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Abstract

Fisheries wastewater contains high levels of suspended solids and organic matter, posing
significant environmental risks and necessitating effective and sustainable treatment ap-
proaches. This study aims to determine the characteristics of the neem (Azadirachta indica)
leaf biocoagulant, assess the interactions among research variables, and optimize its use to
reduce total suspended solids (TSS) and chemical oxygen demand (COD) levels in fisheries
wastewater. The method used is response surface methodology (RSM), specifically the Box—
Behnken Design (BBD), which involves three variables (biocoagulant concentration, fast
stirring speed, and sedimentation time) and two responses (TSS and COD removal). Char-
acterization results (Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), and zeta potential) indicated that the biocoag-
ulant contains functional groups such as hydroxyl, carboxyl, and amine, contributing to
coagulation—flocculation through adsorption and polymer bridging mechanisms. Statistical
analysis confirmed that the developed quadratic models were significant (p-value < 0.05),
with high F-values, non-significant lack of fit, and strong coefficients of determination (R?
=0.9111 for TSS and 0.9419 for COD), along with low coefficients of variation (CV < 5%),
indicating good model reliability. Although the model generally has a significant effect on
the response, the fast stirring speed does not, while the other two factors do. The optimal
conditions (based on desirability) were determined to be a biocoagulant concentration of
79.8 mg/L, a fast stirring speed of 100 rpm, and a sedimentation time of 27.5 min. Under
these conditions, TSS and COD removals of 88.72% and 79.98%, respectively, were achieved.
These findings demonstrate the potential of neem leaf biocoagulant as a sustainable, envi-
ronmentally friendly alternative to conventional chemical coagulation, supporting cleaner
production in aquaculture systems.

Keywords: aquaculture effluent; biocoagulant; coagulation—flocculation; green technology;
neem; sustainable aquaculture; wastewater treatment
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1. Introduction

Fisheries cultivation is a rapidly growing sector that contributes significantly to the
global economy, but it also generates substantial volumes of wastewater due to intensive
water use [1]. This wastewater is characterized by high concentrations of organic matter
and nutrients, including chemical oxygen demand (COD), total suspended solids (TSS),
nitrogen, and phosphorus, which can lead to environmental problems such as eutroph-
ication and ecosystem disruption [2]. Previous studies have shown the characteristics
of fisheries wastewater, including pH 6.5-8.2; dissolved oxygen (DO) 4-6.5 mg/L; TSS
70-2136 mg/L; COD 20.5-2394 mg/L; ammonia 0.18-9.45 mg/L; and phosphate up to
32.5 mg/L [3]. High levels of organic matter and nutrients can adversely affect water
bodies, leading to eutrophication [4,5]. Other negative impacts include disruption of the
aquatic ecosystem due to pathogenic bacteria, harmful plankton, and increased levels of
toxic compounds [6,7]. Therefore, effective and sustainable wastewater treatment strategies
are required to mitigate these impacts [8].

Among the available treatment methods, coagulation—flocculation is widely used
for its effectiveness, simplicity, and cost-effectiveness in removing suspended solids and
organic pollutants [9,10]. Conventional coagulants, such as alum and polyaluminium
chloride (PAC), have demonstrated high removal efficiencies [11,12]; however, their long-
term use raises environmental and health concerns. These include the generation of
non-biodegradable sludge dominated by stable metal hydroxides [13] and the potential
risks associated with residual metal exposure, such as the risk of developing Alzheimer’s
disease [14,15]. As a result, the development of natural coagulants (biocoagulants) has
gained increasing attention as a more sustainable alternative [16].

Biocoagulants derived from animal sources [17], plant sources [18], and microor-
ganisms [19] offer advantages such as biodegradability, low toxicity, and environmental
compatibility [20]. Among them, plant-based biocoagulants are particularly attractive
due to their abundance and renewability [21]. Plant-based biocoagulants that have been
developed in several studies include banana peel (Musa paradisica)-based biocoagulants
with the ability to reduce turbidity by 98.14% [22], castor bean-based biocoagulants (Ricinus
communis) with the ability to reduce COD by 80% and TDS by 75% [23], and moringa
leaf-based biocoagulant (Moringa oleifera) with the ability to reduce turbidity by 96% and
COD by 88% [24]. Neem leaves (Azadirachta indica), in particular, have shown promising
performance, achieving significant reductions in TSS by 84% and COD by 86% [25]. The use
of neem leaves is currently being developed, especially as a biocoagulant. Several studies
have identified that neem leaves can reduce TSS levels by 81-84% [25,26] and reduce COD
levels by 49-86% [20,25]. The performance of the neem leaf biocoagulant can be further
improved through optimization, with Response Surface Methodology (RSM) among the
commonly used models [27-29].

