Sustainable Processes Connect
ISSN: 3079-1421 (9) SCIFINITI
2026, Article ID. 2026.0028, Cite as: https://doi.org/10.69709/SusProc.2026.188988 J PUBLISHING

Research Article

OPEN

Data-Driven Optimization of Plant-Derived

ACCESS

Bio-Coagulants for TDS Removal from Paint
Wastewater: Comparative RSM and ANN
Modeling

Onyekachi Stephen Nnamani®, Benson Chinweuba Udeh™, Cyprian Obinna Azinta™"

Department of Chemical Engineering, Enugu State University of Science and Technology, Agbani, Enugu PMB 01660, Nigeria

Article History

Received: April 15,2026 Accepted: July 22,2026 Published: August 25, 2026

Abstract

This work investigated and optimized the efficiency of total dissolved solids (TDS) removal from paint wastewater (PWW). Sustain-
able natural coagulants derived from avocado pear seed (PS) and Moringa oleifera seed (MOS) were used to reduce TDS in PWW,
with Fourier Transform Infrared spectroscopy and proximate analysis employed to characterize the materials. The results revealed
major functional groups, proteins, and polysaccharides known to facilitate the coagulation-flocculation process. Response surface
methodology (RSM) with a central composite design was used to determine the optimum combination of bio-coagulant dosage,
pH, and settling time, while an Artificial Neural Network (ANN) model, developed from the same experimental data, was applied
to better capture the complex, nonlinear relationships among the variables. The ANN model consistently outperformed RSM in
prediction accuracy for both bio-coagulants, based on statistical indicators such as R*, RMSE, and SEP. For PS, ANN achieved
R? = 0.9998, RMSE = 0.12, and SEP = 0.144813, compared with RSM values of R? = 0.990407, RMSE = 0.86902, and SEP =
1.048711. For MOS, ANN attained R? = 1.0000, RMSE =5.3 x 1073, and SEP =6.15 x 107>, again exceeding RSM performance
(R? =0.987555, RMSE = 1.009331, SEP = 1.171387). Under optimized conditions, TDS removal efficiencies reached 93.53% for
PS and 97.24% for MOS, and statistical analysis confirmed significant linear, interaction, and quadratic effects of the operational
factors. Both PS and MOS thus emerge as promising, greener alternatives to conventional chemical coagulants, with the com-
bined RSM-ANN approach providing a reliable, data-driven framework for predicting TDS removal performance and optimizing
operating conditions.
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lI. Introduction over residual metal toxicity, excessive sludge generation,
rising operational costs, and environmental sustainability
have driven increasing interest in greener treatment alter-

natives [1-3].

Releasing untreated paint wastewater (PWW) into receiv-
ing water bodies poses serious environmental concerns,

because it contains a high concentration of total dissolved
solids (TDS), resins, solvents, pigments, and other com-
plex organic and inorganic constituents that degrade water
quality and threaten aquatic ecosystems [1]. Conventional
treatment methods commonly rely on chemical coagulants
such as alum and ferric salts; however, growing concerns

Bio-coagulants extracted from plant materials such
as Moringa oleifera and avocado pear seeds have attracted
considerable attention because of their biodegradability,
low toxicity, local availability, and cost effectiveness [3—
5]. Their coagulation-flocculation performance is mainly
attributed to naturally occurring proteins and polysaccha-
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rides, which promote particle destabilization, charge neu-
tralization, and floc formation [4,5], aligning well with on-
going efforts toward sustainable wastewater treatment and
the valorization of agricultural by-products. Despite this
promise, treatment efficiency remains highly sensitive to
operational parameters, making process optimization es-
sential for practical application.

Coagulation-flocculation and adsorption are among
the most widely used technologies for removing dissolved
and suspended pollutants from wastewater. Coagulation-
flocculation is generally preferred for its rapid destabiliza-
tion of pollutants, ease of operation, and effectiveness in
treating wastewaters with high particulate and colloidal
loads [3,5-9], whereas adsorption is known for its strong
affinity for residual dissolved pollutants, owing to the ac-
tive surface sites on adsorbent materials [10—13]. Adsorp-
tion systems, however, frequently demand longer contact
times, regeneration procedures, and disposal of spent ad-
sorbents [10—-12]. Plant-derived bio-coagulants offer an
appealing alternative, since they can simultaneously drive
coagulation-flocculation and adsorption-assisted removal
within a single treatment step [10]—supporting floc for-
mation while removing dissolved contaminants through
charge neutralization, particle bridging, and surface con-
tact, and thereby reducing reliance on conventional chem-
ical coagulants in favor of more sustainable wastewater
treatment [8,9].

