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ab s t r ac t
The adsorptive performance of MgFe2O4 nanoparticles and graphene oxide (GO)/MgFe2O4 nanocom-
posite was investigated in the removal of arsenic from aqueous solutions. The statistical study of the 
adsorption process was carried out by response surface methodology. Experimental factors such as 
sample pH, contact time (min), arsenic concentration (ppm) and adsorbent dosage (g) were considered 
for the optimization of the adsorption process. Under the optimum conditions, the values of initial 
arsenic concentration, contact time, pH and adsorbent dosage were 41 ppm, 30 min, 7.16 and 0.03 g, 
respectively. The removal of arsenic under optimum conditions was predicted 99% and resulted in 
97% in practice. The Pareto analysis suggested that order of relative importance of the factors is as 
follows: adsorbent dosage > pH > contact time > arsenic concentration. GO/MgFe2O4 nanocomposite 
showed a higher capacity than GO for adsorption of arsenic. 
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1. Introduction

A group of metals and metalloids that have a density 
greater than 5 g cm–3 and atomic weights ranging from 63.5 to 
200.6 are called heavy metals [1]. Both natural and anthropo-
genic activities have greatly contributed to heavy metal release 
in the environment and natural water system through metal 
plating, pesticides, metallurgical, mining, fossil fuel, tannery 
and production of different plastics [2,3]. The toxic effects of 
heavy metals on human health have been investigated exten-
sively; they represent serious threats to the human health 
and water pollution [4]. Some of the toxic heavy metals that 
can be harmful to human body include cadmium, lead, arse-
nic and mercury. Though the human body needs a small dose 
of some heavy metals such as manganese, iron, chromium, 
copper and zinc because they are basic essential micronutri-
ents; however, the presence of large quantities of these metals 

may be extremely dangerous [1,5]. Due to the toxicity of most 
heavy metals, removal of these toxic ions from wastewater 
is necessary for the human health. Several techniques like 
reverse osmosis, coagulation, oxidation, membrane filtration, 
ion-exchange and adsorption. Using alternative inexpensive 
materials as potential sorbents to removal heavy metals have 
been emphasized recently [6,7]. 

Arsenic contamination in groundwater is increasingly 
causing serious concerns globally due to its toxicity and car-
cinogenicity; arsenic is causing serious environmental prob-
lems for healthy humans and other living organisms through 
arsenic-contaminated drinking water [8–10]. Arsenic exists in 
the environment in both inorganic and organic forms. Arsenic 
combined with elements like oxygen, chlorine and sulfur 
are called inorganic arsenic and arsenic combined with car-
bon and hydrogen are called organic arsenic, but in natural 
waters, the most common inorganic arsenic species include 
As(III)and As(V) [11–13]. Arsenic toxicity is dependent on 
its oxidation, solubility and its various forms [14]. Aqueous 
solutions of inorganic arsenic compounds are more toxic 
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than organic arsenic to humans [15]. Arsenic exists in several 
oxidation states such as +5 (arsenate), +3 (arsenite), 0 (arsenic) 
and –3 (arsine) in aquatic systems [16]. Long-term exposure 
to arsenic-contaminated water with concentrations equal to 
or greater than 50 ppb can lead to various health problems 
such as skin lesions, several types of cancer in organs such as 
skin, lungs, liver, bladder, kidney, diabetes mellitus, adverse 
reproductive outcomes, gastrointestinal disease, bone mar-
row disorder, cardiovascular disease and other diseases. 
Due to the high toxicity of arsenic in drinking water to abate 
health problems associated with arsenic in drinking water 
[8,17,18]. In 1993, the World Health Organization (WHO) has 
reduced the previous standard of 50 ppb to a new arsenic 
standard of 10 ppb maximum permissible arsenic in drink-
ing water [12,19]. The economic method to remove arsenic 
and other metals from aqueous solutions is adsorption and 
there are some many reports in literature for the removal 
of arsenic using different adsorbents [20–23]. Spinel-type 
mixed oxides could be alternative adsorbents for the removal 
of arsenic. Normal spinel oxides have the AB2O4 formula, 
where A atoms (divalent cations) occupy tetrahedral voids 
and B (trivalent cations) occupy octahedral voids. For the 
inverse spinel structure atoms A (divalent cations) and half 
the B (trivalent cations) occupy octahedral voids and half the 
B (trivalent cations) occupy tetrahedral voids [24–26].