Several biocoagulant studies that have successfully determined optimal conditions
using the RSM method include those by Ezemagu et al. [30] and Thirugnanasambandham
and Karri [20]. Ezemagu et al. [30] studied the performance of Tympanotonos fuscatus shell-
based biocoagulants, which can reduce turbidity by 83% in oil industry produced water
wastewater under optimum conditions, namely using a dose of 1 g/L, a time of 16.5 min,
and a temperature of 45 °C [30]. Thirugnanasambandham and Karri [20] studied a neem
leaf-based biocoagulant that can reduce turbidity levels by 73%, color by 69%, and COD by
48% under optimum conditions using a dose of 4 g/L, a stirring speed of 30 rpm, and a
sedimentation time of 55 min [20].

The development of neem leaf-based biocoagulant has good potential for the future
of wastewater treatment. Research on its use as a biocoagulant in fisheries wastewater
is still limited [26]. Therefore, this study aims to optimize the use of neem leaf-based
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biocoagulant for the removal of COD and TSS from fisheries wastewater using RSM with a
Box-Behnken Design. In addition, this study uses a fast stirring speed, a variable previously
studied for biocoagulants but not applied to neem leaf biocoagulants. This work contributes
to the development of sustainable and environmentally friendly wastewater treatment
approaches for the aquaculture sector.

2. Materials and Methods
2.1. Wastewater Collection

This study comprises a series of processes across several research sites. Sampling of
fishery wastewater was carried out at the Pokdakan Sedangmijen Makmur location (catfish
farming pond), Krian District, Sidoarjo Regency, with location coordinates of 7°25'48.2"
S and 112°35'02.9” E. Sampling of fishery wastewater was carried out by referring to the
procedures stated in SNI 6989.59:2008 [31] Section 59 on Wastewater Sampling Methods.
Sampling was carried out in industries that lacked a wastewater treatment plant, a batch
process, an equalization tank, or fluctuating wastewater quality. With these characteristics,
sampling was conducted briefly in the channel before entering the water body receiving
the wastewater. Wastewater sampling was conducted as a grab sample collected from a
single point. Sampling was performed during the rainy season; however, it was carried
out on a non-rainy day to minimize dilution effects. The ambient temperature during
sampling was approximately 30-32 °C. The sampling tool was a simple polyethylene
plastic bucket equipped with a rope. The sample water was then placed in a polyethylene
jerrycan capable of holding 20 L of wastewater, free from contaminants, and able to be
closed tightly without breaking or interacting with the sample. The sample container had
previously undergone a preparation step, consisting of washing the container and lid with
phosphate-free detergent and rinsing them with clean water. After that, the container was
washed with 1:1 hydrochloric acid (HCI), then rinsed with analyte-free water three times.

2.2. Leaves Collection and Biocoagulant Preparation

Neem (Azadirachta indica) leaves were obtained from medicinal plant cultivation in
Jember Regency. Biocoagulant preparation, experimental setup, and wastewater sample
analysis were carried out at the Ecology and Environment Laboratory and Laboratory
303 Pertamina, Faculty of Science and Technology, Airlangga University. Preparation of
neem leaves was carried out through a series of procedures, starting with washing the
neem leaves using distilled water. The neem leaves were then dried using an oven at 40 °C
for 72 h. The dried neem leaves were ground using a blender. The ground material was
sieved through a 100-mesh sieve to obtain a uniform powder with a particle size less than
150 pm [20]. The powder was stored as a biocoagulant used in this study.

The biocoagulant was used in crude powder form, without chemical purification, to
reflect a practical, economically feasible application in wastewater treatment. This approach
is consistent with most plant-based coagulation studies, in which process performance,
rather than isolated compound activity, is the primary objective [32,33].

2.3. Characterization of Biocoagulant
2.3.1. Functional Group Analysis

FTIR is used to identify organic, inorganic, and polymer materials by scanning samples
with infrared light [27]. FTIR also analyzes the concentration and type of functional groups
to identify the compounds or active groups in biocoagulants that facilitate coagulation
and flocculation. The FTIR spectrum of neem leaf biocoagulant powder was recorded
to determine the chemical characteristics, and the FTIR spectrum was measured in the
range of 400-4000 cm~! [20]. FTIR analysis was performed on neem leaf biocoagulants
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to identify functional groups involved in the coagulation process using the IR Affinity-1
model (Shimadzu, Kyoto, Japan) [34].

2.3.2. Surface Morphology Analysis

Scanning Electron Microscopy (SEM) analysis was conducted to examine the sur-
face morphology and microstructure of the neem leaf biocoagulant before and after the
coagulation—flocculation process [35]. The analysis was performed using a Quanta 250 FEI
scanning electron microscope (FEI, Hillsboro, OR, USA). Samples were prepared by dis-
persing the dried material onto double-sided carbon tape mounted on an aluminum stub,
then sputter-coating it with a thin layer of gold to enhance conductivity. Imaging was
carried out under high-vacuum conditions at an accelerating voltage of 20 kV. Micrographs
were obtained at a magnification of 10,000 x to observe surface characteristics, including
roughness, fragmentation, and floc formation [36].

