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ABSTRACT

In this study, adsorptive removal of cadmium(Il) from aqueous solutions using sodium
dodecyl sulfate-modified magnetite nanoparticles was modeled. To this aim, central com-
posite design as one of the most favorable designs in response surface methodology (RSM)
was employed to optimize the removal of Cd(Il) from solution under different variables
such as adsorbent dosage (0.1-0.55 g), initial ion concentration (6-90 mg/L), and reaction
time (5-30 min). Furthermore, the experimental data of Cd(II) adsorption were tested with
various kinetic and isotherm models at various initial ion concentrations of 10-50 mg/L and
adsorbent dosages of 0.1-0.25 g. The adsorption process followed the intra-particle diffusion
model (R*>0.94) very well. The equilibrium adsorption data were analyzed using various
isotherm models. The results showed that Freundlich isotherm, with a relatively high coeffi-
cient of determination (R?> 0.96), fits well with the experimental results of Cd(II) adsorp-
tion. Ultimately, the optimum Cd(II) ions removal of 91.07% was obtained at the reaction
time of 30 min, the adsorbent dosage of 0.35 g, and the initial ion concentration of 30 mg/L.

Keywords: Cadmium; Central composite design; Isotherm; Kinetic; Magnetite; Response
surface methodology

1. Introduction tially able to reach the top of the food chain and thus
become a risk agent for human health [1-4]. In this
regard, cadmium(ll) is a toxic ion with significant envi-
ronmental and occupational concerns [5,6]. It has been
released to soil and water sources through the combus-
tion of fossil fuels, production of metals, application of

Heavy metal pollution of wastewater is always
considered as the most common environmental threat
due to the fact that venomous metal ions are poten-
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phosphate fertilizers, and electroplating and manufac-
turing of batteries, pigments, and screens [5,7,8].

Nowadays, numerous methods have been proposed
for the efficient removal of heavy metal ions from aque-
ous solutions, including as chemical precipitation, ion
exchange, adsorption, membrane filtration and electro-
chemical technologies [9,10]. From among these
techniques, adsorption is not only an attractive and
cost—effective technology but it is also flexible in design
and operation, and in many cases, it generates high-
quality treated effluents [11-24]. A large number of
adsorbents, such as clays [7], dried plant parts [25],
agricultural waste biomass [26,27], metal oxides [28],
sewage sludge [29], saw dust [30], charred biomaterials
[31], microorganisms, fly ash [32], and zeolites [33], have
so far been employed to remove cadmium from either
water or soil environments. In comparison with conven-
tional adsorbents, magnetic nanoparticles can be manip-
ulated or recovered swiftly using an external magnetic
field. Moreover, they enjoy satisfying efficiency owing
to a highly efficient specific surface area [34].

Inorganic nanoparticles, in particular, are suscepti-
ble to aggregate into micron or even larger particles
because of direct particle-particle interactions such as
van der Waals forces and magnetic attraction. Aggre-
gation, it is believed, possibly reduces the specific sur-
face area and the interfacial free energy, thereby
dropping reactivity of and spoiling the unequaled fea-
tures of nanoparticles [35]. In order to either prevent
or decrease the agglomeration of nanoparticles, vari-
ous stabilizers have been found to be effective for sta-
bilizing nanoparticles, including clay minerals [36],
carboxylic acids [37], and polymers [38,39].

Logically, the performance of nanoparticles in
adsorption of Cd(Il) is dependent upon several experi-
mental variables. To examine each independent factor,
the other variables should certainly be kept constant,
which may lead to increasing the number of experi-
ments. Therefore, it seems to be a critical approach to
minimize the number of batch experiments and opti-
mize them in order to cut down on the costs of
research and time. Response surface methodology
(RSM) comprises a bunch of mathematical and statisti-
cal methods to examine and model any problem in
which dependent parameters are highly affected by a
group of independent factors [40]. The most important
advantage that distinguishes RSM from other
traditional approaches is a decrease in the number of
experiments so that it provides sufficient information
for statistically valid results and evaluates the relative
significance of parameters and their interactions [41].
Two most common designs extensively used in
RSM are the central composite design (CCD) and
the Box-Behnken design. The CCD is immensely
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appropriate for sequential experimentation and allows
a reasonable amount of information for testing the
lack of fit while not involving an unusually large
number of design points [42].

