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a b s t r a c t
In this study, mesoporous ZnFe2O4 was prepared by a facile and green hydrothermal method. 
Carboxymethylcellulose is a nontoxic and water-soluble polymer that was used as surfactant. The 
obtained adsorbent was characterized by different techniques such as scanning electron microscopy, 
X-ray diffraction, vibrating sample magnetometer, Fourier-transform infrared spectroscopy and 
Brunauer–Emmett–Teller theory. The results indicated that ZnFe2O4 with high purity phase possesses 
obvious mesoporous structure; the mean inner diameter, specific surface area and pore volume are about 
8.1 nm, 104.16 m2/g and 0.21 cm3/g, respectively. Furthermore, as-synthesized adsorbent has appropriate 
reusability property. So, it can be used for four runs. The adsorption properties of methylene blue (MB) 
onto mesoporous ZnFe2O4 were studied and the results indicated that the maximum adsorption capacity 
of mesoporous ZnFe2O4 for MB was 250 mg/g in a time period of only 15 min. For concentration of 
10–200 ppm, removal efficiency is over 90% while this amount for 500 ppm concentration is about 63%.
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1. Introduction

Among the family of ferrites (M-Fe2O4), Zn ferrites have 
been attractive due to its numerous properties including high 
chemical stability, corrosion resistivity, magneto crystalline 
anisotropy and magneto optical attributes [1–4]. ZnFe2O4 is 
an n-type semiconductor which is recognized as an useful 
spinel ferrite because of its features such as environmental 
friendliness, photochemical stability, multiple valence and 
diverse properties that depend on particle size and prepara-
tion conditions [5,6]. Whereas the various applications of it 
are dependent on its structure, morphology and particle size, 
numerous studies have been done to synthesize ZnFe2O4 
with different morphologies via different synthesizing 

methods [5]. Furthermore, porous compounds can provide 
effective sites for adsorption processes, therefore can be used 
for removal and separation of toxic organic dyes [7–10] and 
metal ions [11–15] from water. Among the different methods 
for elimination of pollutants from wastewater, adsorption 
process is a preferred way to remove contaminants because 
of its environmental friendliness and cost effectiveness. In 
addition, combining the above method and magnetic sepa-
ration has been considered as an effective idea. Mesoporous 
ZnFe2O4 has an enhanced morphology with large pore 
volume and high surface area that was fabricated in many 
researches recently [1,2,5,6,16–22].

In this paper, for the first time, we have used the 
carboxymethylcellulose (CMC) as surfactant in order to syn-
thesize mesoporous ZnFe2O4. CMC was used in controlling 
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the size and morphology of mesoporous ZnFe2O4. Then, 
its adsorption of methylene blue in aqueous solution was 
investigated.

2. Experimental setup

2.1. Materials and methods

Mesoporous ZnFe2O4 was prepared in the presence of 
CMC via hydrothermal method. All the reagents used in this 
study were obtained from commercial sources and applied 
as received from Sigma-Aldrich Chemical Co., (Tehran 
province). Iron(III) (Fe(NO3)3·9H2O), zinc(II) (Zn(NO3)2·6H2O) 
and CMC were used to prepare the sample. 0.4 g of CMC was 
dissolved in 14 mL of Zn(NO3)2·6H2O solution (0.2 M) to form a 
homogeneous solution. As-prepared solution was mixed with 
14 mL of Fe(NO3)3·9H2O solution (0.4 M) (with molar ratio of 
1:2 between [Zn] and [Fe]), and then, was stirred magnetically 
at 0°C for 0.5 h. Sodium hydroxide solution (7.0 M) was added 
dropwise into the mixture until the pH reached 10.0. This 
solution was sonicated for 30 min and then transferred into 
a 100 mL round-bottom flask and kept at 130°C for 24 h in an 
oven. The obtained precipitate was centrifuged and washed 
with deionized water several times. Finally, as-prepared 
precipitate was dried in a vacuum oven at 75°C for 6 h.

2.2. Characterization

The morphology of ZnFe2O4 was analyzed through a 
scanning electron microscopy (SEM) (Seron Technology-
AIS2100, Tehran). Fourier transform infrared spectroscopy 
(FT-IR) measurements were carried out in the wavenumber 
range of 400–4,000 cm–1 on a Shimadzu FTIR-8400S spec-
trophotometer (Tehran). In order to analyze the structure, 
powder X-ray diffractometer (XRD, Bruker AXS D8 advance, 
Tehran) was used. Magnetic properties of adsorbent were 
measured by vibrating sample magnetometer (VSM/AGFM). 
Nitrogen adsorption– desorption isotherms were examined 
using a Micromeritics ASAP 2020 M system (Tehran).

2.3. Study of adsorption properties of mesoporous ZnFe2O4

In order to investigate the adsorption capacity of the 
prepared mesoporous ZnFe2O4, a series of methylene blue 
solutions with different concentrations (10–500 mg/L) were 
prepared by dissolving a known amount of methylene blue 
into 50 mL of distilled water in different transparent contain-
ers. 0.05 g of mesoporous ZnFe2O4 was placed into 50 mL 
methylene blue (MB) solution under stirring (500 rpm). For 
determination of MB decolorization at specified periods, 
3 mL of each sample was collected and separated from the 
adsorbent by centrifugation. The adsorbent performance was 
indirectly monitored by relating the optical absorbance. The 
absorption peaks corresponding to MB decreased gradually 
as the exposure time was extended.

