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a b s t r a c t

In the present study, the synthesis of a new type of sulfonic acid functionalized magnetite ordered 
nanomesoporous carbon (Fe3O4@SiO2-CMK-8/SO3H NPs) was carried out by carbonizing sucrose 
inside the pores of the KIT-6 mesoporous silica. The synthesized nano particles were characterized 
by XRD, FT-IR and SEM instruments and then applied to investigate the removal of hazardous Safr-
anin O dye from aqueous solutions. The size of synthesized nanomesoporous carbon was obtained 
as lower than 40 nm with spherical shape. Taguchi experimental design method (OA16) was used 
to evaluate the effect of adsorption experimental parameters on the dye removal efficiency from 
aqueous solutions. At the optimum condition (adsorption amount = 0.06 g (2.4 g L–1), pH = 6, ionic 
strength = 0.05 mol L–1 and contact time = 30 min), the adsorption of Safranin O from aqueous solu-
tions was found to be better than 93.0%. Kinetic studies were performed at two concentrations (25 
and 100 mg L–1) using four known kinetic models including pseudo-first-order, pseudo-second-order, 
intra-particle-diffusion and Elovich models and data were obeyed well from pseudo-second-order 
kinetic model (R2 = 0.999). Analysis of equilibrium adsorption data with Freundlich, Langmuir and 
Temkin isotherms revealed that the adsorption data were best fitted to Freundlich model (R2 = 0.9941, 
n = 2.07) rather than Langmuir (R2 = 0.9526, qmax = 88.50 mg g–1) and Temkin (R2 = 0.7894) isotherms. 
Analysis of real samples showed the successive removal of Safranin O dye from aqueous matrixes. 
In addition, the Fe3O4@SiO2-CMK-8/SO3H NPs could be simply recovered by external magnet and it 
exhibited recyclability and reusability for subsequent six runs.
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1. Introduction

There is rising public concern over the contamination 
of wastewater by dyes due to the fact that presence of dyes 
and pigments in water, even at very low concentrations, is 
very undesirable for both toxicological and aesthetic rea-
sons [1–3]. Recently, extensive studies have been performed 
on mesoporous carbon materials as a good candidate for 
adsorption of dye pollutants from water [4–6]. Ordered 
mesoporous carbons of CMK-n (n = 1–9) with large surface 

area and high specific pore volume, along with tunable pore 
size have been of wide interest for applications in many 
areas such as adsorbents, catalyst supports, and materials 
for advanced electronic applications [7–12]. These materials 
were synthesized using well-ordered hexagonal and cubic 
mesoporous silica materials as hard frameworks and a car-
bon source [13,14]. 

In recent years, magnetic iron oxide nanoparticles (NPs) 
have received great potential applications in electronics, 
optoelectronics, medicine, magnetic storage and cleanup 
of environmental contaminants [15–19]. However, non-pro-
tected iron oxide NPs are sometimes unstable, and readily 
oxidize in air. Therefore, in order to immobilize and stabi-
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lize the iron oxide NPs, they could be embedded into a host 
matrix. In this way, by merging the CMK-n with magnetic 
iron oxide NPs, it is possible to extend new carbon hybrids 
with improved properties through synergetic effects. From 
the environmental attitude, such magnetic mesoporous 
hybrids could be utilized as adsorbents with a high effi-
ciency because of their superior ability for adsorption and 
removal of various types of pollutants. In addition, these 
magnetic mesoporous adsorbents can be easily separated 
and collected by an external magnetic field [20–22]. 

In the present work, we prepared magnetite hybrids 
from silica coated iron oxide NPs and three-dimensional 
cubic ordered mesoporous carbon (CMK-8) using the 
high-quality large ordered mesoporous cubic Ia3d silica 
KIT-6 as the template, sucrose as the carbon source and 
Na2SO4 for insertion of the sulfonic acid groups. The final 
hybrid materials (Fe3O4@SiO2-CMK-8/SO3H NPs) were 
comparatively examined for their ability to remove Safr-
anin O dye (SO) from aqueous solutions. SO is a cationic 
phenazine dye widely used in many foods for flavoring 
and coloring agents and in textile industries in dyeing cot-
ton, wool, silk, leather and paper and also in staining and 
biological applications. Unfortunately, it is considered as a 
major pollutant, since it is toxic and carcinogenic to humans 
and animals [23]. Furthermore, SO dye is highly soluble in 
water and exerts toxic effects on biological systems. Hence, 
the removal of SO from the aqueous solutions is attractive. 
Here, the effect of experimental factors on SO dye removal 
efficiency including pH, contact time, the sorbent amount 
and ionic strength were studied using Taguchi fractional 
factorial design method. Also, the kinetic data, adsorption 
isotherms and removal of SO from different real samples 
were performed to demonstrate the efficiency of this adsor-
bent.

