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a  b  s  t  r  a  c  t

In  this  paper,  nanospinels  NiMnxFe2−xO4 (x  = 0.05,  0.1, 0.3,  0.5,  0.7, and  1)  were  prepared  by  sol–gel
method  in  the  presence  of  nitrate–metal–ethylene  glycol  (EG)  polymerized  complex.  The  nanospinels
were  characterized  using  thermogravimetry  analysis  (TGA),  X-ray  powder  diffraction  (XRD),  Fourier
infrared  spectroscopy  (FTIR),  and  transmission  electron  microscope  (TEM).  The  adsorption  of  an  azo  dye,
reactive blue  5 (RB5),  from  water  was  determined  using  the  prepared  nanospinels.  The  effect  of opera-
tional  parameters  such  as  the  initial  dye  concentration,  the  concentration  of  nanospinels,  temperature,
and  pH  on  the  degradation  of  dye  was  investigated.  The  adsorption  process  follows  second-order  kinet-
ics and  Arrhenius  behavior.  Two  common  models,  the  Langmuir  and  Freundlich  isotherms  were  used  to
investigate  the  interaction  of  dye  and  nanospinels.  The  isotherm  evaluations  revealed  that  the  Freundlich
model  provides  better  fit  to the  experimental  data  than  that  of  the  Langmuir  model.  The  photocatalytic
degradation  of RB5  at pH  1  under  UV  irradiation  was  examined.  The  results  showed  that  the  degradation
of  RB5  dye  follows  merely  an adsorption  process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Spinels are attractive subjects for continuous scientific interest
and have been deeply investigated in material science because of
their physico-chemical properties [1].  Among spinel compounds,
spinel ferrites (MFe2O4, M Ni, Mn,  etc.) have received much
research attention owing to both broad practical applications in
several important technological fields such as ferrofluids, magnetic
drug delivery, magnetic high-density information storages [2–10],
and degradation of organic pollutants such as dyes and halogenated
derivatives in wastewater treatments [11]. The textile industry uses
about 10,000 different dyes and pigments and about 20–30% of
total market comprises reactive dyes [12]. About 50% of initial reac-
tive dye used in dyeing operations is released in effluents [13].
Color removal from textile wastewater is of major environmen-
tal concern because dyes create severe environmental problems
by releasing toxic and potentially carcinogenic substances into the
aqueous streams.

Several treatment methods including coagulation, chemical
oxidation, membrane separation, electrochemical processes, and
adsorption techniques have been proposed for the treatment of

∗ Corresponding author. Tel.: +98 511 8797022; fax: +98 511 8796416.
E-mail address: myazdan@um.ac.ir (M.  Yazdanbakhsh).

reactive dye wastewater. Considerable amounts of the literature
reports the adsorption of dyes on various adsorbent surfaces espe-
cially nanomaterials [14,15].

The first aim of the present study is to synthesize and charac-
terize a series of new spinel ferrite NiMnxFe2−xO4 nanoparticles.
Wei  et al. [16] investigated the X-ray study of cation distribution
in NiMnxFe2−xO4 ferrites. Their compounds were not in the nano
scale. Investigation of the efficiency of the spinels as adsorbents
for the removal of the dye, RB5 from aqueous solutions is the sec-
ond goal. Through the second goal the effect of different variables
including pH, temperature, and dosage of adsorbent was evaluated.
The adsorption isotherms and kinetic studies of removal of azo dye
were also analyzed.

2. Experimental

2.1. Preparation of NiMnxFe2−xO4 (x = 0.05, 0.1, 0.3, 0.5, 0.7, and 1) powders

For  preparing the nanospinels NiMnxFe2−xO4, proportional amounts of Fe
(NO3)3·9H2O (99%), Ni (NO3)2·6H2O (99%), and Mn  (NO3)2·4H2O (99%) were dis-
solved in 20 ml  of deionized water. 5 ml nitric acid (65%) was added to the above
solution by stirring at room temperature. To make a gel, 10 ml ethylene glycol was
added by stirring. The gel was heated at 80 ◦C for 7 h and then dried at 120 ◦C for
24  h. It was grounded in an agate mortar to change into a powder and fired at 750 ◦C
in  air for 4 h.

