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ABSTRACT  
The increasing environmental impacts of industrial effluents have intensified the search 

for alternative wastewater treatment technologies. In this study, a magnetized natural coagulant 

based on Moringa oleifera–CoFe₂O₄ composite was synthesized and evaluated for the treatment 

of dairy wastewater. A Box–Behnken experimental design comprising 27 runs was employed 

to investigate the effects of coagulant dosage (9–16 g), pH (4–12), settling time (15–30 min), 

and mixing rate (50–150 rpm) on chemical oxygen demand (COD) removal efficiency. 

Experimental results showed COD removal ranging from 70.13% to 89.45%. To model the 

nonlinear relationships between operational parameters and COD removal, a multilayer 

perceptron artificial neural network (ANN) was developed using 27 experimental observations, 

divided into training (77.8%) and testing (22.2%) datasets. The optimized ANN architecture 

(4–2–1 topology) demonstrated high predictive accuracy, achieving relative errors of 6.6% and 

6.3% for training and testing phases, respectively. The model exhibited excellent agreement 

between predicted and experimental values, with a coefficient of determination (R²) of 0.9946. 

Variable importance analysis revealed that pH was the dominant factor controlling coagulation 

performance, followed by settling time, while coagulant dosage and mixing rate showed 

comparatively lower influence. The results confirm that magnetized M. oleifera represents a 

promising eco-friendly alternative to conventional chemical coagulants and that ANN-based 

modeling provides a robust and reliable tool for process predictive and potential scale-up of 

natural coagulant-based wastewater treatment systems. 

Keywords: artificial neural network (ann), chemical oxygen demand (cod), dairy wastewater treatment, 

magnetized Moringa oleifera, multilayer perceptron, natural coagulant. 
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Predição orientada por dados da demanda química de oxigênio na 

coagulação de efluente lácteo utilizando um coagulante magnético 

derivado de Moringa oleifera 

RESUMO 
Os crescentes impactos ambientais dos efluentes industriais têm intensificado a busca por 

tecnologias alternativas de tratamento de águas residuais. Neste estudo, um coagulante natural 

magnetizado baseado em um compósito de Moringa oleifera–CoFe₂O₄ foi sintetizado e 

avaliado para o tratamento de efluente lácteo. Um delineamento experimental Box–Behnken, 

composto por 27 ensaios, foi empregado para investigar os efeitos da dosagem do coagulante 

(9–16 g), pH (4–12), tempo de sedimentação (15–30 min) e taxa de mistura (50–150 rpm) na 

eficiência de remoção da Demanda Química de Oxigênio (DQO). Os resultados experimentais 

mostraram remoção de DQO variando de 70,13% a 89.45%. Para modelar as relações não 

lineares entre os parâmetros operacionais e a remoção de DQO, foi desenvolvida uma rede 

neural artificial do tipo perceptron multicamadas (ANN), utilizando 27 observações 

experimentais, divididas em conjuntos de treinamento (77.8%) e teste (22.2%). A arquitetura 

otimizada da ANN (topologia 4–2–1) demonstrou alta precisão preditiva, alcançando erros 

relativos de 6.6% e 6.3% nas fases de treinamento e teste, respectivamente. O modelo 

apresentou excelente concordância entre os valores previstos e experimentais, com coeficiente 

de determinação (R²) de 0.9946. A análise de importância das variáveis revelou que o pH foi o 

fator dominante no controle do desempenho da coagulação, seguido pelo tempo de 

sedimentação, enquanto a dosagem do coagulante e a taxa de mistura exerceram influência 

comparativamente menor. Os resultados confirmam que a M. oleifera magnetizada representa 

uma alternativa ecológica promissora aos coagulantes químicos convencionais e que a 

modelagem baseada em ANN fornece uma ferramenta robusta e confiável para a processo 

preditivo e o potencial escalonamento de sistemas de tratamento de águas residuais baseados 

em coagulantes naturais. 

Palavras-chave: coagulante natural, demanda química de oxigênio (dqo), moringa oleifera 

magnetizada, perceptron multicamadas, rede neural artificial (ANN), tratamento de efluente lácteo. 

