSS), 53.46% for total dissolved
solids (TDS), 15.21% for DO and 51.25% for COD in sewage water
compared to 15 days of treatment. Figure 3 proved that, with a
comparison to untreated water, the TAS significantly minimized
turbidity, hardness, solids and COD by 72.86% (84.03–22.8 NTU),
22.72% (7.33–5.66 mg/L), 60% (250–90 mg/L) and 59%
(693.75–282.76 mg/L), respectively (Figure 3).

Kharel et al. (2016) reported that the reduction efficiency of TAS
(wheat straw ash) was hardness around 81% in synthetic and fresh
water. According to Tiwary et al. (2011), wheat straw treatment in
wastewater responsible to reduced COD and BOD around 68% and
92% mg/L, respectively, while study revealed that sewage water
treated with dual treatment (primary and secondary), it showed
60%–70% reduction in sewage water which is nearer to activated
wheat straw treatment.

4 Turbidity coagulation
kinetic modelling

The theoretical values of the order of the coagulation process
(α) are in the range of (1≤ α ≥ 2). Basically, the aggregation
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process is predominant in the form of pseudo−first−order in
which the collision is proportional to the product of the
concentrations of two colliding species. Moreover, in real and
empirical practice, extensive studies used (α = 2) and found that it
was more logical in representing primarily the aggregation rate of

particle count on the basis of a Brownian-controlled and rapid
coagulation process.

The reduction of turbidity in sewage water by agricultural waste
materials involves a multi−faceted process. Agricultural waste
materials act as coagulants and flocculants, neutralizing the

FIGURE 3
Removal efficiency of TAS in sewage water. (Note: A–aeration treatments).

FIGURE 4
Pseudo−first−order kinetic model of agricultural waste during bio-coagulation in municipal sewage water.
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charges on suspended particles, bridging them together and
adsorbing impurities. This results in the formation of larger flocs.
As a result, these larger flocs settle more rapidly due to increased size
and density, contributing to the removal of particles. Additionally,
filtration is more effective with larger flocs. In addition, beneficial
microbial activity is supported by the waste materials, aiding in the
decomposition of organic matter and contaminants, further
reducing turbidity.

Further analysis of the kinetic values indicated that TAS was
least effective in reducing turbidity in sewage water treatment as
compared to AHS and GHS. When comparing the coagulation
kinetic model for TAS biocoagulant, the pseudo−first order was
suitable (R2 = 0.18799, k1 = 0.065221 min−1 and t1/2 = 10.62 min)
compared to pseudo−second−order to interpret the kinetic data.

This interpreted data also proved in the primary dataset of removal
efficiency that AHS reduced turbidity from 84.03 to 5.56 NTU
(93.38%), while TAS reduced turbidity from 84.03 to 22.8 NTU
(72.86%) (Figure 4).

Municipal sewage wastewater reported a significant
reduction of turbidity as a result of addition of agricultural
waste materials, including AHS, GHS, and TAS. Results from the
current data (Figure 5) showed that pseudo−second order
provided the finest description of the coagulation process. In
this context, GHS as a biocoagulant was found (R2 = 0.6517) and
AHS (R2 = 0.63386) exhibited a moderate coagulation effect
(i.e., R2 = 0.6517) when compared to the other agricultural waste
materials (TAS).

However, the AHS and GHS displayed the best fit with a
pseudo−second order kinetic model, as illustrated in Figure 5,
which showed various kinetic variables such as the
pseudo−second order rate constant (k2 = 0.003646 L mg−1 min−1),
friction factor (β = 0.007 m3/kg·s), Brownian diffusion constant (D =
5.67 × 10−19 kg2/m·s), and half-life period (t1/2 = 1.41 min) were
observed in AHS biocoagulant. It was also observed that k2 =
0.00156 L mg−1 min−1, β = 0.003 m3/kg·s, D = 1.32 × 10−19 kg2/m·s
and a half-life period (t1/2 = 3.31 min) were reported in the GHS
biocoagulant (Table 1).

A similar kind of results were also observed in the coagulation
kinetic of pseudo−second−order rate constant, which was higher in
AHS biocoagulants and lower in TAS bio-coagulant as shown in
Table 1. It was also confirmed by the kinetic variables, as R2 value
and half-life (t1/2) of the biocoagulants. These findings suggest that
amongst three agricultural waste materials, AHS could be an ideal
biocoagulant for reducing turbidity in municipal sewage wastewater
treatment (Figures 4, 5).

When compared with other biocoagulant such as Albizia lebbeck
(L.), Clerodendrum inerme (10,000 mg/L), Azadirachta indica,

FIGURE 5
Pseudo−second−order kinetic model of agricultural waste during bio-coagulation in municipal sewage water.

TABLE 1 Pseudo−first and second order kinetic constants during the bio-
coagulation of sewage water through agricultural waste materials.

Kinetic variables AHS GHS TAS

First order k1 (L min−1) 0.135 0.0975 0.065

R2 0.57825 0.51517 0.18799

β (m3/kg s) 0.271 0.195 0.130

D (kg2/m s) 1.52 × 10–21 2.12 × 10–21 3.17 × 10–21

t1/2 (min) 5.10 7.10 10.62

Second order k2 (L mg−1min−1) 0.003 0.001 0.0006

R2 0.63386 0.6517 0.12779

β (m3/kg s) 0.007 0.003 0.001

D (kg2/m s) 5.67 × 10–20 1.32 × 10–19 2.98 × 10–19

t1/2 (min) 1.41 3.31 7.44
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Conocarpus lancifolius, Phoenix dactylifera (5,000 mg/L), Dianthus
caryophyllus (3,000 mg/L) and Nerium oleander (1,000 mg/L)
reported the rates of turbidity removal was 39.3%, 51.9%, 67.2%,
75.5%, 51.0%, 52.6%, and 57.2%, respectively (Salem et al., 2023).
Hence, the agricultural bio-coagulants are seeming to be an effective
biomaterial that has significant efficiencies in removal of turbidity in
municipal sewage water.