2. Experimental 

2.1. Materials and reagents

The following reagents were purchased from Merck 
(Darmstadt, Germany) and used without further modifi-
cation: ferric chloride hexahydrate (FeCl3·6H2O), ferrous 
chloride tetrahydrate (FeCl2·4H2O), ammonia (NH3, 25 
wt%), tetraethyl orthosilicate (TEOS), sucrose, and n-buta-
nol. Pluronic P123 (EO20-PO70-EO20, Mw = 5800) and Safranin 
O (SO, C20H19N4Cl, 3,7-diamino-2,8-dimethyl-5-phenyl-
phenazinium chloride, C.I. Basic Red 2, Mw = 350.84 g mol–1) 
were purchased from Sigma-Aldrich (Milwaukee, WI, USA) 
and BDH chemicals (Poole, England).

2.2. Apparatus

The crystal structure of prepared Fe3O4@SiO2-CMK-8 
NPs was investigated by X-ray diffraction (XRD) using 
Phillips (pw-1840) X-ray diffractometer with Cu-Kα radia-
tion source (λ = 1.54056 Å) at 40 KV voltage and 25 mA cur-
rent in a wide - angle range (2θ = 5–80). FT-IR spectroscopy 
was carried out using a Shimadzu FT-IR spectrophotometer 
(model 470, Japan) by using KBr pellets. The surface mor-
phology was studied using a Philips XL 30 scanning elec-
tron microscope (SEM, The Netherlands). A digital Bante 
pH meter (model 930, China) equipped with a combined 

glass electrode was applied to adjust the pH of solutions. 
The UV-Vis absorption measurements were carried out 
by a MAPADA UV-Vis spectrophotometer (6300 pc series, 
China). For magnetic separation a strong magnet (1×3×5 
cm) with 1.4 T magnetic field was applied. A magnetic stir-
rer (Labinco, The Netherlands) and a stirrer bar (4 × 14 mm) 
were used to enhance mass transfer of SO from the solution 
to the surface of adsorbent.

2.3. Standard curve of SO 

The SO dye stock solution with 50 mg L–1 concentration 
was prepared by dissolving 50.0 mg of SO dye in distilled 
water in a 1 L volumetric flask. The working solutions were 
obtained by diluting the dye stock solution in accurate pro-
portions to needed initial concentrations (0.1–25 mg L–1). 
The calibration curve was characterized by a high correla-
tion coefficient (R2 = 0.9997) at pH = 6 using UV-Vis spectro-
photometer (λ = 517 nm).

2.4. Preparation of magnetic Fe3O4@SiO2@KIT-6 NPs

For synthesis of Fe3O4@SiO2-KIT-6 NPs, firstly, the Fe3O4 
NPs were prepared by co-precipitation reaction of chloride 
salts of the Fe3+ and Fe2+ ions with molar ratio 2:1 in the pres-
ence of ammonia solution. The black magnetite NPs were 
coated with silica layer via a sol-gel method [24–26]. Then, 
mesoporous magnetite NPs of Fe3O4@SiO2@KIT-6 were 
synthesized according to reported following procedure 
[26]: typically, 1.25 g of Pluronic P123 copolymer was dis-
solved in 45 mL of distilled water under vigorous stirring 
at 35°C. After complete dissolution, 1.3 mL of HCl solution 
(35%) and 1.5 mL of n-butanol (99.4%) were mixed. Follow-
ing additional stirring for 1 h, 1 g premade Fe3O4@SiO2 was 
added to reaction vessel and mixed for 1 h. Subsequently, 
2.7 mL of TEOS was added immediately. The mixture was 
left stirring at room temperature (r.t) for 24 h and trans-
ferred into an autoclave that was sealed and maintained at 
110°C for another 24 h under static conditions. The resulting 
product was separated magnetically, washed with EtOH/
H2O several times (3 × 50 mL) and then dried at 80°C for 10 
h [26,27]. The final sample was calcined at 550°C for 6 h in 
air to achieve an orange powder as the framework for syn-
thesis of ordered mesoporous carbon materials.

2.5. Preparation of magnetic Fe3O4@SiO2-CMK-8 NPs

In general, 0.04 g H2SO4 and 1.25 g sucrose were added 
to 5 mL deionized water. The mixture was mixed with 1 g 
Fe3O4@SiO2@KIT-6 NPs. The mixture was dried in an oven 
at 100°C for 6 h. The temperature was increased to 160°C 
and preserved for another 6 h. Again, sucrose solution (pre-
pared with 0.75 g sucrose and 0.08 g H2SO4 in 5 mL H2O) was 
added to the partially polymerized and carbonized sucrose 
and the drying process was repeated. The sample turned 
to dark brown during the treatment in the oven. The car-
bonization was completed in flowing argon gas at 800°C for 
5 h to achieve black powder of Fe3O4@SiO2@KIT-6@CMK-8 
[28]. To eliminate the silica template, the prepared compos-
ite (Fe3O4@SiO2@KIT-6@CMK-8) was washed by ethanolic 
NaOH 1 M (EtOH-H2O, 50:50 v/v), filtered and washed 
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with distilled water. Finally, the Fe3O4@SiO2-CMK-8 NPs 
were dried at 100°C for 12h.