Advanced modeling techniques are increasingly used
to investigate process factors and their interactions and to
optimize bio-coagulant-based wastewater treatment pro-
cesses. Response Surface Methodology (RSM) is widely
applied for process optimization, since it can examine mul-
tiple operating parameters simultaneously and generate
predictive polynomial models [14,15]; wastewater treat-
ment systems, however, often display complicated nonlin-
ear behavior that traditional statistical methods may fail
to capture adequately [16]. Artificial Neural Networks
(ANNs) have therefore attracted growing attention for
their ability to learn directly from experimental data and
model nonlinear relationships with strong predictive ac-
curacy [16—18]. Recent studies point to the increasing
use of machine learning and statistical optimization tech-
niques for sustainable wastewater treatment using various
bio-based adsorbents and coagulants derived from agricul-
tural residues [6,8,12,14-24], demonstrating that ANN
and RSM can jointly optimize bio-based materials, im-
prove pollutant removal efficiency, and reduce both treat-
ment costs and environmental impact. Meftah et al. [23],
for example, applied ANN and RSM to optimize dye re-
moval using activated carbon derived from plant biomass,
achieving strong prediction accuracy and process effi-
ciency, while Meftah et al. [12], Zahmatkesh et al. [20],

and Ding et al. [22] have each underscored the growing
importance of machine learning in driving optimization,
advancing sustainable wastewater treatment technologies,
and facilitating the scale-up of bio-based materials.

Despite these advances, the comparative performance
of RSM and ANN models for predicting TDS removal us-
ing locally sourced avocado pear and Moringa oleifera
seed bio-coagulants remains largely unexplored, particu-
larly for paint wastewater treatment. This work is moti-
vated by the goal of recovering resources from waste and
developing sustainable, low-cost, data-driven treatment
technologies capable of improving industrial wastewater
management. Accordingly, the study is limited to evaluat-
ing the performance of avocado pear and Moringa oleifera
seed bio-coagulants for TDS removal from paint wastew-
ater, assessing the effects of dosage, pH, and settling time
on treatment efficiency, and comparing the predictive ca-
pabilities of RSM and ANN models. In doing so, it con-
tributes to the growing body of knowledge on sustainable
wastewater treatment by offering both process optimiza-
tion insights and comparative modeling evidence for these
bio-coagulants.

2. Materials and Methods

2.1. Equipment, Reagents, and
Bio-Coagulant Preparation

The research was conducted using standard laboratory
equipment, including a magnetic stirrer, an electronic bal-
ance, a graduated cylinder, beakers, a mortar and pes-
tle, a pH meter, an oven, Whatman No. 1 filter paper,
and a stopwatch. Avocado pear seeds (PS) and Moringa
oleifera seeds (MOS) served as the bio-coagulants, along-
side paint wastewater (PWW) and distilled water, while
the reagents used included sodium hydroxide, hydrochlo-
ric acid, ethylenediaminetetraacetic acid (EDTA), and
buffer solutions. PS and MOS were prepared separately
following the methods described in [4,25]—washing, sun-
drying, and grinding to a fine powder—after which the
active ingredients were extracted by suspending 5 g of
each powdered bio-coagulant in 100 mL of distilled wa-
ter, stirring the mixture for 15 min at room temperature,
and filtering it through Whatman No. 1 filter paper. Fresh
bio-coagulant solutions were prepared before each exper-
iment to ensure consistent results.

2.2. Paint Wastewater Sampling

Wastewater from paint production was collected, with per-
mission from Legacy Paints Limited, at the final effluent
disposal point of the company’s facility in Emene Indus-
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trial Layout, Enugu State, Nigeria, during peak production
in February 2024. Samples were collected in pre-washed,
acid-rinsed polyethylene containers to prevent contamina-
tion and preserve their physicochemical properties, stored
at 4 °C, and analyzed within 24 h according to the pro-
cedure described in [4]. Initial TDS concentration was
measured prior to treatment.

2.3. Coagulation-Flocculation (Jar Test)
Experiments

TDS removal was evaluated using a six-paddle jar test
setup as described by [4]. Paint wastewater samples were
rapidly mixed at 100 rpm for 5 min to ensure adequate
coagulant dispersion, then mixed slowly at 40 rpm for 25
min to promote floc formation, and then allowed to set-
tle for 55 min. The filtered clear supernatant was then
tested for TDS, and removal efficiency was estimated us-
ing Equation (1) [4]:

Co — C;

TDS removal(%) = c
0

x 100 1)

where Cy is the initial TDS concentration of the
paint wastewater sample and C} is the final TDS concen-
tration after coagulation-flocculation treatment.

2.4. Bio-Coagulant and Wastewater
Characterization

The functional groups in PS and MOS associated with
coagulation were identified using Fourier Transform In-
frared (FTIR) spectroscopy. TDS, the primary focus of
this study, was measured gravimetrically in accordance
with standard methods [26], while other wastewater char-
acteristics were noted but not analyzed further in this
work.

