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ABSTRACT

In wastewater treatment scenarios, traditional coagulants are becoming increasingly
complex and raising environmental concerns. This has led to the exploration of magnetized
plant-derived coagulant as an alternative. In this paper, coagulation parameters such as
coagulant dosage and pH were optimized through response surface methodology (RSM) based
on a central composite design (CCD) employing a magnetic coagulant derived from Moringa
oleifera seeds (M. oleifera—CoFe>QO4). The optimized response variable during the treatment of
dairy wastewater was the chemical oxygen demand (COD) reduction. The response surface
methodology revealed a statistically significant second-order polynomial model (R? 99.24%)
for maximizing COD reduction. The maximum COD reduction achieved was 76.13% under
optimal conditions with coagulant dosage of 14.24 g/L and pH of 9.38. The results indicated
that magnetic coagulant derived from M. oleifera seeds demonstrated significant potential and
can be used in an efficient and eco-friendly process for dairy wastewater treatment.
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Otimizando a reduc¢do de DQO no tratamento de efluentes de laticinios
usando coagulante magnético derivado de Moringa Oleifera

RESUMO

Nos cenarios de tratamento de efluentes, os coagulantes tradicionais estéo se tornando cada
vez mais complexos e levantando preocupagfes ambientais. Isso levou a exploragdo de
coagulantes alternativos derivados de plantas magnetizadas. Neste artigo, os parametros de
coagulagdo, como a dosagem de coagulante e o pH, foram otimizados através da metodologia
de superficie de resposta (RSM) baseada em um planejamento composto central (CCD)
utilizando um coagulante magnético derivado das sementes de Moringa oleifera (M. oleifera—
CoFe204). A variavel de resposta otimizada durante o tratamento de efluentes de laticinios foi
a reducdo da demanda quimica de oxigénio (DQO). A metodologia de superficie de resposta
revelou modelos quadraticos estatisticamente significativos (R? 99,24%) para maximizar a
reducdo da DQO. A reducdo maxima da DQO alcangada foi de 76,13% em condi¢des 6timas
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com dosagem de coagulante de 14,24 g/L e pH 9,38. Os resultados indicaram que o coagulante
magnético derivado das sementes de M. oleifera demonstrou um potencial significativo e pode
ser utilizado em um processo eficiente e ecologicamente correto para o tratamento de efluentes
de laticinios.

Palavras-chave: coagulante magnético, coagulacdo, efluentes de laticinios, floculagdo, Moringa
Oleifera.

1. INTRODUCTION

Rapid industrial growth has driven global economic progress, albeit at the cost of
significant environmental pollution worldwide (Awasthi et al., 2022). The dairy industry
generates large volumes of wastewater rich in organic compounds, including carbohydrates,
proteins, and fats (Wang and Serventi, 2019). For every liter of milk processed, the dairy sector
produces between 2.5 and 10 liters of wastewater (Szabo-Corbacho et al., 2021). Treating this
wastewater is challenging due to the high concentrations of proteins and lipids, which cause pH
fluctuations and increased levels of Chemical Oxygen Demand (COD) and Biochemical
Oxygen Demand (BOD). Disposing of this wastewater poses serious environmental issues due
to its high oil content, COD, and color (Silva et al., 2020). Common primary treatments for
such waste effluents include coagulation, flocculation, and sedimentation (Parihar et al., 2024).

Coagulation involves adding a positively charged ion of metal salt to the wastewater,
leading to particle destabilization and charge neutralization (Blignaut and VVan Heerden, 2009).
In this process, negatively charged colloids are neutralized by cationic hydrolysis products,
causing impurities to combine and form flocs (Duan et al., 2003; Al-Hamadani et al., 2011).
This removes total suspended solids and colloid particles from the solution (Kurniawan et al.,
2006). Optimizing the coagulation process is complex due to the numerous operational
parameters involved, such as pH, mixing rate, settling time, coagulant type and dosage, and
effluent chemistry (Maurya and Daverey, 2018). Modernization and increasing industrial
activities have worsened water pollution, limiting the effectiveness of traditional coagulation
as a physicochemical treatment method (Agoro et al., 2018). Moreover, using metal-based salts
(aluminum and iron) as coagulants produces large amounts of complex sludge, which is costly
to treat and often disposed of in landfills without treatment (Prosper et al., 2021).

