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This study was conducted for the purpose of showing that the mercaptobenzothiazole (MBT)-functionalized
SiO2@Fe3O4 nanocomposite can be applied as a new adsorbent for the adsorption of As (V) ions from aqueous so-
lutions. SiO2@Fe3O4@MBT synthesized via a two-stage process was characterized by scanning electron micros-
copy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), the transmission electron
microscope (TEM) and Brunauer-Emmett-Teller (BET). The SEM showed good adsorbing capacity for SiO2@
Fe3O4@ MBT due to the average core size 40 nm with a vast surface. The appearance of bands attributed to the
C\\H stretch of methylenes of the alkyl chain in FTIR analysis showed SiO2@Fe3O4 was successfully modified
byMBT. The XRD spectrum clearly demonstrates the occurrence of two phases of iron oxide/hydroxide and silica
oxide, and also the spinal structure of SiO2@ Fe3O4@ MBT reveals the presence of SiO2, by revealing the specific
peaks at 2θ=26.62, 39.44, 42.41, 54.83.The TEMmicrograph of SiO2@ Fe3O4@MBT showed the Fe3O4 nanopar-
ticle anchored on SiO2 and formed a large amount of Fe3O4with different size. Surface area of SiO2@ Fe3O4@MBT
was investigated and determined 58.35m2/g. Response surfacemethodology (RSM)was employed tomodel the
effects of the operating parameters, such as pH (2–8), adsorbent dosage (10–100 mg L−1), initial As
(V) concentration (1–10 mg L−1), and contact time (2–180 min) using the R software. Based on the results ob-
tained from the analysis of variance (ANOVA), the reduced full second-order model demonstrated satisfactory
adjustment with the experimental data. The Solver “Add-ins”were applied using the effective parameters to op-
timize important operating variables. The optimum operating points were established at the initial As
(V) concentration of 10 mg L−1, the adsorbent dosage of 82.7 mg L−1, the time of 169.1 min, and the pH of
5.07, corresponding to the maximum predicted As (V) removal percentage of 93.89%. Based on the reported re-
sults, the experimental isotherm data best fit the Freundlich model rather than the other isotherms. The maxi-
mum adsorption capacities calculated from the Langmuir equation were 10.38, 11.35, and 17.5 mg g−1 for
291 K, 301 K and 311 K. The followed kinetic model was the pseudo-first order kinetic model in nature and
intraparticle diffusion was the dominant mechanism.
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1. Introduction

Arsenite (AsO3
3−) and arsenate (AsO4

3−) are the main inorganic
forms of arsenic and are highly toxic substances in aqueous solutions
[1]. The presence of high concentrations of arsenic (AsO3

3− and AsO4
3−)

in ground waters can pose a wide range of risks such as carcinogenic
health effects, bladder and lung cancers, nervous and skin pigmentation
disorders, such that it has been characterized as a significant concern by
many countries [1–3]. Arsenite is more toxic to biological systems than
arsenate but under oxidizing conditions, arsenite is unstable and can be
oxidized to arsenate. Therefore, theWHOhas issued guidelines that rec-
ommend that the maximum contamination level of arsenic should be
decreased to 10 μg L−1 in drinkingwater [2]. Scientists are studying ad-
vantageous technologies that can be used to treat such pollutants [4,5].
Due to simple operation, large surface areas, great adsorption capacity,
and also green and easy handling, the use of nano-adsorbents (such as
nano-SiO2) can be an attractivemethod for the attenuation of pollutants
from aqueous solutions [6–9]. Themain characteristics of nano-SiO2 are
high stability and non-toxicity [10–13]. Some researchers have reported
the emerging application of Fe3O4@SiO2 in the removal of phosphate
[14], Cu(II) ions [15], chloroauric ion [11] and methylene blue [16]. Be-
cause of having favorable conditions, the surface of nano-SiO2 can be
improved by chelating ligands resulting in very high metal binding ca-
pabilities [1]. In recent years, 2-mercaptobenzothiazole (MBT) has
been widely used as a chelating ligand in order to form complex com-
pounds with metal ions. Therefore, in the present study, MBT was
employed as a suitable surface modification reagent for nano-SiO2 in
the sequestration of arsenate fromwater solutions [17]. The use of opti-
mization techniques in the application of SiO2@Fe3O4@MBT on an in-
dustrial scale can be beneficial, because it improves process efficiency
and minimizes operational costs and time. The classical method of
changing one factor and fixing the others has some drawbacks, includ-
ing: 1- It does not take the interactive effects of parameters into consid-
eration. 2- It requires spending a lot of time and performing numerous
tests. Therefore, it cannot be as reliable a method as expected [18–21].
To deal with the limitations of the classical method, RSM is applied as
a multivariate system and a useful technique, in which all factors are
varied simultaneously, resulting in the reduction of the required time
and overall operation costs [1]. In some studies, RSM has been imple-
mented by commercial software, such as Design-Expert [22], JMP [23],
and Statgraphics [24]. These commercial applicationshave some restric-
tions, e.g., they do not generate the various RSM models, which reduce
the accuracy of the RSM modeling [25]. The R software with the most
standards for first and second order designs and methods for one re-
sponse variable removes these limitations. This software provides infor-
mation about howwell themodel fits the data (lack of fit), estimates all
the coefficients in the model, allows blocking of experiments, allows
specified variance criteria for estimated coefficients and estimated re-
sponses to be met, and also requires as few experiments as possible
([25–27]. In this research, SiO2@Fe3O4 nanocomposites were synthe-
sized andmodifiedwithMBT for the first time (that has not yet been re-
ported in detail) based on the idea that this chemical will improve the
SiO2@Fe3O4 adsorption capacity for arsenate. The present studywas un-
dertaken: (i) to optimize andfindan appropriate functional relationship
between the response and related input variables by RSM using central
composite design (CCD) (ii) to obtain the optimum conditions of the
model equation as predicted by RSM using the Solver ‘Add-ins’ (iii)
and to study various isotherm models and kinetic equations to identify
the possible adsorption mechanism.

