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ABSTRACT. In this work, an activated carbon composite made with magnesium oxide nanoparticles (MgONP-
AC) was effectively utilized for methyl orange (MO) adsorption. The effect of pH (6-10), mass of MgONP-AC (0.1-
0.3 g/L), initial MO concentration (10-30 mg/L), and temperature (283-323 K) on MO removal was investigated 
using a central rotatable composite experimental design based on the response surface technique (RSM) at an 
equilibrium agitation period of 60 min. The studies predicted the optimal MO removal of 98.99% at pH 7.68, 
MgONP-AC dosage of 0.24 g/L, and starting MO concentration of 15 mg/L, and temperature of 313 K. Furthermore, 
an artificial neural network (ANN) was utilized to simulate MO adsorption, and it properly predicted MO removal 
using mean squared error (MSE) and R2 for the testing data. The ANN predicts a maximum removal of 99.63% with 
ANN with R2 = 0.9926. The kinetic results suited the pseudo-second order kinetic equation, and the data from the 
equilibrium investigations corresponded well with the Langmuir isotherm (maximum uptake capacity qmax = 346 
mg/g). Endothermic, spontaneous, and physical adsorption were discovered during the thermodynamic 
investigations. 
 
KEY WORDS: Adsorption, Artificial neural network, Experimental design, isotherms, Kinetics, Methyl orange, 
MgONP-AC 

INTRODUCTION 
 
Industrialization has been linked to environmental degradation as a result of toxic and harmful 
industrial effluents [1]. To limit pollution and restore ecosystems, strict restrictions have been 
imposed all over the world [2]. Industrial water usage has expanded considerably (approximately 
20% of available freshwater), resulting in massive amounts of effluent containing significant 
contaminants [3–6]. Because synthetic dyes are a major source of water pollution, the growth of 
the textile and dyeing industries causes considerable environmental issues [7]. Almost 10% of the 
seven lakh tons of dyes produced globally each year are commonly combined with water bodies, 
causing a variety of environmental issues. The fundamental difficulty with dyes is that they are 
not only toxic and carcinogenic, but they also hinder the photosynthetic cycle, producing issues 
in the aquatic system even in little amounts [8]. Dyes, which are organic molecules in nature, are 
resistant to biodegradation and produce hazardous by-products as a result of incomplete 
breakdown. Dyes are the most difficult and time-consuming contaminants to remove using 
traditional procedures due to their structural complexity [9, 10]. 

Because it is simple and effective, adsorption is undoubtedly the most explored color 
treatment method [11–14]. Activated carbon is a significant adsorbent due to its porous character, 
higher surface area, excellent acid/basic stability, and presence of functional groups such as –OH 
[15]. Because of the higher initial cost and complexity of regeneration, activated carbon is a less 
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practicable adsorbent, highlighting the significance of alternative, efficient adsorbents. There has 
been a lot of interest in nanoscale metal oxides as improved environmental and energy materials 
in recent years [16]. Because of their small size, high porosity, and active surface, metal oxide 
nanoparticles have substantial pollutant-binding capacities as compared to bulk materials [17, 18]. 
They can even be chemically replenished after being depleted. These particles have distinct 
features such as higher catalytic potential and strong reactivity, making them more efficient 
adsorbing materials than standard ones. The development of environmentally friendly adsorbents 
is becoming a key issue in pollution control. There is a considerable body of research on the 
effective use of metal oxide nanoparticles for hazardous pollutant removal, such as iron oxides, 
zinc, calcium, magnesium, aluminum, and titanium [12, 17–22]. 

Magnesium oxide is a low-cost, high-potential alkaline metal oxide. It has a high surface 
activity and is a damaging sorbent. However, the stability of MgO nanoparticles is still an 
important factor that will influence the material's qualities. Material pairings alter functional 
groups, resulting in better properties. A variety of metallic/bimetallic nanoparticles were formed 
on activated carbon and their dye adsorption capabilities were investigated [23–27]. The more 
reactive centers there are in hybrid nanocomposite materials, the greater their performance [27]. 
Several investigations in the literature suggest that carbon-supported MgO nanoparticles may be 
used for a range of applications, including transesterification catalysts [28], CO2 capture 
adsorbents [29], acetone capture [30], H2S removal [31], and antibacterial agents [32–34]. 
Printing, textiles, paper, medicines, and food processing all employ methyl orange (MO). MO 
causes liver damage, lung inflammation, brain trauma, central nervous system damage, and 
reproductive system dysfunction in humans.  