Spinel ferrite nanoparticles are a kind of soft magnetic 
spinels with the general formula MFe2O4, where M is a diva-
lent metal ion (e.g., Ni, Mn, Mg, Zn, Co and Cu) have been 
extensively employed in technical applications such as in 
photoelectric devices, gas sensors, water splitting, micro-
wave devices, magnetic pigment, nanodevices and catalytic 
properties [27–29]. Various techniques have been developed 
to prepare ferrite spinel such as coprecipitation, sol–gel, 
microemulsion, ultrasonic cavitation approach, hydrother-
mal and microwave synthesis [30,31]. 

Recently, the uses of nanosized ferrite materials have 
been reported for the treatment of wastewater due to their 
specific characteristics such as thermal stability, their reduced 
obtaining cost, high surface area, easy recovery using their 
magnetic properties, etc [32,33]. Among different ferrites, 
magnesium ferrite (MgFe2O4) finds application in microwave 
devices, as gas and humidity sensor, as semiconductor and 
high-density recording media. Though MgFe2O4 has been 
proved as a good adsorbent for dyes and different metals 
but the adsorbent efficiency of MgFe2O4 for As(III) has not 
yet been investigated [34–38]. Hence, the adsorption study of 
As(III) by MgFe2O4 was our interest that we did and reported 
in this paper. 

On another hand, the study of the adsorptive removal of 
As(III) by the minimum experiments and saving the time and 
cost was important. A logic way to get it is using of exper-
imental design methods. Response surface methodology 
(RSM) is an important technique for experimental design and 
analyzing effects of several independent variables and thus 
searching optimum conditions for desirable responses and 
to optimize the processes or products. These techniques are 
nowadays widely employed for the optimization of a num-
ber of processes including adsorption studies and have been 
successfully applied for metal removal [39]. 

The aims of this research were to synthesize and to study 
the adsorptive performance of MgFe2O4 in the removal of 
As(III) from wastewater. In order to save the study time and 
costs, the minimum number of experiments was designed by 
RSM. A mathematical model was developed and the optimum 
conditions were predicted. The effects of various parameters 
such as the adsorbent dosage, pH, contact time and arsenic 
concentration were investigated thoroughly to evaluate opti-
mum conditions. Furthermore, the adsorptive performance of 
GO/MgFe2O4 was investigated for the removal of As(III) from 
the aqueous solution. The adsorbents were characterized by 
X-ray diffraction (XRD), Fourier transform infrared spectros-
copy (FTIR) and scanning electron microscopy (SEM).

2. Experimental

2.1. Materials

All solutions were prepared using analytical reagent 
grade chemicals unless otherwise specified and doubly dis-
tilled deionized water. As2O3 was supplied from the Sigma 
(USA). KIO3, NaOH, HCl, CH3COOH, C2H3O2NH4, NH3, Mg 
(NO3)2.6H2O, Fe(NO3)3.9H2O and Rhodamine B were pur-
chased from the Merck (Germany). The chemical structure 
and characteristics of Rhodamine B are presented in Table 1. 

2.2. Spectrophotometric method

Standard As(III) stock solution (1 mg mL−1) was prepared 
by dissolving 13.2 mg of As2O3 in 100 mL distilled water. 
Working standard solution As(III) was prepared by appropri-
ate dilution of stock solution. 0.05% solution of Rhodamine B 
was prepared by dissolving 2.5 mg of Rhodamine B in the 
volumetric flask of 100 mL distilled water stored in ambered 
color bottle. Potassium iodate, 1%, aqueous solution; hydro-
chloric acid, 0.4 M aqueous solution, acetate buffer (pH 4.5) 
was prepared by dissolving 774 mg of ammonium acetate in 
50 mL water. Solution pH was adjusted to 4.5 with acetic acid. 