1. INTRODUCTION  

Due to the accelerated growth of industrial activities, together with the continuous 

discharge of untreated agro-industrial wastewater into natural water bodies, the contamination 

of aqueous effluents has become one of the major environmental challenges worldwide. Agro-

industrial wastewaters pose a significant threat to human health because of their adverse effects 

on both public health and aquatic ecosystems (Tetteh et al., 2021; Sahani et al., 2022). Among 

industrial sectors, the dairy industry has been identified as one of the major contributors to 

wastewater generation, as it produces large volumes of effluents containing high concentrations 

of organic matter, including carbohydrates, proteins, and lipids (Wang and Serventi, 2019). 

This type of pollution is commonly assessed using physicochemical parameters such as pH, 

temperature, color, and particularly chemical oxygen demand (COD), among others 

(Mosaddeghi et al., 2020; Ifeanyi et al., 2012; Zahrim et al., 2017). Szabo-Corbacho et al. 

(2021) reported that the processing of one liter of milk generates between 2.5 and 10 liters of 

wastewater. The treatment of dairy effluents is particularly challenging due to their high protein 

and fat content, which contribute to pH fluctuations and elevated levels of COD and 

biochemical oxygen demand (BOD). Among the primary treatment processes most commonly 

applied to reduce pollutant loads prior to discharge into natural water bodies are coagulation, 

flocculation, and sedimentation (Parihar et al., 2024). 
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In coagulation–flocculation processes, chemical coagulants such as aluminum- and iron-

based metal salts are traditionally used to achieve charge neutralization and promote the 

aggregation of dispersed particles into settleable flocs (Gautam and Saini, 2020; Nimesha et al., 

2022). However, these chemical treatments generate large volumes of sludge and may introduce 

residual soluble metal ions or synthetic polymers into the treated water. Such residues have 

been associated with potential environmental risks and adverse health effects, including 

possible links to carcinogenicity and toxicity toward aquatic organisms (Al-Mutairi, 2006). 

Although coagulation has traditionally been considered an effective technique for reducing 

contamination in various types of wastewater (Shak and Wu, 2015), its efficiency primarily 

depends on the physicochemical properties of the coagulant, which may either enhance or limit 

treatment performance (Sun et al., 2017; Verma and Kumar, 2016). 

In this context, natural coagulants offer several advantages over chemical alternatives, 

including low toxicity, reduced sludge production, cost-effectiveness, and environmental 

sustainability, making them particularly attractive for developing regions (Yin, 2010; Awang 

and Aziz, 2012). Moringa oleifera, commonly known as the drumstick tree, is widely 

distributed across India, Asia, and parts of Africa and the Americas. Different parts of the tree, 

including bark, roots, leaves, flowers, and seeds, have traditionally been used for medicinal 

purposes. Notably, its seeds contain water-soluble cationic proteins that function effectively as 

natural coagulants and flocculants in water and wastewater treatment applications (El-Taweel 

et al., 2023). Several studies have demonstrated the effectiveness of M. oleifera seed extracts 

in pollutant removal. For instance, Tanko et al. (2020) reported that M. oleifera seed extract 

efficiently removed heavy metals from tannery wastewater, highlighting its economic 

feasibility, operational simplicity, and environmental compatibility. Similarly, Ravikumar and 

Udayakumar (2020) evaluated a combined treatment process involving M. oleifera seed 

coagulation followed by bentonite clay adsorption for heavy metal removal from drinking 

water. Additionally, several operational parameters significantly influence coagulation 

efficiency, including coagulant dosage, pH, mixing intensity and duration, as well as settling 

time (Rui et al., 2012; Tang et al., 2020). 