The destructive nature of magnesium oxide coupled with functional groups of activated 
carbon makes a brilliant adsorbent for handling toxic pollutants. In this work, magnesium oxide 
(MgONP) nanoparticles were coated on an activated carbon surface (MgONP-AC) for adsorption 
of the MO dye. The adsorbent was studied using X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and Fourier transformation infrared spectroscopy (FTIR). To forecast and 
improve the adsorption process, response surface methodology (RSM) based on central composite 
(CCD) and MATLAB artificial neural networks (ANN) were utilized. To further understand the 
adsorption mechanism, kinetic, equilibrium, and thermodynamic experiments were carried out. 

 
EXPERIMENTAL 

 
Chemicals 
 
All the required chemicals were procured and used without any purification. Merck Chemicals 
supplied magnesium nitrate GR (Mg(NO3)2.6H2O). Polyvinylpyrrolidone (PVP) and ammonium 
hydroxide (NH4OH) were procured from LobaChemie Pvt. Ltd. (India). Activated carbon and 
ethanol was procured from Fisher Scientific. The stock solution of 1000 mg/L of MO dye 
(molecular formula: C14H14N3NaO3S, molecular weight: 327.34 g/mol, Merck) is prepared by 
dissolving 1 g of dye in de-ionized water. Dye solutions of various concentrations were obtained 
by dilution. The pH was adjusted using solutions of hydrochloric acid (0.1 N) and sodium 
hydroxide (0.1 N). 
 
MgONP-AC synthesis and characterization 
 
The chemical precipitation technique was used to make nano-MgO, which was then calcined at 
500 oC with magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) as a precursor metal, poly vinyl 
pyrrolidone (PVP) as a stabilizer, and ammonium hydroxide (NH4OH) as a precipitating agent. 
The detailed procedure is explained in our earlier studies [32, 33]. The hybrid adsorbent was 
created by dispersing 1 g of MgO nanoparticles in ethanol with 5 g of activated carbon. To 
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guarantee uniform loading of MgO nanoparticles on the activated carbon surface, the mixture is 
continuously stirred for 12 h at 300 rpm speed and room temperature. To eliminate the ethanol 
contained in the precipitate, it was filtered and heated to 80 oC. After that, the residue was rinsed 
several times with de-ionized water and dried at room temperature. MgONP-AC was the name 
given to the produced composite, which was analyzed using a Regaku X-ray diffractometer with 
Cu-Kα radiation ( = 1.5418 Å, scan rate: 0.05os-1, 2θ range: 100-800) and field emission scanning 
electron microscopy (FE-SEM Carl Zeiss NTS GmbH, Germany). The functional groups 
responsible for adsorption were evaluated using the Fourier Transmission Infrared (FT-IR) 
spectrum. 
 
Adsorption experiments 
 
In batch mode, the following adsorption experiment was carried out: At room temperature, 50 mL 
of MO solution with a significant concentration and pH was treated with the necessary quantity 
of MgONP-AC for a predetermined time period. A centrifuge was used to separate the adsorbent, 
and a UV-Spectrophotometer was used to determine the residual dye concentration. The % MO 
eliminated was calculated using the formula: 

% MO removal = (C� − C�)/C� × 100                                                                     (1) 

where Co (mg/L) and Ct (mg/L) are the initial and final concentrations of MO sample at time t=0, 
respectively. The MO adsorbed on the MgONP-AC surface was estimated using the equation:  

q� = ( C� − C�)V/W                                                               (2) 

where Co and Ce (mg/L) are initial and equilibrium MO concentrations in aqueous solution, 
respectively, W (g) is the mass of MgONP-AC and the volume of the solution is V(L). 

Computing the R-square (R2) for the non-linear approach is advised in addition to calculating 
the chi-squared value (2) to select the best kinetic, isotherm model that matches the experimental 
data. If the model's output is identical to the experimental output, the chi-square value will be 
zero, and vice versa. As a result, large values of R2 and low values of 2are required for a model 
to properly match experimental data. The following formulae are used to determine the values of 
2 and R2. 

� = ∑
(��,������,���)�

��,���
                                                                                                             (3)

        

R� = 1 −
∑(��,������,���)�

∑(��,������,����)�
                                                                                                      (4) 

where qe,exp and qe,cal are the experimental and calculated uptake capacities, respectively.  
       