Table 1
Chemical structure and characteristics of Rhodamine B

Chemical structure Molecular formula Molecular weight (g mol–1) Chemistry class λmax (nm)

C28H31ClN2O3 479.02 Cationic 555
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2.3. Preparation of MgFe2O4

MgFe2O4 adsorbent nanoparticles were synthesized by 
a coprecipitation method. The preparation of MgFe2O4 was 
performed as follows: ammonia solution was mixed with 
deionized water in desired proportions until pH reached 9.2. 
Some Mg(NO3)2.6H2O and Fe(NO3)3.9H2O salts with a molar 
ratio of 1:2 were dissolved in deionized water and added 
drop by drop to a flask. The reaction was conducted under 
vigorous magnetic stirring to obtain the powder suspension 
the reaction was continued for 6 h and the precipitate was 
filtered, washed with deionized water and dried in a muffle 
furnace at 110°C for 2 h, then calcined at 600°C for 4 h.

2.4. Preparation of graphene oxide 

The graphene oxide (GO) was prepared from graphite 
powder by a modified Hummers method. 1 g graphite powder 
was mixed with 20 mL of sulfuric acid (H2SO4). The mixture 
was kept at room temperature for 1 h and then was stirred vig-
orously for 1 h within an ice bath. Then, 0.5 g of NaNO3 and 3 g 
of KMnO4 were added gradually and the resulted suspension 
was stirred for 2 h in an ice bath. Afterward, it was removed 
from the ice bath and was stirred 2 h at the room tempera-
ture; subsequently, 50 mL deionized water was added. After 
15 min, 140 mL deionized water was added. Next, the sample 
was stirred further at 89°C for 2 h. After that it was cooled 
to the room temperature followed by dropwise addition of 
3 mL H2O2 until the color of the solution turned from dark 
brown to yellow. The solid product was separated by centrifu-
gation and washed several times with distilled water until the 
pH of the solution became neutral. The residue was dried at 
60°C overnight. A suspension solution with a concentration of 
1 ppm was prepared and placed for 20 min in the ultrasonic 
bath and finally, it was dried in an electric oven.

2.5. Preparation of GO/MgFe2O4

Some GO and MgFe2O4 salts with a molar ratio of 1:1 were 
dissolved in 20 mL ethanol and kept under ultrasonication for 
40 min. The collected precipitate was filtered, washed with 
deionized water and dried in a muffle furnace at 110°C for 2 h.

2.6. Characterization of the nanocomposite

The structure and crystal phase of catalyst were 
investigated by a Philips PW1800 diffractometer and Cu Kα 
radiation (λ = 1.54 Å).

The FTIR spectra of the sample were recorded in trans-
mittance at room temperature using a Bruker spectrometer 
(model TENSOR 27) in the range 400–4,000 cm–1.

The morphology of the mixed oxides was determined via 
SEM by a Philips XL30 instrument with precoating samples 
with gold.

2.7. Determination of pHpzc of the adsorbents 

The point of zero charges (pHpzc values) is the point at 
which the net charge on the adsorbent surface is zero. The 
pHpzc values of MgFe2O4 and GO/MgFe2O4 were determined 
by pH drift method [39]. Briefly, several solutions containing 

0.01 M NaCl were supplied. The initial pH (pHi) of the solu-
tions was adjusted to a value between 2 and 11 using 0.1 M HCl 
or 0.1 M NaOH 0.02 g adsorbent was added to the solution. 
The electrolyte solution with a certain amount of an adsor-
bent was equilibrated for 24 h. After equilibrium, the final pH 
(pHf) was recorded. The pHf was plotted against the initial 
pH (pHi) values. The pH at which pHi crossover the (pHf) 
was referred to as the pHpzc.