2. Materials and methods

2.1. Chemicals

All chemicals were of reagent grade and doubly distilled water
(DDW) was used throughout this work. SiO2 powder, 2-
mercaptobenzothiazole (MBT), H2SO4, FeCl3.6H2O, FeSO4.7H2O,
NH4OH, and sodium nitrate (NaNO3) were purchased from Sigma-
Aldrich, Ltd. Co. The arsenate stock solution was prepared from the so-
dium arsenate (Na2HAsO4.7H2O) (Merck Co). The working solutions
of arsenate were obtained by appropriate dilution of the stock solution.

2.2. Synthesis of the SiO2@Fe3O4 magnetic nanocomposite and the MBT-
functionalized SiO2@Fe3O4 nanocomposite

The SiO2@Fe3O4 nanocomposite was synthesized using a previously
reported procedure [11]. About 0.1 g of SiO2 was dispersed in 25 mL of
deionized water by ultrasonic irradiation for 5 min. Then, a solution of
256.5 mg of FeCl3.6H2O and 132 mg of FeSO4.7H2O in 25 mL of deion-
ized water were prepared. This mixture was added to the SiO2 solution
and was stirred for 30 min [11,28]. At last, 3 mL of NH4OH (25%) aque-
ous solution was added dropwise into the mixture, and then the mix-
ture was kept under constant stirring at 90 °C for 4 h. After 12 h
stirring at 40 °C, the Fe3O4@SiO2 was separated by a strong magnet,
washed with ethanol and then dried at room temperature [28,29]. The
MBT-functionalized SiO2@Fe3O4 nanocomposite was prepared using
2-mercaptobenzothiazole (MBT) based on the method discussed previ-
ously [30]. A saturated solution of MBT was prepared and sonicated for
2 h and then the solution was filtered to remove the undissolved MBT
by filtration through a 0.45 μm filter membrane. Next, 1.0 g of the
Fe3O4@SiO2 nanocomposite was added to the saturated solution of
MBT and stirred for 2 days, then the solid Fe3O4@SiO2 nanocomposites
were collected using an externalmagnetic field andwashedwith deion-
ized water to remove excess MBT, until it became colorless. The final
product, the SiO2@Fe3O4@MBT nanocomposite, was dried in an oven
at 60 °C overnight. The formation of the SiO2@Fe3O4@MBT nanocom-
posite was confirmed by IR spectroscopy and scanning electronmicros-
copy [28,29,31,32]. The schematic of the SiO2@Fe3O4@ MBT
nanocomposite is portrayed in Fig. 1.

2.3. Sorbent characterization and analytical methods

The surface structure and elemental analysis of the prepared adsor-
bent was done by SEM (JEOL-JED 2300AnalysisStatio). The FT-IR spectra
of the products were recorded on the Fourier-Transform Infrared (FT-IR,
Shimadzu Prestige21) with KBr pellets (Bruke EQUINOX 55 Germany).
The infrared spectra were measured within the range of 40–4000 cm−1.
The XRD data were acquired on an X-ray diffractometer (Shimadzu S-
6000) with Cu Ka irradiation (ʎ = 1.5406 Å). A transmission electron
microscope (TEM) at 180 kV was used to analyze the surface
morphology.

2.4. Factorial experimental design and the optimization of the parameters

Response surface methodology comprises a body of methods for ex-
ploring the optimum operating conditions through experimental
methods. Typically, this involves several steps: (1) coding of data
(2) generating a design (3) fitting a response surface model
(4) displaying a response surface (5) optimization [33]. The R software
for windows (version 3.0.3:6 March 2014) was used for this purpose
[34,35]. In the R software, the CCD function is available to generate the
standard response surface design consisting of 2k points that form the
base design, 2k star points (axial points), and several center points
where k is the number of variables [30]. The CCD levels designed for
4-input independent factors included pH (X1), SiO2@ Fe3O4@ MBT dos-
age (X2), time (X3) and initial As (V) concentration (X4), which are
given in Table 1. Generally, 28 runs were designed using 16 factorial
points and 12 center points. Next, the output-dependent response var-
iable (removal efficiency (ϒ)) related to each run was determined via
experimental methods. The R software embraces three models of
RSM: (i) the first-order response-surface model (FO), (ii) the two-way
interactions model (TWI) and (iii) the full second-order model (FSO)



Fig. 1. The schematic representation of the synthesis of Fe3O4, the magnetic SiO2 -Fe3O4 nanocomposite and the MBT-functionalized SiO2 -Fe3O4 nanocomposite.
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[35]. To obtain a suitable response surface model, data was fitted with
the three models of RSM and the best model was selected for the opti-
mization process and further analysis. Additionally, the reduced model
was applied if it was required. Four parameters, including F-value, p-
value, multiple R-squared (R2) and lack of fit, were taken into account
in the evaluation of the models. The criteria for the selection of the ap-
propriate model included greater F-value, smaller p-value, higher R2

and insignificant lack of fit (or more lack of fit). The adequacy of the
fitting of the models was further justified by ANOVA analysis [21].
Eq. (1) was used to estimate the relationship between the independent
and the experimental responses:

ϒ ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

biiX
2
i þ

Xk−1

i¼1

Xk

j¼1

bijXiXj þ C ð1Þ

where b0 is the intercept value, bi, bii, and bij refer to the regression co-
efficient for the linear, second order, and interactive effects, respec-
tively, Xi and Xj are the independent variables, and C denotes the
error of prediction [25,36]. Finally, to obtain the optimum conditions,
the Solver ‘Add-ins’ were applied using effective parameters to write
the model equation as predicted by RSM [25,37].