2.5. Experimental Design and
Optimization Using RSM

A Central Composite Design (CCD) within the Response
Surface Methodology (RSM) framework was used to opti-
mize TDS removal across three coded factors: dosage (A),
pH (B), and settling time (C). A face-centered CCD (x =
1) was chosen to avoid extreme axial points [27]. Exper-
imental design, regression analysis, analysis of variance
(ANOVA), response surface generation, determination of
optimum TDS removal values for both bio-coagulants,

and numerical optimization were all performed using Design-

Expert software (Version 9.0.1). The resulting design was
a three-factor, three-level face-centered central composite

design comprising 20 experimental runs (Table 1), each
conducted as described in Section 2.3.

2.6. Artificial Neural Network (ANN)
Modeling

Artificial Neural Network (ANN) modeling was performed
to predict TDS removal efficiency using the MATLAB
Neural Network Fitting Tool (nftool, MathWorks Inc.,
USA), using dosage, pH, and settling time as inputs and
TDS removal efficiency as the output. The dataset was
randomly split into training (70%), validation (20%), and
testing (10%) subsets: the training data established the re-
lationship between process variables and TDS removal ef-
ficiency, the validation data assessed model performance
during training and guarded against overfitting, and the
testing data evaluated the predictive capability of the re-
sulting network. A feed-forward backpropagation neu-
ral network comprising an input layer, one hidden layer,
and an output layer was developed, with the Levenberg-
Marquardt algorithm adopted as the training function for
its suitability to nonlinear prediction problems [18,19].
The output layer used a linear transfer function (purelin),
while the hidden layer used a tangent sigmoid (tansig)
function; the number of hidden neurons was optimized by
trial and error to minimize the mean square error (MSE),
and the architecture yielding the lowest prediction error
was ultimately selected. Predictive performance was then
evaluated through regression analysis and the coefficient
of determination (R?), root mean square error (RMSE),
and standard error of prediction (SEP) [18-20].

2.7. Comparative Analysis of RSM and
ANN

The predictive performance of the RSM and ANN models
was compared using Equations (2)—(4) [19,20]:
Root Mean Square Error (RMSE):

1
RMSE = EZ" Vored = Yo 2 )2 (@)
n im1 pred exp
Coefficient of Determination (R?):
n 2
R2 =1— Zl (}/e:ltp,i — Ypred,i) (3)
n 2
Zl (}/;mp,i - Yvezp,ave)
Standard Error of Prediction (SEP):
MSE
spp=TM5E g )
Y;a.rp,ave
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where Y4 is the predicted TDS removal, Yey, is
the experimental TDS removal, Yeyp ave is the average ex-
perimental TDS removal, and n is the number of data

points; Ypred, Yexp, aNd Yexp ave are all expressed as per-
centages.

Table I: Central composite design matrix for TDS removal experiments.

Run A: Dosage (g) B: pH C: Time (min)
1 4 4 40
2 5 6 30
3 5 2 50
4 3 6 30
5 4 4 30
6 4 4 50
7 4 4 40
8 4 4 40
9 5 2 30
10 4 4 40
11 4 4 40
12 3 4 40
13 3 2 30
14 3 6 50
15 5 6 50
16 4 4 40
17 3 2 50
18 4 2 40
19 4 6 40
20 5 4 40

3. Results and Discussion

3.1. Characterization of Bio-Coagulants
and Paint Wastewater Sample

The characterization results for the bio-coagulants—
functional groups and proximate analysis—along with the
wastewater sample before and after treatment are pre-
sented in Tables 2—4. Table 2 summarizes the func-
tional groups identified in PS and MOS bio-coagulants by
FTIR analysis, with their proposed roles in coagulation-
flocculation interpreted according to established mecha-
nisms reported in the literature [4,7]. This analysis re-
vealed key functional groups—amines (N-H), carbonyls
(C=0), alcohols (C-0), and alkyl/alkane groups (C-H)—
that are associated with proteins and polysaccharides and
that may promote coagulation primarily through charge
neutralization and particle bridging, thereby supporting

floc formation and improving TDS removal [3,4]. To-
gether, these results point to both PS and MOS as suit-
able, environmentally friendly, and sustainable options for
treating industrial wastewater.

The proximate analysis results in Table 3 highlight
the components that most influence bio-coagulant perfor-
mance. Moringa oleifera seed (MOS) had a higher yield
(30.52%) and a markedly higher protein content (37.5%)
than avocado pear seed (PS), which had a yield of 25.63%
and a protein content of 18.5%, whereas PS had a higher
carbohydrate content (53.08% versus 44.63% for MOS).
The high protein content of MOS enhances charge neu-
tralization and thus strengthens floc formation, while the
higher carbohydrate content of PS improves particle bridg-
ing and provides structural support during floc aggrega-
tion [4,7]—explaining why the two bio-coagulants differ
in TDS removal efficiency.
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Table 4 shows that the untreated paint wastewa-
ter sample had an initial TDS concentration of 2524.43
mg/L. Post-treatment TDS values dropped considerably
with both bio-coagulants, falling to 165.54 mg/L with PS
and 100.13 mg/L with MOS, corresponding to removal
efficiencies of approximately 93.44% and 96.03%, respec-
tively. This confirms that both bio-coagulants effectively
promoted flocculation and sedimentation, improving over-
all water quality; the superior performance of MOS, in par-
ticular, can be linked to its higher protein content and fa-
vorable functional groups, which enhance charge neutral-
ization and floc formation and thereby improve dissolved
solids removal [4].