2.6. Preparation of magnetic Fe3O4@SiO2-CMK-8/SO3H NPs

The obtained Fe3O4@SiO2-CMK-8 NPs (0.15 g) were 
ultrasonically dispersed in 10 mL of distilled water contain-
ing 0.35 g of Na2SO4 (10 min). Then, the mixture was stirred 
for 2 h at r.t for insertion of sulfonic acid groups. The result-
ing product was collected by a magnet and washed with 
distilled water and then dried in the oven at 80°C for 10 h.

2.7. Taguchi method

For optimization of the SO removal by the Fe3O4@
SiO2-CMK-8/SO3H NPs,Taguchi fractional factorial design 
method (OA16) was used to determine the optimal conditions 
[29]. This study considers four levels for four controllable fac-
tors including solution pH, adsorption amount, contact time 
and ionic strength. Therefore, Taguchi OA16 (4

4) was chosen 
(Table 1) that required 16 experiments to complete the opti-
mization process and the average of absorbance responses 
for each factor at different levels were calculated. For opti-
mizing the experimental parameters, all experiments were 
done with 25 mg L–1 concentration of SO samples (25 mL).

2.8. Adsorption studies

The primary UV-Vis spectrophotometric measure-
ments were carried out in different pHs to find the sta-
bility of SO spectral absorbance. The results showed that 
SO dye was stable in all the studied ranges of pHs. For 
adsorption process, batch experiments were carried out 
to evaluate the adsorptive removal of SO. Experiments 
were conducted using 25 mL solutions containing 25 mg 
L–1 SO to elucidate the varying several conditions such as 
solution pH (6–9), adsorbent amount (0.06–0.12 g), contact 
time (5–30 min) and ionic strength (0–0.05 mol L–1). The 

pH of the solutions was adjusted by dropwise addition of 
0.1 M HCl or 0.1 M NaOH solutions. After each removal 
experiments, the NPs were separated from the dye solu-
tions with a permanent magnet and the residual concen-
trations of SO in the solutions were determined by UV-Vis 
spectrophotometer at 517 nm.

3. Results and discussion

In continuation to our prior works [29–33], herein, the 
modified magnetic Fe3O4@SiO2-CMK-8/SO3H NPs were 
synthesized by the following steps (Fig. 1). Firstly, Fe3O4 NPs 
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Fig. 1. Preparation of Fe3O4@SiO2-CMK-8/SO3H NPs.

Table 1
The OA16 matrix for optimization the experimental parameters

EX. 
no

Exp. 
order

Time 
(min)

Ionic strength 
(mol L–1)

Adsorption 
amount (g)

pH

1 10 15 0.05 0.08 8
2 7 5 0.05 0.1 7
3 14 5 0.01 0.08 9
4 5 15 0.005 0.06 7
5 3 15 0.01 0.1 6
6 13 10 0.05 0.06 9
7 12 5 0.005 0.12 8
8 2 10 0.005 0.08 6
9 6 30 0 0.08 7
10 4 30 0.05 0.12 6
11 9 30 0.01 0.06 8
12 1 5 0 0.06 6
13 11 10 0 0.1 8
14 15 30 0.005 0.1 9
15 16 15 0 0.12 9
16 8 10 0.01 0.12 7
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were prepared by co-precipitation of Fe2+ and Fe3+ ions in 
basic solution and then in order to avoid possible aggrega-
tion or oxidation of the Fe3O4 NPs, a layer of SiO2 was coated 
on the surface of Fe3O4 NPs using sol-gel process, through the 
hydrolysis of TEOS. Then, Fe3O4@SiO2 core-shell nanoparti-
cles were successfully prepared. Subsequently, Fe3O4@SiO2 
core-shell NPs were coated with KIT-6 to obtain highly 
ordered large pore Fe3O4@SiO2@KIT-6 NPs. Mesoporous 
silica KIT-6 template was firstly prepared according to the 
published procedure using a mixture of pluronic P123 and 
n-butanol [30]. After that, KIT-6 and sucrose were used as 
the template and the carbon precursor, respectively to obtain 
Fe3O4@SiO2-CMK-8NPs. Finally, Fe3O4@SiO2-CMK-8/SO3H 
NPs were prepared by the reaction of Fe3O4@SiO2-CMK-8 
NPs with Na2SO4 for formation of sulfonic acid groups onto 
Fe3O4@SiO2-CMK-8 surface and the success of this immobi-
lization was confirmed with FT-IR spectra.