As previously mentioned, M. oleifera has been widely used in coagulation–flocculation 

and sedimentation processes. However, it has been reported that the flocs produced by this 

natural coagulant are often light and difficult to settle, requiring up to 90 min for complete 

sedimentation (Cardoso et al., 2008). Therefore, there is growing scientific interest in 

developing coagulants capable of forming flocs that settle more rapidly. The development of 

coagulants associated with nanomaterials represents an innovative strategy to improve 

coagulation performance. These kinds of coagulants offer several advantages, including shorter 

coagulation/sedimentation times, reduced sludge production, and the possibility of 

nanomaterial reuse (Okoli et al., 2012). Furthermore, nanomaterials have been recognized as 

environmentally sustainable, efficient, and cost-effective alternatives for water treatment 

(Bottero et al., 2006; Theron et al., 2008). Among them, nano-structured iron oxides have 

attracted considerable attention because of their low cost, easy separation under an external 

magnetic field, and high adsorption capacity, particularly for metallic contaminants. These 

characteristics highlight the great potential of nano-structured iron oxides for wastewater 

decontamination (Silva et al., 2015). 

Modeling of such processes is a key factor for optimization and scale-up. Numerous 

mathematical models have been proposed to describe coagulation mechanisms; however, these 

approaches often involve complex formulations without necessarily achieving high predictive 

accuracy (Sadri Moghaddam et al., 2011; Khayet et al., 2011). Therefore, there is growing 

interest in developing rapid, reliable, and data-driven modeling approaches capable of capturing 

nonlinear relationships among process variables. Artificial neural networks (ANNs) represent 

a powerful tool for modeling complex water treatment systems (Lamrini et al., 2005). An ANN 
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is a computational model inspired by the functioning of the human brain and is widely applied 

in machine learning applications (Guo et al., 2021). Due to its data-driven nature, ANN is often 

referred to as a “black-box” model, as it does not require explicit knowledge of the underlying 

physical mechanisms (Al-Abri and Hilal, 2008). Among various ANN architectures, the 

feedforward backpropagation neural network—commonly known as the multilayer perceptron 

(MLP)—is the most frequently employed (Jawad et al., 2021). An MLP typically consists of 

an input layer, one or more hidden layers, and an output layer. The number of neurons in the 

input and output layers corresponds to the number of independent and dependent variables, 

respectively, whereas the hidden layer neurons are determined during model training. Each 

neuron processes weighted inputs, adds a bias (threshold), and applies an activation function to 

generate the output signal (Sharifi et al., 2021). In the present study, magnetized M. oleifera–

CoFe₂O₄ was employed as a coagulant for the treatment of dairy wastewater. The effects of 

operational parameters—namely coagulant dosage, mixing rate, and settling time—were 

modeled as a function of chemical oxygen demand (COD) removal. An ANN-based approach 

was implemented to model the experimental data, and the predictive performance of the model 

was evaluated using the coefficient of determination (R²). 

2. MATERIALS AND METHODS 

2.1. Wastewater sample  

Dairy wastewater was obtained from a privately operated dairy processing facility located 

close to Cartagena City, Colombia. Sampling was carried out during the early morning hours 

(06:00–07:00 h) using sterile polyethylene containers. The samples were immediately placed 

in a refrigerated icebox and transported to the laboratory for further analysis. To prevent 

microbial growth, the wastewater was sterilized by autoclaving at 121°C under 15 psi for 15 

min prior to experimental use. 

2.2. Preparation of the magnetic coagulant 

Moringa oleifera seeds were manually collected, and those exhibiting signs of insect 

damage were discarded. The selected seeds were air-dried under direct sunlight for 

approximately eight days. Once dried, the seeds were mechanically milled, and the resulting 

powder was passed through a 40-mesh sieve to ensure particle size uniformity. The synthesis 

of CoFe₂O₄ was performed following the methodology reported by Nguyen et al. (2024). 

Subsequently, M. oleifera seed powder (1.0 g) and CoFe₂O₄ (0.5 g) were dispersed in 125 mL 

of distilled water and subjected to thermal treatment at 50°C for 2 h under continuous stirring. 

After the reaction, the resulting precipitate was recovered by filtration and sequentially washed 

with ethanol and distilled water. The obtained solid was dried under ambient conditions to 

produce the final magnetic composite material. The magnetic properties of the synthesized 

composite were verified according to the procedure described by González Cuello et al. (2025). 