3.2. RSM and ANN Results of TDS
Removal Using Avocado Pear and
Moringa oleifera Seed Bio-Coagulants

Table 5 present the combined RSM and ANN results for
TDS removal using avocado pear and Moringa oleifera
seed bio-coagulants. Both materials performed effectively
across the design space, with removal efficiencies ranging
from 57-93% for avocado pear seed (PS) and 61-97% for
Moringa oleifera seed (MOS); in both cases, the highest
and most consistent removal efficiencies occurred at the
center-point conditions of 4 mg/L dose, pH 4-, and 40-min
settling time, pointing to a consistent and effective coagu-

lation range. Predicted values for PS agreed well with the
experimental results, with only minor discrepancies at the
extreme factorial points—an unsurprising outcome, since
particle destabilization and floc formation can vary consid-
erably under very high or low pH and dosage levels [19].
ANN predictions for MOS, by contrast, tracked the exper-
imental data even more closely, underscoring the stronger
predictive capability of the machine learning approach.
Overall, these results indicate that both bio-coagulants are
promising for TDS removal, with optimum performance
concentrated at the middle values of the experimental pa-
rameters.

3.3. Model Fit Summary for TDS
Removal

The model fit summary in Table 6 shows that the quadratic
model provided the best fit for TDS removal efficiency
with both coagulants: PS yielded an adjusted R? of 0.9874
and a predicted R? of 0.9416, while MOS vyielded corre-
spondingly high values of 0.9837 and 0.9194, indicating
strong agreement between predicted and experimental re-
sponses. By comparison, the linear and two-factor inter-
action (2FI) models performed poorly, reflected in their
low or negative predicted R? values, while the cubic mod-
els were aliased and could not be estimated or interpreted
reliably [19].

Table 2: Characterization results of avocado Pear Seed (PS) and Moringa oleifera Seed (MOS) in terms of functional groups.

Bio-Coagulant Functional Group

Class of Compound

Reported Role in
Coagulation—Flocculation

PS N-H stretch bend Amines Charge neutralization, floc formation

PS C=0 stretch Aldehydes Interaction with suspended particles

PS C-O stretch Alcohols Bridging between particles

PS C-H stretch bend Alkanes Alkyls Structural support in flocs

PS C-F stretch Alkyl halides Surface activity, particle aggregation
MOS N-H stretch bend Amines Charge neutralization, floc formation
MOS C=0 stretch Esters Interaction with suspended particles
MOS C-O stretch Alcohols Ethers Bridging between particles
MOS C-H stretch bend Alkanes Alkyls Aromatics Structural support in flocs
MOS C-F stretch Alkyl halides Surface activity, particle aggregation

Table 3: Characterization results of PS and MOS in terms of proximate analysis.

Parameters PS MOS
Yield 25.63 30.52
Protein content (%) 18.5 37.5
Carbohydrate (%) 53.08 44.63
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Table 4: Characterization results of paint wastewater pre- and post-treatment.

PWW
Parameter
Pre-Treatment Post-Treatment with PS Post-Treatment with MOS
Total solids (mg/L) 2599.67 171.87 106.46
Total suspended solids (mg/L) 75.24 6.33 6.33
Total dissolved solids (mg/L) 2524.43 165.54 100.13

Table 5: (a) Experimental and predicted TDS removal using avocado Pear Seed (PS) Bio-coagulant. (b) Experimental and predicted
TDS removal using Moringa oleifera Seed (MOS) Bio-coagulant.

(@)

Run Dosage (g) pH Time (min) TDESX]P;eel;Lnglt z(l.l, %) RSM Prediction (%) ANN Prediction (%)
1 4 4 40 93.16 93.53 93.28
2 5 6 30 68.64 68.16 68.76
3 5 2 50 81.58 82.14 81.7
4 3 6 30 57.41 57.12 57.53
5 4 4 30 82.07 82.65 82.19
6 4 4 50 92.01 90.33 92.13
7 4 4 40 93.16 93.53 93.28
8 4 4 40 93.16 93.53 93.28
9 5 2 30 73.58 74.49 73.7
10 4 4 40 93.16 93.53 93.28
11 4 4 40 93.16 93.53 93.28
12 3 4 40 81.71 82.59 81.83
13 3 2 30 74.4 73.68 74.52
14 3 6 50 65.46 64.83 65.58
15 5 6 50 78.87 79.87 78.99
16 4 4 40 93.16 93.53 93.28
17 3 2 50 76.57 77.33 76.69
18 4 2 40 92.44 90.93 92.56
19 4 6 40 81.11 81.51 81.23
20 5 4 40 92.5 90.51 92.62