3.1. Structural characterization

The FT-IR spectra of (a) Fe3O4 NPs, (b) Fe3O4@SiO2 NPs, 
(c) Fe3O4@SiO2@KIT-6 NPs, (d) Fe3O4@SiO2-CMK-8 NPs 
and (e) Fe3O4@SiO2-CMK-8/SO3H NPs were shown in 
(Fig. 2). The absorption band for Fe3O4 NPs at 572 cm–1 is 
attributed to the stretching vibration of Fe-O bond and two 
bands at 3454 and 1631 cm–1 are related to the symmetric 
and asymmetric stretching and bending vibrations of O-H, 
respectively which is attached to the surface iron atoms. For 
Fe3O4@SiO2 NPs (Fig. 2b) and Fe3O4@SiO2@KIT-6 NPs (Fig. 
2c), the strong broad bands in 1089 and 1087 cm–1 with a 
shoulder at 1209 cm–1 are assigned to the asymmetric stretch-
ing vibrations of Si-O-Si in SiO2. The weaker bands at 796, 
466 and 952 cm–1 are corresponded to the Si-O-Si symmetric 
stretching vibrations, Si-O-Si or O-Si-O bending modes and 
Si-O symmetric stretching vibrations, respectively. In both 
spectra of Fe3O4@SiO2-CMK-8 NPs (Fig. 2d) and Fe3O4@
SiO2-CMK-8/SO3H NPs (Fig. 2e), the similar signals for 

Fe3O4 at 464 and 459 cm–1 are related to the stretching vibra-
tions of Fe-O bond and two bands in both spectra at 3436, 
1639 cm–1 and 3444, 1647 cm–1 are related to the symmetric 
and asymmetric stretching and bending vibrations of O-H, 
respectively. The broad bands in both spectra in 1101 and 
1103 cm–1 with a shoulder are allocated to the asymmetric 
stretching vibrations of Si-O-Si. In the Fe3O4@SiO2-CMK-8/
SO3H NPs (Fig. 2e), this absorption band is broadened and 
overlapped with the bands at 1161.2 and 1032 cm–1 that are 
attributed to SO3

– stretching and O=S=O stretching vibra-
tions in SO3H group. 

The morphology and size of the Fe3O4@SiO2-CMK-8/
SO3H NPs were investigated by SEM instrument as shown 
in Fig. 3. The SEM images demonstrate that the particles 
have spherical shape and seem to be nanosized (<40 nm). In 
addition, the XRD pattern of Fe3O4@SiO2-CMK-8 NPs (Fig. 
4c) was compared with Fe3O4 NPs (Fig. 4a) and Fe3O4@SiO2 
NPs (Fig. 4b) that were shown in Fig. 4. The sharp diffrac-
tion peaks with 2θ at 30.4°, 35.6°, 43.4°, 53.8°, 57.3°, 62.6° and 
71° which are quite identical to pure magnetite and matched 
well with the XRD pattern of the standard Fe3O4 from 
Joint Committee on Powder Diffraction Standards (JCPDS 
No.19–692), confirmed the presence of magnetite core in the 
structure of synthesized mesoporous carbon (Fig. 4 a). XRD 

Fig. 2. The FT-IR spectra of (a) Fe3O4 NPs, (b) Fe3O4@SiO2 NPs, 
(c) Fe3O4@SiO2@KIT-6 NPs, (d) Fe3O4@SiO2-CMK-8 NPs and (e) 
Fe3O4@SiO2-CMK-8/SO3H NPs.

Fig. 3. The SEM images of synthesized Fe3O4@SiO2-CMK-8/
SO3H NPs.
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pattern indicates that the Fe3O4 core has crystalline cubic spi-
nel structure. Figs. 4 a–c shows the crystalline phase of Fe3O4 
NPs was stable during silica coating and surface carboniza-
tion. Decrease in intensities of diffraction peaks of Fe3O4 in 
Figs. 4b,c results from SiO2 coating (Fig. 4b). The decrease is 
serious after formation of carbon mesoporous structure (Fig. 
4c) due to the absorption of X-ray through the shells.