The main objectives of the present study were as
follows: (1) the synthesis and characterization of
sodium dodecyl sulfate-modified magnetite nanoparti-
cles (labeled as SDS-MNP) (2) the optimization and
modeling of Cd(I) adsorption onto SDS-MNP using
CCD with RSM, and (@) the isotherm and kinetic
investigations of cadmium removal from the aqueous
solutions by SDS-MNP. In this research, CCD was
used to develop a mathematical correlation between
cadmium removal efficiency and three other chosen
independent variables including the adsorbent dosage
(g), the initial ion concentration (mg/L), and the reac-
tion time (min).

2. Materials and methods
2.1. Chemicals

The ferric chloride hexahydrate (FeCl;-6H,0) and
sodium dodecyl sulfate (SDS) (NaC;,H»s50,) were
purchased from AppliChem Co. However, cadmium
nitrate (Cd(NO3),), acetone, sodium hydroxide, and
hydrochloric acid were prepared from Merck Co. All
the chemicals applied in this study were of analytical
grade. In addition, deionized water was used to pre-
pare any of the aqueous solutions. For the preparation
of cadmium solution, desired amounts of cadmium
nitrate were poured in deionized water and conse-
quently diluted in appropriate concentrations.

2.2. Synthesis and characterization of SDS-MNP

The modified magnetic nanoparticles were synthe-
sized in line with the method described by Si et al.
[43]. Briefly, 50 mL of ferric chloride solution was
added dropwise to 50 mL of SDS solution (0.625 w/v).
The obtained solution was stirred gently for 30 min to
reach the monotonous SDS-Fe solution. Then, the pH
of the above-mentioned solution was set at 12 using
0.5M of sodium hydroxide solution (0.5M NaOH)
and shaken with a constant rate for 1 h. When the
reaction ended, the resulted nanoparticles were
extracted from the suspension using a 1.6 Tesla mag-
net and dried in oven at 50°C. Afterward, the dried
particles were kept in 0.1 M NaOH for 15 min, then
washed sequentially with deionized water, and finally
kept at 50°C for over 12 h.

The size and structure of synthesized magnetite
nanoparticles were determined using scanning elec-
tron microscope (SEM, Philips, The Netherlands).
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Additionally, crystalline features of nanoparticles were
measured via X-ray diffraction (XRD, Hitachi PW
4160, Japan) between 26 of 20-70°. The XRD diagram
was obtained using Cu ko radiation source (40 kV,
35 mA) at 1=0.154 nm.

2.3. The experimental procedure

To optimize the treatment of simulated Cd-contami-
nated solution, a series of batch experiments in several
bottles were carried out under different experimental
variables including the reaction time (6-30 min), the
adsorbent mass (0.1-0.55g), and the initial Cd(II)
concentration (6-90 mg/L). All the experiments were
conducted in room temperature (25 + 1°C). The bottles
containing the mixture of Cd(Il) solution with magnetite
nanoparticles were shaken at 120 rpm using a rotary
orbital shaker. The optimum pH value of the batch

Table 1
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experiments was 6.0. This was obtained from the
pre-experiments and was consequently used in all the
optimization, kinetic, and isotherm experiments of
Cd(II) adsorption. In the final stage of batch experiments,
the SDS-MNP were separated from the solutions using a
permanent magnet and the initial and final metal con-
centrations were determined by a flame atomic absorp-
tion spectrometer (Analytic Jena, Vario 6, Germany).

The adsorption efficiency (%R) and the adsorption
capacity (g) (mg/g) of cadmium using SDS-MNP were
calculated using Eq. (1) and (2), respectively [44]:

Co—C.