Recently, the use of natural coagulants, such as common beans, mustard, eggshell,
chitosan, and starch, has gained popularity for wastewater treatment. The advantages of natural
coagulants include environmental sustainability, eco-friendliness, low cost, and process
simplicity, making them suitable for developing countries. Plant-based polymeric coagulants
are non-toxic, cost-effective, biodegradable, and produce less sludge (Yin, 2010). Natural
coagulants have been documented for treating various contaminants, such as inorganic
suspensions (Miller et al., 2008), dye wastewaters (Shamsnejati et al., 2015), landfill leachate
(Rasool et al., 2016), and paper mill effluent (Boulaadjoul et al., 2018).

Extensive research has been conducted on combining magnetic and natural coagulants to
enhance solid-liquid separation using an external magnetic field (Dao et al., 2021). Nguyen et
al. (2024) used a magnetic coagulant derived from Cassia fistula seed and achieved 94% color
removal in water from the textile industry. Moringa oleifera seeds have been utilized for
wastewater treatment due to their safety for human use and lack of significant disadvantages
(Desta and Bote, 2021). M. oleifera is an excellent source of nutritional components, energy
boosters, and bioactive compounds (Leone et al., 2015). Additionally, significant variations in
the polyphenol content of M. oleifera from different regions indicate high genetic diversity,
likely due to differences in cultivation conditions, climate, or soil environment, resulting in the
accumulation of various polyphenols and enhanced drought resistance (Rani et al., 2018).
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Optimizing experimental parameters is crucial as it saves time and reduces chemical costs.
Response surface methodology (RSM) is a robust statistical approach for optimizing
processes and modeling complex systems. It allows for the simultaneous investigation of
multiple factors and their impacts on responses, providing a mathematical model for prediction
and determining optimal conditions with fewer experimental trials compared to traditional
methods (Zain et al., 2023). Therefore, this study aimed to maximize the reduction of COD in
dairy wastewater treatment using magnetic M. oleifera—CoFe2O4 as a natural coagulant. The
pH and coagulant dosage were optimized by RSM based on central composite design (CCD).

2. MATERIALS AND METHODS

2.1. wastewater sample

The dairy wastewater samples were obtained from a privately owned dairy industry near
Cartagena City, Colombia. Collection was carried out between 6:00 and 7:00 a.m using
polyethylene bags, which were subsequently stored in an icebox and transported to the
laboratory. To minimize contamination, the wastewater underwent autoclaving at 121°C and
15 psi for 15 minutes.

2.2. Preparation of Moringa oleifera

The seeds of Moringa oleifera were gathered by hand, and any seeds damaged by insects
were removed. They were then exposed to sunlight for about 8 days. After drying, they were
mechanically ground and the resulting powder was sifted through a 40 mesh sieve.

2.3. Preparation of the magnetic coagulant

Initially, the preparation of CoFe>O4 was carried out according to Nguyen et al. (2024).
The M. oleifera (1.0 g) and CoFe204 (0.5 g) were incorporated to 125 mL of distilled water and
heated at 50°C during 2 h. Then, the precipitate was filtered and washed with ethanol and
distilled water. The solid material was dried under ambient conditions in order to obtain the
final magnetic composite. To confirm the magnetic properties of the final composite, X-ray
diffraction studies were performed, revealing peaks at 30.3°, 35.6°, 43.2°, 57.0°, and 62.5°,
which are indicative of a cubic spinel CoFe:Os structure.