2.8. Adsorption experiments

Standard As(III) stock solution (100 mg mL–1) was pre-
pared by dissolving 13.2 mg of As2O3 in 100 mL distilled 
water. Different concentrations of arsenic were obtained by 
diluting the main solution. Experiments were performed 
according to RSM design matrix given in Table 2. The range 
of pH, contact time, arsenic concentration and adsorbent dos-
age were 4–8, 40–60 min, 20–40 ppm and 0.4–0.8 g, respec-
tively. Arsenic concentration was determined using UV–Vis 
spectrophotometer (PG Instrument 80+) at λmax = 554 nm. The 
response (As(III) removal percentage) was expressed as per-
centage of As(III) removal calculated by Eq. (1):

Removal% =
−

×
C C

C
0

0

100  (1)

where C0 and C are the initial and final arsenic concentrations 
(ppm), respectively. 

2.9. Experimental design, statistical analysis 
and optimization by RSM 

In order to develop a model for the adsorption process for 
predicting the removal percentage of As(III) under untested 
conditions, we considered most important factors: initial arse-
nic concentration (X1), adsorbent dosage (X2), contact time (X3) 
and pH (X4) to investigate their effects on arsenic removal. 31 
experiments were designed and optimized based on the central 
composite method of RSM. Each experiment was tested twice 
and the average of response was considered. The removal per-
centage for each experiment was reported with a precision of 
±1%. The following second-order polynomial response model 
(Eq. (2)) was used to explain the behavior of the system:
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where Y is the arsenic removal, Xi and Xj are coded factors 
that influence the response Y (terms of the model), and B0 
is the constant term, Bi is the ith linear coefficient, Bii is the 
iith quadratic coefficient and Bij is the ijth interaction effect. 
Results were interpreted by the analysis of variance (ANOVA) 
using Minitab 17 software.

3. Results and discussion

3.1. Characterization of the adsorbents

The FTIR spectra of GO, MgFe2O4 and GO/MgFe2O4 
are shown in Fig. 1. In the spectrum of GO, the peaks at 
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1,050.50 are assigned to the C–O stretching vibration. The 
peaks at 1,580.28 and 3,396.18 cm–1 correspond to the stretch-
ing vibrations of C=O and hydroxyl groups, respectively. 

The FTIR spectrum of MgFe2O4 particles was also 
recorded for better illustration of surface groups. The 
presence of absorption peaks at 541.15 and 454.62 cm−1 
confirms the formation of MgFe2O4 with cubic spinel 
structure. The absorption peak at about 541.15 cm−1 can be 
attributed to the stretching vibration of the tetragonal groups 
of (Fe3+O2−or Mg2+O2−) bond. The band at 454.62 cm−1 is due to 
the vibration modes of octahedral groups (Fe3+O2−). 

The FTIR spectrum of the GO/MgFe2O4 shows all the 
peaks appeared at the spectra of MgFe2O4 and GO, just the 
intensity of peaks has been relatively low.

It is seen from Fig. 2 that the XRD pattern consists of 
well-resolved peaks, which confirms the polycrystalline of 
the prepared material. The diffraction peaks corresponding 
to planes (220), (311), (222), (400), (422), (333), (440) and (620) 

provide a clear evidence for the formation of spinel struc-
ture of the ferrite matches well with JCPDS (73-2410) file for 
MgFe2O4 [11]. This observation matches well with those of ear-
lier reporters [32,33]. It is also noted that the ferrite concludes 
some residual α-Fe2O3 phase. The grain size of MgFe2O4 is 
obtained using Scherrer’s formula (Eq. (3)) as 35 nm.

D =
0 89. λ
β θcos  (3)

The morphology and particle size of MgFe2O4 and 
GO/MgFe2O4 are shown in Fig. 3. It is observed in Fig. 3(a) 
that the MgFe2O4 particles are as spherical granules, whereas, 
in the case of GO/MgFe2O4 (Fig. 3(b)), these granules are 
spread on the GO sheets. The average particle size of MgFe2O4 
particles is small than 100 nm, indicating that the particles are 
nanoscale.