Structural characterization by X-ray diffraction (XRD) revealed characteristic diffraction peaks 

at 2θ values of 30.3°, 35.6°, 43.2°, 57.0°, and 62.5°, corresponding to the cubic spinel structure 

of CoFe₂O₄, thereby confirming the successful incorporation of the magnetic phase. 

2.3. Physicochemical analyses 

Physicochemical characterization of the effluent was performed in accordance with the 

Standard Methods for the Examination of Water and Wastewater (Table 1). The concentrations 

of fats and oils were determined using the Soxhlet extraction method, following the procedures 

established by APHA et al. (2012). Chemical oxygen demand (COD) was measured employing 

the dichromate titration method (APHA et al., 2012). COD removal efficiency was calculated 

based on the percentage reduction relative to the initial COD concentration. Total phosphorus 

content was determined after acid digestion using the ascorbic acid method and expressed as 
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mg P L⁻¹. The pH of the samples was measured potentiometrically using a digital benchtop 

pH/conductivity meter (PC 510). All analyses were conducted in triplicate, and the results are 

reported as mean values ± standard deviation (SD). 

Table 1. Initial characteristics of 

dairy wastewater. 

Parameters Ic Unit 

COD 46734±53.31 mg/L 

Fat 9693 ±18.05 mg/L 

Phosphate 1.12 ±0.25 mg/L 

2.4. Jar test for coagulation experiments  

Jar test experiments for wastewater treatment using the magnetic M. oleifera–CoFe₂O₄ 

composite were carried out employing a standard jar test apparatus. In each experimental run, 

500 mL of wastewater was transferred into individual beakers and dosed with the predetermined 

amount of magnetized M. oleifera, as defined by the experimental design matrix (Table 2). 

Supernatant samples were carefully withdrawn from the clarified zone at approximately 2 cm 

below the liquid surface using a pipette for further analysis. 

2.5. Design of Experiment 

The design of the experiment was based on the Box-Behnken design (BBD) using the 

Minitab software (version: 17.0). Levels of the input variables defined in Table 2. The 

percentage of COD removal efficiency (%) was analyzed to assess the impact of the interactions 

of the factors on the overall performance of the system. 

Table 2. Box-Behnken design matrix. 

Variable Factor code 
Range and levels of factors 

-1 1 

M. oleifera–CoFe2O4 X1 9 16 

pH X2 4 12 

Settling time X3 15 30 

Mixing rate X4 50 150 

2.6. Artificial neural network (ANN)  

ANNs are typically organized in layers, consisting of an input layer, one or more hidden 

layers, and an output layer. Each neuron in the hidden layer receives a weighted sum of the 

outputs from the previous layer, and these weights are iteratively adjusted during training to 

minimize the error between predicted and target outputs. The number of neurons in the hidden 

layer is optimized based on the complexity of the problem. Once computed, the output is 

processed through an activation function to generate the network’s final prediction. The typical 

workflow of an ANN includes the following: data collection, identification of input and output 

parameters, training the network, testing its performance, and using the trained model for 

prediction. In this study, an ANN model was developed to predict COD removal efficiency as 

a function of operational coagulation–flocculation parameters. The experimental dataset 

consisted of 27 observations obtained from a structured experimental design including 

coagulant dosage, pH, mixing rate, and settling time as continuous input variables, while COD 

removal (%) was defined as the output variable. A schematic diagram of ANN architecture 

representing the inputs and outputs of the model is shown in Figure 1. To determine the 

performance of the ANN model, the coefficient of determination (R2) was used. R2 represents 

the degree of correlation between the measured and predicted values and can be computed as 
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Equation 1: 

𝑅2 = 1 −
∑ (𝑑𝑖−𝑦𝑖)

2𝑁
𝑖=𝑙

∑ (𝑦𝑖−𝑦)
2𝑁

𝑖=𝑙

               (1) 

Where N is the number of input samples; yi and di are the observed (actual) value and the 

desired value obtained from the ANN model correspondent with the ith input, respectively; and 

ȳ and d are their averages, respectively. 

 
Figure 1. Schematic view of a feedforward neural network with an input 

layer, a hidden layer and an output layer. 