2.4. Characterization of effluent physicochemistry

The physicochemical analyses were carried out according to the Standard Methods
protocols for raw water and wastewater (Table 1). Fat and oil content were determined using
the Soxhlet method as outlined in the APHA et al. (2012) Standard Methods. Chemical oxygen
demand (COD) was measured using dichromate titration (APHA et al., 2012). The efficiency
of COD degradation was calculated by comparing the decrease in COD to the initial amount.
Phosphorus content was measured via acid digestion, using the ascorbic acid method and
reported in mg of P/L. pH was measured potentiometrically with a digital potentiometer (Bench
pH-Conductivity meter PC 510). All experiments were conducted in triplicate, and the data are
presented as means £ SD.

Table 1. Initial characteristics of
dairy wastewater.

Parameters Ic Unit

COoD 48133 £ 61.77 mg/L
Fat 7343 +£23.33 mg/L
Phosphate 1.1+£0.25 mg/L
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2.5. Coagulation-flocculation experiments

An experimental study on wastewater treatment using the magnetic M. oleifera—CoFe204
was conducted using a test jar apparatus. Each beaker was filled with 500 mL of wastewater
and dosed with a specified amount of magnetized M. oleifera according to the experimental
design matrix (Table 2). The solution was mixed rapidly for 2 minutes and then stirred at 30
rpm for 15 minutes. After a settling period of 30 minutes, a supernatant sample was extracted
from the clarified liquid at a depth of 2 cm using a pipette. This process also was carried out
employing non-magnetized M. oleifera with the same coagulant dosages by pH values reported
in Table 2.

Table 2. Central composite design matrix.

Range and levels of factors

Variable Factor code
-1 1
M. oleifera—CoFe;04 X1 9 16
pH X2 4 12

2.6. Experimental design

Response surface methodology (RSM) using a central composite (o 1.41) design with two
independent variables (the magnetic M. oleifera—CoFe>O4 9-16 g/L) and pH (4-12), coded as -
1 (low) and +1 (high) as represented in Table 1. The main, quadratic effects and interactions of
the variables, defined as a function of the response, are commonly attributed to the second-
degree polynomial Equation 1. Subsequently, the regression model via analysis of variance
(ANOVA) is used to identify the most significant model terms required to maximize process
performance. The coefficient of determination (R2), adjusted R2, and predicted R2 were used for
statistical evaluation, quantifying precision, and confirming the reliability of the polynomial
model Equation 1.

Y = Bo + BiXy + BoXo + B11XE + B2 Xs + B2 Xe X 1)

Where Y is the response variable, So is the model constant, X1 and Xz are the independent
variables. The terms 1 and 2 represent the coefficients of the linear regression; $11 and S22 are
the coefficients for the quadratic terms, and S12 is the coefficients for the interaction.

3. RESULTS AND DISCUSSION

3.1. Central composite design (CCD) matrix

Assessing COD in decontamination treatments is crucial because it quantifies the amount
of organic matter and chemical contaminants in the water that necessitate oxygen for
decomposition via chemical and biological processes. Therefore, reducing COD is a primary
objective in wastewater treatment and water purification for human consumption, as elevated
COD levels can signal the presence of contaminants potentially detrimental to environmental
and public health. Table 3 indicates that the COD reduction values range from 52.2% to 75.4%,
which are lower than the 90% reduction reported by David et al. (2016); however, it is important
to clarify that these authors evaluated the performance of Moringa oleifera seed extract in
conjunction with chemical coagulants for the treatment of distillery effluents. That is, they used
chemical reagents such as aluminum sulfate and ferric sulfate, which aid in the coagulation
process. Additionally, Scholes et al., (2020) observed a 78.6% reduction in COD in the water
from Opa Reservoir of Obafemi Awolowo University, lle-Ife using M. oleifera coagulant
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protein purified by ion exchange and gel filtration chromatography. It is important to note that
the use of a purified protein significantly enhances the coagulation process, improving the COD
reduction percentage.

Table 3. Comparison between the experimental response and RSM
predicted response.