Table 2
RSM design matrix and the values response

Run pH Time (min) Concentration (ppm) Adsorbent dosage (g) Experimental values (%) Predicted values (%)

1 8 60 20 0.4 81.25 81.19
2 6 50 30 0.6 93.00 92.57
3 4 60 40 0.4 86.50 85.56
4 2 50 30 0.6 92.00 92.46
5 6 70 30 0.6 74.00 75.25
6 6 50 10 0.6 91.00 89.84
7 8 60 40 0.8 80.00 77.46
8 8 40 40 0.4 93.75 92.98
9 8 60 20 0.8 90.00 90.80
10 4 40 40 0.4 93.75 93.06
11 4 40 20 0.8 88.00 88.13
12 6 30 30 0.6 81.00 80.75
13 4 60 40 0.8 84.00 84.05
14 6 50 30 0.6 93.00 92.57
15 6 50 30 0.6 93.00 92.57
16 4 40 40 0.8 93.75 92.67
17 6 50 30 0.2 83.00 83.22
18 6 50 30 0.6 92.00 92.57
19 8 40 40 0.8 92.00 92.59
20 6 50 50 0.6 90.00 92.17
21 10 50 30 0.6 86.00 86.54
22 4 40 20 0.4 76.00 77.39
23 4 60 20 0.8 97.00 96.63
24 6 50 30 0.6 93.00 92.57
25 8 60 40 0.4 79.00 78.98
26 6 50 30 0.6 92.00 92.57
27 6 50 30 1.0 91.66 92.44
28 4 60 20 0.4 87.50 87.02
29 8 40 20 0.8 89.00 88.80
30 6 50 30 0.6 92.00 92.57
31 8 40 20 0.4 78.00 78.06
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3.2. Results of response surface methodology 

Based on the results of RSM, an empirical relationship 
between the response and independent variables was deter-
mined as the following second-order polynomial Eq. (4):

Y X X X
X X X

= + + −

− − −

92 571 0 583 2 305 1 375
1 479 0 391 1 183

1 2 3

4 1
2

2
2

. . . .
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− − − −

3 641
0 766 2 781 4 281 1 625

3
2

4
2

1 2 1 3 3 4

.
. . . .

X
X X X X X X X

 (4)

According to the equation, the singular terms contain-
ing X1 and X2 have a positive sign, indicating a synergistic 
effect on the response, whereas the singular terms containing 

X3 and X4 with a negative sign have an antagonistic effect 
on the response, meaning that an increase in time and pH 
decreases the removal percentage of arsenic. Among sin-
gular term, the X1 (arsenic concentration) with the smallest 
coefficient has the minimum impact on the response (arsenic 
removal). Among binary terms, the interactions of X1X2, X1X3 
and X3X4 have a negative effect on the response.

The results of ANOVA for the model are presented in 
Table 3. The ANOVA suggests whether the equation is ade-
quate to describe the relationship between the response and 
the significant variables [39]. 

The Fisher’s F test was used to verify the statistical 
significance of the model and approved the significance of 
the model with F value of 74.59. The significance of the model 
was evaluated by the correlation coefficient (R2), which is a 

Fig. 1. FTIR spectra of MgFe2O4, GO and GO/MgFe2O4.

Fig. 2. The XRD patterns of (a) MgFe2O4 and (b) GO/MgFe2O4.

 

 

Fig. 3. The SEM of (a) MgFe2O4 and (b) GO/MgFe2O4.

Table 3
Analysis of variance (ANOVA) for the quadratic response surface 
model

Source of 
variations

Sum of 
squares

Degrees of 
freedom

Adjusted 
mean square

F Value

Regression 1,088.85 10 108.885 73.35
Residuals 29.69 20 1.484
Total 1,118.54 30

R2 = 97.35%, R2
pred = 93.57% and R2

adj = 96.02%.
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correlation criterion between the experimental data and the 
predicted responses. Fig. 4 shows a graph of the predicted 
response plotted by the model against the experimental 
responses. The determination coefficient (R2) between the 
predicted values and the experimental values was 97.35%, 
indicating the validity of the model. This means that the 
experimental values are in good agreement with predicted 
values. This implies that 97.35% of the variations in arsenic 
removal efficiency is explained by the independent variables 
and this also means that the model does not explain only 
2.65% of the variation. The predicted determination coeffi-
cient of the model (R2

pred) was 0.9357, indicating that 93.57% 
of the response variation is attributed to the four indepen-
dent factors. The adjusted R2 (R2