The reaction process and decomposition of the dried polymeric gel were
analyzed by thermogravimetry analysis using a TGA-50 SHIMATSU from room tem-
perature up to 1000 ◦C in air with a heating rate of 10 ◦C min−1. The dried powders

0254-0584/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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Fig. 1. TG/DTG curve of the NiMn0.05Fe1.95O4 precursor obtained by the ethylene
glycol–metal nitrate polymerized complex.

were analyzed by Fourier transform infrared spectroscopy using thermo Nicollet
Nexus 870 FTIR spectrometer. The crystallization and microstructure of the oxide
powders were characterized with an X-ray diffractometer employing a scanning rate
of  0.02 s−1 in a 2� range from 0 to 70◦ , using a Xı̌ pert, 200, Philips, equipped with
CuK� radiation. The data were analyzed using JCPDS standards. The morphology
and dimension of the nanoparticles were observed using LEO 912 AB transmission
electron microscope with the acceleration voltage of 120 kV.

2.2.  Kinetic studies

The commercial color index (CI) reactive dye was used without further purifi-
cation (Table 1). The initial dye concentration in each sample was 50 mg l−1 after
adding 0.03 g of NiMnxFe2−xO4 (x = 0.05 and 1) in 10 ml  sample. All experiments
were conducted at 25 ◦C. The pH was varied from 1 to 11.

Each kinetic measurement was conducted for 10 min. After a fixed time interval,
the adsorbent was  separated by filtration. The filtrate was analyzed spectrometri-
cally to determine the equilibrium concentration of the dye. The absorbance of the
solution was measured at 599 nm (UNICO 2800).

3. Results and discussion

3.1. Thermal analysis

Fig. 1 shows the TG/DTG curve for the nanospinel of
NiMn0.05Fe1.95O4. During the heating of the dried polymeric gel
from room temperature to 1000 ◦C, several thermal features take
place leading to a good knowledge on the reaction mechanism of
spinel formation [17]. The curve shows there is three well-defined
weight loss steps. At first, a continuous loss of about 10 wt.%,
between room temperature and about 80 ◦C, takes place. Such a
weight loss can be related to the drying process of the polymeric
gel. At the second weight loss step (about 250 ◦C), a drastic weight
loss of about 20% occurs. This second weight loss occurs at very

Fig. 2. XRD patterns of the NiMnxFe2−xO4 powders sintered at 750 ◦C.

narrow temperature range and it corresponds to decomposition of
the organic compounds and nitrates. Then, the third weight loss
step (about 315 ◦C), with a weight loss of about 33%, occurs during
the metal–nitrate–ethylene glycol polymerized complex dried gel.
Beyond the third weight loss step, temperature remains constant.

3.2. X-ray diffraction studies

Fig. 2 shows the XRD powder patterns using CuK� radiation from
the spinel-type NiMnxFe2−xO4 nanoparticles. The analysis of the
diffraction pattern using (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2),
(5 1 1), and (4 4 0) reflection planes confirms the formation of cubic
spinel structure of the NiMnxFe2−xO4 [18,19].

Wei  et al. [16] showed that with increasing Mn  content, the frac-
tion of Mn+3 ions in octahedral sites increases while Fe+3 ions in
octahedral sites decreases linearly.

No secondary phase was detected in the XRD pattern which
ensures the phase purity of the final products [20]. The crystallite

Table 1
Molecular structure of the studied dye.

Dye Name Structure �max (nm) Mw

RB5 Reactive Blue 5 599 774.16
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Table  2
The diffraction angles and lattice constants of peak (3 1 1) for all spinels
NiMnxFe2−xO4.