Experimental design-response surface methodology 
 
All experimental runs were performed under the conditions indicated by RSM, which was based 
on CCD. By fitting the experimental data into a polynomial equation with probable interactions 
between the experimental variables, the RSM was utilized to determine the optimum experimental 
circumstances. The CCD has 3 sets of experimental runs: (1) factorial runs in which factors are 
investigated, (2) center points, and (3) axial points in which the design can be rotated. The 
experimental error and data reproducibility are calculated using the center points. The axial points 
are located at (±α, 0, 0), (0, ±α, 0) and (0, 0, ±α), where α is the axial point distance from center. 
In this study, α value was fixed at 2.The independent variables selected for optimization were X1, 
pH; X2, MgONP-AC dosage; X3, MO concentration and X4, Temperature. The quadratic 
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regression model, which can be stated as follows (Eq.5), is the most commonly used model for 
explaining the connection between essential input elements and quantifiable output. 

y = β� + ∑ β�x�
�
��� + � β����

��

���
+ � β��x�x�

�

�,���
+ �                                             (5) 

where x is input variable and y is the process response; k is the number of factors; i and j are index 
numbers for factors; β0 is the offset term; βi is the coefficient of first-order effect (i.e., linear, 
primary effect); βii is the quadratic effect (i.e. squared effect); βij represents the interaction, and ε 
is the error between predicted and observed values. 
 
Artificial neural networks (ANN) for modeling  
 
In this work, a three-layer feed-forward ANN comprising an input layer, a hidden layer, and an 
output layer was created for modeling. The input layers were pH, dose, concentration, and 
temperature, with the output layer being percent MO adsorbed. To determine which back-
propagation (BP) approach has the lowest mean squared error (MSE), the mean squared error 
(MSE) and relative error (RE) were computed. The most successful approach for training the 
network was demonstrated to be the Levenberg–Marquardt back propagation method (LMA). 
Using the ANN tool box in MATLAB 2021a, all experimental data (30 runs) was randomly split 
into three groups: 70% for training, 15% for cross validation, and 15% for assessing the accuracy 
of the model and prediction. To decrease network error, the input variables and response were 
normalized between 0 and 1. The optimal number of neurons in the hidden layer was established 
by trial and error using a range of topologies in order to obtain the lowest mean square error 
(MSE) and highest correlation coefficient (R2) [3537]. This was done to ensure that forecasts 
differed as little as possible from experimental data, as well as to prevent the possibility of over-
fitting the model [3840]. Large and small numbers of neurons were avoided since they might 
lead to complicated over fitting and a decrease in convergence rate, respectively. 

 
RESULTS AND DISCUSSION 

 
Characterization of the adsorbent 
 
Figure 1(a) and 1(b) illustrate the surface morphology of MgONP and MgONP-AC as investigated 
by FE-SEM. The cubic form of MgONP is depicted in Figure 1(a), while the dispersion of 
MgONP over the surface of activated carbon is depicted in Figure 1(b). Figure 1(c) shows the 
XRD pattern of the synthesized nanocomposite, MgONP-AC. The lattice planes of MgO (1 1 1), 
(2 0 2), and (3 1 1) cubic structures are shown by peaks at 38o, 62o, and 74o. The results show that 
the crystalline shape of MgONP was retained after compositing with activated carbon. Figure 1 
(d) depicts the FTIR spectra for untreated and MB-treated adsorbents with wave numbers ranging 
from 400 to 4000 cm−1. The existence of nano-sized MgO is verified by the appearance of 
significant peaks between 660 and 540 cm-1 [41, 42]. The stretching vibrations correspond to 
magnesium oxide and were observed at around 860 and 600 cm-1 [43]. Because magnesium nitrate 
was used as the precursor, the signal at 869 cm-1 reveals the observable presence of MgO as well 
as (O-C=O). The distinctive band at 3697 cm-1 for unused MgONP-AC can be attributed to O–H 
bending vibrations [44, 45]. The C-C vibrations exhibit a band at 1400–1450 cm−1.   

The narrow peak seen following MB adsorption at 1020 cm−1 corresponds to C–O stretching. 
The stretching frequency of 2954–2835 cm−1 was connected to vibrations of the C–H bond. The 
FTIR study of methyl orange treated adsorbent MgONP-AC in comparison to unused adsorbent 
reveals broader peak positions at 3697, 2949, and 2881cm−1, indicating that the adsorbent 
containing functional groups was physically bound with methyl orange dye and dye adsorption 
was effective on the adsorbent's surface. The additional peaks found between 1000-1500 cm−1 
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after adsorption corresponded to the C–N, >C=O, and C–S functions. The adsorption appears to 
be the result of π-π stacking interactions between the aromatic backbone of the methyl orange dye 
and the skeleton of activated carbon. 