3.2. Effect of solution pH on the SO removal efficiency

The pH of the aqueous solution is an important param-
eter that affects the adsorption properties of adsorbent and 
adsorbate via changing the surface charge of adsorbent 
and the degree of ionization and speciation of SO mol-
ecules. Prior to optimization steps, the effect of solution 
pH on the SO removal efficiency was studied by changing 
the pH of solution from 3 to 11. According to the results, 
at pHs lower than 6 and higher than 9, the removal effi-
ciency was decreased (Fig. 5). Therefore, in optimization 
steps, pH levels were investigated in the range of 6–9. The 
adsorption process can be explained by electrostatic inter-
actions between cationic SO dye and anionic SO3

– groups 
on the surface of Fe3O4@SiO2-CMK-8/SO3H NPs [34]. The 
decrease in removal efficiency in higher pHs, can be related 
to the reduction in positive charge of SO dye. According to 
the optimization results, as the solution pH increased from 
6 to 9, SO removal dropped from 92.0% to 88.0% which 
could be attributed to the decreasing of electrostatic attrac-
tions between the SO and Fe3O4@SiO2-CMK-8/SO3H NPs. 
Accordingly, the highest dye adsorption was obtained at 
pH = 6. Therefore, this pH was selected as the optimum 
value for other experiments. This result is in agreement 
with our previous study on the adsorption of SO by sul-
fonic acid functionalized SBA-3 silica mesoporous magne-
tite nanocomposite (Fe3O4@SiO2@SBA-3/SO3H) [35].

3.3. Effect of adsorbent amount on the SO removal efficiency 

Adsorbent amount is a key factor in the adsorption treat-
ment that determines the capacity of an adsorbent for dye 

removal. Here, the adsorption of SO dye on the surface of 
Fe3O4@SiO2-CMK-8/SO3H NPs was investigated by chang-
ing the quantity of adsorbent in the range of 0.06, 0.08, 0.10 
and 0.12 g (2.4 g L–1 to 4.8 g L–1) with the dye concentration 
of 25 mg L–1at r.t (25°C). The results (Fig. 6), show that with 
increase in the adsorbent amount from 0.06 to 0.12 g, the SO 
removal efficiency decreases. High adsorbent dosage can be 
caused to excess particle interactions, such as aggregation 
that would lead to decrease in the total surface area of the 
adsorbent [36]. 

3.4. Effect of ionic strength on the SO removal efficiency

To investigate the effect of salts that presents in solution, 
the effect of ionic strength was carried out using different 
concentrations of NaCl (0, 0.005, 0.01 and 0.05 mol L–1). The 
data obtained confirmed that; the SO removal efficiency 
was better at 0.05 mol L–1 NaCl (Fig. 7). This effect may be 
due to the decrease in solubility of the SO dye in water and 
enhancement of the hydrophobic interaction between SO 
and the surface of Fe3O4@SiO2-CMK-8/SO3H NPs in the 
presence of salt that result an increase in dye removal effi-
ciency [37]. Thus, all further experiments were considered 
in the NaCl concentration of 0.05 mol L–1.

3.5. Effect of contact time on the SO removal efficiency 

To know the equilibration time for obtaining maximum 
SO removal, the adsorption of SO on the surface of Fe3O4@
SiO2-CMK-8/SO3H NPs was studied at different contact 
times in the range of 5–30 min and the absorbance of the 
residual dye solution was recorded at λmax (517 nm, Fig. 
8). It was observed that the adsorption of dye increased 
in contact time of 30 min, and attained a constant value at 
equilibrium after a specific time. Also, after optimization by 
Taguchi method, the contact time of 45 min was compared 
by 30 min, and it was found that the removal efficiency was 
relatively constant respect to 30 min (Fig. 8). Therefore, 30 
min was preferred as the optimum contact time for all fur-
ther adsorption experiments.

To study the SO removal efficiency at obtained optimum 
conditions (adsorbent amount = 0.06 g, pH = 6, contact time 

Fig. 4. The XRD patterns of (a) Fe3O4 NPs, (b) Fe3O4@SiO2 NPs 
and (c) Fe3O4@SiO2-CMK-8 NPs.

Fig. 5. Variation of SO removal efficiency with solution  
pHs([SO]0 = 25 mg L–1).
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= 30 min and ionic strength = 0.05 mol L–1), six replicative 
experiments were carried out at optimum conditions and 
the SO removal efficiencies were found to be better than 
93.0% with a relative standard deviation of 0.94% (RSD %)
that show the very good repeatability of the results.

3.6. Study of adsorption kinetics

The adsorption kinetic describes helpful data about effi-
ciency of adsorption, solute adsorption rate and pathway. 
Adsorption kinetic experiments were performed at two dif-
ferent SO concentrations of 25 and 100 mg L–1, at obtained 
optimum conditions (adsorbent amount = 0.06 g, pH = 6 
and ionic strength = 0.05 mol L–1) in the range of 0–90 min. 
The pseudo first-order, pseudo second-order, intra-particle 
diffusion and Elovich models were investigated in order 
to find an efficient kinetic model for the description of 
adsorption kinetic. The pseudo first-order kinetic model is 
expressed as follow [38]:

ln lnq q q k te t e−( ) = ( ) − 1  (1)

where qe and qt (mg g–1) are the adsorption capacities at 
equilibrium and at time t (mg g–1), respectively; k1 (min–1) is 
the rate constant of the pseudo first-order adsorption. The 
values of k1 and qe were obtained from the slope and inter-
cept of the plot of ln (qe – qt) versus t, respectively.