R =
% Ce

x 100 1)

xV 2
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Mathematical equations of the used kinetic and isotherm adsorption models

Model

Equation

Parameter and dimension

Kinetic models

Pseudo first-order (Lagergern) gt = ge(1 — exp(—ket)) K¢ (1/min)
kg2t 9er q: (g/g)
Pseudo second-order (Ho) gr = £ ks (mg/g min)
1+ gkt . .
t time (min)
Intra-particle diffusion g = kigtt + C kiq (mg/g min®?)
CH
Fractional power q: = at® a (mg/gmin®),
b ()
Isotherm models b
. qmaxc
Langmuir =11 pC Jmax (Mg/g)
1 b (L/mg)
Freundlich g. = KeC: Kr (mg/g) (mg/L)™"
(bC,)" n model exponent (-)
Langmuir-Freundlich (L-F) Ge = % n=0<n<l)
Redlich—Peterson (R-P) Ge = &eﬁ Kgp (L/g)
1+ arCe agp (L/mg)

P O<p<)

Table 2
The experimental range of input parameters in CCD

Ranges and actual values of coded levels

Variables (factors) —1.682 -1 0 +1 +1.682
Adsorbent dosage (g) (X1) 0.1 0.2 0.33 0.46 0.55
Initial ion concentration (mg/L) (X5) 6 23 48 73 90
Reaction time (min) (X3) 5 10 17 25 30
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where C, and C; are the concentration in equilibrium
and the initial concentration of Cd(II) in solution
(mg/L), respectively. V is the volume of solution (L)
and m is the mass of the adsorbent (g).

2.4. Mathematical modeling study
2.4.1. Adsorption kinetic models

In this study, four common kinetic models includ-
ing pseudo-first-order of Lagergern [45], pseudo-sec-
ond-order of Ho [46], fractional power (F-P) [47], and
intra-particle diffusion (I-D) [48] were applied to fit the
experimental data of Cd(II) removal using modified
magnetite nanoparticles. All the employed mathemati-
cal kinetic models are summarized in Table 1, where
ge and q; (mg/g) are the adsorption capacities at
equilibrium and at time f, respectively. The parameters
k¢ (1/min) and ks (g/mg min) are the rate coefficients
for pseudo-first-order and pseudo-second-order kinetic
models, respectively. kg (mg/g min®®) is the constant
rate of I-D, and C is the constant which depicts the
boundary layer effects. Finally, 2 (mg/g min®) and b are
the F-P kinetic model constants.

2.4.2. Adsorption isotherm models

In order to express the isotherm study of Cd(II)
removal from aqueous solutions using SDS-MNP, four
widely used isotherm models including Freundlich,
Langmuir, Redlich-Peterson (R-P), and Langmuir-
Freundlich (L-F) were applied. The Freundlich iso-
therm model is an appropriate model for the non-ideal
adsorption of adsorbates onto the heterogeneous reac-
tive sites of adsorbents as well as the multilayer
adsorption [49]. The hypothesis of Langmuir isotherm
is based on the adsorption of adsorbate onto the reac-
tive sites of the adsorbent, with the adsorption being
impeded by filling of the surface layer of the adsor-
bent with adsorbates [9]. Furthermore, the model was
found necessary by means of a typical constant known
as R; dimensionless separation factor, which can be
obtained using Eq. (3) [50]:

1

RL:1+bC0

3)

where Cj is the initial adsorbate concentration in bulk
solution (mg/L) and b is the isotherm constant. Based
on a general protocol, R;>1 implies an unfavorable
adsorption. However, R; between 0 and 1 shows an
extremely favorable condition in the adsorption pro-
cess. Finally, R; = 0 shows an irreversible adsorption
status.
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Table 1 shows the employed mathematical iso-
therm models, where g is the adsorbed amount and C,
is the equilibrium concentration of Cd(Il). In the Lang-
muir model, gq,, is the maximum solute adsorbed at
the equilibrium state for the completion of a layer
(mg/g) and b is a constant that depends on the energy
of adsorption which shows the enthalpy of adsorption.
It is also an index to describe the binding energy of
surface adsorption. In the Freundlich model, K¢ and n
are the coefficients attributed to the adsorption capac-
ity and the adsorption intensity of adsorbent, respec-
tively. In the L-F model, b (L/mg) and n are the
coefficients attributed to the L-F equilibrium constant
and the exponent of the L-F equation, respectively
[51]. Kg, ag, and B in the R-P isotherm are the model
constants. Ky is the solute adsorptivity (L/g), ag is rel-
evant to the adsorption energy (L/mg), and f is the
heterogeneity constant (0 < £ < 1) [52].