 

 
Figure 1. (a): SEM image of MgONP; (b): SEM image of MgONP-AC; (c): XRD diagram of 

MgONP-AC; (d): FTIR images of unused and MO treated MgONP-AC. 
 
RSM-based experimental design and optimization 
 
The percent adsorption of MO by MgONP-AC was investigated at various agitation periods for 
samples with 20 mg/L MO concentration, 0.2 g/L adsorbent dose at pH 5.5 and 303 K temperature. 
The adsorption rate of MO was found to be fast in the early stages, and the equilibrium period 
was found to be 60 min with 92.15% MO adsorption. As a result, further tests were conducted at 
60 min agitation time. A four-factor CCD (central composite design) based on 30 experimental 
runs at various numerical values of pH (X1), adsorbent dosage (X2), initial dye concentration (X3), 
and temperature (X4) was conducted to investigate their main and interaction contribution to 
recovery of dyes while keeping agitation time for methyl orange constant at its equilibrium value 
i.e. 60 min. Table 1 presents the results of CCD studies and the ANOVA results are given in Table 
2. 
 
ANOVA (analysis of variance) 
 
The low probability (0.05) and F-value of 535.8 showed that the model was accurate. 
Furthermore, the acceptable and reasonable value of lack of fit with F-value of 0.2377 with 
probability (>0.05) was a strong indicator of the method's suitability for outstanding experimental 
data presentation. The model has a significant R2 value of 0.9970 for MO removal, suggesting that 
the experimental and predicted results are in good agreement. Furthermore, the anticipated R2 

value of 0.9908 corresponded to the modified R2 value of 0.9951.The adequate precision (signal 
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to noise ratio) of the model was 102.491, demonstrating that this model can be utilized to traverse 
the design space. 
 
Table 1. Results from CCD for MO adsorption onto MgONP-AC. 
 

Run no. X1, pH X2, w X3, C0 X4, T 
% adsorption of MO 

Experimental Predicted 
1 9.00 0.15 25.00 313.00 87.77 87.35 
2 9.00 0.15 15.00 293.00 86.94 86.47 
3 9.00 0.25 15.00 293.00 89.58 89.60 
4 9.00 0.25 25.00 293.00 86.58 87.10 
5 9.00 0.15 15.00 313.00 89.3 89.85 
6 7.00 0.15 15.00 293.00 90.5 90.47 
7 9.00 0.15 25.00 293.00 83.98 83.97 
8 8.00 0.20 20.00 303.00 95.95 95.83 
9 9.00 0.25 25.00 313.00 90.55 90.48 

10 8.00 0.20 20.00 323.00 98.24 98.46 
11 7.00 0.25 15.00 293.00 92.65 92.78 
12 8.00 0.20 20.00 283.00 90.83 90.59 
13 7.00 0.25 25.00 313.00 96.29 96.31 
14 8.00 0.10 20.00 303.00 89.65 89.83 
15 10.00 0.20 20.00 303.00 77.19 77.37 
16 9.00 0.25 15.00 313.00 93.43 92.98 
17 8.00 0.20 20.00 303.00 96 95.83 
18 7.00 0.15 15.00 313.00 95.02 94.96 
19 7.00 0.15 25.00 293.00 89.41 89.49 
20 7.00 0.25 25.00 293.00 91.55 91.81 
21 8.00 0.20 20.00 303.00 95.43 95.83 
22 8.00 0.20 20.00 303.00 96.12 95.83 
23 8.00 0.20 30.00 303.00 92.82 92.63 
24 7.00 0.15 25.00 313.00 93.96 93.99 
25 8.00 0.20 20.00 303.00 95.67 95.83 
26 8.00 0.20 10.00 303.00 95.93 96.10 
27 8.00 0.30 20.00 303.00 95.47 95.27 
28 8.00 0.20 20.00 303.00 95.8 95.83 
29 7.00 0.25 15.00 313.00 97.3 97.28 
30 6.00 0.20 20.00 303.00 87.39 87.19 

 