The pseudo second-order kinetic model was presented 
below [39]:

t
q k q q

t
t e e

= +






1 1

2
2

  (2)

where k2 is the pseudo second-order adsorption constant (g 

mg–1 min–1). The intercept of the plot of 
t
qt

against t gives 
the second-order rate constant k2.

The possibility of intra-particle diffusion resistance 
affecting adsorption was examined by the intra-particle dif-
fusion model as [40]:

q k t Ct p= +1 2/  (3)

where kp (mg g–1 min–1/2) is the intra-particle diffusion rate 
constant which can be calculated from the slope of the lin-
ear plot of qt against t1/2, and C (mg g–1) is intercept. Value 
of C presents a plan about the thickness of the boundary 
layer: the larger the intercept, the greater the boundary 
layer effect. 

The Elovich equation is given below:

dq
dt

et qt= −α β   (4)

The integration of the rate equation with the same 
boundary conditions as the pseudo first-and second-order 
equations becomes the Elovich equation [41].

q tt = ( ) + ( )1 1
β

αβ
β

ln ln  (5)

where α is the initial adsorption rate (mg g–1 min–1), and β is 
related to the extent of surface coverage (g mg–1).

Fig. 6. The effect of adsorbent amount on the adsorption of SO 
on Fe3O4@SiO2-CMK-8/SO3H NPs ([SO]0 = 25 mg L–1).

Fig. 7. Effect of ionic strength on the adsorption of SO on the 
Fe3O4@SiO2-CMK-8/SO3H NPs.  

Fig. 8. The effect of contact time on the adsorption of SO on the 
Fe3O4@SiO2-CMK-8/SO3H NPs. 
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The best-fit model was selected based on the linear 
regression correlation coefficient (R2 values). The kinetic 
parameters for the SO removal at two different concentra-
tions by four models are summarized in Table 2. The results 
show that intra-particle diffusion and Elovich models are 
not suitable for the present adsorption system due to low 
correlation coefficients (R2). The kinetic data for SO adsorp-
tion showed the best fitting (R2 > 0.99) with the pseudo 
second-order model. Moreover, when the initial SO con-
centration increased from 25 to 100 mg L–1, the value of k2 
(g mg–1 min–1) and (R2) for the pseudo second-order model 
were decreased from 0.2719 to 0.0108 g mg–1 min–1 and 
0.9998 to 0.9985, respectively. Also, qe,cal (mg g–1) reduced 
from 10.1214 to 4.4937 mg g–1. This result indicated that 
adsorption data were in agreement with this model. Fur-
thermore, the curve-fitting plots of pseudo second-order 
kinetic model gave a straight line, passed through the origin 
and confirmed the best fit of this kinetic model in the pres-
ent system (Fig. 9). For the intra-particle diffusion model 
the value of C was estimated as 6.7137 mg g–1 (C≠ 0) that 
confirms intra-particle diffusion is not the only rate-limiting 
step for SO adsorption.

3.7. Studies of adsorption isotherms

In order to evaluate the adsorption isotherms of the 
SO adsorption on the surface of NPs, different SO con-
centrations were fitted to three most widely used equi-
librium adsorption isotherm models namely Freundlich, 
Langmuir [42] and Temkin. Both Freundlich and Lang-
muir models are suitable for adsorption on heterogeneous 
surfaces. For isotherm studies, SO solutions with 1 to 500 
mg L–1 concentrations were used. The study of adsorption 

isotherms of SO on the Fe3O4@SiO2-CMK-8/SO3H NPs at 
optimum conditions (adsorbent amount= 0.06 g at pH = 6, 
r.t) are given in Fig. 10. The Langmuir isotherm supposes 
that monolayer adsorption occurs at binding sites with 
homogenous energy levels, without interactions between 
adsorbed molecules and transmigration of adsorbed mol-
ecules onto the adsorption surface. The Langmuir equa-
tions can be expressed as [43]:

q
q k C

k Ce
m l e

l e

=
+1

 (6) 

or

C
q k q q

Ce

e l m m
e= +

1 1
  (7)

where Ce is the function of equilibrium concentration of the 
SO solution (mg L–1), qe is the adsorption capacity (mg g–1), 
kl is the constant correlated to free energy of adsorption (L 
mg–1), and qm is the maximum adsorption capacity (mg g–1).

The Freundlich isotherm is commonly represented by 
[44]: 

q k Ce f e
n=

1
 (8)

or

ln ln lnq k
n

Ce f e= +
1

 (9)

where Kf (mg1–(1/n) L1/n g–1) is Freundlich adsorption constant, 
n is constant parameter of the system. If the value of 1/n is 
lower than 1, it illustrates a normal Freundlich isotherm; if 
not, it is indicative of supportive adsorption [45].