2.5. Central composite design

To optimize the adsorptive removal of Cd(I) from
solutions using SDS-MNP, CCD was applied under
different experimental factors including the adsorbent

(b) ' ' |

[ | ﬁ |I||
iV k"w‘*‘#ﬂ““d byt W“J Wﬂ‘{'

intensity

20

Fig. 1. (a) SEM image and (b) XRD diagram of SDS-MNP.
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dosage (g), the initial ion concentration (mg/L), and
the reaction time (min). The experimental ranges of
the applied variables are reported in Table 2. A total
of 20 experiments were conducted: eight at factorial
points, six at axial points, and six at central points.

In order to do the statistical analyses, the parame-
ters X; (the actual amounts of an independent factor)
were coded as x; (dimensionless values of the depen-
dent factor) via Eq. (4):

X; —Xp
o0X

)

Xi =

where Xj is the quantity of X; at the central point and
0X is the step change.

The response variables were fitted using the sec-
ond-order polynomial equation (Eq. (5)) as follows:

Table 3
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y=by+ Z bix; + Z biix? + Z biixi +¢ 5)

where y is the response factor of Cd(II) adsorption
efficiency, by is the constant, and b; is defined as the
linear effect of factor x; (i = 1, 2, and 3). Furthermore,
bj; is the squared effect of factors, and b;; is the regres-
sion coefficient for the interaction impacts.

The validity of the applied model was examined
using the analysis of variance (ANOVA). The statisti-
cal significance of model was tested by Fisher’s varia-
tion ratio (F-test), p-value, and the coefficient of
determination (R?).

The significance of the obtained coefficients was
evaluated using the F-test at 95% confidence level. The
Pareto graph is depicted using Eq. (6) to obtain the
impact of each independent factor and its interaction
influence as follows [53]:

Experimental and predicted responses of the model for Cd(II) adsorption using SDS-MNP

Cadmium adsorption (%)

Run Adsorbent dosage  Initial ion concentration Reaction time

number (g (mg/L) (min) Experimental Predicted Residual
1 0.46 29.03 10.07 75.48 79.71 -4.23
2 0.33 12.00 17.50 87.4 79.86 7.54

3 0.46 78.97 10.07 55.81 54.29 1.52

4 0.33 54.00 17.50 71.43 70.7 0.73

5 0.33 54.00 17.50 70.72 70.7 0.02

6 0.10 54.00 17.50 23.6 22.83 0.77

7 0.33 54.00 17.50 69.38 70.7 -1.32
8 0.33 54.00 17.50 70.26 70.7 -0.44
9 0.33 54.00 17.50 70.11 70.7 -0.59
10 0.33 54.00 5.00 51.83 53.02 -1.19
11 0.19 78.97 10.07 30.76 29.3 1.46
12 0.33 54.00 17.50 71.05 70.7 0.35
13 0.19 29.03 24.93 51.78 57.66 —5.88
14 0.33 54.00 30.00 83.02 75.67 7.35
15 0.33 96.00 17.50 41.18 42.56 -1.38
16 0.19 29.03 10.07 40.53 40.82 -0.29
17 0.46 29.03 24.93 91.4 97.22 -5.82
18 0.46 78.97 24.93 60.31 64.38 -4.07
19 0.19 78.97 24.93 38.6 38.73 -0.13
20 0.55 54.00 17.50 82.5 77.11 5.39
Table 4

The ANOVA of the experimental results of CCD

Source of variation Sum of squares Degree of freedom Adjusted mean square F-value
Regression 6,952.81 9 752.53 33.39
Residual 254.49 11 23.13

Total 7,207.3 20

Note: R*=0.9646 and Adj-R* = 0.9357.
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Fig. 2. Residual graphs for Cd(II) adsorption.