X 2� (◦) a (Å)

0.05 35.75 8.13
0.1  35.44 8.19
0.3  35.08 8.27
0.5  34.90 8.31
0.7  34.61 8.38
1  34.20 8.48

sizes were calculated using the XRD peak broadening of the (3 1 1)
peak using the Scherer’s formula:

Dh k  l
0.9�

ˇh k l cos �h k l
(1)

where Dh k l is the particle size perpendicular to the normal line of
(h k l) plane, ˇh k l is the full width at half maximum, �h k l is the Bragg
angle of (h k l) peak, and � is the wavelength of X-ray. The crystallite
size of nanoparticles calcinated at 750 ◦C is about 30 nm.

As Table 2 shows, the (3 1 1) peak shifts to small diffraction
angles with the increase of Mn  content and therefore the spinel
with higher Mn  content has a larger lattice parameter [16]. This is
attributed to the different ionic radius of Mn  (0.67 Å) and Fe (0.55 Å).
It means that the larger the ions are the larger the resultant lattice
parameter [6].

3.3. IR spectra of dried gel and annealed particles

The Far-IR spectra of all compositions were given in Fig. 3(a).
The vibrations in a crystal lattice are usually observed in the range
of 300–700 cm−1. Two main broad metal–oxygen bands are seen
in the Far-IR spectrum of all spinels and ferrites. The highest one,
�1, is generally observed at 590 cm−1 which corresponds to the
intrinsic stretching vibrations of the metal at the tetrahedral site
(Td), MTd ↔ O whereas the lowest band, �2, is usually observed at
445 cm−1 which is assigned to octahedral metal stretching (Oh),
MOh ↔ O. As Fig. 3(a) shows with the increase of Mn  content, the
intensity of �2 band increases. This is attributed to the increase of
Mn+3 in octahedral sites [21].

The FTIR spectra (Fig. 3(b)) reveal that the vibration band of C − O
bond shifts from 1113 cm−1 for pure ethylene glycol to 1095 cm−1

for the current Mn-doped nickel ferrite nanocrystals which indi-
cates that the oxygen atom of C − O bond coordinates with the
metal [22,23].  The surfactant molecules in the adsorbed state are
influenced by the field of solid-state surface. Hence, the characteris-
tic bands are shifted to the lower frequency regions. The surfactant
molecules have strong interactions with the nanoparticles and thus
it kinetically controls the growth rates of various faces of crystals
and the morphology [24].

3.4. Powder morphology

As the TEM images of NiMnxFe2−xO4 (x = 0.05 and 1) nanoparti-
cles (Fig. 4) exhibit, the nanoparticles are in the uniformly dispersed
cubic shape with an average particle size of about 28 nm.

3.5. Adsorption studies

All experiments were performed using a batch equilibrium tech-
nique placing 0.03 g of nanoparticles in a glass bottle containing
10 ml  of a dye solution with 50 mg  l−1 concentration. The separate
experiments were carried out at different pH, temperatures, and
adsorbent doses. The pH was  adjusted with NaOH or HCl solutions
using a Metrohm 620 pH meter. Here, only the results for two  new
nanospinels, NiMnxFe2−xO4 (x = 0.05 and 1) are given since these
are no significant difference between the results obtained for the
prepared nanospinels.

3.5.1. Effect of pH
The influence of pH on the removal of azo dye by nanospinels

was  studied to gain farther insight into the adsorption process. To
determine the optimum pH, the pH value was changed from 1 to 11
with fixed initial concentration of dye (50 mg l−1) and contact time
(10 min) [25]. Fig. 5 shows the percentage of removal rate of RB5
by NiMnxFe2−xO4 (x = 0.05 and 1) nanoparticles depends strongly
on pH.

Fig. 3. (a) Far-IR spectra (b) FTIR spectra of all compositions of nanospinels NiMnxFe2−xO4.
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Fig. 4. TEM micrographs and calculated histograms of the NiMnxFe2−xO4 for (a) x = 0.05 and (b) x = 1, polymeric gel precursors calcined at 750 ◦C.