(b)

Run Dosage () pH  Time (min) TD%"%iﬁ;‘ve:lt?f%) RSM Prediction (%) ANN Prediction (%)
1 4 4 40 96.75 97.25 96.75
2 5 6 30 72.29 71.29 72.29
3 5 2 50 85.23 85.68 85.23
4 3 6 30 61.04 60.97 61.04
5 4 4 30 85.72 86.26 85.72
6 4 4 50 95.68 93.65 95.68
7 4 4 40 96.75 97.25 96.75
8 4 4 40 96.75 97.25 96.75
9 5 2 30 77.22 78.32 77.22
10 4 4 40 96.75 97.25 96.75
11 4 4 40 96.75 97.25 96.75
12 3 4 40 85.36 85.35 85.36
13 3 2 30 75.54 74.98 75.54
14 3 6 50 69.11 68.39 69.11
15 5 6 50 82.52 83.46 82.52
16 4 4 40 96.75 97.25 96.75
17 3 2 50 76.22 77.59 76.22
18 4 2 40 96.09 93.74 96.09
19 4 6 40 84.76 85.62 84.76
20 5 4 40 96.03 94.55 96.03
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Table 6: Model fit summary for TDS removal using avocado Pear Seed (PS) and Moringa oleifera Seed (MOS).

Cofgl::lan ¢ Model Type S;(_l;l,:;l::al L:fi(,;flslt Ad]l:zs ted Pre;i{lzc ted Recommendation
PS Linear 0.2283 0.0868 —0.4213
PS 2FI 0.9105 —0.0800 —4.8177
PS Quadratic <0.0001 0.9874 0.9416 Suggested
PS Cubic 0.0221 0.9961 —0.5144 Aliased
MOS Linear 0.2619 0.0682 —0.4491
MOS 2FI 0.9514 —0.1178 —5.0586
MOS Quadratic <0.0001 0.9837 0.9194 Suggested
MOS Cubic 0.0513 0.9932 —1.6385 Aliased

3.4. Analysis of Variance for TDS
Removal

The analysis of variance (ANOVA) results, presented in
Table 7, further confirm the suitability of the quadratic
model for both bio-coagulants. In both tables, the lin-
ear (A, B, C), interactive (AB, AC, BC), and quadratic
(A2, B?, C?) terms were all statistically significant (p <
0.05) [19], showing that TDS removal depends on both in-
dividual factors and their interactions. The relatively high
F-values for dosage, pH, and settling time in both models
likewise confirm that these process factors significantly
shape the coagulation-flocculation process. The predicted

R? values of 0.9416 and 0.9194 for PS and MOS, respec-
tively, align reasonably well with their adjusted R? values
of 0.9874 and 0.9837, with differences under 0.1 in each
case, while Adequate Precision ratios 0f41.9060 (PS) and
35.9382 (MOS)—both well above the desirable threshold
of 4—indicate adequate signal-to-noise ratios for navigat-
ing the design space [19,27]. Taken together, the Model
Fit Summary (Section 3.3) and these ANOVA results con-
firm that the quadratic RSM model fits the data well and
captures both the nonlinear and interaction effects govern-
ing TDS removal, providing a reliable basis for numerical
optimization, response surface generation, and compari-
son against the ANN models.

Table 7: (a) ANOVA for TDS removal using avocado Pear Seed (PS). (b) ANOVA for TDS removal using Moringa oleifera Seed

(MOS).
(@)
Source Sum of Df Mean Square F-Value p-Value
Squares
Model 2262.37 9 251.37 166.54 <0.0001 Significant
A-Dosage 156.97 1 156.97 104.00 <0.0001
B-pH 221.65 1 221.65 146.85 <0.0001
C-Time 147.38 1 147.38 97.64 <0.0001
AB 52.28 1 52.28 34.63 0.0002
AC 8.02 1 8.02 5.31 0.0439
BC 8.22 1 8.22 5.45 0.0418
A? 133.88 1 133.88 88.70 <0.0001
B’ 146.84 1 146.84 97.29 <0.0001
C? 136.38 1 136.38 90.36 <0.0001
Residual 15.09 10 1.51
Lack of Fit 15.09 5 3.02
Pure Error 0.0000 5 0.0000
Cor Total 2277.46 19
Std. Dev. 1.23 R? 0.9934
Mean 82.87 Adjusted R? 0.9874
CV.% 1.48 Predicted R* 0.9416
Adeq Precision 41.9060
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Table 7: Cont.
(b)
Sum of
Source Df Mean Square F-Value p-Value
Squares
Model 2361.67 9 262.41 128.73 <0.0001 Significant
A-Dosage 211.78 1 211.78 103.90 <0.0001
B-pH 164.67 1 164.67 80.79 <0.0001
C-Time 136.53 1 136.53 66.98 <0.0001
AB 24.40 1 24.40 11.97 0.0061
AC 11.26 1 11.26 5.52 0.0406
BC 11.54 1 11.54 5.66 0.0386
A? 146.55 1 146.55 71.89 <0.0001
B? 157.59 1 157.59 77.31 <0.0001
C? 146.35 1 146.35 71.80 <0.0001
Residual 20.38 10 2.04
Lack of Fit 20.38 5 4.08
Pure Error 0.0000 5 0.0000
Cor Total 2382.05 19
Std. Dev. 1.43 R? 0.9914
Mean 86.17 Adjusted R? 0.9837
C.V. % 1.66 Predicted R? 0.9194
Adeq Precision 35.9382