2.3.3. Crystallographic Analysis

X-Ray Diffraction (XRD) is a technique commonly used to characterize the structure
and composition of a material [37]. In general, XRD can identify the phase of the material,
namely amorphous, crystalline, or semi-crystalline, and conclude the compounds contained
therein [38]. XRD analysis was performed using an X'Pert MPD diffractometer (Malvern
Instruments, Malvern, UK) equipped with Cu K« radiation (A = 1.5406 A). The instrument
was operated at a voltage of 40 kV and a current of 30 mA. Data were collected over a
26 range of 10.0° to 89.98° with a step size of 0.017° and a scan step time of 10.15 s in
continuous-scanning mode. A fixed divergence slit of 1° was used, with a receiving slit
size of 12.75 mm. Measurements were conducted without a monochromator and without
sample spinning.

2.3.4. Zeta Potential Analysis

Zeta potential analysis was conducted to determine the surface charge characteristics
of the neem leaf biocoagulant and the wastewater. Measurements were performed using
a ZetaSizer Nano Z590 (Malvern Instruments, Malvern, UK) equipped with a DTS1061
capillary cell. The biocoagulant sample was prepared as an aqueous extract and analyzed
together with the wastewater sample. All measurements were carried out at a controlled
temperature of 25 °C [2]. Before analysis, samples were gently mixed to ensure homogeneity
and introduced into the capillary cell without air bubbles. The zeta potential values were
obtained based on electrophoretic mobility measurements using the Smoluchowski model.
Each measurement was performed in triplicate, and the average values were reported.

2.4. Jar Test Experiment

The jar test is used to determine the ability of coagulants to reduce pollutant lev-
els [39,40]. The jar test is carried out in accordance with Indonesian National Standard
19-6449-2000 [41], which specifies the coagulation—flocculation testing method by the jar
method. The jar test is carried out by preparing 1000 mL of fishery wastewater samples in
18 beakers. A biocoagulant was added at a specific concentration based on the experimental
design (Section 2.5). The jar test begins by placing the beaker containing the sample and
biocoagulant on the jar test stirring unit, and fast stirring is started for 1 min, with stirring
speed varying according to the level code for each experiment. After fast stirring, slow
stirring is performed for 30 min at 30 rpm [42]. Sedimentation, the final step of the jar test,
is performed by leaving the jar for a predetermined time.
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2.5. Optimization Design

The range and level of factors (independent variables) are determined by their coding,
which is divided into three levels: —1, 0, and +1. Coding is carried out using a minimum of
three factors, each with a specified range of values derived from literature studies [30,43].
Factor-level coding was applied to three independent variables: biocoagulant concentration
(A), fast stirring speed (B), and sedimentation time (C). The two responses observed in
this study were decreases in TSS (%) and COD (%). This study also included two types of
controls: negative controls (without coagulants) and positive controls (with commercial
alum coagulants at 17%). Coding with three factors at three levels yielded 17 experiments
(Table 1). A total of 5 central points were used to estimate experimental errors.

Table 1. Experimental design based on BBD with 5 central points.

A B C Response 1 Response 2
Run Order Biocoagula}nt Fast Stirring Sedim‘entation
Concentration Speed Time
(mg/L) (rpm) (min)

1 50 150 20

2 50 100 10

3 80 150 30

4 80 150 10

5 50 150 20

6 20 150 30

7 50 200 30

8 50 150 20 TSS removal COD removal

9 80 100 20 (%) (%)

10 20 100 20

11 50 150 20

12 50 100 30

13 20 150 10

14 50 150 20

15 80 200 20

16 20 200 20

17 50 200 10
Control — 0 200 30
Control + 80 200 30

Confirmation experiments were conducted on variables estimated to yield the opti-
mum response. Confirmation experiments were conducted to validate the results of the
optimization process. Optimum conditions are determined using the desirability value
approach. Desirability is a value obtained from a mathematical function approach. The
desirability function approach is implemented by determining the level of response priority
(constraints) within a specified range of values, based on the results of qualitative and
quantitative analyses. The optimization objective can also be set to maximize, minimize, or
achieve a specific target response value [44,45]. The resulting data were compared with the
estimated values generated by the optimization process to assess whether the optimization
results could be confirmed [44,45].