2.5. Batch experiments

Sodium (meta) arsenate (Sigma-Aldrich, 99%) was used in order to
prepare the arsenate stock solution (1 mg As cm−3), and the desired
As (V) concentrations were obtained by the dilution of the stock solu-
tion. All the experiments were carried out according to the runs deter-
mined by the RSM method inside 250 mL Erlenmeyer flasks
containing 100 mL of arsenate solution. The mixtures were shaken at
Table 1
The actual and coded values of the independent variables used for the experimental
design.

Variable Symbol Coded level

−1 0 1

Real values

pH X1 2 5 8
SiO2@ Fe3O4@ MBTdose (g L−1) X2 10 55 100
Time (min) X3 2 91 180
As (V) concentration (mg L−1) X4 1 5.5 10
200 rpm for a predetermined time period. Then, samples were with-
drawn from the solution and centrifuged at 3000 rpm. After filtering
the samples through 0.22 μm syringe filters, the residual concentration
of arsenate was analyzed using a graphite furnace atomic absorption
spectrometer.

2.6. Isotherm study

Equilibrium experiments were conducted under the optimum con-
ditions obtained from the model at various temperatures (291, 301
and 311 K) for initial As (V) concentrations of 1 to 10mg L−1. To obtain
maximum sorption, themixture was shaken for 3 h at 180 rpm. The ad-
sorption results were then analyzed using the Langmuir, Freundlich,
Temkin and Dubinin–Radushkevich (D–R) isotherm models in order
to determine the relationship between equilibrium capacity and equi-
librium concentration. The linear shape of the Langmuir model (based
on the assumption of a homogenous surface energy distribution) is pre-
sented in Eq. (2) [38,39]:

ce
qe

¼ 1
qmb

þ 1
qm

ce ð2Þ

where qe, Ce, qm and b are the equilibrium amounts of the adsorbate
(mg g−1), the equilibrium concentration of the adsorbate (mg L−1),
the maximum adsorption capacity (mg g−1), and the Langmuir con-
stant related to the binding site (L mg−1), respectively. The Langmuir
isotherm model is described based on the RL parameter (Eq. (3)),
which is unfavorable for RL N 1, linear for RL = 1, favorable for. 0 b RL

b 1 and irreversible for RL = 0. C0 is the highest initial concentration
of As (V) ion (mg L−1).

RL ¼ 1
1þ bc0½ � ð3Þ

The linear shape of the Freundlich isotherm model (appropriate for
heterogeneous systems) is expressed by Eq. (4) [40]:

logqe ¼ logkf þ
1
n

logce ð4Þ

where Kf (mg1–1/n/L1/n/g) and 1/n are the Freundlich constants, related
to the adsorption capacity and intensity, respectively. The value of “n”
denotes the adsorption process and the value of 1/n should be in the
range of 0.1–1 for a favorable adsorption.



Fig. 2. SEM (a) and TEM (b) images of theMBT-functionalized SiO2-Fe3O4 nanocomposite.
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The Temkin isotherm is also available for heterogeneous surface ad-
sorption. The linear form of the Temkin model is given by Eq. (5) [38]:

qe ¼ B1 ln ktð Þ þ B1 ln Ceð Þ ð5Þ

where B1 = RT/b1 (R is the universal gas constant and T is the absolute
temperature), b1 and kt are the adsorption heat (kJmol−1) and the equi-
librium binding constant (L g−1) corresponding to the maximum bind-
ing energy, respectively. A high value of b1 and a low kt value depict a
fast sorption of the adsorbate at the initial stage and weak bonding of
the adsorbate onto the medium, respectively.

Also arsenate adsorption data have been analyzed by Dubinin–
Radushkevich isotherm model. The linear form of the D-R is given by
Eq. (6).

ln qe ¼ ln qm−KDRε2 ð6Þ

where KDR is a constant related to mean free energy of sorption per mol
of the sorbate [mg2 kJ−2] and ε is Polanyi potential [J mg−1]. KDR can be
calculated from the slope of the linear plot of ln qe versus ε2. Also ε can
be obtained using following equation:

ε ¼ RTln 1þ 1=Ceð Þ ð7Þ

where R is the universal gas constant [8.314 kJ/kmol·K] and T[K] is the
absolute temperature. The mean free energy of adsorption [E] can be
written as:

E ¼ 1= 2KDR½ �0:5 ð8Þ

If the value of E be between 8 and 16 kJ mol−1, the adsorption pro-
cess is chemical and if be less than 8 kJ mol−1, the adsorption process
is physical.