3.5. Mathematical Model Equations for
TDS Removal Using Avocado Pear Seed
(PS) and Moringa oleifera Seed (MOS)

Building on the significant model terms identified through
the quadratic ANOVA analysis (Section 3.4), mathemati-
cal models were developed relating dosage (A), pH (B),
and settling time (C) to the TDS removal efficiencies of
PS (TDSps) and MOS (TDSpos). Equations (5) and (6)
present the fitted second-order polynomials—including
linear, interaction, and quadratic terms—generated from
the CCD experimental design, serving as predictive tools
for estimating TDS removal within the studied factor
ranges; both final empirical models are expressed here in
terms of coded factors.

TDSps = 93.53 + 3.96A — 4.71B + 3.84C + 2.56AB 5)
+1.00AC + 1.01BC — 6.98A2 — 7.31B2 — 7.04C?
TDSmos = 97.25 + 4.60A — 4.06B + 3.69C + 1.75AB 6)
+1.19AC + 1.20BC — 7.30A2 — 7.57B2 — 7.29C?

3.6. Graphical Analysis of TDS Removal
Using Avocado Pear Seed and Moringa
oleifera Seed

3.6.1. Predicted vs. Experimental Plots

Figure 1 present the predicted versus experimental TDS
removal values for PS and MOS, respectively. In both
cases, the data points cluster closely around the 45° line

representing perfect agreement between predicted and ex-
perimental values, indicating a close fit between the RSM
predictions and observed responses, with the resulting lin-
ear plots clustering closely along the lines of best fit—
evidence that the generated models can adequately predict
the TDS removal efficiency of both PS and MOS [27].

3.6.2. 3D Response Surface Plots for TDS
Removal

A 3D response surface was generated to estimate how
combinations of the independent variables affect TDS re-
moval efficiency for both coagulants; the resulting plots
appear in Figure 2. For both coagulants, increasing dosage
improved TDS removal, whereas pH and settling time
each showed nonlinear effects. Figure 2a,d show that pH
has a more prominent effect at moderate to high dosage
levels, pointing to a specific pH range where TDS removal
is most effective, while Figure 2b,e show that longer set-
tling times improved removal efficiency, particularly in
combination with higher dosages. Overall, the response
surfaces exhibit distinct maxima rather than flat trends,
confirming that specific combinations of these variables
yield optimal TDS removal.

3.6.3. Artificial Neural Network Regression Plots

Figure 3 present the artificial neural network (ANN) re-
gression plots for TDS removal from paint wastewater,
based on data divided into training (70%), validation
(20%), and testing (10%) subsets. In both figures, the
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training regression plots show near-perfect correlation (R
= 1) between predicted outputs and experimental targets,
the validation regressions show high correlation coeffi-
cients (R =~ 0.969 in Figure 3a and R ~ 0.9698 in Fig-
ure 3b) with data points closely distributed around the best-
fit line, again reach R=1, although the test subset contains

only two observations and does not conclusively demon-
strate model generalization. Combined with the very low
RMSE and SEP values reported in Section 3.7, these re-
sults further confirm the ANN model’s superior predic-
tive performance over RSM in capturing nonlinear inter-
actions [19].
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Predicted vs. Actual
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Prediicted

Figure |: Predicted vs. experimental TDS removal: (a) Using avocado Pear Seed (PS) and (b) using Moringa oleifera Seed (MOS)

Bio-Coagulants.

3.7. Predictive Performance Metrics (R?,
RMSE, SEP) of RSM and ANN for
Avocado Pear Seed and Moringa oleifera
Seed

Table 8 summarizes the predictive performance of the
RSM and ANN models for TDS removal using PS and
MOS bio-coagulants. The reported root mean square er-
ror (RMSE), standard error of prediction (SEP), and co-
efficient of determination (R?) are a quantitative basis for
evaluating the accuracy of each modeling approach.