Response surface plots and interactions between the adsorption parameters for MO adsorption 
using MgONP-AC 
 

Figure 2(a)–2(c) show response surface contour plots of the percent adsorption of MO vs. the 
interaction effects of pH, initial MO concentration, adsorbent dose, and aqueous solution 
temperature. These plots were created for a specific pair of components at defined and optimum 
values of other variables. The curvatures of these graphs represent the interplay of the factors. The 
relationship of pH and adsorbent dose for MO removal is seen in Figure 2 (a). Because of the 
large surface area accessible, the MO removal has increased with usage of increased adsorbent. 
At the same time, changes in solution pH have a significant impact on the percent removal, 
confirming that electrostatic interactions are the major cause of MO adsorption. The interaction 
impact of initial MO concentration and aqueous solution pH on MO adsorption is seen in Figure 
2(b). The availability of a greater number of active sites is clearly supported by maximum 
adsorption at lower MO concentrations. The removal of MO fluctuated drastically with pH, 
indicating that the adsorbent surface was extremely pH sensitive. The interplay of pH and 
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temperature is seen in Figure 2(c). The three-dimensional figure demonstrates the favorable 
relationship between temperature and MO elimination %. 
 
Table 2. ANOVA Table for model to predict % removal of MO by MgONP-AC using CCD. 
 

Source Sum of squares Df Mean square F Value p-value 
Model 624.20 11 56.75 535.80 < 0.0001 
X1-pH 144.80 1 144.80 1367.19 < 0.0001 
X2-dosage 44.53 1 44.53 420.43 < 0.0001 
X3-Conc. 18.11 1 18.11 171.03 < 0.0001 
X4-Temp 93.02 1 93.02 878.34 < 0.0001 
X1X2 0.66 1 0.66 6.23 0.0225 
X1X3 2.33 1 2.33 22.03 0.0002 
X1X4 1.26 1 1.26 11.90 0.0029 
X1

2 314.65 1 314.65 2970.98 < 0.0001 
X2

2 18.42 1 18.42 173.92 < 0.0001 
X3

2 3.67 1 3.67 34.64 < 0.0001 
X4

2 2.91 1 2.91 27.48 < 0.0001 
Residual 1.91 18 0.11   
Lack of Fit 1.59 13 0.12 1.95 0.2377 
Pure Error 0.31 5 0.063   
Cor Total  626.11 29    

df - degree of freedom; SS - sum of squares; F - factor F;  P – probability. 
 

 
 

Figure 2. (a), 2(b), 2(c): 3D response surface plots for adsorption of MO onto MgONP-AC 
interactive effects of pH and dosage; pH and concentration; pH and temperature. 

 

Optimization 
 

By evaluating the percent removal to be maximized, the optimal circumstances are determined to 
be a pH of 7.68, a dose of 0.24 g/L, and an initial MO concentration of 15 mg/L at a temperature 
of 313 K. The elimination rate was 98.89%, with an overall desirability of 0.952. The experimental 
removal % at the optimum process variables was carried out, and it agrees well with the theoretical 
value obtained from the desirability analysis. 
 

Modeling by artificial neural networks 
 

The Levenberg-Marquardt (LM) back propagation approach was used to train the ANN network, 
which is one of the Multi-Layer Perception (MLP) networks used for error reduction. Throughout 
the training period, different numbers of neurons ranging from 1 to 10 were tested. The ANN 
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model's success is assessed by maximizing the R2 value and reducing the MSE of the training set. 
An ANN with five hidden neurons predicted adsorption behavior the best. As a consequence, 4-
5-1 is the best design of the neural network (four input neurons indicating pH, dose, starting 
concentration, and temperature; five hidden neurons in a single layer; and one output neuron 
representing the percentage elimination). The training was terminated after 6 epochs. The ANN 
regression illustrates the experimental network target information and normalized projected 
outputs for training, validation, testing, and total data. The correlations for training, testing, 
validation, and total data were 0.999, 0.9761, 0.9766, and 0.9926, respectively. The ANN's 
significant correlation and prediction precision is owing to its well-known ability to mimic the 
system's nonlinearity. 

A linear regression study comparing experimental and ANN-predicted color removal was 
undertaken to evaluate network performance, with the linear regression coefficient (R2) for both 
ANN-predicted and experimental color removal being close to one. This implies that the trained 
ANN model's forecast was correct. Under a temperature of 313 K, the color removal achieved 
utilizing the ANN method was 99.63% at optimal circumstances of pH 7.68, dosage 0.24 g/L, and 
an initial MO concentration of 15 mg/L. Figure 3 (a), (b) presents the correlation plots for RSM, 
ANN predicted values with experimental values, respectively. The comparison of both RSM and 
ANN models reveals that ANN was better, although both achieved comparable outcomes. 