2.7. Kinetic study

An adsorption kinetic study was conducted using equilibrium time
data. For this purpose, under optimum conditions obtained from the
RSMmodel, 100 mL As (V) solution (1, 2 and 3 mg L−1) was placed in-
side 250 mL Erlenmeyer flasks, and samples were taken at regular time
intervals (2–180 min). The three kinetic models, including the pseudo-
first order, pseudo-second order, and intra-particle diffusion models,
were considered. The pseudo-first order kinetic (the linear equation)
is described by the following Eq. (9) [25,41]:

logqe−qt ¼ logqe−
k1

2:303
t ð9Þ

where qe, qt are the amounts (mg g−1) of the adsorbate at equilibrium
and at time t (min), respectively. k1 (min−1) is the rate constant of
the pseudo-first order model. The pseudo-second order kinetic is
expressed by Eq. (10):

t
qt

¼ 1
k2q2e

þ 1
qe

t ð10Þ

where k2 (g mg−1 min−1) is the rate constant of the pseudo-second
order model.

In order to gain insight into the mechanisms and rate controlling
steps affecting the kinetics, the data were tested using the intra-
particle diffusion model that is given as follows in Eq. (11):

qt ¼ kdt
1=2 þ I ð11Þ

where kd is the intra-particle diffusion rate constant (mg g−1 min−1/2)
and I is a constant that gives an idea about the thickness of the boundary
layer [38,42].
2.8. The determination of the zero point charge

In order to investigate to what extent the surface charge of the ad-
sorbentmaterial depended on pH, the zero point charge (pHzpc)wasde-
termined by adding 50mL of the potassium nitrate (0.01M) solution to
Erlenmeyer flasks containing 0.2 g of the adsorbent. The solution pH
was set to the desirable values in the range of 2 to 12 by adding HCl
andNaOH. Themixturewas shaken for 24 h. The final pH of each beaker
was measured using a pHmeter (Model Sartorius PP-50). The intersec-
tion point of the initial pH versus the final pH was recorded as pHzpc

(7.87) [38].

3. 3. Results and discussion

3.1. Characterization results

The morphological and surface structural characteristics of the
SiO2@Fe3O4@MBT nanocomposite were investigated using SEM
(Hitachi- S4160, Tokyo, Japan). The SEM pattern in Fig. 2a showed
that the average SiO2@ Fe3O4@ MBT core size was approximately
40 nm with a vast surface that is indeed responsible for its good
adsorbing capacity. To further investigation of the surface morphology,
the TEM micrograph of SiO2@ Fe3O4@ MBT was recorded (Fig. 2b).
Fig. 2b portrayed the Fe3O4 nanoparticle anchored on SiO2 and formed
a large amount of Fe3O4 with different size. The structure of the SiO2@
Fe3O4@MBT sample was characterized using FTIR spectroscopy. The
FT-IR was employed to examine the surface groups of the synthesized
materials, and their spectra are portrayed in Fig. 3. The IR spectrum of
SiO2@Fe3O4 was characterized as follows (cm−1): 580 (Fe\\O), 3400
(O\\H), and 3394 (COOH). There also appeared a broad strong band



Fig. 3. The FTIR spectra for the SiO2@ Fe3O4@ MBT nanocomposite.
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at around 1100 cm−1 due to Si-O-Si stretching. Furthermore, the pres-
ence of signals at 1575 cm−1 (C_N) and 1107 cm−1 (C\\N) proved.
The appearance of bands at 2900 and 2850 cm−1 was attributed to
the C\\H stretch of methylenes of the alkyl chain which showed
SiO2@Fe3O4 was successfully modified by MBT (The functional groups
related to the surface functionalization with 2-mercaptobenzothiazole
are peaks for substituted benzene, carbonyl groups and the CH of al-
kenes at 796, 1625 and 2952 cm−1). Fig. 4 shows the X-ray diffraction
(XRD) pattern of the SiO2@Fe3O4@MBT nanocomposite. The XRD spec-
trum clearly demonstrates the occurrence of two phases of iron oxide/
hydroxide and silica oxide. There are peaks located at 30.1°, 35.4°,
43.1°, 53.4°, 56.9°, and 62.5°, which are indexed to (220), (311), (400),
(422), (511), and (440), respectively. They can be related to lattice
planes. The spinal structure of SiO2@ Fe3O4@ MBT reveals the presence
of SiO2, by revealing the specific peaks at 2θ=26.62, 39.44, 42.41, 54.83.
Fig. 4. The XRD pattern for the SiO2@
In the BET analysis, surface area of SiO2@ Fe3O4@ MBT was investi-
gated and determined 58.35 m2/g. The pore size distribution curve
showed average pore diameter and average particle size of
10.18415 nm and 102.8184 nm respectively.

3.2. The magnetism strength of the SiO2@ Fe3O4@ MBT

In order to determine sufficient magnetization of SiO2@Fe3O4@MBT
for separation in water treatment, the magnetic field strength of SiO2@
Fe3O4@MBT analyzed. As portrayed in Fig. 5, with an increasing in field
from−2 to 8 Tesla (One tesla is equal to oneweber per squaremeter), a
sharp increase in magnetization was observed as the magnetization at
about 7 Tesla reached to saturation mod. As shown in Fig. 5 from −1.5
to 1.5 Tesla a ferromagnetic hysteresis state was created. The saturation
magnetization of SiO2@Fe3O4@MBTwas 7.194 Tesla; thus, separation of
Fe3O4@ MBT nanocomposite.



Fig. 5. The magnetism strength of the SiO2@ Fe3O4@ MBT.

Table 2
The central composite design matrix with coded and uncoded values of the independent
variables and the experimental and predicted values of the response.