3.8. Comparative RSM and ANN
Modeling

The predictive performance of the RSM and ANN mod-
els, developed using Design-Expert and MATLAB respec-
tively, was compared using RMSE, SEP, and the coeffi-
cient of determination (R?). R? reflects the percentage
of variation in TDS removal efficiency explained by the

model, with values close to unity indicating strong agree-
ment between experimental and predicted results [18,19,
27]; RMSE and SEP were also examined, however, Since
R? alone does not fully capture model accuracy, and
lower values of both indicate reduced prediction error and
greater model reliability [18,21]. For PS, the ANN model
achieved an R? of 0.9998 against 0.990407 for RSM,
while RMSE and SEP fell from 0.86902 and 1.048711
to 0.12 and 0.144813, respectively. For MOS, the ANN
R? similarly approached unity (1.0000), with RMSE and
SEP dropping sharply from 1.009331 and 1.171387 un-
der RSM to 5.3 x 1073 and 6.15 x 10>, This improved
accuracy suggests within the present dataset that the
ANN model captured the nonlinear relationships among
dosage, pH, settling time, and TDS removal efficiency
more closely than the quadratic RSM model, suggesting
that the coagulation-flocculation process involves com-
plex nonlinear relationships not fully represented by the
second-order polynomial structure of the RSM model [16].
Nevertheless, the exceptionally high R?> and extremely
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low prediction errors obtained for MOS warrant caution,
since the relatively small experimental dataset available
for model development may have contributed to this un-
usually strong predictive performance. While these re-
sults demonstrate ANN’s strong predictive capability for

this system, future studies should therefore employ larger
datasets and cross-validation approaches to further assess

model generalization and robustness across broader oper-
ating conditions.
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Figure 2: Response surface plots showing the interactive effects of dosage, pH, and treatment time on TDS removal: (a) dosage—pH
interaction at fixed treatment time; (b) dosage—treatment time interaction at fixed pH; (c) pH-treatment time interaction at fixed
dosage, for avocado pear seed (PS) bio-coagulant; and (d) dosage—pH interaction at fixed treatment time; (e) dosage—treatment time
interaction at fixed pH; (f) pH—treatment time interaction at fixed dosage, for Moringa oleifera seed (MOS) bio-coagulant.

Table 8: Predictive performance metrics (R?2, RMSE, SEP) of RSM and ANN for avocado Pear Seed (PS) and Moringa oleifera Seed
(MOS).

Bio-Coagulant Model RMSE SEP R’
PS RSM 0.86902 1.048711 0.990407
PS ANN 0.12 0.144813 0.9998
MOS RSM 1.009331 1.171387 0.987555
MOS ANN 53 %1073 6.15 x 107 1.0000
Sustainable Processes Connect Nnamani et al.
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3.9. Optimum Parameters for TDS
Removal from Paint Wastewater Using
Avocado Pear and Moringa oleifera Seed
Bio--Coagulants

Table 9 presents the optimum operating conditions iden-
tified through numerical optimization, together with their
corresponding desirability values. For PS, the optimiza-
tion predicted a maximum TDS removal of 93.53% at a
dosage of 4.00 mg/L, pH 6.00, and a settling time of 40
min, with a desirability of 0.99. Although the highest
experimental removal efficiency occurred at the center-
point condition of pH 4, dosage 4 mg/L, and settling
time 40 min, the RSM optimization identified pH 6 as
the mathematical optimum; the small gap between the
experimental maximum (93.16%) and the optimized pre-

diction (93.53%) suggests that PS removal efficiency re-
mained relatively stable across the pH range studied, with
several operating conditions capable of achieving simi-
larly high removal [18,19]. For MOS, the optimal con-
ditions were estimated at a dosage of 4.28 g, pH 3.71,
and a settling time of 37.97 min, yielding an RSM opti-
mized predicted TDS removal efficiency of 97.24% and
a desirability of 1.00. These optimal MOS conditions
sat close to the center of the design space but shifted
slightly toward acidic pH and shorter settling time, imply-
ing that MOS can achieve strong treatment performance
under mildly acidic conditions without requiring extended
settling periods. The high desirability values obtained
for both bio-coagulants confirm that the optimized solu-
tions effectively meet the objective of maximizing TDS
removal [18,19].
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Figure 3: ANN regression of TDS removal from paint wastewater: (a) Using avocado Pear Seed (PS) and (b) using Moringa oleifera

Seed (MOS) Bio-Coagulants.

Table 9: Optimized conditions for TDS removal from paint wastewater using Avocado Pear Seed (PS) and Moringa oleifera Seed

(MOS) Bio-Coagulants.