2.6. Parameter Analysis

The Total Suspended Solids (TSS) parameter test follows Standard Method Protocol No.
2540, the gravimetric method of testing total suspended solids [46]. The Chemical Oxygen
Demand (COD) parameter test is described in Standard Method Protocol No. 5220, Method
of Testing Chemical Oxygen Demand (COD) with closed reflux spectrophotometry [47].
The efficiency of TSS and COD removal is calculated based on TSS and COD levels before
and after the jar test. All analyses were conducted in triplicate.
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2.7. Statistical Analysis

Statistical analysis was conducted using the RSM-BBD. The statistical analyses con-
ducted included regression analysis and model testing, model coefficient analysis, analysis
of interactions between factors on the dependent variable, and optimization using the
desirability function. The statistical analysis instrument used was Design-Expert 13.0.5
(Stat-Ease Inc., Minneapolis, MN, USA).

3. Results and Discussions
3.1. Initial Characteristics of Fishery Wastewater

A preliminary test was conducted as a pollutant parameter level test to determine the
initial characteristics of the wastewater used in the study, as presented in Table 2.

Table 2. Initial characteristics of wastewater.

Parameter Unit Concentration/Value Method
pH - 8.63 pH meter
Turbidity NTU 320 Turbidimetry
Color Unit PtCo 1488.45 Spectrophotometry
TSS mg/L 177.30 Gravimetry
DO mg/L O, 1.60 Iodimetry
COD mg/L O, 585.66 Reflux
BOD mg/L O, 260 Winkler
Nitrite mg/L NO,N 0.08 Spectrophotometry
Nitrate mg/L NO3-N 0.26 Spectrophotometry
Ammonia mg/L NH3-N 121 Spectrophotometry
Total N mg/L NH3-N 6.63 Kjeldahl
Total P mg/L PO4-P 57.81 Spectrophotometry

Based on the results of the initial wastewater characteristic test presented in Table 2, the
fishery wastewater contains relatively high levels of TSS and organic matter (COD), namely
177.3 mg/L and 583.35 mg/L, respectively. Solids and organic matter in fishery wastewater
are caused by the presence of leftover feed, feces, and fish excretion waste [48,49]. The
nutrient content in fishery wastewater is due to the use of fertilizers to support fish pro-
ductivity [50,51]. High levels of solids, organic matter, and nutrients in fishery wastewater
can negatively impact the quality of receiving rivers, thereby causing eutrophication [4].
Thus, research on the use of neem leaf biocoagulant was conducted as an alternative for
processing fishery wastewater to avoid causing water pollution.

3.2. Characteristics of Biocoagulant
3.2.1. Functional Groups

The FTIR spectra of the neem leaf biocoagulant are presented in Figure 1 and summa-
rized in Table 3.

Table 3. Interpretation of FTIR spectra for neem leaf biocoagulant.

Wavenumber (cm~1) Bound Vibration Type Intensity Vibration Mode  Reference ((m~1)  Representative Compounds
3287.22 O-H Broad Strong Stretch ~3200-3550 Polysaccharides, phenolics
2920.75 and 2846.78 NH, Sharp Strong Stretch ~3300-3500 Proteins, amino acids
1730.55 Cc=0 Sharp Medium Stretch ~1710-1780 Flavonoids, tannins
1602.79 NH, Sharp Strong Scissor ~1601 Proteins
1239.67 c-O Sharp Strong Stretch ~1200 Polysaccharides
1038 C-N Sharp Strong Stretch ~650-1550 Proteins
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Figure 1. FTIR spectra of neem leaf biocoagulant.

The FTIR spectrum of neem powder shown in Figure 1 reveals a distinct band indi-
cating the presence of a specific functional group, supporting the potential biocoagulant
function of neem leaves. The distinctive broad band centered at 3287.22 cm ™! corresponds
to the O-H stretching. This validates the presence of hydroxyl groups within polysaccha-
rides or phenolic groups in neem leaves that facilitate coagulation via hydrogen bonding,
bridging, and charge neutralization [52]. The presence of C=0O stretching vibrations at
the peak of 1730.55 cm ™! validates the presence of carboxyl groups in flavonoids, tannins,
and phenolics of the neem leaves group, which commonly involve an absorption mecha-
nism [53,54]. Furthermore, the sharp peaks at 2930.75 cm ™! and 2846.75 cm ! indicated
the presence of N-H stretching vibrations in primary amines, which is further supported
by the N-H scissoring vibration at 1602.79 cm~!. Additional sharp peaks at 1239.67 cm ™!
and 1038 cm~! indicated the presence of C-O and C-N stretching. The presence of a C-
N bond suggests the existence of nitrogen-containing compounds that can be found in
proteins. The result obtained was consistent with previous studies, which reported that
FTIR analysis of neem leaves revealed hydroxyl, carboxyl, and amine groups [2,55,56].
According to Kurniawan et al. [57], the detected functional groups in this biocoagulant,
such as hydroxyl, carboxyl, amine, and protein, contribute to excellent efficiency in the
coagulation process for pollutants in fishery wastewater. Although the active coagulating
species were not isolated, the FTIR and zeta potential results indicate that proteinaceous
and polyphenolic functional groups are the dominant contributors to coagulation [58,59].
Similar structure-performance correlations have been widely used to explain the activity
of crude plant biocoagulants in real wastewater matrices [32,33,60].