Sl.no. Coded values Uncoded values % Removal

X1 X2 X3 X4 X1 X2 X3 X4 Expt. (%) Pred. (%)

1 1 1 1 −1 8 100 180 1 90.60 91.52
2 1 −1 1 −1 8 10 180 1 75.15 74.15
3 0 0 0 0 5 55 91 5.5 68.40 68.93
4 −1 −1 −1 −1 2 10 2 1 34.1 29.97
5 0 0 0 0 5 55 91 5.5 67.1 68.93
6 0 0 0 0 5 55 91 5.5 66.9 68.93
7 0 0 0 0 5 55 91 5.5 66.47 68.93
8 −1 −1 −1 1 2 10 2 10 12.2 12.6
9 −1 1 −1 1 2 100 2 10 32.4 32.14
10 0 0 0 0 5 55 91 5.5 66.00 68.93
11 0 0 0 0 5 55 91 5.5 65.8 68.93
12 −1 1 1 1 2 100 180 10 53.51 66.32
13 0 0 0 0 5 55 91 5.5 65.8 68.93
14 1 −1 −1 1 8 10 2 10 21.4 18.35
15 0 0 0 0 5 55 91 5.5 65.4 68.93
16 0 0 0 0 5 55 91 5.5 63.64 68.93
17 −1 1 1 −1 2 100 180 1 70.1 68.17
18 0 0 0 0 5 55 91 5.5 62.90 68.93
19 0 0 0 0 5 55 91 5.5 62.70 68.93
20 0 0 0 0 5 55 91 5.5 60.5 68.93
21 −1 −1 1 1 2 10 180 10 31.74 46.79
22 1 1 −1 −1 8 100 2 1 55.30 53.07
23 1 1 −1 1 8 100 2 10 42.22 43.82
24 −1 1 −1 −1 2 100 2 1 38.1 41.4
25 1 1 1 1 8 100 180 10 75.9 88.68
26 −1 −1 1 −1 2 10 180 1 52.4 57.73
27 1 −1 −1 −1 8 10 2 1 33.45 35.70
28 1 −1 1 1 8 10 180 10 45.4 63.21

318 A. Sheikhmohammadi et al. / Journal of Molecular Liquids 255 (2018) 313–323
adsorbent from waterby was easily done by an external magnetic field.
The remanence was low enough that SiO2@Fe3O4@MBT could be easily
re-dispersed for reuse after separating from aqueous solution.
Table 3
The comparison of different RSM models for fitting a response-surface model.

Model Multiple R-squared Adjusted R-s

First-order response-surface model 0.724 0.676
Two-way interactions model 0.758 0.616
Second-order model 0.986 0.977
3.3. Fitting a response-surface model and the development of regression
model equation

The levels obtained from the R software based on the CCD design,
including the independent and dependent variables, are presented
in Table 2. Three special models (FO, TWI and FSO) were applied to
fit the data. Each model introduced particular information about
multiple R-squared, adjusted R-squared, F-statistic, p-value and
lack of fit that were too important to specify the response surface
portion of the model [25]. The analysis of variance (ANOVA) was ap-
plied to delineate the worthiness of the models. The model with an
insignificant lack of fit (p-value ˃ 0.05), greater F-value, smaller p-
value, and higher R2 was selected as the most appropriate model.
The results obtained for the three models are presented in Table 3.
As shown in Table 3, the FO and TWI models showed a breakdown
of lack of fit, as the lack of fit value for these models was significant
(p-value ˂ 0.05), whereas the FSO model showed an insignificant
lack-of-fit (0.081). Moreover, the FSO model presented a greater F-
value (150.6), a smaller p-value (8.9 × 10−13), and a higher R2 (mul-
tiple R-squared: 0.986, adjusted R-squared: 0.977) than the two pre-
vious models as is apparent in Table 4. The proximity of the multiple
R-squared value to the adjusted R-squared value and R2

adj (0.977)
with R2

pred (0.923) (Fig. 6) represents a good chance for significant
terms to be included in the model. Therefore, it demonstrated the
satisfactory agreement between the FSO model and the experimen-
tal data and, therefore, this model can be used for prediction and op-
timization. The regression analysis of the FSO model (Table 5)
indicated that the terms of X1, X2, X3, X4, X1: X2, X1: X3, X2: X4, X3:
X4 and X1^2 have significant effects (p-values b 0.05) on the removal
performance. The terms of X4, X1: X3, X3: X4 and X1^2 represented an
oppositional effect on the model, while other terms indicated an in-
tensifying effect on the response prediction of the model. The ob-
tained equations from the quadratic model, for both coded and
actual factors of the parameters are presented below:

A. The final equation in terms of the coded factors:

ϒ ¼ 65:13þ 7:17 X1 þ 9:52 X2 þ 14:09 X3−8:4 X4−17:39 X1
2

þ 1:56 X1X2−2:73 X1X3 þ 2:14 X2X4−1:80 X3X4 ð12Þ

B. The final equation in terms of the uncoded factors:

ϒ ¼ −2:14þ 20:14 X1 þ 0:095 X2

þ 0:132 X3−2:036 X4−1:932 X1
2 þ 0:011 X1X2 þ 0:01 X1X3

þ 0:01 X2X4−0:004 X3X4 ð13Þ

3.4. Process optimization and confirmation

The stationary points in original units are very important in achiev-
ing the optimum conditions of the model as predicted by RSM, because
they estimate some confirmatory data near the optimum conditions
and are clear evidence of a nearby set of optimal conditions. The analysis
of the FSO model revealed the stationary points are 5.7, 90 mg L−1,
quared F-statistic p-value Lack of fit

15.12 on 4 and 23 DF 3.406e−06 2.561e−07
5.331 on 10 and 17 DF 0.0013 3.917e−08
105.6 on 11 and 16 DF 8.9e−13 0.081



Table 4
The analysis of variance (ANOVA) of the FSO model.