Temkin isotherm contains a factor that obviously is 
taking into the account of adsorbent-adsorbate interac-
tions. By ignoring the extremely low and large concen-
trations, the model assumes that heat of adsorption of all 
molecules in the layer would decrease linearly than loga-
rithmic binding energies [46,47]. This isotherm is usually 
used for heterogeneous surface systems or non-uniform 
distribution of sorption heat. The model is given by the 
following equations [46]:

Fig. 9. The linear plots of pseudo second-order model on the SO 
removal by Fe3O4@SiO2-CMK-8/SO3H NPs in different time and 
concentrations (pH = 6, adsorbent amount = 0.06 g and ionic 
strength = 0.05 mol L–1).

Table 2
Kinetic parameters for SO adsorption onto Fe3O4@SiO2-CMK-8/
SO3H NPs

Kinetic models [SO]0

25 100

Pseudo first-order

k1 (min–1) 0.0395 0.0067
qe,cal (mg g–1) 9.80 31.79
R2 0.124 0.736

Pseudo second-order

k2 (g mg–1 min–1) 0.2719 0.0108
qe,cal(mg g–1) 10.1214 4.4937
R2 0.9998 0.9985

Intra-particle diffusion

KP (mg g–1 min–1/2) 0.5149 2.1601
C0 (mg g–1) 6.7137 23.5001
R2 0.3839 0.8898

Elovich

α (mg g–1 min–1) 139.5300 463.0200

b (g mg–1) 0.8116 0.2173
R2 0.5345 0.9809
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RT
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RT
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RT
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RT
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qe=B lnA + B lnCe (12)

where, A is Temkin isotherm equilibrium building constant 
(L g–1), b is constant related to heat of sorption (J mol–1) and 
B is Temkin isotherm constant.

The calculated isotherm parameters by means of a 
non-linear fitting procedure are shown in Table 3. The 
adsorption of SO was best fitted with the Freundlich iso-
therm model with the higher R2 (0.994). Therefore, SO 
adsorption onto Fe3O4@SiO2-CMK-8/SO3H NPs surface 
was multilayer adsorption. The Freundlich constant 1/n 
was smaller than 1, representing a high adsorption inten-
sity. In addition, the maximum monolayer adsorption 
capacity (qm) of SO by Fe3O4@SiO2-CMK-8/SO3H NPs was 
obtained as 88.4955 mg g–1 in 298 K (Table 3).

3.8. Desorption and recycling studies

While SO adsorption on the surface of Fe3O4@SiO2-
CMK-8/SO3H NPs is a reversible process, it is possible 
for regeneration or activation of adsorbent to reuse. The 
desorption of SO was carried out using HCl 0.1 M. The 
results showed that removal efficiency higher than 93% 
after six cycles can be attained in a short time of 1 min and 
in one elution step using 3 mL of HCl 0.1 M, as shown in 
Fig. 11. In fact, the SO molecules on the surface of Fe3O4@
SiO2-CMK-8/SO3H NPs could be replaced with proton of 
the acidic solution in desorption step.

Furthermore, after seven cycles of the desorption-ad-
sorption process, the high magnetic sensitivity of Fe3O4@
SiO2-CMK-8/SO3H NPs still retained and the NPs can 
be collected from the solution using a super magnet (1.4 
T, right inset in Fig. 11b). Therefore, the Fe3O4@SiO2-

Fig. 10. The plots of (a) Langmuir (b) Freundlich and (c) Temkin 
isotherms on the SO removal by Fe3O4@SiO2-CMK-8/SO3H NPs 
(pH = 6, [SO]0 = 25 mg L–1, adsorbent amount = 0.06 g and ionic 
strength = 0.05 mol L–1).

Table 3
Adsorption isotherm parameters for SO adsorption on the 
Fe3O4@SiO2-CMK-8/SO3H NPs

Isotherm models

Langmuir

qm (mg g–1) 88.4955
k1 (L mg–1) 0.0336
R2 0.9526

Freundlich

Kf (mg1–(1/n) L1/n g–1) 5.9937
N 2.07
R2 0.9941

Temkin

b (J mol–1) 9.8706
A (L g–1) 2.255
R2 0.7894
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CMK-8/SO3H NPs can be potentially used as a recycla-
ble magnetic adsorbent for further dye adsorption from 
water samples. The decrease in SO removal efficiency 
under removal cycles more than seven cycles, may be 
due to losing or deactivation of the adsorbent through 
the following steps.