 
Figure 3. Correlation plot of experimental data with (a) RSM predicted values and (b) ANN 

predicted values. 
 
Kinetic studies 
 
The non-linear regression of experimental kinetics is plotted using all four kinetic models, 
Pseudo-first order, Pseudo-second order, Elovich, and Intra-particle diffusion. Table 3 shows the 
experimental data that was associated with the four models, the model parameters and constants 
for each model. The considerable disparity in predicted and experimental qe values, along with 
the low value for R2 (0.9573), indicate that the pseudo-first order kinetics model is unsuitable for 
describing the experimental data. The applicability of Pseudo-second order kinetics for 
interpretation of experimental data of MO adsorption by MgONP-AC adsorbent was evident from 
high R2 values and low 2 values. MO adsorption onto MgONP-AC typically exhibits a relatively 
good coefficient of linear regression (R2 = 0.9936) for the elovich model with an initial rate 
constant (α) of 13.2 mg/g.min and a low desorption rate constant (β = 0.104 g/mg). To decide on 
the actual rate controlling step involved in the MO adsorption onto MgONP-AC, intra-particle 
diffusion model was employed. For the intra-particle diffusion model, the values of qt were found 
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to be multi-linearly correlated with values of t1/2. The initial adsorption factor of Ri = [1(C/qref)] 
of 0.8154, which is in between 0.5 and 0.9 indicates that the process is intermediately initial 
adsorption, and the boundary layer thickness was 7.426 mg/g.  Kdiff, the rate constant for intra-
particle diffusion, was obtained as 5.127 mg/g.min1/2. 
 
Table 3. Kinetic parameters and their correlation coefficients calculated for the adsorption of MO onto 

MgONP-AC (pH = 8; dosage = 0.2 g.L-1; concentration = 20 mg.L-1; temperature = 303 K). 
 

Model Parameters Units  Values 

Pseudo-first order 
q� = q�(1 − e����) 

k1 (min-1)  0.123 

qe (calc) mg.g-1  37.54 

R2   0.9573 

2   2.92 

Pseudo-second 
order 

q� =
q�

�k�t

1 + q�k�t
 

k2 (g.mg-1min-1)  0.0035 

qe (calc)  mg.g-1  43.95 

R2   0.9891 

2   0.528 

Elovich 

q� =
ln(1 + αβt)

β
 

β (g.mg-1)  0.104 

α  (mg.g-1.min-1)  13.2 

R2   0.9936 

2   0.2858 

Intra-particle 
diffusion 
q� = k����t

�.� + C 

Kdiff (mg.g-1.min-1/2)  5.127 

C (mg.g-1)  7.426 

Ri   0.8154 

R2   0.92 

2   3.572 

 qe (Exp.) mg.g-1  42.15 

 
Equilibrium studies 
 
The key to understanding the adsorption process remains equilibrium information. By fitting the 
experimental data to non-linear equation forms of the isotherms, the applicability of standard 
models such as Langmuir, Freundlich, Temkin, and Redlich-Peterson isotherms was evaluated 
and assessed. The three-parameter isotherm, i.e. the R-P isotherm, was better fitted with non-
linear regression than with trial and error based linear regression, and 'g', the R-P constant, was 
close to unity (0.97), indicating that the R-P isotherm was nearing the Langmuir isotherm. Table 
4 lists the isotherm constants, the correlation coefficients (R2, 2). High values of R2 and low-
values of 2 for Langmuir isotherm suggested that equilibrium would be best explained by 
Langmuir isotherm. The highest adsorption capacity for MO removal was obtained at 345.91 