3. RESULTS AND DISCUSSION. 

3.1. Experimental data on chemical oxygen demand (COD) reduction  

The evaluation of COD in wastewater treatment processes is of critical importance, as it 

quantifies the amount of oxidizable chemical substances and organic matter present in water 

that require oxygen for decomposition through chemical and biological pathways. Therefore, 

COD reduction constitutes a primary objective in wastewater treatment and water purification 

systems, since elevated COD levels could indicate the presence of contaminants that may cause 

risks to both environmental integrity and public health. Table 3 summarizes the experimental 

results for COD removal during the treatment of dairy wastewater, with removal efficiencies 

ranging from 70.13% to 89.45%. The highest COD removal (89.45%) was achieved under the 

following operational conditions: a coagulant dosage of 12.5 g/L, pH 8.0, a settling time of 15 

minutes, and a mixing rate of 150 rpm. Under such conditions, a relatively higher mixing rate 

facilitates effective particle collision and aggregation, while a shorter settling time may be 

sufficient to promote floc sedimentation. The COD removal efficiencies reported herein are 

slightly lower than those documented by David et al. (2016). However, it is important to 

highlight that those authors employed M. oleifera seed extract in combination with conventional 

chemical coagulants such as aluminum sulfate and ferric sulfate for the treatment of distillery 

effluents. The use of metal-based salts (aluminum and iron) is known to enhance coagulation 

performance but also results in the generation of large volumes of complex sludge, which 

entails high handling and disposal costs and is frequently landfilled without adequate treatment 

(Prosper et al., 2021). Furthermore, Taiwo et al. (2020) reported a 78.6% reduction in COD in 

water from the Opa Reservoir at Obafemi Awolowo University (Ile-Ife) using purified M. 

oleifera coagulant protein obtained through ion-exchange and gel filtration chromatography. 

The purification of the active coagulant protein significantly improves process efficiency, 
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thereby increasing COD removal performance. 

Table 3. The Box-Behnken design employed to produce the dataset for ANN modeling values COD 

removal. 

Coagulant dosage pH Settling time Mixing rate 
Response: COD Reduction (%) 

Experimental data predictive value ANN 

9 4 22.5 100 70.53 79.34 

16 4 22.5 100 70.13 80.53 

9 12 22.5 100 71.53 78.14 

16 12 22.5 100 73.13 79.51 

12.5 8 15 50 88.14 80.82 

12.5 8 30 50 86.62 78.00 

12.5 8 15 150 89.45 80.85 

12.5 8 30 150 82.17 78.10 

9 8 22.5 50 84.82 78.66 

16 8 22.5 50 86.42 80.07 

9 8 22.5 150 80.37 78.71 

16 8 22.5 150 81.97 80.07 

12.5 4 15 100 73.85 81.23 

12.5 12 15 100 74.85 80.30 

12.5 4 30 100 72.33 78.62 

12.5 12 30 100 73.33 77.60 

9 8 15 100 82.77 80.21 

16 8 15 100 86.72 81.19 

9 8 30 100 81.26 77.56 

16 8 30 100 82.86 78.76 

12.5 4 22.5 50 73.12 80.05 

12.5 12 22.5 50 76.89 78.72 

12.5 4 22.5 150 72.31 80.08 

12.5 12 22.5 150 72.44 78.81 

12.5 8 22.5 100 86.21 79.43 

12.5 8 22.5 100 87.06 79.43 

12.5 8 22.5 100 86.73 79.43 

3.2. Artificial neural network modelling study 

The multilayer perceptron (MLP) developed in the present study was designed to model 

the nonlinear relationships between process variables and COD removal efficiency. The dataset 

consisted of 27 experimental runs generated according to the combinations defined by the Box–

Behnken design. The data were partitioned into two subsets: 77.8% (n = 21) were used for 

training and 22.2% (n = 6) for testing. No experimental cases were excluded, ensuring complete 

utilization of the available data. The final neural network architecture followed a 4–2–1 

topology. The input layer consisted of four neurons corresponding to coagulant dosage, pH, 

mixing rate, and settling time. The hidden layer comprised two neurons (denoted H(1:1) and 

H(1:2)) employing the hyperbolic tangent activation function. The output layer contained a 

single neuron with an identity activation function to perform continuous regression of COD 

removal. This relatively simple architecture was selected to prevent overfitting, considering the 

limited size of the experimental dataset.  