Table 5
The obtained regression coefficients corresponding to the
model based on experimental variables

Coefficients Parameter estimate F-value p-value
bo 70.69 33.39 <0.0001
by 16.13 153.72 <0.0001
by -11.08 72.58 <0.0001
bs 6.73 26.76 0.0003
b1n —3.47 4.17 0.0656
b3 0.16 0.01 0.9239
bas -1.85 1.18 0.299
b1y —7.33 34.85 0.0001
ba -3.35 7.30 0.0205
bas 224 3.27 0.0976
b?
pi:( i >><100, i#0 (6)
2. bY

All calculations for obtaining the responses were
performed using Design-Expert (Version 8.0.0)
software. Furthermore, the interactive impacts of
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Fig. 3. Response surface and contour plots of interaction
effects of reaction time and adsorbent dosage on Cd(I)
adsorption.

independent factors on the response were depicted
using the two- and three-dimensional plots.

3. Results and discussion
3.1. Characterizations of SDS-MNP

Fig. 1(a) illustrates the SEM image of SDS-MNP.
As can be seen from Fig. 1(a), synthesized nanoparti-
cles have a spherical structure in a size range of
40-60 nm. The XRD diagram of nanoparticles is
shown in Fig. 1(b). Accordingly, several diffraction
peaks in 30.30, 35.67, 43.30, 57.17, 62.90, 71.29, and
73.38° were observed, which are attributed to Fe;O,.

3.2. CCD results for Cd(II) adsorption

The mathematical model of Cd(Il) adsorption effi-
ciency using SDS-MNP as a function of the adsorbent
dosage (g) (Xj), the initial ion concentration (mg/L)
(X,), and the reaction time (min) (X3) based on the
coded values is given as follows:
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y = 70.69 +16.13X; — 11.08X5 + 6.73X3 — 3.47X1»
+0.16X13 — 1.85Xp3 — 7.33X3 — 3.35X3 + 2.24 X3

@)

subjected to —1.682 < X; < +1.682.

The CCD results for optimization of Cd(II) removal
comprising experimental and predicted values of Cd
(I adsorption are represented in Table 3. In order to
ensure the adequacy of the model, one of the promis-
ing approaches is the evaluation of the relationship
between the predicted and the experimental data.
Regarding this, the high coefficient of determination
(R* = 0.96, Adj-R* = 0.94) is a logical proof to approve
the reliability of this model.

The ANOVA results are shown in Table 4. It is
obvious that at the confidence level of 99%, the calcu-
lated F-value (33.39) with high discrepancy is higher
than the tabulated one (4.95), confirming the validity of
the model and its statistical significance. The p-values
of each parameter are less than 0.05, which shows the
significance of the experimental variables. Additionally,

Cadmium adsorption
efficiency (%)

=
&
E
5
E
=}
8
g
o
&
=
.E
0.1 0.21 0.33 0.44 0.55
Adsorbent dosage (g)

Fig. 4. Response surface and contour plots of interaction
effects of adsorbent dosage and initial ion concentration on
Cd(II) adsorption.
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the adequacy of the model was evaluated using the
residuals. According to Fig. 2, the calculated data were
located on a straight line which indicated there was no
apparent dispersal. Fig. 2 also demonstrated the ran-
dom and scattered pattern of residuals against the run
number and predicted responses. The coefficients of
regressions, together with F-values and p-values, have
been illustrated in Table 5. As can be seen, coefficients
that have a p-value lower than 0.05, at 95% confidence
level, are apparently significant.

Besides, based on the Pareto analysis, among all
independent variables, the adsorbent dosage (50.63%),
the initial ion concentration (23.91%), and the qua-
dratic effect of initial ion concentration (10.45%) have
greater influences on the Cd(Il) adsorption efficiency.