Optimum Optimum

Optimum Time Optimum TDS

Bio-Coagulant Dosage (g/) pH (min) (%) Desirability
PS 4.00 6.00 40.00 93.53 0.99
MOS 4.28 3.71 37.97 97.24 1.00
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3.10. Validation of Optimal Parameter
Results

Validation studies were conducted using the identified
optimum process parameters for both PS and MOS bio-
coagulants to confirm the reliability of the developed mod-
els and the predicted optimum operating conditions. Ex-
periments were run in triplicate under these optimal con-
ditions, and the resulting mean values were compared
against the model predictions. As shown in Table 10,
the average independent experimental validation TDS re-
moval efficiencies were 92.87 £ 0.65% for PS and 96.49

=+ 0.39% for MOS, closely matching the RSM predicted
removals of 93.35% and 97.24%, respectively, with per-
centage deviations of only 0.71% and 0.78%—confirming
that the models predict treatment performance effectively.
The low standard deviations further indicate good repeata-
bility of the coagulation-flocculation process under opti-
mal conditions, and the combination of low experimen-
tal variability with sub-1% prediction deviations indicates
close agreement between the validation results and predic-
tions of the optimized parameters for TDS removal from
paint wastewater, consistent with validation criteria ap-
plied in similar optimization studies [18,19,27].

Table 10: Experimental validation of optimized conditions for TDS removal from paint wastewater using avocado Pear Seed (PS)

and Moringa oleifera Seed (MOS) Bio-Coagulants.

Experimental = 4. ted Percenta
Bio- Optimum Optimum Optimum TDS Removal eerete ¢ c.e . 8¢
Coagulant Dosage (g) pH Time (min) (%)(Mean + TDS Deviation
SD) Removal (%) (%)
PS 4.00 4.00 40.00 92.87 £ 0.65 93.53 0.71
MOS 4.28 3.71 37.97 96.49 + 0.39 97.24 0.78

3.11. Practical Implications,
Techno-Economic Considerations,
Sustainability and Future Scale-Up
Perspectives

Avocado pear and Moringa oleifera seeds are abun-
dant agricultural materials in many tropical countries, of-
ten discarded as underutilized biomass waste. Using
these bio-coagulants could therefore reduce dependence
on commercially produced chemical coagulants, lower-
ing treatment costs while adding value to agricultural
waste streams. Although a full techno-economic anal-
ysis fell outside the scope of this study, the use of lo-
cally available biomass suggests strong economic poten-
tial for decentralized, small-scale wastewater treatment
systems, consistent with similar studies highlighting the
economic attractiveness of plant-derived treatment mate-
rials owing to their low acquisition costs, renewability,
and reduced environmental burden relative to synthetic
treatment chemicals [11-13]. Beyond its economic rel-
evance, this study directly supports several United Na-
tions Sustainable Development Goals (SDGs): effective
paint wastewater treatment contributes to SDG 6 (Clean
Water and Sanitation) by improving water quality man-
agement [11,12]; the use of plant-based waste materials
as bio-coagulants aligns with SDG 12 (Responsible Con-
sumption and Production) through resource recovery and
waste valorization [28]; replacing conventional chemical

coagulants with biodegradable alternatives supports SDG
13 (Climate Action) by reducing the environmental im-
pact of chemical production and disposal [16]; and data-
driven optimization methods such as RSM and ANN ad-
vance SDG 9 (Industry, Innovation and Infrastructure) by
encouraging new, sustainable wastewater treatment solu-
tions [9,12]. This data-driven modeling approach could
offer a broader framework for process design, operational
control, and performance prediction, supporting future
scale-up efforts—though pilot-scale studies will still be
needed to evaluate process stability under continuous flow
and varying wastewater compositions. Several limitations
nonetheless remain: this study did not examine the poten-
tial for bio-coagulant regeneration or reuse after treatment,
nor the properties or management of the resulting sludge.
Future work should therefore evaluate coagulant reuse cy-
cles, treatment efficiency after repeated use, sludge for-
mation rates, and the potential for sludge valorization as a
soil amendment or other beneficial application.

4. Conclusions

In this work, bio-coagulants made from avocado pear seed
(PS) and Moringa oleifera seed (MOS) were used effec-
tively as sustainable coagulants for TDS removal from
paint wastewater, achieving RSM predicted removal ef-
ficiencies of 93.53% for PS and 97.24% for MOS. This
strong performance was linked to the presence of proteins
and polysaccharides that support charge neutralization and
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floc formation. Response Surface Methodology was fur-
ther applied to identify the optimal dosage, settling time,
and pH, and the resulting optimal conditions were val-
idated with percentage deviations below 1%, indicating
that both the model predictions and the identified condi-
tions are reliable and practical. The comparative analysis
of the two modeling techniques showed that ANN con-
sistently produced more accurate predictions than RSM,
demonstrating the value of combining standard statistical
methods with machine learning in the design and optimiza-
tion of wastewater treatment processes that employ plant-
based coagulants.

5. Limitations and Future
Research

One limitation of this study is the relatively small dataset
used to develop the ANN model, a consequence of the ex-
perimental design matrix. Although the resulting ANN
models achieved high predictive accuracy, future studies
should draw on larger experimental datasets and more
advanced validation procedures—such as k-fold cross-
validation and external validation datasets—to further test
model robustness and generalizability. Doing so would
strengthen confidence in applying ANN models to large-
scale industrial wastewater treatment optimization.
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