Figure 1 also presents the synaptic weights of the optimized MLP network. In the graphical 

representation, blue lines indicate negative weights, whereas gray lines represent positive 

weights. The thickness of each line denotes the relative magnitude of the corresponding 

connection, with thicker lines indicating greater influence. Based on this representation, 

stronger connections can be observed between coagulant dosage and pH and the hidden layer, 
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suggesting that these variables exert the greatest influence on COD removal. In contrast, mixing 

rate and settling time exhibited comparatively weaker contributions. This behavior is consistent 

with the fundamental physicochemical mechanisms governing coagulation–flocculation 

processes, in which solution pH plays a critical role in particle destabilization, charge 

neutralization, and aggregation efficiency (Bui et al., 2016). Analyzing the synaptic weights of 

the ANN is therefore particularly relevant, as it provides valuable insight into the relative 

importance of each input variable (coagulant dosage, pH, mixing rate, and settling time) with 

respect to the output variable (COD removal efficiency). 

The quantitative values presented in Table 4 further confirm the dominant effect of pH, 

which exhibited larger connection weights between the input and hidden layers, indicating a 

strong contribution to the nonlinear transformations learned by the network. Coagulant dosage 

and mixing rate showed moderate weight magnitudes, while settling time presented 

comparatively smaller values, suggesting a reduced influence on COD prediction. Moreover, 

the weights connecting the hidden neurons to the output layer confirm that the model integrates 

multiple nonlinear sub-functions to accurately represent the treatment process. It is important 

to emphasize that individual synaptic weights cannot be interpreted as linear regression 

coefficients, since the ANN captures complex nonlinear interactions among variables rather 

than direct linear relationships. 

Table 4. Parameter estimates obtained from the neural network. 

Predictor 

Predicted 

Hidden Layer 1 Output Layer 

H(1:1) H(1:2) COD 

Input Layer 

(Bias) -2,036 -1,013  

coagulant 0,244 -0,128  

pH 2,608 -1,570  

Mixing rate 0,485 0,166  

Settling time 0,019 0,289  

Hidden Layer 1 

(Bias)   -1,146 

H(1:1)   -1,269 

H(1:2)   -1,304 

3.3. Variable importance analysis 

The relative importance of the input variables (coagulant dosage, pH, mixing rate, and 

settling time) was quantified using the connection-weight approach implemented within the 

MLP model. This analysis (Table 5) further confirmed that pH was the dominant variable, 

exhibiting the highest normalized importance (100%), followed by coagulant dosage (22.0%), 

settling time (15.4%), and mixing rate (14.5%). These findings differ from those reported by 

Sibiya et al. (2022), who identified coagulant dosage as the most influential parameter 

governing contaminant removal efficiency. However, it is important to emphasize that in their 

study, pH was maintained constant at 7.5 throughout the experimental runs, and magnetized 

rice starch was employed as the coagulant. Such experimental constraints, together with the 

distinct physicochemical properties of the coagulant used, may account for the observed 

discrepancies between the two studies. 

The pronounced influence of pH suggests that the coagulation–flocculation process is 

predominantly governed by electrostatic interactions. According to the coagulation mechanism 
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proposed by Nguyen et al. (2024), the functional groups present in the polymeric chains of M. 

oleifera undergo partial deprotonation under specific pH conditions, leading to the generation 

of negatively charged sites. Simultaneously, CoFe₂O₄ particles are likely to exhibit a positively 

charged surface under the synthesis conditions. This charge difference promotes electrostatic 

attraction, enabling the spherical CoFe₂O₄ particles to be effectively coated with M. oleifera. In 

the resulting composite structure, CoFe₂O₄ acts as the magnetic core, facilitating post-treatment 

magnetic recovery, while M. oleifera constitutes the active coagulating layer responsible for 

pollutant destabilization and subsequent aggregation. 