3.3. Effect of variables on Cd(II) removal efficiency as
surface and contour plots

In optimization studies, three-dimensional surface
and contour plots are definitely handy graphical
instruments which help researchers to visualize the

Cadmium adsorption
efficiency (%)

Cadmium adsorption efficiency (%)
30

23.75

17.50

Reaction time (min)

11.25

6 27 48 69 90
Initial ion concentration (mg/L)

Fig. 5. Response surface and contour plots of interaction
effects of reaction time and initial ion concentration on
Cd(I) adsorption.
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experimental conditions. Each surface and contour
plot was drawn based on the combined effects of two
variables against the adsorption efficiency of Cd(II).
Fig. 3 shows contour and surface plots of the interac-
tion effects of reaction time and adsorbent dosage on
Cd{I) removal efficiency. From this figure, it can be
observed that the maximum removal efficiency of Cd
(I) was obtained in 30-min reaction time. This obser-
vation can be attributed to an increase in the availabil-
ity of reactive sites to contaminants as a result of
increasing the time period. At the first steps of the
reaction, the interaction between the adsorbent and
the adsorbate was quiet high, but it decreased in final
time steps mainly due to the saturation of the adsor-
bents’ surface area.

The interaction effects of the adsorbent dosage and
the initial concentration of Cd(Il) are illustrated in
Fig. 4. Accordingly, a sharp enhancement was
observed in the adsorption efficiency of Cd(Il) upon
increasing the concentration of adsorbent from 0.1 to
0.55 g. It is logical that in low adsorbent concentra-
tions, fewer reactive sites are present to adsorb con-
taminants, while by increasing the amount of
adsorbent, the rate of reactive sites will enhance,
which leads to an enhancement in the efficiency of
adsorbent [54]. Murugesan et al. [55] reported that the
removal efficiency of Cd(II) increased significantly by
increasing the concentration of polyazomethineamides
as an adsorbent from 0.4 to 2 g/L [55].

In any batch system, the initial contaminant con-
centration always governs the removal efficiency.
Fig. 5 illustrates the dependency of the adsorption of
Cd(dI) on the interaction influences of the reaction
time and the initial ion concentration. Accordingly,
the adsorption of Cd(Il) has decreased significantly as
a results of increasing the initial ion concentration.
The decrease in the performance of adsorbent for the
adsorption of Cd(II) through thickening the solution is
generally attributed to the filling of the reactive site
onto the surfaces of the adsorbent [56]. Anbia and
Ghassemian [57] also stated that the removal efficiency
of Cd(Il) using mesoporous silicate was dropped by
increasing the initial Cd(II) concentration in solution
from 50 to 1,000 mg/L [57].

3.4. Process optimization and verification of the model’s
applicability

The principal aim of this study was to arrive at the opti-
mal condition of Cd(Il) adsorption using SDS-modified
magnetite nanoparticles. The optimum values of the
experimental parameters of Cd(Il) removal were obtained
at adsorbent dosage of 3.5 g, initial ion concentration of
30 mg/L, and reaction time of 30 min. In order to verify

3387
(a) T T T T
4 4 -
e
3
i)
W 2
g
e 4
1 4
0 4
T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)
(b) 7 T T T T T T T T
6 ‘o
5 4
4 _
=
EER
o -
2 4 q:xp
Lagergern
1 Ho |
F-P
0 4 I-D
T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)
(c) T T T T
8
6
i
W 4
g
U;" ~
2 4
0 4
g 0 0]
T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time (min)

Fig. 6. Kinetic diagrams of Cd(II) adsorption onto SDS-
MNP at different initial Cd(I) concentrations: (a) 10 mg/L,
(b) 25 mg/L and (c) 50 mg/L.

the obtained predicted results, a similar experiment was
performed with the same experimental variables. Results
of the optimization studies show the validity of CCD
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model through a big similarity between the predicted
value (89.59%) of Cd(I) adsorption efficiency and
the experimental value (91.07%). Ultimately, a good
agreement between the experimental and predicted values
obtained from the model approves that CCD is a
suitable approach for the optimization of Cddl)
experimental conditions.