Response: COD Reduction (%)
Experimental data RSM Predicted

Run Xi: Dosage (9/L) Xz: pH

1 9 4 52.2+0.78 53.05
2 16 4 64.2+0.77 65.04
3 9 12 63.8 £0.45 64.55
4 16 12 74.2+1.02 74.94
5 7.5 8 54.6 + 3.57 53.79
6 17.4 8 70.4+1.18 69.60
7 125 2.3 60.4 + 0.53 59.53
8 12.5 13.6 75.4+0.88 74.66
9 12.5 8 70.3+1.03 71.40
10 12.5 8 69.7 £ 0.93 68.74
11 125 8 73.9+0.87 71.10
12 125 8 71.2 +2.03 70.70
13 125 8 71.0+0.41 71.09

The possible coagulation mechanism of the M. oleifera—CoFe,O4 composite may be
similar to that proposed by Nguyen et al. (2024), where the functional groups of the polymeric
chains present in M. oleifera undergo partial deprotonation, resulting in a negative charge. On
the other hand, the CoFe2O4 particles are likely to exhibit a positive surface charge under
synthesis conditions. Consequently, the spherical CoFe>O4 particles can be coated with M.
oleifera via electrostatic attraction. The CoFe>O4 particles act as a magnetic component,
facilitating recovery, while M. oleifera serves as an active layer leading to coagulation in
wastewater treatment.

In this study, RSM based on CCD was used to minimize the number of experimental runs,
resulting in an experimental matrix of 13 runs (Table 3). RSM is a crucial, efficient, and cost-
effective statistical technique for identifying the interactive effects of parameters on
experimental data (Fu et al., 2009). The COD reduction was evaluated as the response, as shown
in Table 3. The results underwent a four-step RSM analysis process: (i) the statistical
significance of the developed model was assessed using ANOVA; (ii) response plots were
employed to determine the optimal region and interactive conditions; (iii) the optimization
technique was utilized to maximize the desired goals of COD reduction; and (iv) the model's
predictability was validated against experimental runs under optimal conditions. A P-value less
than 0.05 indicates statistical significance (Kumar et al., 2007), suggesting that at least one term
in the regression equation is significantly related to the response variable.

The second-order equation model (Equation 2) was analyzed with multiple regression to
obtain a good fit and its statistical significance was tested with analysis of variance (ANOVA);
the results of ANOVA for the reduced second-order model of the response variables for COD
reduction are shown in Table 4, which suggests that the model was highly significant (p < 0.05).
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Table 4. ANOVA and regression coefficient o of the
predicted reduced third-order polynomials model for
COD of dairy wastewater treatment.

Factors Coefficients 5  p-value
Intercept 71.700
X1 7.910 0.000
X 7.568 0.000
X2 -10.000 0.000
X2 -4.600 0.000
X1* Xz -0.800 0.382
p-value (Model) 0.000
p-value (Lack fit) 5.139
R? 99.24
Adjusted R? 98.70
Predicted R? 94.61

According to Table 4, X1 and X2 had significant influence (p < 0.05) on the COD reduction
values in dairy wastewater treatment using the magnetic M. oleifera—CoFe2O4 as a natural
coagulant. However, the interaction X1*Xz does not have a significant influence on the COD
reduction values. The second-order polynomial is obtained to express the COD reduction values
in dairy wastewater treatment as a function of the variables under study (Equation 2):

COD = 71,700 + 7,910X, + 7,568X, — 10,000X? — 4,600X2 — 0,800X; * X, (2)
Where X; is the coagulant dosage concentrations (g/L) and X is the pH.