3.2.2. Surface Morphology

Figure 2 shows the surface morphological characteristics of Neem powder before
and after the biocoagulant preparation steps. This SEM micrograph was captured at a
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magnification of 10,000x and an excitation voltage of 20 kV. The neem leaf surface, as
depicted in Figure 2a, shows irregular particles with fragmented lamellae. However, after
the mechanical preparation step involving drying and sieving through a 100-mesh screen,
the neem powder displays a more fragmented, rough, and flaky surface (Figure 2b). This
implies that the neem leaves were ground perfectly to produce finer particles. This change
in surface morphology can enhance the specific surface area, promoting greater contact
between the biocoagulant’s active functional groups and pollutants [61].

(b)

Figure 2. SEM images of biocoagulants (a) Neem leaves before biocoagulant preparation and

(b) Neem powder as biocoagulant.

3.2.3. Crystallographic Structure

The results of the XRD test of the neem leaf biocoagulant are presented in Figure 3, which
plots the X-axis (20 angle) against the Y-axis (peak intensity). Furthermore, a literature review
was conducted to identify the compounds present in the neem leaf biocoagulant.

¥ ) O A
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Figure 3. XRD pattern of neem powder before treatment. The XRD pattern was smoothed using a
Savitzky—-Golay filter (window size = 21 points, polynomial order = 3) to improve visualization while
preserving peak characteristics.
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Based on Figure 3, four main peaks were obtained, which were located at the angles
of 26 14.80°, 19.12°, 21.40°, and 24.32°. The peak at an angle of 26 14.80° is the peak with
the lowest intensity when compared to other main peaks. The broad peak in the 20° to 25°
range suggests a poorly defined mineral phase. A peak between 15° and 40° indicates the
presence of organic compounds. Specific 20° peaks indicate that the material is amorphous
and contains significant amounts of protein structural components. This outcome confirms
the presence of an amorphous structure and aligns with the previous finding, which also
reported a similar result for neem powder [62]. This indicates that the atoms are randomly
organized, without long-range order or repetition.

3.2.4. Zeta Potential

The results of the zeta potential test of neem leaf biocoagulant and fishery wastewater
samples are presented in Table 4. Table 4 shows that the neem leaf biocoagulant and the
fishery wastewater sample water have negative charges of —18.21 mV and —19.40 mV,
respectively. This result was consistent with a previous study reporting an average zeta
potential of —22.83 + 0.62 mV for water extracted from neem leaves [2]. The negatively
charged neem leaf biocoagulant indicates the presence of protein compounds, as negative
charges dominate its surface. The surface charge of protein compounds is greatly influenced
by the level of acidity (pH). When the pH is above the isoelectric point, the protein will
have a negative surface charge [63,64].

Table 4. Measured zeta potential.

Sample Value Unit
Neem leaf biocoagulant —18.21 mV
Fishery wastewater —19.40 mV

The removal of TSS and COD by neem leaf biocoagulant can be explained through
a combination of physicochemical mechanisms. FTIR analysis revealed the presence of
hydroxyl, carboxyl, and amine functional groups, which facilitate adsorption and polymer
bridging between particles. The SEM images showed a rough, heterogeneous surface
morphology, thereby enhancing contact between the biocoagulant and suspended particles.
XRD analysis confirmed the predominantly amorphous structure of the material, which
is favorable for adsorption due to the absence of rigid crystalline order. Furthermore,
the negative zeta potentials of both the biocoagulant and the wastewater suggest that
coagulation occurs primarily through adsorption and interparticle bridging [2,65,66], while
charge neutralization may be enhanced under modified pH conditions [3].

Previous research identified the presence of negatively charged protein compounds
in Musa acuminata-based biocoagulants [67]. In the previous literature, the acidity level
was adjusted to pH < 4.8 by the addition of 0.1 N of HNO3, resulting in the protonation
of several functional groups, such as amino and carboxyl groups. These results enhance
the ability to remove colloidal particles by increasing positive charge and density and by
providing a strong electrostatic force on negatively charged colloidal particles. Similar
conditioning could be explored in future studies to modify the surface charge of neem leaf
biocoagulants, for example, by adjusting the pH to induce protonation of functional groups.
Such an approach may enhance charge neutralization and improve the removal efficiency
of pollutant particles; however, this was not investigated in the present study.