3.5. Adsorption kinetics

In order to perform the kinetic survey of Cd(II)
adsorption, Lagergren, Ho, F-P, and I-D kinetic mod-
els were applied. The diagrams of the kinetic study of
Cd(I) adsorption at different initial concentrations are

Table 6
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depicted in Fig. 6, which was simulated with 95%
confidence bounds using nonlinear equations of
Lagergern, Ho, F-P function, and Weber-Morris I-D
kinetic models. Table 6 demonstrates the obtained
parameter of kinetic models as well as their coeffi-
cients of determination at different initial Cd(II) con-
centrations. Based on Table 6, increasing the initial Cd
(I) concentration from 10 to 50 mg/L leads to an
abrupt enhancement in the quantity of g4 in Lagergern
model from 2.94 to 5.03 mg/g. In Ho kinetic model,
during a similar Cd(II) concentration, g increased like-
wise from 2.69 to 7.71 mg/g. Miretzky et al. [58]
reported an enhancing trend in the adsorption capac-
ity of pseudo-second-order kinetic model for the

Adsorption kinetic parameters for Cd(II) adsorption onto SDS-MNP

Initial Cd(II) concentration (mg/L)

Kinetic model Parameters 10 25 50
Lagergern K¢ (1/min) 0.20 0.29 0.26
4. (mg/g) 3.47 5.56 6.76
R? 0.899 0.30 0.40
RMSE 0.37 1.22 1.41
Ho ks (mg/g min) —2.621e+005 0.06 0.04
9. (mg/g) 2.69 6.33 7.81
R? 0.431 0.391 0.465
RMSE 0.88 1.14 1.33
Fractional power a(mg/g min®) 1.33 2.68 3.00
b 0.31 0.24 0.26
R? 0.948 0.41 0.459
RMSE 0.26 1.12 1.345
Intraparticle diffusion C 0.70 2.23 2.53
kig (mg/g min”®) 0.60 0.75 0.92
R? 0.965 0.955 0.940
RMSE 0.21 0.30 0.44

Table 7

The equilibrium contact time of Cd(II) adsorption by means of various adsorbents

Equilibrium contact time

Adsorption capacity

Adsorbent (min) (mg/g) References
Pinuspinaster bark 120 7 [59]
Natural rice husk 60-120 73.96 [60]
Ground pine cone 500 15.345 [61]
Azadirachta indica (Neem) leaf powder 300 86.2 [62]
Acrylonitrile grafted-corn stalk 40 22.17 [63]
Sodium hydroxide modified-spent grain 120 17.3 [64]
Sodium dodecyl sulfate modified-magnetite 30 6.6 This study

nanoparticles
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removal of Cd(II) as the initial ion increased from
0.178 to 0.365 mM [58]. In a low Cd(II) concentration,
all previously studied kinetic models showed high
coefficients of determination, except for the Ho model.
However, in high Cd(II) concentrations (i.e., 25 and
50 mg/L), only I-D model exhibited high coefficients
of determination and low RMSE. Our findings showed
that the I-D model was the most appropriate kinetic
model to fit the experimental data of Cd(II) adsorp-
tion. Various equilibrium contact times of Cd(II)
adsorption using different adsorbents are given in
Table 7. Accordingly, with regard to other equilibrium
contact times, the applied adsorbent in the present
study could potentially be used as a feasible and
efficient adsorbent to remove Cd(II) from aqueous
solutions in a short time period.