Model formula in RSM DF Sum of squares Mean square F-value Probability (P)

First-order response (x1, x2, x3, x4) 4 6583.3 1645.83 213.3157 1.166e-13
Two-way interaction response (x3, x4) 6 306.9 51.15 6.6295 0.001147
Pure quadratic response (x1, x2, x3) 1 2073.6 2073.63 268.7639 2.001e-11
Residuals 16 123.4 7.72 – –
Lack of fit 5 67.7 13.54 2.6702 0.081118
Pure error 11 55.8 5.07 – –

Notes: Multiple R-squared: 0.986, Adjusted R-squared: 0.977, PredictedR2 = 0.923, F-statistic: 105.6 on 11 and 16 DF, p-value: 1.711e−9.

Fig. 6. Experimental arsenate removal efficiency vs. predicted removal efficiency.
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172.2 min and 10 mg L−1 for X1, X2, X3 and X4, respectively; therefore,
confirmatory data should probably be collected about these results.
The Solver ‘Add-ins’ were applied to obtain the optimum conditions of
the model as predicted by RSM. For this purpose, the Solver method is
designated with involving parameter values about the stationary point
data and entering uncoded regression coefficients. By involving all pa-
rameters simultaneously, the maximum removal efficiency was esti-
mated as 93.89%. The optimum conditions of the FSO model
(estimated by the Solver ‘Add-ins’), were 5.07, 82.7 mg L−1, 169.1 min
and 10 mg L−1 for pH, SiO2@Fe3O4@MBT dosage, time, and initial As
(V) concentration, respectively. Next, an additional experimentwas car-
ried out (involving optimum conditions recommended by the Solver
‘Add-ins’) in order to confirm the validity of the predicted optimum
conditions. It was found that the experimental findings (92.37%) were
in good agreement with the model prediction (93.89%).

3.5. Response surface methodology and contour plotting

The contour plots based on the presented model coefficients were
applied to express the interactive effect of different parameters on the
adsorption efficiency and the results are presented in Fig. 7(a, b).
Fig. 7 shows the interactive effects of pH (2–8) and time (2–150 min)
on the performance of SiO2@ Fe3O4@MBT for the adsorption of arsenate.
The pH has a key role on the effectiveness of As (V) adsorption onto
Table 5
The regression analysis of the reduced quadratic model with coded and uncoded values of the

Model term Coded values

Coefficient estimate Std. error t-Value p-Valu

(Intercept) 65.13417 0.80184 81.2305 b2.2e−
X1 7.17688 0.69442 10.3351 1.733e
X2 9.52063 0.69442 13.7102 2.919e
X3 14.09812 0.69442 20.3021 7.593e
X4 −8.39937 0.69442 −12.0956 1.834e
X1: X2 1.56313 0.69442 2.2510 0.0387
X1: X3 −2.73063 0.69442 3.9323 0.0011
X2: X4 2.13938 0.69442 3.0808 0.0071
X3: X4 −1.80813 0.69442 −2.6038 0.0191
X1^2 −17.38979 1.06074 −16.3940 2.001e
SiO2@ Fe3O4@ MBT, because it can affect solubility and the degree of
ionization of As (V). As is portrayed in Fig. 7(a), the percentage of arse-
nate removal was promoted by varying pH from 2 to 6 and was de-
creased along with the increase of pH after exceeding pHpzc of the
adsorbent (pHpzc = 7.87). This is in accordance with the study con-
ducted by Ocin'ski et al. [43]. In other words, at alkaline pH, arsenate oc-
curs in the form of dissociated H2AsO4

− and HAsO4
−2, which are

negatively charged molecules (pKa1 = 2.2); therefore, the surface
charge of the sorbent has key importance. The surface charge of SiO2@
Fe3O4@ MBT is negative at pH N 7.87 which suppresses the adsorption
of anions (H2AsO4

− andHAsO4
−2), causing a drop in adsorption efficiency

[44,45]. The process of As (V) adsorption is independent of ionic
strength and dependent on pH value, this leads to the proceeding of
the sorption process by the formation of inner-sphere surface com-
plexes on the surface of the sorbent [25]. As shown in Fig. 7(a), the reac-
tion time had no effect on the performance of adsorption and the
influence of time was significant at the pH range of 6.0 to 7.0. This phe-
nomenon reveals the interactive effect of the pH and reaction time on
the performance of SiO2@Fe3O4@MBT for the adsorption of arsenate,
as a certain pH (6.0) and a fixed dosage of the adsorbent (55 g L−1)
and an increasing time of 2 to 150 min led to the improvement of ad-
sorption efficiency from 70% to 85%. This can be attributed to more va-
cant surface sites available for adsorption and the diffusion of arsenate
into the bulk of the adsorbent (interior surface). After a certain reaction
time, the adsorbent reaches an equilibrium state, which can be due to
repulsive forces between the absorbent and absorbate in the aqueous
solution that makes the remaining available surface sites difficult to oc-
cupy [46,47]. These results are supported by Bandpei et al. [36] and
Sheikhmohammadi et al. [25]. The interactive effect of the adsorbent
dose (20–100 mg L−1) and initial As (V) concentration (2–10 mg L−1)
on the adsorption performance of arsenate by SiO2@Fe3O4@MBT is
presented in Fig. 6(b). The adsorbent dosage has a direct relation to
the uptake capacity of an adsorbent, which must be carefully adjusted
during wastewater treatment. As shown in Fig. 6(b), at a fixed initial
As (V) concentration (2 mg L−1), pH (5.0), and reaction time
(91 min), with an increase of the adsorbent dose from 20 mg L−1 to
100 mg L−1, the adsorption effectiveness increased from 74% to 86%.
This can be attributed to the increased active sites/As (V) ratio as the ad-
sorbent dose increases and also the high capacity of the SiO2@Fe3O4@
MBT for the pore diffusion of the As (V) into the bulk of the adsorbent
independent variables.