3.3. Optimization of Fishery Wastewater Treatment

TSS and COD removal percentages based on the BBD run order are presented in
Table 5. Based on Table 5, the TSS and COD removal responses varied across experiments.
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The highest TSS removal, 85.71%, was observed in experiment 7, with a biocoagulant
concentration of 50 mg/L, a stirring speed of 200 rpm, and a sedimentation time of 30 min.
The lowest TSS removal was observed in experiment 17 (63.90%), with a biocoagulant
concentration of 50 mg/L, a stirring speed of 200 rpm, and a sedimentation time of 10 min.
Meanwhile, the highest COD removal was observed in experiment 12, at 73.47%, with a
biocoagulant concentration of 50 mg/L, a stirring speed of 100 rpm, and a sedimentation
time of 30 min. The lowest COD removal was observed in experiment 13, at 54.14%, with
a concentration of 20 mg/L, a stirring speed of 150 rpm, and a sedimentation time of
10 min. Compared with the negative control, the neem leaf biocoagulant reduced TSS
and COD levels more effectively, with the lowest response showing a significantly higher
percentage removal. However, compared with the positive control, alum was more effective
at reducing TSS and COD, with the smallest differences of 3.01% for TSS and 19.13% for
COD. Although alum exhibited slightly higher removal efficiencies, the use of neem leaf
biocoagulant is justified by its environmental advantages, including biodegradability, lower
toxicity, and reduced risk of residual metal accumulation. In addition, the use of plant-
based materials supports sustainable and low-cost wastewater treatment, making it a
promising alternative to conventional chemical coagulants.

Table 5. Experimental run results.

A B C Response 1 Response 2
Run Order Biocoagula.nt Fast Stirring Sedim.entation TSS Removal  COD Removal
Concentration Speed Time
(mg/L) (rpm) (min) (%) (%)
1 50 150 20 74.62 58.28
2 50 100 10 69.92 55.52
3 80 150 30 82.70 71.30
4 80 150 10 66.91 55.91
5 50 150 20 76.50 57.29
6 20 150 30 74.43 56.90
7 50 200 30 85.71 71.69
8 50 150 20 77.44 57.89
9 80 100 20 84.21 69.13
10 20 100 20 77.44 61.24
11 50 150 20 81.20 60.06
12 50 100 30 84.21 73.47
13 20 150 10 69.17 54.14
14 50 150 20 77.44 61.04
15 80 200 20 83.45 66.17
16 20 200 20 76.69 60.84
17 50 200 10 63.90 57.89
Control — 0 200 30 58.64 47.63
Control + 80 200 30 88.72 92.61

The experimental data, as presented in Table 5, were further analyzed using a second-
order polynomial regression model, as given in Equations (1) and (2), for the responses to
the decreases in TSS and COD, respectively. Both equations were then analyzed statistically
using the General Linear Model (GLM) Analysis of Variance (ANOVA) test. The results of
the statistical test on the response to the decrease in TSS are presented in Table 6, while the
results for the response to the decrease in COD are presented in Table 7.

Y| = 77.44 +2.44A—0.7519B + 7.14C + 0.1880A2 + 2.82B% — 4.32C?> )
+0.0000AB + 2.63AC + 1.88BC
Y, = 58.92 + 3.67A—0.3452B + 6.24C + 0.1775A2 + 5.26B% + 0.4734C2

2
—0.6411AB + 3.16 AC — 1.04BC @)
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where

Y7: TSS removal (%);

Y5: COD removal (%);

A: Biocoagulant concentration (mg/L);
B: Fast stirring speed (rpm);

C: Sedimentation time (min).

Table 6. ANOVA result for TSS removal.

Source Sum of Squares df Mean Square F-Value p-Value Result
Model 609.40 9 67.71 7.98 0.0061 significant
A 47.77 1 47.77 5.63 0.0495 significant
B 452 1 452 0.5327 0.4892 not significant
C 408.16 1 408.16 48.08 0.0002 significant
AB 0.0000 1 0.0000 0.0000 1.0000 not significant
AC 27.70 1 27.70 3.26 0.1138 not significant
BC 14.13 1 14.13 1.66 0.2380 not significant
A2 0.1488 1 0.1488 0.0175 0.8984 not significant
B? 33.47 1 33.47 3.94 0.0875 not significant
C2 78.70 1 78.70 9.27 0.0187 significant
Residual 59.43 7 8.49
Lack of Fit 36.46 3 12.15 2.12 0.2408 not significant
Pure Error 22.97 4 5.74
Cor Total 668.83 16
Fit Statistic
R? 0.9111
C.V. (%) 3.79
Table 7. ANOVA result for COD removal.
Source Sum of Squares df Mean Square F-Value p-Value Result
Model 585.88 9 65.10 12.62 0.0015 significant
A 107.99 1 107.99 20.93 0.0026 significant
B 0.9534 1 0.9534 0.1848 0.6802 not significant
C 311.36 1 311.36 60.35 0.0001 significant
AB 1.64 1 1.64 0.3187 0.5900 not significant
AC 39.85 1 39.85 7.72 0.0273 significant
BC 4.29 1 4.29 0.8316 0.3921 not significant
A2 0.1327 1 0.1327 0.0257 0.8771 not significant
B2 116.37 1 116.37 22.56 0.0021 significant
C2 0.9438 1 0.9438 0.1829 0.6817 not significant
Residual 36.11 7 5.16
Lack of Fit 26.20 3 8.73 3.52 0.1277 not significant
Pure Error 9.92 4 2.48
Cor Total 621.99 16
Fit Statistic
R? 0.9419
C.V. 3.68