3.6. Adsorption isotherm

The isotherm investigation of cadmium adsorption
using modified magnetite nanoparticles was con-
ducted at different adsorbent dosages (0.1, 0.2, and
0.25 g) employing Langmuir, Freundlich, L-F, and
R-P nonlinear models. The models were evaluated via
model coefficients of determination (R?) and RMSE.
The nonlinear plots of the applied isotherm models at
various adsorbent dosages are illustrated in Fig. 7,
based on the equilibrium Cd(II) concentration (C,)
against the adsorption capacity (q.). The obtained
parameters of isotherm models are reported in Table 8.
As seen in this table, a sharp decrease is obvious in
the quantity of Langmuir and L-F maxima gmax as the
concentration of applied adsorbents increased. The
obtained coefficients of determination in Langmuir
model were in the range of 0.45-0.65, and the RMSE
values were from 0.87 to 1.23, showing the lack of
suitability of this model to fit the data of Cd(I)
removal and data prediction. Other isotherm models
(i.e., Freundlich, R-P, and L-F), on the other hand,
give the best fit with extremely high coefficients of
determination (>0.9) and negligible RMSE in all adsor-
bent dosages. Additionally, the highest values of the
coefficient of determination of Freundlich (>0.98) indi-
cate that such a model could fit well with the experi-
mental data of Cd(l) adsorption. Previous studies
have also reported that the Freundlich isotherm is the
best model for the experimental data of Cd(II) adsorp-
tion [58,65]. Furthermore, from the findings of the iso-
therm study, it can be concluded that the capability of
the employed models to fit the Cd(Il) adsorption can
be expressed as follows:

Freundlich > Redlich-Peterson > Langmuir-Freundlich >
Langmuir
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Fig. 7. Isotherm curves of Cd(Il) adsorption onto SDS-mag-
netite nanoparticles at different SDS-MNP dosages: (a)
0.1g, (b) 0.2gand (c) 0.25g.

The parameter “n” implies an abnormality from the
linearity of the adsorption process. This parameter
represents the extent of nonlinearity between the
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Table 8
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Adsorption isotherm constants and coefficients of determination for Cd(II) adsorption onto SDS-MNP

Adsorbent dosage (g)

Isotherm model Parameters 0.1 0.2 0.25
Freundlich k¢ (mg/g) (mg/ L™ 4.13 2.52 3.31
n 6.00 4.26 7.21
R? 0.994 0.985 0.966
RMSE 0.28 0.26 0.35
Langmuir Gmax (Mg/g) 7.90 6.36 6.06
b (L/mg) 0.99 0.48 0.33
R? 0.938 0.833 0.594
RMSE 1.04 0.87 1.23
Langmuir-Freundlich Gmax (Mg/g) 8.65 7.73 7.10
b (L/mg) 0.81 0.23 1.63
n 0.57 0.55 0.27
R? 0.956 0.920 0.859
RMSE 0.67 0.52 0.62
Redlich—Peterson Kgr 16,240 14,820 14,510
ag 3,927 6,107 10,310
I3 0.83 0.75 0.63
R? 0.994 0.983 0.54
RMSE 0.32 0.33 0.43

concentration of the adsorbate and the adsorbent as
follows: if n <1, the adsorption process is potentially
physisorption; if n = 1, the adsorption is therefore lin-
ear; and if n > 1, then the adsorption process is definitely
chemisorption. Having a closer look at Table 8, we see
that parameter “n” is higher than 1, which shows that
Cd(I) adsorption onto the surfaces of magnetite
nanoparticles was in a favorable experimental condition
and was intrinsically a chemisorption process.

4. Conclusions

In this study, the adsorption of Cd(IIl) in aqueous
solutions using SDS-modified magnetite nanoparticles
was optimized using CCD as one the most well-known
designs of RSM under different input variables includ-
ing the reaction time, the adsorbent dosage, and the ini-
tial ion concentration. The optimization results revealed
that initial ion concentration, adsorbent dosage, and the
quadratic effect of initial ion concentration had great
impacts on Cd(Il) removal. The optimum condition for
the removal of Cd(II) was obtained at the reaction time
of 30 min with 0.35 g of the adsorbent and 30 mg/L of
the initial ion concentration. Furthermore, the data of
Cd{I) adsorption were interpreted using different
kinetic and isotherm models. After employing kinetic

investigations on Cd(II) adsorption, it was found that
the I-D, compared to other kinetic models, was more
efficient to fit the experimental data. The findings of the
isotherm studies showed that among all the applied
isotherm models, the data of Cd(II) removal could bet-
ter be described by Freundlich than by Langmuir, R-P,
and L-F. Finally, it can be concluded that SDS-MNP
might serve as an efficient adsorbent mainly due to a
high surface area as well as a high adsorption capacity
for adsorptive removal of Cd(Il) from contaminated
aqueous solutions.
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