mg/g. Depending on the separation factor R� =
�

������
, the adsorption could be evaluated as 

irreversible (RL= 0), favorable (0<RL< 1), linear (RL = 1) and unfavorable (RL> 1).Similarly, a 
value in the range of 0 to 1 for the Freundlich constant ‘n' indicates favorable adsorption. The RL 
value was in the 0.0094-0.222 range, while the value of ‘n’ was obtained to be 0.2452 strongly 
supporting the favorable adsorption. The adsorbent–adsorbate interactions are taken into 
consideration in the case of the Temkin isotherm. The equilibrium data fitted with the Temkin 
model gives the heat of sorption (b) of 41.9 J.mol-1 calculated from the Temkin constant (B = 
RT/b) and the equilibrium binding constant (KT) obtained as 6.198 L.mg-1. The results show that 
adsorbent-adsorbate interactions minimize adsorption heat while improving coverage. As a result, 
dye adsorption was distinguished by a constant range of binding energies up to and including the 
maximum value. 
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Table 4. Isotherm constants and their correlation coefficients calculated for the adsorption of MO onto 
MgONP-AC (Agitation time = 60 min, pH = 8; dosage = 0.2 g.L-1; temperature = 303 K). 

 
Model Parameters  Values 

Langmuir 

q� =
q���k�C�

(1 + k�C�)
 

qmax (mg.g-1) 345.91 
kL (L.mg-1) 0.3504 
RL  0.0094-0.222 
R2  0.9923 

2  6.3316 

Freundlich 
q� = K�C�

� 

n   0.2452 
KF  (mg.g-1)/(mg.L-1)n 132.65 
R2  0.878 

2  66.295 

Temkin 
q� = B ln(C�K�) 

 

B  60.1125 

KT (L.mg-1) 6.198 
R2  0.9694 

2  12.377 

Redlich-Peterson (R-P) 

q� =
k��C�

(1 + a��C�
�
)
 

krp (L.g-1) 134.273 
arp (mg.L-1)-g 0.4336 
g  0.9701 
R2  0.9935 

2  4.5719 

 
Thermodynamics 
 
Both energy and entropy must be considered in environmental applications, in order to determine 
the spontaneous nature of processes. The van't Hoffs thermodynamic analysis (Table 5) for MO 
adsorption was spontaneous (negative Gibbs free energy, ΔG°) and endothermic (positive 
enthalpy change, ΔH°), with randomness of the solid-liquid interface during the reaction (entropy, 
ΔS°).  
 
Table 5. Thermodynamic parameters for adsorption of MO by MgONP-AC. 
 

Temperature 
(K) 

Equilibrium constant 
KC 

∆G� 
(K.J/mol) 

∆H� 
(J/mol.K) 

∆S� 
(J/mol.K) 

Van’t Hoff 
equation 

298 2.635 -2.4005 10.852 44.937 lnKc = 
-

1305.35/T+5.405 
303 3.143 -2.8849 
308 3.29 -3.0495 
313 3.476 -3.2421 
318 3.64 -3.4158 
323 3.826 -3.6034 

 
Mechanism of adsorption 
 
Adsorption is primarily influenced by MgONP's high surface activity and the presence of -OH 
functional groups. The π-π stacking interaction between the aromatic backbone of the methyl 
orange dye and activated carbon may have aided adsorption. The adsorption of MO by MgONP-
AC appears to be more pH sensitive. Adsorption experiments with MgONP as the adsorbent were 
conducted under identical conditions, and the maximum capacity was determined to be 156.4 
mg/g. By plotting an absorbance plot, as shown in Figure 4, the band gap value for synthetic 
MgONP was determined to be 4.688 eV, which was lower than the band gap value for bulk MgO 
(7.8 eV), demonstrating the surface reactivity of synthesized MgONP.  
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Figure 4. Absorbance plot for MgONP. 
 

CONCLUSIONS 
 
(1) The adsorption equilibrium agitation time for MgONP-AC was determined to be 60 min. The 
faster equilibrium might be attributed to magnesium oxide nanoparticles' positive surface charge 
throughout a wide pH range, which has a higher affinity for anionic dyes. (2) At the optimal 
variables of pH 7.68, dosage of 0.24 g/L, and MO concentration of 15 mg/L at 313 K, the MO 
elimination was determined to be 98.99% with CCD-RSM and 99.63% with ANN. (3) For the 
adsorbent, the kinetics data followed pseudo-second order kinetics and the isotherm data followed 
the Langmuir isotherm. (4) Positive enthalpy change (ΔH) values for both adsorbents suggested 
an endothermic and irreversible process. (5) FTIR research revealed that the stacking interaction 
between the aromatic backbone of the methyl orange dye and the skeleton of activated carbon 
leads to better adsorption. (6) The adsorption capacity, which is a key metric for determining the 
appropriateness of an adsorbent, was determined to be 345.91 mg/g for MgONP-AC. 
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