The percentage of removal rate is defined as:

Removal rate % = C0 − C(t)
C0

× 100 (2)

where C0 and C(t) are the initial concentration and concentration
of RB5 at time t, respectively. At pH 1, the removal of RB5 above
89% is achieved. Therefore, this pH has been selected for our next
experiments.

3.5.2. Effect of temperature
The removal of RB5 by NiMnxFe2−xO4 nanoparticles was  carried

out at 15 ◦C, 25 ◦C, 35 ◦C, and 45 ◦C. Increasing temperature from
15 ◦C to 45 ◦C leads to increase in the percentage of removal rate
from 84.30 to 91, respectively. Hence, the adsorption of RB5 by
NiMnxFe2−xO4 nanoparticles is a kinetically controlled process.

3.5.3. Effect of adsorbent concentration
Fig. 6 shows the effect of adsorbent dosage of RB5 adsorption

by NiMnxFe2−xO4 nanoparticles. Because of increasing the number
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Fig. 5. Effect of pH on RB5 removal by NiMnxFe2−xO4, (a) x = 0.05, (b) x = 1. Exper-
imental conditions: mass of adsorbent, 0.03 g; initial dye concentration, 50 mgL−1;
volume of dye solution, 10 ml;  temperature, 25 ◦C; time, 10 min.

of binding sites, as the adsorbent dose increases, the percentage
removal of dye also goes up.

3.6. Adsorption kinetics

Several models are available to investigate the adsorption kinet-
ics. The first (Eq. (3)) and second (Eq. (4)) order reaction rate
equations are the most commonly applied models [26,27]. To find
a suitable chemical removal model for describing the experimental
kinetic data, the data were fitted into the first and second-order
models:

ln C(t) = ln C0 − k1t (3)

1
C(t)

= k2t + 1
C0

(4)

where k1 and k2 are the first-order and second-order rate constants,
respectively. The plots of experimental results of the two  models
showed that the removal of dye follows second-order kinetics with
rate constant of 0.005 M−1 min−1.
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Fig. 6. Effect of adsorbent dosage of RB5 adsorption onto of NiMnxFe2−xO4. (a)
x  = 0.05, (b) x = 1. Experimental conditions: initial dye concentration, 50 mg l−1; vol-
ume  of dye solution, 10 ml; temperature, 25 ◦C; and pH 1.
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Table  3
Langmuir and Freundlich constants of RB5 adsorption over two new nanospinels.

Adsorbent Langmuir Freundlich

b (l mg−1) qm (mg g−1) R2 KF (mg g−1) n R2

NiMn0.05Fe1.95O4 0.0131 212.766 0.950 0.920 1.184 0.998
NiMnFeO4 0.0046 476.190 0.70 1.136 1.012 0.989

3.7. Determination of activation energy

As the removal of dye kinetics was monitored at different tem-
peratures, the rate constants were calculated in order to find out
whether the reaction follows Arrhenius behavior. According to the
Arrhenius, the relationship between the rate constant of the reac-
tion and the absolute temperature can be written as:

ln k = −Ea

R

(
1
T

)
+ ln A (5)

where k is the rate constant (M−1 min−1), Ea is the activation energy
(J mol−1), R is the gas constant (8.314 J K−1 mol−1), T is the absolute
temperature (K), and A is the pre-exponential factor (M−1 min−1). A
plot of ln k versus the reciprocal of the absolute temperature should
be a straight line if the reaction follows Arrhenius behavior [28].
The slope and the intercept of the line give the activation energy
and the pre-exponential factor, respectively. The experimentally
determined activation energy and the pre-exponential factor for
NiMnxFe2−xO4 (x = 0.05) are 0.16 kJ mol−1 and 0.012 M−1min−1,
respectively.