3.10. Adsorption of SO in real samples

We studied the applicability and reliability of the 
Fe3O4@SiO2-CMK-8/SO3H NPs on four main sources that 
were collected from Caspian Sea, GhaleRoodkhan River, 
Pasikhan River and an industrial dyeing wastewater from 
Guilan, Iran. The chemical composition of four real samples 
including electrical conductivity (EC) at 20°C, pH, nitrate, 
nitrite, sulfate and chloride concentrations, total hardness 
(TH) and carbonate hardness (CH) were initially measured 
(Table 4). Prior to adsorption process, each real sample was 
analyzed to measure its dye content. Then, to determine the 
matrix effect on the SO removal efficiency, a known con-
centration of SO dye (25 mg L–1) was added in real water 
samples and SO removal efficiency of proposed NPs was 
determined under optimized conditions (pH = 6, adsorbent 
amount = 0.06 g, contact time 30 min and ionic strength = 
0.05 mol L–1) by UV-Vis spectrophotometer. For each real 
sample, four adsorption experiments were carried out at 
optimum conditions and the results (Table 4) showed that 
SO removal efficiency in all of the samples, were better than 
95% with good repeatability (RSD% lower than 1.4%). The 
results reveal the effectiveness of this method for removal 
of SO dye from real aqueous samples.

3.11. Comparison with other adsorbents

Table 5 shows a comparison between the proposed-
Fe3O4@SiO2-CMK-8/SO3H NPs with various adsorbents 

Fig. 11. The removal efficiency during seven cycles of Fe3O4@SiO2-CMK-8/SO3H NPs. The inset figures show aqueous solutions of 
SO (a) before adsorption and (b) after seven cycles of desorption-adsorption.

Table 4
Chemical composition of real samples and SO removal efficiency in real samples using Fe3O4@SiO2-CMK-8/SO3H NPs under 
optimum conditions (pH = 6, adsorbent dosage = 0.06 g, contact time 30 min and ionic strength = 0.05 mol L–1)

Sample pH EC Cl–

(mg L–1)
NO3

–

(mg L–1)
NO2

–

(mg L–1)
SO4

2–

(mg L–1)
TH
(mg L–1)

CH(mg L–1 
CaCO3)

Removal 
Efficiency (%)

Caspian Sea water 8.5 7.14 ms 5147 1.17 ND 837.86 3700 150 98.40
Industrial dyeing 
wastewaters

9.5 365 µs 213 3.27 <0.03 46.73 390 240 99.95

GhaleRoodkhan 
River

8.5 7.30 ms 4082 0.48 ND 874.77 3700 100 95.90

Pasikhan River 8.0 141.1 µs 159.75 0.855 ND 23.39 140 70 99.90

Table 5
Comparison of various adsorbents for SO removal

Adsorbents qm (mg g–1) Ref.

SHa 29.49 [48]
MCM-41 68.80 [49]
ACCCb 1428.57 [50]
SBA-16 240.39 [51]
MRMWc 89.40 [52]
NARMWd 9.77 [23]
NRKCe 16.23 [53]
CFAf 1.76 [54]
ACg 3.183 [55]
ARHh

MWCNT/PUi

0.2117
270.27

[55]
[56]

Fe3O4@CMK-8/SO3H NPs 88.50 This work

aSoybean hull 
bActivated carbon corncobs 
cModified red mud waste 
dNeutralized activated red mud waste 
eNatural raw kaolinite clay 
f Coal fly ash 
g Activated carbon 
hActivated rice husks 
i Multiwalled carbon nanotube-polyurethane
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used for removal of SO dye [23,48–56]. According to the 
table, the Fe3O4@SiO2-CMK-8/SO3H NPs showed satisfac-
tory removal performance as compared to other reported 
adsorbents. Therefore, it could be considered as a prefera-
ble and efficient adsorbent for removing dye contaminants. 
Furthermore, the magnetic properties of Fe3O4@SiO2-
CMK-8/SO3H NPs make it more efficient adsorbent for the 
removal of SO from aqueous solutions.

4. Conclusion

Fe3O4@SiO2-CMK-8/SO3H NPs has been successfully 
prepared from mesoporous silica KIT-6 as the template, 
sucrose as the carbon source and Na2SO4 for insertion of 
the sulfonic acid function onto its surface and then used 
as a mesoporous carbon adsorbent for removal of SO 
dye from aqueous solutions. The magnetic properties of 
Fe3O4@SiO2-CMK-8/SO3H NPs make it a more potential 
adsorbent for the removal of dye from aqueous solutions. 
In addition, the adsorbent can be easily regenerated by 
HCl 0.1 M during 1 min and reused for subsequent runs 
up to six replicates without any reduction in adsorbent 
efficiency. Magnetic separation, good removal efficiency, 
short adsorption and desorption times and reusability are 
the most important advantages of the proposed adsor-
bent. The results from investigation on experimental and 
real samples showed that Fe3O4@SiO2-CMK-8/SO3H NPs 
could be considered as a potential adsorbent for removal 
of dye from water samples.
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