5 Statistical analyses

5.1 Principal component analysis

PCA is a statistical technique used to reduce the
dimensionality of data while preserving as much of the
original variance as possible. It helps identify patterns and
relationships between variables. PCA has been applied to
understand the relationships and variation among the listed
physico−chemical parameters. The importance of parameters
in a PCA analysis is typically determined by their loading
values on the principal components (Okoro et al., 2012). The
loading values for PC1 and PC2 are shown in Figure 6. The
loading values represent the contribution of each original
variable (parameter) to the principal components (PC1 and
PC2). Positive and negative values indicate the direction and
strength of the relationship with the principal components.

Principal component analysis (PCA) was examined by the
physico−chemical parameters of sewage water before the
treatment, which explained 100% of total variance accounted
by the PC1 (84.71%) and PC 2 (15.29%). Overall strength of
interaction of the physico−chemical parameters showed in

Figure 6. The parameters as pH, chloride, TS, TSS, TDS, DO,
BOD and COD showed a positive loading with PC1. It was
indicated that the PC1 represents a set of physico−chemical
parameters that are positively correlated. Moreover, EC, total
hardness (including calcium and magnesium), and calcium and
magnesium showed a significant negative correlation with PC1.
Specifically, the parameters such as pH, EC, turbidity, total
hardness, TS, TDS and COD showed a significant positive
loading on PC2. Additionally, BOD has a high negative
loading value on PC2, indicating an inverse
relationship (Figure 6).

FIGURE 6
Principal component analysis (PCA) of physico−chemical parameters of sewage water.

FIGURE 7
Paired comparisons test between control and agricultural waste
materials treatment.
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So, the parameters that are important for PC1 and PC2 are as
listed above, based on their loading values. These parameters are the
ones that contribute most significantly to the variance and
relationships within the dataset as captured by the two principal
components. Hence, PC1 (84.71%) explains a significant loading in
the total variance, it likely represents the most important underlying
factor in the present study (Figure 6).

5.2 Paired comparison test

The Dunnett’s test is a suitable statistical method for conducting
paired comparison tests to assess the efficacy of biomaterials.
Figure 7 reports the results of a statistical analysis aimed at
comparing three distinct agricultural waste materials (AHS, TAS
and GHS), with a control group. The experiment consisted of
treating these waste materials with municipal sewage water, and
the p-values obtained for each of the samples were 0.0032,
0.0043 and 0.0039, respectively, indicating that each of the
samples exhibits a highly significant (p < 0.05) difference from
the control group. Therefore, it can be concluded that the agro bio-
coagulants (AHS, GHS and TAS) are more effective in treating
municipal sewage water.

The Dunnett’s test holds great significance with practical
implications across various fields. This finding has practical
implications for sewage water treatment facilities, as it highlights
the potential of using agricultural waste materials as biocoagulants
to improve treatment efficiency. Paired comparisons test offers a
method for comparing multiple treatment groups to a single control
group, simplifying complex comparisons. By providing p-values, it
aids in identifying which treatments are significantly different from
the control, crucial for evaluating intervention effectiveness. This
statistical tool empowers researchers and analysts to make informed
decisions, optimizing the selection of the most effective treatments.
In scientific research, it ensures validation based on sound statistical
principles. Industries like pharmaceuticals benefit from its
application in quality control, maintaining consistent product
quality. Moreover, it also plays a vital role in regulatory
compliance, particularly in healthcare and environmental
management.

6 Conclusion

The experimental utilization of agricultural waste materials as
coagulants in sewage water treatment, employing a modified
treatment approach, has notable and scientifically significant
outcomes with direct application for the scientific community.
The application of these materials has demonstrated remarkable
turbidity removal efficiency, surpassing 85%–90%. Additionally,
municipal sewage water treated using agricultural waste materials
has exhibited reductions in key parameters. Notably, there was a
15% reduction in hardness, a 50%–55% in solid (TDS) content, and
an 80%–90% decline in both BOD and COD levels after 20 days of
treatment. Statistical analysis confirmed the effectiveness (p < 0.05)
of agricultural biomaterials in sewage water treatment compared to
pre−treated water. The Principal Component Analysis (PCA)
underscores the significance of the first principal component

(PC1) in explaining the majority of variance, capturing major
factor influencing the treatment. The coagulation kinetic
modelling indicated the potential of agricultural waste as a viable
coagulant, offering promising results in terms of turbidity removal
in municipal sewage wastewater treatment. The results of this study
not only advance in the field of sewage water treatment but also
present an opportunity for the broader scientific community to
explore sustainable solutions to water quality challenges. By using
agricultural waste materials, environmental sustainability can be
enhanced and address the growing demand of clean water resources.
These findings have practical applications for communities and
industries striving for more efficient and eco-conscious
wastewater treatment processes. The validated effectiveness of
agricultural biomaterials, supported by statistical analysis,
highlights the importance of data-driven approaches in
environmental science and engineering. This research is a step
towards a more sustainable and environmentally responsible future.
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