In contrast, coagulant dosage exhibited a lower relative influence (22%) compared to pH. 

It was observed that both insufficient and excessive dosages led to reduced COD removal 

efficiencies, which may be attributed to the saturation of available active binding sites or to 

charge reversal phenomena (González Cuello et al., 2025). Meanwhile, settling time and mixing 

rate presented normalized importance values of 15.4% and 14.5%, respectively, indicating a 

comparatively lower contribution to the coagulation–flocculation performance. This behavior 

suggests that the process is more sensitive to chemical interactions than to hydrodynamic 

conditions within the evaluated experimental range. Overall, the variable importance analysis 

highlights that chemical control—particularly pH adjustment—plays a more critical role than 

purely mechanical parameters in optimizing coagulation efficiency and COD removal 

performance. 

Table 5. Variable Importance analysis. 

Variable Importance Normalized 

coagulant 0.145 22.0% 

pH 0.658 100.0% 

Mixing rate 0.095 14.5% 

Settling time 0.101 15.4% 

3.4. Model validation and predictive performance    

The developed ANN exhibited relative errors of 0.066 and 0.063 during the training and 

testing phases, respectively, indicating that more than 93% of the variability in COD removal 

efficiency was explained by the neural network model. The close agreement between training 

and testing errors confirms the absence of overfitting and demonstrates the strong generalization 

capability of the proposed architecture. Regarding the sum of squared errors (SSE), values of 

0.681 and 0.310 were obtained for the training and testing phases, respectively. These low error 

magnitudes further indicate that the ANN effectively captured the nonlinear relationships 

between the operational parameters and COD removal efficiency. 

This predictive performance is more clearly illustrated in Figure 2, which correlates the 

experimental values with those predicted by the model. The data points are tightly clustered 

around the 1:1 reference line, indicating strong agreement between measured and predicted 

values. The best-fit regression line is described by the linear equation: Y=0.9612X+3.1003 with 

a coefficient of determination (R²) of 0.994. This high R² value reflects an excellent correlation 

between experimental and predicted outputs, confirming the high predictive accuracy of the 

ANN model. Similar results were reported by Bui et al. (2016), who achieved a correlation 

coefficient of 0.986 when applying an artificial neural network to predict the coagulation 

performance of reactive dyeing wastewater treated with chitosan. Overall, the combination of 

a high R² value, low relative error, reduced SSE, and consistent performance across both 

training and testing datasets demonstrates that the proposed ANN model constitutes a reliable 

and robust predictive tool for modeling COD removal in dairy wastewater treated with 

magnetized M. oleifera–CoFe₂O₄ composite coagulant. 
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Figure 2. Correlation between the measured and predicted COD data. 

4. CONCLUSIONS 

This study demonstrated the effectiveness of magnetized Moringa oleifera seeds as a 

natural coagulant for wastewater treatment, achieving COD removal efficiencies ranging from 

70.13% to 89.45%. A Box–Behnken experimental design comprising 27 runs was employed to 

systematically evaluate the influence of four operational parameters: coagulant dosage (9–16 

g), pH (4–12), settling time (15–30 min), and mixing rate (50–150 rpm), each assessed at three 

levels. The complex nonlinear interactions between process variables and COD removal were 

successfully modeled and optimized using an artificial neural network (ANN). The multilayer 

perceptron architecture exhibited strong predictive capability, yielding low relative errors for 

both the training (6.6%) and testing (6.3%) datasets, thereby confirming the robustness and 

generalization capacity of the model. Sensitivity analysis revealed that pH was the dominant 

factor governing the coagulation performance, followed by settling time, while coagulant 

dosage and mixing rate showed comparatively lower contributions. The high coefficient of 

determination (R² > 0.95) obtained between experimental and predicted values further 

demonstrated the accuracy of the developed ANN model. Overall, the results emphasize the 

critical role of pH control in maximizing pollutant removal efficiency. The proposed ANN-

based modeling framework constitutes a reliable and efficient predictive tool for the design, 

optimization, and potential scale-up of wastewater treatment systems employing natural 

coagulants. 
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