3. Results and discussion

3.1. Characterization of mesoporous ZnFe2O4

The SEM image of mesoporous ZnFe2O4 is shown in 
Fig. 1a. It is obvious that ZnFe2O4 is uneven nanoparticles 

with a diameter of 35–65 nm and particle distribution is 
uniform.

It can be seen that the XRD pattern of the prepared 
mesoporous ZnFe2O4 is indicated in Fig. 1b, the sharp peaks 
at 2θ = 29.9°, 35.3°, 42.9°, 53.2°, 56.7° and 62.2° can be assigned 
to the diffraction of ZnFe2O4 crystal with (2 2 0), (3 1 1), (4 0 0), 
(4 2 0), (5 1 1) and (4 4 0) lattice planes, respectively (JCPDS 
card No. 77-0011) [2,6,7]. All diffraction peaks position 
match well with those of cubic spinel structure (space group 
FD  m3 ) of ZnFe2O4 peaks [8]. No obvious impurity phase 
was detected. Moreover, all marked peaks are related to 
ZnFe2O4. The mechanism for the formation of the zinc ferrite 
powders is given below [23]:
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The general reaction could be expressed as follows:

Zn FeCl NH H O ZnFe O+ + →2 3 2 2 4.  (10)

Fig. 1c shows the hysteresis loops of synthesized 
mesoporous ZnFe2O4 recorded at room temperature. It clearly 
indicated that when the particle size was decreased to below 
a critical value (lower than 100 nm), superparamagnetic 
behavior of the prepared samples was affected. The magnetic 
saturation (Ms) value of ZnFe2O4 was 2.5 emu/g [11].

In Fig. 1d, the FT-IR spectra of mesoporous ZnFe2O4 was 
shown in the range 400–4,000 cm–1. In the ZnFe2O4 spectra, 
the strong and sharp absorption band emerged at 582 cm–1 
is assigned to the stretching vibrations of M–O charac-
teristic cubic spinel structure. Broad band in the range 
3,300–3,500 cm–1 associated to the hydroxyl stretching. Also, 
the peaks at 1,417 and 1,627 cm–1 attributed to the symmetric 
and asymmetric stretching of COO–, respectively, confirm 
that some of acetate ions are grafted on the surface of 
catalyst [3,5,7].
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In Fig. 2a, the nitrogen adsorption–desorption isotherm 
displays type IV isotherm. Distinct hysteresis loop clearly 
illustrated the presence of mesoporous ZnFe2O4 [2,3,5,8,9]. 
Furthermore, the average pore diameter of mesoporous 
ZnFe2O4 was determined to be 8.1 nm by Barrett-
Joyner-Halenda analyses from the sorption isotherms 
(Fig. 2b). Specific surface area of mesoporous ZnFe2O4 
around 104.16 cm2/g and pore volume of about 0.21 cm3/g are 
calculated by using Brunauer–Emmett–Teller method.

3.2. Investigation of adsorption properties of mesoporous ZnFe2O4

The adsorption properties of MB onto mesoporous 
ZnFe2O4 were evaluated. Fig. 3a shows the UV–Vis spec-
tra of various concentrations of MB solutions by prepared 
sample. It was indicated that the MB adsorption peaks at 
664 nm decreased fast and almost completely disappeared 
within 15 min. The removal efficiency of MB with different 
concentrations was shown in the inset of this figure. On the 
other hand, there are many holes on the adsorbent surface 
that causes high and stable adsorption capacity during 
experimental runs. Moreover, Fig. 3b shows the experi-
mental data of Qe vs. equilibrium concentration Ce. The 
results illustrated that the maximum adsorption capacity of 
mesoporous ZnFe2O4 for MB was 250 mg/g in a time period 
of only 15 min.

It is clear that the surface hydroxyl groups of the adsor-
bent have the main effect on the adsorption of methylene 
blue onto the mesoporous ZnFe2O4.

The result is presented in Fig. 3c, from which we can 
see that the adsorbent activity of the mesoporous ZnFe2O4 
decreased awhile after each cycle. After being used for four 
times, the magnetic adsorbent still shows an adsorbent 
percentage of 96% at the same condition.

For investigation of reusability of adsorbent, after each 
cycle, the adsorbent has been separated magnetically, after-
ward dispersed in ethanol and sonicated for 15 min and 
washed several times with water and dried at 60°C for 8 h. 
The results indicated that no significant change was observed 
in adsorption activity. In addition, because of magnetic prop-
erty, the adsorbent is easily recovered from wastewater. 
Fig. 3d demonstrates that the mesoporous ZnFe2O4 can be 
easily collected by external magnetic field.