The model fit was evaluated using the coefficient of determination (R?), adjusted R?, and
predicted R2. Furthermore, the significance of the model for COD reduction was evaluated
using p-values. The R? value obtained for COD was 99.24, indicating a good fit of the model
and the experimental data (Korbahti, 2007). This high R2 value implies a good fit for the
statistical model. The predicted correlation coefficient (predicted R?) (94.61) of the model
corresponding to the response variable of dairy wastewater treatment shows reasonable
agreement with the adjusted correlation coefficient (adjusted R?), since its difference is <4.09%.
With respect to the lack of fit it was not observed significance (p > 0.05), which indicates that
the predicted model is adequate to predict the reduction of COD in dairy wastewater employing
the magnetic M. oleifera—CoFe»O4 as a natural coagulant. This suggested that the model could
also be used to explore the design space. The model effectively represents the relation between
the factors and responses (Ravilumar et al., 2006).

3.2. Response surface plots

The 3D surface plots provide an accurate visual representation and essential statistical
insights, aiding in pinpointing the optimal ranges for the test variables within the experimental
framework (Henseler and Sarstedt, 2013). This information is crucial for optimizing the
coagulation process, thereby improving treatment efficiency. Figure 1 plots illustrate the
relationship between the coagulant dosage and pH and their influence on the reduction of COD
in dairy wastewater treatment. The percentage of COD reduction increases by enhancing
coagulant dosage up to 12.5 g/ L and then becomes bending down; this could be due to the
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dosage being more than the impurity in the sample water and a more positive ion was developed
(Desta and Bote, 2021). Particle coagulation entails the destabilization and neutralization of
suspended particles by introducing positive ions, typically derived from salts or polymers
(Verma et al., 2012). This indicates that when the coagulant was introduced to the sample and
followed by rapid stirring, the cationic form of the coagulant was dispersed throughout the
liquid, interacting with the negatively charged particles responsible for the COD. The
incorporation of poly-electrolyte led to greater aggregation of colliding particles, thereby
improving flocculation efficiency. However, increasing the coagulant beyond the optimal dose
reduced this efficiency. Excess coagulant caused the aggregated particles to redisperse,
interfering with particle settling (Mishra and Bajpai, 2005; Teh et al., 2014). With respect to
the pH effect, as the pH increases, the percentage of COD reduction increases, indicating an
attraction between the charged molecule and the coagulant. The removal of COD using the
magnetic M. oleifera—CoFe>O4 was more effective in more basic than acidic characteristics of
wastewater (Desta and Bote, 2021) as can be seen in Figures 1a and 1b.

Dosage (g/L)

8§ 9 1 m 12 1B ¥4 15 B 7

Dosage (g/L)

Figure 1. 3D plots of curves showing the interaction effect of variables on the COD
reduction for dairy wastewater treatment.

The treatment process using magnetic M. oleifera—CoFe>O4 was optimized with RSM in
order to minimize operating costs. The optimization is achieved with the highest values of COD
reduction during the treatment of dairy wastewater. The critical values of coagulant dosage and
pH were determined using the 'response optimizer' function in Minitab® statistical software
Version 17.0. These values, according to the surface model, were a coagulant dosage (X1) of
14.24 g/L and a pH (X2) of 9.38, achieving a COD predicted reduction percentage of 76.13%.
Non-magnetized M. oleifera was used as a control under the same concentrations and pH values
as those applied in the CCD design for M. oleifera—CoFe2O4. The COD reduction values
obtained ranged from 48.6% to 67.4%, which are lower than those achieved with M. oleifera—
CoFe20a. This difference may be attributed to a higher number of polymeric chains adhering
to the CoFe204, which enhances the exposure of charges in contact with the wastewater, thereby
improving COD reduction.

4. CONCLUSIONS

The magnetic M. oleifera—CoFe2O4 has been found to be a highly effective natural
coagulant for the treatment of dairy wastewater. Response surface methodology based on a
central composite design was effectively used to optimize the coagulant dosage and pH. The
maximum COD reduction of 76.13% was achieved under optimal conditions with a coagulant
dosage of 14.24 g/L and pH 9.38. These results were well matched with the predicted values
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under optimum conditions. The results indicated that the magnetic coagulant derived from M.
oleifera seeds demonstrated significant potential and can be developed into an efficient,
magnetically separable, and eco-friendly process for wastewater treatment or pre-treatment.
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