Based on the results of statistical tests, both models showed high significance, with
p-values of 0.0061 for the TSS removal model and 0.0015 for the COD removal model.
Both values meet the 95% confidence level, as evidenced by p-values < 0.05, indicating
that the variables and responses considered in the study are statistically significant [68,69].
As for the variables and interactions between variables that are statistically significant,
namely variables A (biocoagulant concentration), C (sedimentation Time), and C? for the
TSS removal model, and variables A (biocoagulant concentration), C (sedimentation Time),
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AC, and B? for the COD removal model. The F-value test results for the TSS removal model
(2.12) and the COD removal model (3.52) indicate that the lack of fit is not significant due
to pure error (good fit). The coefficient of determination (R?) values for the TSS removal
model and the COD removal model are 0.9111 and 0.9419, respectively. These values
indicate 91.11% agreement for the TSS and 94.19% for the COD removal models between
the estimated and actual experimental results. A high R? value indicates that the model
can be used to navigate the design space [70,71].

The graph of the relationship between variables on the TSS removal response is presented
in Figure 4, while the graph for the COD removal is presented in Figure 5. The relationship
graphs are presented in two-dimensional (contour) and three-dimensional graphs.
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Figure 4. Interaction graph of the variables (a) concentration and fast stirring speed, (b) concentration and
sedimentation time, and (c) fast stirring speed and sedimentation time for the response of TSS removal.
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Figure 5. Interaction graph of the variables (a) concentration and fast stirring speed, (b) concentration and
sedimentation time, and (c) fast stirring speed and sedimentation time for the response of COD removal.

Based on Figure 4a, the relationship between the concentration variable and the fast
stirring speed shows a fluctuating TSS removal response and does not significantly affect it.
The highest response is obtained at the highest concentration, with the lowest and highest
fast stirring speeds. The response decreases in the middle range for the fast stirring speed
variable. The relationship between the concentration variable and sedimentation time is
shown in Figure 4b, where a significant effect is observed: the higher the concentration, the
longer the sedimentation time, and the greater the TSS removal response. The relationship
between the fast stirring speed variable and sedimentation time is also shown in Figure 4c,
where a similar response is observed as for the concentration variable and the fast stirring
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speed. The interaction of variables B (fast stirring speed) and C (sedimentation time) does
not significantly affect the response. The highest TSS removal response is obtained at the
longest sedimentation time and at the lowest and highest fast stirring speeds. The response
decreases in the middle range of the fast stirring variable.

Figure 5a shows the relationship between the concentration variables and the fast
stirring speed, which results in a fluctuating COD removal response. The interaction
of variables A (biocoagulant concentration) and B (fast stirring speed) does not have
a significant effect on the response. The highest response was obtained at the highest
concentration, with the lowest and highest fast stirring speeds. The response decreased
in the middle range for the fast stirring speed variable. The relationship between the
concentration variables and sedimentation time is shown in Figure 5b, where a harmonious
relationship was observed: the higher the concentration, the longer the sedimentation time,
and the greater the COD removal response. The interaction of variables A (biocoagulant
concentration) and C (sedimentation time) did not have a significant effect on the response.
The relationship between the fast stirring speed variables and sedimentation time is also
evident in Figure 5c, where a response similar to that observed between the concentration
variables and the fast stirring speed is observed. The interaction of variables B (fast stirring
speed) and C (sedimentation time) did not have a significant effect on the response. The
highest COD removal was observed at the longest sedimentation time and at the lowest
and highest fast stirring speeds. The response decreased in the middle range of the fast
stirring variable. The existence of different response patterns across relationships between
variables requires optimization analysis to determine the optimal point.

3.4. Optimum Condition and Validation Test

The determination of constraints is presented in Table 8. The objectives for the concen-
tration and sedimentation time variables are set within ranges, given that both variables
significantly affect TSS and COD removal responses. At the same time, the objective for the
fast stirring speed variable was set to minimize it, as this variable does not significantly
affect TSS and COD removal responses and tends to yield the best response at the lowest
fast stirring speed. The response objective is set to the same value, namely, to maximize the
response at the optimum point. The priority value (importance) is set to the same because
both responses have the same position, and neither is a priority response.

Table 8. Goal constraints for optimum conditions.