In order to compare the adsorption rate of dyes, different 
amounts of catalyst were used. MB was chosen as an experi-
mental dye. Adsorption behavior of MB at three different times 
in the presence of different amounts of catalyst is indicated in 
Fig. 4a. Ct and C0 are concentration of dyes after different vis-
ible light irradiation times and concentration of dyes after the 
adsorption–desorption equilibrium is reached but before irra-
diation, respectively. It has been observed that the adsorption 
process was carried out better in lower concentrations.

 

(a) (b)

(c) (d)

Fig. 1. (a) SEM image, (b) XRD pattern, (c) VSM curve and (d) FT-IR spectra of mesoporous ZnFe2O4.
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The effects of pH on removal efficiency of dyes were 
investigated with a vast pH range 3–11 (Fig. 4b). The 
results display that acidic pH does not support removal 
process. On the other hand, the best results were achieved 
in neutral and alkaline pHs. In that pHs, the efficiency 
reached was 100%. Therefore, these results suggest that 
alkaline and neutral initial pH values are beneficial for 
dye removal. Thus, pH 7 is selected as optimum pH for the 
other experiments.

3.3. Mechanism of adsorption

In order to investigate the mechanism of adsorption, 
kinetic models such as pseudo-first-order and pseudo- 
second-order can be used. The pseudo-first-order kinetic 
model (Eq. (11)) and pseudo-second-order model (Eq. (12)) 
are represented by the following equations:

log log
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q q q
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te t e−( ) = −








1

2 303
 (11)

 

(a) (b)

Fig. 2. (a) Nitrogen sorption isotherm and (b) pore size distribution of mesoporous ZnFe2O4.

 

(a) (b)

(c) (d)

Fig. 3. (a) Adsorption activities for the decolorization of MB aqueous solution with mesoporous ZnFe2O4 (Inset: The removal efficiency 
of MB from aqueous solution with mesoporous ZnFe2O4), (b) Effect of dye concentrations on the equilibrium adsorption capacity of 
mesoporous ZnFe2O4, (c) Reusability of mesoporous ZnFe2O4, and (d) The magnetic responsiveness under an external magnetic field.
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Amounts of MB adsorbed onto adsorbent at equilibrium 
and any time t (min) are shown as qe and qt (mg/g), respec-
tively. k1 (h–1) and k2 ((g/mg)/min) are first-order rate constant 
and second-order rate constant, respectively. Plotting the 
experimental data in the form of log (qe – qt) vs. t or t/qt against 
t (min), a straight line would be acquired if the kinetic model 
is a convenient statement.

Figs. 5a and b illustrate linear regression and the 
parameters are listed in Table 1. The pseudo-second-order 
adsorption mechanism is predominant for this adsorbent 
system. In addition, the theoretical value qe,cal obtained by 

 

(a) (b)

Fig. 4. (a) Remove of MB in the different concentrations and (b) the effect of pH on MB removal yield.

 

(a) (b)

Fig. 5. Adsorption kinetics of MB over the ZnFe2O4 (a) pseudo-first-order and (b) pseudo-second-order kinetics.

Table 1
Kinetic parameters for adsorption of MB onto ZnFe2O4

Pseudo-first-order Pseudo-second-order

qe,(exp) k1 qe,cal R2 k2 qe,cal H R2

12.5 0.267 1.28 0.979 1.018 12.46 165.1 0.997

Table 2
Comparison of ZnFe2O4 with different morphology for removal 
of different pollutants

Morphology 
of ZnFe2O4

Pollutant Removal 
efficiency (%)

Time Reference

Hollow fiber Acid dye 100a 17 h [16]
Spherical Phenol 68b 40 min [24]
Spherical Congo Red 98c 24 h [25]
Spherical Methylene blue 28d 3 h [26]

aDye concentration: 60 mg/L, adsorbent amount: 0.25 g.
bDye concentration: 20 mg/L, adsorbent amount: 0.03 g.
cDye concentration: 34.8 mg/L, adsorbent amount: 0.12 g.
dDye concentration: 10 mg/L, adsorbent amount: 0.05 g.
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pseudo-second-order (12.5 mg/g) agrees experimental value 
qe,exp (12.46 mg/g) well. The results can be concluded that the 
rate of MB adsorption process is controlled by the chemical 
reaction.

Mesoporous ZnFe2O4 adsorbent has different morpholo-
gies. Moreover, this catalyst has been used for the removal 
of different kind of pollutants. In Table 2, some examples of 
efficiency of ZnFe2O4 in different conditions are provided.

4. Conclusion

Mesoporous ZnFe2O4 was synthesized via a simple route 
in the presence of CMC as a green and nontoxic surfactant. 
The adsorption capacity of mesoporous ZnFe2O4 of methy-
lene blue in aqueous solution was studied, which showed 
the maximum adsorption capacity of 250 mg/g. Also the 
mesoporous ZnFe2O4 can be easily recovered by applying an 
external magnetic field. Because of their superparamagnetic 
behavior, the adsorbent was quickly separated from waste-
water. Therefore this magnetic mesoporous ferrite could 
be a good choice to adsorb contaminants from aqueous 
solutions.
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