adj) = 0.9602 was also of sta-
tistical significance and indicates the correlation applicability 
of the model. The difference of R2

adj and the R2
pred value was 

less than 0.2 (20%), indicating the significance of the model.
In addition, the adequacy and the significance of the 

model were evaluated by the residuals which are the differ-
ence between experimental and the predicted response value. 
Normal probability plots are a suitable graphical method for 
judging the normality of the residuals. The normal probabil-
ity plot in Fig. 5(a) shows the values of predicted response 
against the residual values, given by a normal distribution. A 
graph of the residual vs. the predicted response shows ran-
dom behavior without a tendency toward residuals for exper-
imental values Fig. 5(b). Fig. 5(c) shows the plot of residuals 
vs. order of data shows randomly scattering and consequently 
the residual plots approve the adequacy of the model.

On the other hand, the significance of the regression 
coefficient of the model terms was investigated by p value. 
In addition, the Student’s t-test was used to determine the 
significance of the regression coefficient of the model terms, 
testing whether the true parameter is zero or not. p Value and 
t value of each term of the model are presented in Table 4.

Conventionally, the larger the t value and smaller the 
p value (p < 0.05) indicate the higher significance of the cor-
responding coefficient. The coefficients of the linear effect of 
time, arsenic concentration, adsorbent dosage and pH with 
p value < 0.05 were significant. In the case of quadratic effects 
of (Xi

2), the effects of X2
2, X3

2 and X4
2 were significant at the 

confidence level of 100%, and the term X1
2 was removed from 

the model because of the high p value. In the case of binary 
terms, the interactions of X1X2, X1X3 and X3X4 were signifi-
cant at a confidence level of 100% and the other interactions 
were removed from the model because of the high p value.

The Pareto analysis is a formal technique used to deter-
mine the relative importance of independent variables and 
each term of the model. Pareto analysis indicates the per-
centage effect of each term on the response, according to the 
following relation (Eq. (5)):

P
b
b

ii
i

i

=











× ≠

∑
2

2 100 0( )  (5)

 

 
Fig. 4. Plot of the predicted and experimental values.

Fig. 5. Residual plots for predicted response by the model and 
experimental response. (a) Normal probability plot. (b) Residual 
plot vs. predicted response. (c) Residual plot vs. order.

Table 4
Estimated regression coefficient and corresponding t and p value

Term Coefficient t Value p Value

Constant 92.172 231.95 0.000
X1 (concentration) 0.583 2.35 0.029
X2 (adsorbent dosage) 2.305 9.27 0.000
X3 (time) –1.375 –5.53 0.000
X4 (pH) –1.479 –5.95 0.000
X2*X2 –1.142 –5.04 0.000
X3*X3 –3.599 –15.89 0.000
X4*X4 –0.724 –3.20 0.005
X1*X2 –2.781 –9.13 0.000
X1*X3 –4.281 –14.06 0.000
X3*X4 –1.625 –5.34 0.000
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The results of Pareto analysis are shown in Fig. 6. The 
results suggest that the (X1*X3) with the relative importance of 
34.44% was the most important factor among the other factors 
in the removal of arsenic. The Pareto analysis suggested that 
order of relative importance of the four independent factors 
is as follows: adsorbent dosage > pH > contact time > arsenic 
concentration.

Among independent factors, the adsorbent dosage 
and pH are the most effective factors on the response. The 
Pareto analysis predicts that the arsenic concentration is not 
so impacted on the response rather to the independent fac-
tors. On the other hand, the following order was resulted in 
the relative importance of model terms: X1*X3 (34.44%) > X3

2 
(24.34%) > X1*X2 (14.53%) > X2 (9.98%) > X3*X4 (4.96%) > X4 
(4.11%) > X3 (3.55%) > X2

2 (2.45%) > X4
2 (0.98%) > X1 (0.63%). 

The Minitab software provides a graphical route to study 
the interactions of the model terms by three-dimensional 
(3D) plots and 2D contours, which are suitable to study the 
binary interactions of factors. 