Variable Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance
A: Biocoagulant concentration in range 20 80 1 1 1
B: Fast mixing speed minimize 100 200 1 1 1
C: Sedimentation time in range 10 30 1 1 1
TSS removal maximize 63.91 85.71 1 1 3
COD removal maximize 54.14 73.47 1 1 3

Based on these goal constraints, further analysis was conducted, and an optimal point
estimate was obtained using the desirability model. The optimum conditions for the use
of neem leaf biocoagulant to reduce TSS and COD levels in fisheries wastewater were:
biocoagulant concentration 79.8 mg/L, fast stirring speed 100 rpm, sedimentation time
27.5 min, predicted to yield TSS removal 87.10% and COD removal 77.06% (desirability
1.00). Confirmation analysis is carried out under the optimum conditions determined by
the suggested model. The results of the confirmation test for the optimum condition are
presented in Table 9.
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Table 9. Confirmation test results for model validation.
Model Prediction (%) Removal in Confirmation Test (%) Error (%)
TSS COD TSS COD TSS COD
87.97 79.98 170.99 1 3.66
87.10 77.06 88.72 79.39 11.83 1294
88.72 77.81 11.83 10.97

1: Increased value as compared to the model prediction

Based on the confirmation analysis, the TSS removal response confirmation rates
were 87.97%, 88.72%, and 88.72%. The COD removal confirmation results were 79.98%,
79.39%, and 77.81%. These values were higher than the RSM prediction. The analysis
of the error percentage calculation carried out yielded an error percentage of <5% across
all confirmation test repeats for each response [72,73]. This value shows that the experi-
mental results are consistent with the model’s predictions and indicates that the model is
valid [74]. Compared with previous studies, the results obtained were relatively higher.
Thirugnanasambandham and Karri [20] stated that neem leaf powder removed 73% TSS
and 43% COD Ahmad et al. [2] reported 82.7% removal of TSS, while Kiran and Suda [42]
mentioned 63% removal of TSS.

From a practical perspective, the optimized conditions obtained in this study are
compatible with conventional coagulation—flocculation processes used in aquaculture
wastewater treatment. The optimum biocoagulant dosage (79.8 mg/L) is within the typical
range reported for plant-based coagulants [75,76]. It is significantly lower than the dosages
in the g/L range reported for some crude materials [77-79], indicating favorable chemical
consumption. The fast mixing speed of 100 rpm for 1 min falls within standard design
criteria for coagulation units, where fast mixing is typically applied to ensure uniform
coagulant dispersion without excessive energy input. The sedimentation time of 27.5 min is
also operationally feasible, as primary settling tanks in small- to medium-scale wastewater
treatment systems commonly operate with detention times of 20-60 min [40,75,80]. There-
fore, the proposed process does not require additional infrastructure or extended hydraulic
retention time beyond conventional practice.

In terms of implementation, neem leaf powder can be prepared through simple drying
and grinding steps [61], thereby supporting decentralized application in small aquaculture
facilities. The biodegradability of the generated sludge represents an additional advantage
over metal-based coagulants, potentially reducing sludge disposal costs [1,81]. However,
large-scale applications would require evaluation of the biocoagulant’s continuous-flow
performance, sludge settling characteristics, storage stability, and economic feasibility,
including cost-benefit and operational cost analyses. These aspects should be addressed
in future pilot-scale studies. This study employed crude neem leaf powder rather than
purified protein fractions. While this limits precise identification of the active coagulating
molecules, the approach reflects realistic operational conditions and preserves the low-cost
advantage of plant-based coagulants [61,82]. Future work should focus on fractionat-
ing protein components, determining isoelectric points, analyzing the generated sludge,
correlating purified fractions with coagulation efficiency to provide a molecular-level un-
derstanding, and assessing potential trace metal release into treated water under varying
operational conditions.

4. Conclusions

In conclusion, this study successfully demonstrated the efficacy of Azadirachta indica
leaves as a biocoagulant for treating fishery wastewater, significantly reducing both total
suspended solids (TSS) and chemical oxygen demand (COD). The optimized conditions de-
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termined through Response Surface Methodology, specifically a biocoagulant concentration
of 79.8 mg /L, fast stirring speed of 100 rpm, and sedimentation time of 27.5 min, yielded
remarkable removals of 88.72% and 79.98% in TSS and COD, respectively. These findings
highlight the potential of neem leaf biocoagulant as a sustainable and effective solution
for managing wastewater in the fisheries sector, contributing not only to cleaner water but
also to the overall health of aquatic ecosystems. As the fisheries sector continues to grow,
integrating environmentally friendly treatment methods, as explored in this research, can
help mitigate the negative impacts of wastewater on water bodies, thereby promoting a
more sustainable approach to fisheries and environmental conservation. Future research
may focus on scaling up this biocoagulation process, exploring its integration into existing
wastewater treatment systems, and extracting the active protein fraction and its charge
behavior as a function of pH to establish structure-activity relationships to enhance overall
efficiency and effectiveness.
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