Uncoded values

e Coefficient estimate Std. error t-Value p-Value

16 −2.143902 3.878323 −0.553 0.58721
−08 20.146791 1.290095 15.617 6.56e−12
−10 0.095569 0.036379 2.627 0.01710
−13 0.132101 0.018394 7.182 1.10e−06
-09 −2.036758 0.298080 −6.833 2.14e−06
99 0.011579 0.121014 2.192 0.04174
90 0.010227 0.005281 3.830 0.00123
62 0.010565 0.002670 3.001 0.00768
92 −0.004515 0.003521 −2.536 0.02070
−11 −1.932199 0.121014 −15.967 4.51e−12
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(interior surface) which can result in an increased tendency of the sur-
face to absorb arsenate ions. However, it is notable that further incre-
ments in the sorbent dose may lead to the aggregation of available
binding sites resulting in a drop in adsorbent performance in the ad-
sorption of arsenate [36,46]. As portrayed in Fig. 7(b), it can be observed
that the removal efficiency of SiO2@Fe3O4@MBT decreases from 74% to
64% as the initial As (V) concentration increases from 2 to 10 mg L−1

(at a fixed adsorbent dosage, 20 g L−1, pH 5.0, and reaction time
91 min). This drop in the removal performance can be because of the
fixation of the surface binding sites on the adsorbent and the saturation
of the binding sites [47].
Fig. 7. The contour plot of the combined effects of pH, time (a), the initial concentr
3.6. Adsorption isotherms

An important step in determining the adsorption capacity of the ad-
sorbent and in investigating themechanisms of adsorption is the liquid/
solid phase metal ion distribution that can be expressed by the equilib-
rium adsorption isotherms [25,48]. In order to evaluate the experimen-
tal results and the adsorption performance, equilibrium datawere fitted
onto the Langmuir, Freundlich and Temkin isothermmodels by an accu-
rate fit of equilibrium data (confirmed by the closeness of regression
values). Table 6 indicates the isotherm parameters for the SiO2@
Fe3O4@MBT adsorbent showing an accurate fit of the equilibrium data
ation of As (V), and the adsorbent dosage (b) on arsenate removal efficiency.



Table 6
The adsorption isotherm parameters for the adsorption of As (V) on SiO2@Fe3O4@MBT at
different temperatures.

Isotherm model T

291 K 301 K 311 K

Langmuir qm (mg g−1) 10.38 11.35 17.5
b (L mg−1) 0.6 1.09 0.7
RL 0.14 0.18 0.12
r2 0.85 0.91 0.97

Freundlich Kf (mg1–1/n/L1/n/g) 3.5 3.77 3.88
N 1.61 1.58 1.57
r2 0.993 0.997 0.998

Temkin kt (L g−1) 0.014 0.007 0.005
b1 4.76 4.45 4.47
r2 0.88 0.92 0.94

D-R qm (mg g−1) 4.8 5.85 6.2
KDR (mg2 kJ−1) 6 × 10−8 5 × 10−8 4 × 10−8

E (kJ mg−1) 3.33 3.16 3.57
r2 0.84 0.93 0.95

Fig. 8. Intraparticle diffusion model for the adsorption of As (V) onto SiO2@ Fe3O4@MBT
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for the three isotherm models. As can be seen from Table 6, there is a
slightly higher correlation coefficient for the Freundlich model than
that of the rest of the isotherms. This means that the As (V) adsorption
onto SiO2@Fe3O4@MBT could be attributed to the multi-molecular
layer adsorption, the heterogeneous system, and the uneven adsorption
of the adsorbate on the adsorbent surface [49]. Based on the Langmuir
model, the maximum capacity (qm) of SiO2@ Fe3O4@MBT for the
As (V) adsorption at the expense of minimum energy (0.6 till
1.09 L mg−1) increased as a result of an increase in temperature and
reached from 10.37 to 17.5 mg g−1. Suresh Kumar et al. indicated excel-
lent adsorption capacity at As (V) (47.8 mg g−1) for the iron aluminum
hydroxide coated by ontomacroporous supports. TheMa study group an-
nounced the maximum adsorption capacity of arsenate by zirconium
nanoparticle sorbent to be 256.4 mg g−1 [50]. In a study conducted by
Velickovic et al., the maximum adsorption capacities obtained from the
Langmuir model for As(V) on e-MWCNT/Fe2+ and e-MWCNT/Fe3+

were 23.47 and 13.74 mg g−1 at 25 °C, respectively [51]. The slow sorp-
tion of As (V) at the initial stage and the very weak bonding of As
(V) on the natural medium surface can be attributed to the low value
of the adsorption heat (b1) and the equilibrium binding constant (kt), re-
spectively. This revealed the favorable adsorption of As (V) onto SiO2@
Fe3O4@MBT (n = 1.57 to 1.61) which was also confirmed by the value
of the equilibriumparameter RL (0.12 to 0.18) [52]. Also theD-R isotherm
studied in order to investigate adsorption mechanism type. As D-R iso-
therm, if the value of E be between8 and 16 kJmol−1, the adsorption pro-
cess is chemical and if be b8 kJ mol−1, the adsorption process is physical.
As tabulated in Table 6, for the adsorption of arsenate on to SiO2@Fe3O4@
MBT, the value of E was 3.33, 3.16 and 3.57 kJ mol−1 in temperatures of
15, 25 and 35 °C respectively, at which indicates the mechanism of arse-
nate adsorption on to SiO2@Fe3O4@MBT, is physical.