Fig. 7 illustrates 3D surface plot and 2D contour for the 
combined interaction of adsorbent dosage and arsenic con-
centration on the adsorption capacity of arsenic. According 
to the figure, X1X2 term has a negative effect on the response 
(adsorption capacity of arsenic) as evidenced by the negative 
terms in the model. The maximum effect on the response is 
observed at low of arsenic concentration and high level of 
adsorbent dosage meaning that the increasing the adsorbent 
dosage lead to increase the adsorption capacity. The statisti-
cal results are consistent with the literature and demonstrate 
the ability of the RSM at the prediction of the experimental 
results.

Fig. 8 illustrates 3D surface plot and 2D contour for the 
combined interaction of arsenic concentration and reaction 
time on the adsorption capacity of arsenic. According to this 
figure, the maximum degradation is at the arsenic concentra-
tion 50 ppm and reaction time 40 min.

Fig. 9 illustrates the 3D surface plot and 2D contour for the 
combined interaction of pH and reaction time on the adsorption 
capacity of arsenic. It is concluded that maximum degradation 
is at mid-levels of reaction time and minimum pH.

According to Eq. (4), the combined interaction of pH and 
contact time (X3X4) has a negative impact on arsenic removal. 

Hence, we expected the decrease of the arsenic removal per-
centage at higher pH. This could be explained by the pHpzc of 
MgFe2O4. The pHpzc of MgFe2O4 was determined to be 8.0–9.0.

Fig. 6. Pareto chart analysis.

 

Fig. 7. The response surface plot and contour plot of the 
decolorization efficiency as the function of arsenic concentration 
and adsorbent dosage.

Fig. 8. The response surface plot and contour plot of the 
decolorization efficiency as the function of arsenic concentration 
and time.
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When pH is less than pHpzc, the adsorbent surface is posi-
tively charged and arsenic is in the form of H3AsO3, H2AsO3

2– 
(pH < 2.19) and HAsO3

2– (pH = 6.94). When pH higher than 
pHpzc the adsorbent ferrite surface is negatively charged and 
arsenic is mainly in the form of AsO3

3–. Therefore, the increas-
ing of electrostatic repulsion between the negative charges of 
adsorbent surface and negatively charge arsenite species result 
in to decrease the arsenic removal percentage at higher pH. In 
the case of GO/MgFe2O4, the pHpzc was determined 7.8 and the 
similar behavior was observed in the acidic and basic medium. 

Furthermore, the optimal conditions for the process of 
removal of arsenic by MgFe2O4 were predicted by the RSM. 
The optimum conditions of the adsorption process were pre-
dicted to be at pH, time, arsenic concentration and adsorbent 
dosage of 7.16, 30 min, 41 ppm and 0.03 g, respectively. The 
predicted response under these conditions was 99%, whereas 
the experimental test of predicted condition led to 97% 
removal of arsenic. Under optimum conditions, the capac-
ity of MgFe2O4 for arsenic adsorption (Qe) was 19.9 mg g–1. 
At the same condition the removal percentage of arsenic by 
GO/MgFe2O4, GO was 95% and 92%, respectively.

4. Conclusion

MgFe2O4 adsorbent nanoparticles were successfully 
synthesized by the coprecipitation method and their per-
formance at the removal of arsenic was investigated under 
the same conditions. To optimize the process and saving the 
cost and time of the study, the experiments were designed by 
central composite type of RSM through considering four pro-
cess variables: initial arsenic concentration (ppm), adsorbent 
dosage (g), contact time (min) and pH. The optimum con-
dition for the removal of arsenic was predicted by the RSM. 

The predicted percentage removal of arsenic under optimum 
conditions was 99%, whereas the experimental testing of 
optimum condition led to 97% degradation for arsenic. The 
Pareto analysis predicted that the order of relative impor-
tance of the four independent factors is as follows: adsorbent 
dosage > pH > contact time > arsenic concentration. Under 
the identified optimum conditions, GO/MgFe2O4 nanocom-
posite exhibited better adsorption capacity than GO. The 
study revealed that MgFe2O4 could be a promising adsorbent 
for removal of industrial arsenic from aqueous solutions.
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