3.8. Adsorption isotherms

The quantity of the dye that could be adsorbed over the
nanospinels surface is a function of concentration and may  be
explained by adsorption isotherms. The Freundlich and Langmuir
isotherm models were applied to the adsorption data. For the equi-
librium concentration of adsorbate (Ce) and the amount adsorbed
at the equilibrium (qe), the following forms of the Langmuir (Eq.
(6)) and Freundlich (Eq. (7))  adsorption isotherm equations were
used (Eqs. (6) and (7)):

Ce

qe
= 1

bqmax
+ Ce

qmax
(6)

log qe = log KF + 1
n

log Ce (7)

where the qmax (mg  g−1) is the surface concentration at mono-
layer coverage which illustrates the maximum value of qe. The
b parameter is a coefficient related to the energy of adsorption
and it increases with increasing strength of the adsorption bond
[29,30]. KF and n are constants of the Freundlich equation [31].
The constant KF represents the capacity of the adsorbent for the
adsorbate and n relates to the adsorption distribution. A linear
regression plot of log qe versus log Ce gives the KF and n values.
The parameters of Langmuir and Freundlich equations for adsorp-
tion of RB5 using the NiMnxFe2−xO4 (x = 0.05 and 1) nanoparticles
were summarized in Table 3. The value of correlation coefficient for
Freundlich isotherm is greater than that of the Langmuir isotherm.
This indicates that Freundlich model can describe the adsorption
of RB5 on nanospinels better than the Langmuir model.

3.9. Photocatalytic activity

The photocatalytic activity of NiMnxFe2−xO4 (x = 0.05) nanopar-
ticles for the degradation of RB5 was evaluated. In a typical
experiment, 10 ml  of dye solution 50 mg  l−1 and 0.03 g of nanopar-
ticles were mixed using a magnetic stirrer. After a period of time
in the dark, the solution was irradiated. The light source was  a Hg
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Fig. 7. The removal of RB5 (%): (�) in the present of NiMnxFe2−xO4 (x = 0.05), without
UV  irradiation; (�) in the present of NiMnxFe2−xO4 (x = 0.05), with UV irradia-
tion.  Experimental conditions: mass of adsorbent, 0.03 g; initial dye concentration,
50  mg l−1; volume of dye solution, 10 ml;  temperature, 25 ◦C; and pH 1.

lamp (300 W,  �max = 365 nm). The samples from the reaction mix-
ture were taken from the reactor at appropriate time intervals in
order to monitor the dye concentration in the solution. The solution
was  analyzed by the UV–vis method using UNICO 2800 spectrom-
eter. The concentration of RB5 in the samples was  calculated using
the calibration curve.

Two  experiments were carried out under the same conditions,
one in the presence of nanoparticles and UV irradiation and the sec-
ond without UV irradiation (Fig. 7). Since some dyes are degraded
by direct UV irradiation [32], it should be examined to what extent
RB5 is photolyzed if no nanospinels were used. The simultaneous
utilization of UV irradiation and nanoparticles increase the degra-
dation rate of RB5 so that 90% of RB5 is removed within 1 min. In
the presence of nanospinel without UV irradiation, the concentra-
tion of dye decreases quickly at the beginning, and then reaches to
a saturation value as a result of adsorption of dye molecules on the
nanospinel molecules. Hence, the new nanospinels cannot act as
photocatalysts for the degradation of RB5 in an aqueous solution.
The degradation is merely an adsorption process.

4. Conclusions

The nanoparticles NiMnxFe2−xO4 (x = 0.05, 0.1, 0.3, 0.5, 0.7,
and 1) were prepared by sol–gel method in the presence of
nitrate–metal–EG agent. The XRD and TEM reveal that the nanopar-
ticles prepared by calcinating the gel precursor at 750 ◦C for 4 h have
good crystallinity with fine cubic spinel structure. The nanospinels
exhibit regular morphology with homogeneous particle size distri-
bution. The FTIR spectroscopy confirmed the structure of obtained
nanoparticles.

In the present study, we  demonstrated the nanospinels can
act as novel adsorbent materials for degradation of azo dye RB5.
The results demonstrated that the RB5 dye can be successfully
removed from aqueous solutions by the new nanospinels. A second-
order model describes the adsorption kinetic data. The equilibrium
adsorption can be described using Freundlich model.

In summary, the new nanospinels are promising candidates for
the adsorption of azo dyes from wastewaters.
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