3.7. Kinetic study

The sorption kinetic study in wastewater treatment is very impor-
tant, because it provides valuable insights into the reaction pathways
Table 7
The kinetic parameters for As (V) adsorption onto SiO2@Fe3O4@MBT at different initial concen

C0 mg
L−1

Pseudo-first- order Pseudo- second- order

qe, exp.
(mg g−1)

qe, cal.
(mg g−1)

k1
(min−1)

R2 qe, cal.
(mg g−1)

k2
(g mg−1 min−1)

h0

(mg g−1 mi

1 0.87 1.35 0.031 0.90 1.65 0.0048 0.013
2 1.84 2.77 0.032 0.89 2.76 0.0049 0.037
3 1.81 2.32 0.023 0.95 3.54 0.0020 0.025
and determines mechanism of sorption reaction [14,15]. The parame-
ters of the kinetic models are tabulated in Table 7. The predicted high
R2 values and the agreement of the experimentally observed qe (qe,
exp) values with the predicted qe values (qe, cal) were indicators for
the selection of the best model. As shown in Table 7, it can be observed
that there are high R2 values and a good agreement between (qe, exp)
and (qe, cal) for the pseudo-first order kinetic model in comparison
with the pseudo-second order kinetic model. This agreement is indica-
tive of the applicability of the pseudo-first order model to fit the exper-
imental kinetic data for the present system. This reveals As (V) ions are
sorbed onto one sorption site on the adsorbent surface and the adsorp-
tion was done based on the sorption capacity of solids. The low equilib-
rium capacity (qe, cal) and the high rate constant (k1) (presented in
Table 7) depict the shorter time needed to reach equilibrium for the
lower concentrations [11,16]. To investigate the adsorption rate control-
ling step, the data were tested using the intra-particle diffusion model,
which gives insight into the mechanisms and rate controlling steps af-
fecting the kinetics. Based on this model, if the plot of qt versus t0.5 is a
straight line, intra-particle diffusion is involved in the adsorption pro-
cess, whereas if multi-linear plots involve various steps, then two or
more steps influence the adsorption process. Fig. 8 indicates the intra-
particle diffusion plots for the different concentrations of As
(V) adsorption onto SiO2@Fe3O4@MBT. It can be observed from Fig. 8
that the plot of qt versus t0.5 is multi-linear for all concentrations, indi-
cating that more than one process is responsible for the adsorption.
The initial portion of the plots (first stage) is attributed to instantaneous
adsorption or external surface adsorption. This portion is followed by a
sharper portion (second stage) where intra-particle or pore diffusion is
rate limiting. The plateau portion of the curve (third stage) refers to a
slow-down due to intraparticle diffusion because of extremely low ad-
sorbate concentrations left in the solutions (the final equilibrium
stage). The comparison of the intraparticle diffusion rate constant (Kd)
(calculated from the slope of the second linear section) with Kd param-
eter given from the first linear section (Table 7) confirms intra-particle
diffusion as the dominant mechanism for As (V) adsorption onto SiO2@
Fe3O4@MBT (higher values of Kd for intra-particle diffusion than surface
trations.

Intra- particle diffusion

First line (surface diffusion) Second line
(intraparticle diffusion)

n−1)
R2 kd

(mg g−1 min-1/2)
I
(mg g−1)

R2 kd
(mg g−1 min-1/2)

I
(mg g−1)

R2

0.7 0.051 0.002 0.98 0.11 −0.17 0.99
0.83 0.103 0 0.98 0.23 −0.34 0.99
0.7 0.103 0.107 0.98 0.23 −0.23 0.99
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diffusion). Additionally, the negative values of I for surface diffusion in-
dicates there are no boundary layer effects on the rate of adsorption.

4. Conclusion

The RSMmodel using the R software was chosen to evaluate the re-
lationship between input independent factors (pH, SiO2@Fe3O4@MBT
dosage, time and initial As (V) concentration) and one dependent out-
put response (removal efficiency) on As (V) sorption onto SiO2@
Fe3O4@MBT. The FSO model represented a satisfactory adjustment be-
tween the model and experimental data due to an insignificant lack of
fit (p-value ˃ 0.05), greater F-value, smaller p-value, and higher R2

than the othermodels. The regression analysis of the FSOmodel showed
that the terms of X4: X1: X3, X3: X4 and X1^2 with an oppositional effect
and the terms of X1, X2, X3, X1: X2, X2: X4 with a synergistic effect can be
applied to the design of a predicted equation by themodel, which can be
used for prediction and optimization. The results indicated that SiO2@
Fe3O4@MBT with the maximum predicted removal percentage of
95.77% under the selected conditions (initial As (V) concentration,
1 mg L−1; adsorbent dosage, 98.4 g L−1; time, 178.4 min; pH, 6.55)
has the required ability to adsorb As (V) fromaqueous solutions. The ex-
perimental isotherm data best fit the Freundlich model than the other
isotherms, indicating a multi-molecular layer adsorption, a heteroge-
neous system and the uneven adsorption of the adsorbate on the adsor-
bent surface. The maximum Langmuir adsorption capacity was 10.38,
11.35 and 17.5 mg g−1 for 291 K, 301 K and 311 K, respectively.
Among the studied kinetics, the pseudo-first order kinetic model was
found to give the best kinetic fitting.
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