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1. Introduction

Many industries, especially textile, paper making and dye man-
ufacturing, often use dyes and pigments to color their products.
Approximately 10,000 different dyes and pigments are used for
industries and over 7 × 105 tonnes of these dyes are annually

produced worldwide [1]. Therefore, dyes and pigments are also
emitted into wastewaters from various industrial branches. If not
treated, these materials also induce certain health hazards and
environmental pollution.

BG dye is used for the production of cover paper in the paper
industry. About 0.8–1.0 kg of BG is consumed per tonne of paper
produced [2]. Besides, effluents containing BG are also generated
from textiles, rubber, plastic industries, etc. BG dye is toxic and has
mutagenic and carcinogenic effects that affect aquatic biota and
humans [3]. BG causes especially eye burns, which may be respon-
sible for permanent injury to the eyes of humans and animals.

Many investigators have presented some feasible methods
for the removal of various dyes and pollutants from wastewa-
ters. Ozonation, photooxidation, adsorption, froth flotation, reverse
osmosis, ion exchange, membrane filtration and flocculation, are
often applied for removing BG from textile effluents [1,4–7]. In
some cases, traditional biological procedures are combined with
chemical or physical treatment processes to achieve decolorization
[8]. Recently, as a viable alternative, MW irradiation processes have
received increasing interest owing to their low cost, effectiveness
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and environmental benignity [9]. Therefore, MW irradiation pro-
cesses possess potential to convert or degrade the pollutants into
water, carbon dioxide and various salts of inorganic nature.

MW absorbing materials also play an important role in the appli-
cation of MW techniques and the treatment of organic pollutants
[10]. In the MW magnetic field, absorbing materials can quickly
reach a higher temperature, and make organic pollutants adsorbed
oxidation and degradation rapidly. Active carbon is one of the most
popular MW absorbing materials [2]. Also metal oxidation [11],
sulfide power [12], ferrite [13] are used as MW absorbing materials.
Recently CoFe2O4 as MW absorbing material combined with
MW was prepared and first applied to degradation of organic con-
taminants in our laboratory.

In this paper, the processes of three systems (MW combined
with CoFe2O4, MW, and CoFe2O4) for degradation of BG were com-
pared and discussed. The most effective for degradation of BG was
an integrated MW combined with CoFe2O4 process. Therefore, it
is hopeful that this method will be extended and applied to the
treatment of non- or low-transparent wastewaters.

2. Experimental

2.1. Reagents and instruments

The initial concentration of BG solution in all experiments was
20 mg L−1. Fe(NO3)3, Co(NO3)2 and NaOH (2.5 mol L−1) are of ana-
lytical grade. Doubly distilled water was used to prepare all the
solutions. FT-IR spectra of CoFe2O4 were measured using FT-IR 5700
(Nicolet company, USA). Characterizations of CoFe2O4 were carried
out using X-ray diffractometer (XRD, Siemens D5000 Diffractome-
ter) for crystal identification. The BG solution was irradiated using
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3. Results and discussion

3.1. The UV–vis spectra of BG

It could be found from Fig. 2 that the characteristic absorbance
peaks of BG solution at 257, 317, 426, and 632 nm declined sharply
under MW combined with CoFe2O4 (curve d in Fig. 2), which indi-
cated that most of BG in solution was decomposed. The most
effective for degradation of BG was an integrated MW/CoFe2O4 pro-
cess. In the MW/CoFe2O4 system, almost 95% of BG was degraded
in the first 1 min, whereas the degradation of 64% was given in the
MW systems in the first 1 min. And the adsorption percentage with
CoFe2O4 is 19% after 1 h.

Therefore, the decline of BG absorption peaks can be attributed
to the synergistic effects of the MW absorbing material and MW.

3.2. Effect of MW power

BG aqueous solution (20 mg L−1, 25 ◦C) and 0.1% (w/w) CoFe2O4
were put into the reactor for investigating the effect of MW power.
The test results shown in Fig. 3 indicated that degradation per-
L. Zhang et al. / Separation and Pur

Fig. 1. Molecular structure of BG.

NJL07-3 model MW apparatus (Jiequan Equipment Ltd., China), and
MW output power is in the range from 100 to 900 W. The pH of
the BG solution was measured by S-3C model pH-meter (China).
UV–vis-NIR Cary 5000 (Varian, USA) was used to check the degra-
dation rate of BG. Molecular structure of BG is as follows (Fig. 1).

2.2. Preparation of CoFe2O4

CoFe2O4 was prepared using chemical co-precipitation method
in our laboratory. The preparation of CoFe2O4 was performed as
follows: Firstly Co(NO3)2 and Fe(NO3)3 salts with a molar ratio of
1:2 were successively dissolved in doubly distilled water with vig-
orous mechanical stirring. Then 2.5 mol L−1 NaOH was added drop
by drop into the above solution till pH 11. After that, the stirrer
was switched off and the precipitate was separated. To obtain pure
and neutral pH products, synthesized materials were rinsed many
times with doubly distilled water. Finally, CoFe2O4 were obtained.
To produce CoFe2O4 particles, subsequent calcinations at 700 ◦C for
2.0 h was needed to assure the complete crystallization.

2.3. Adsorption experiments

Adsorption capacities and kinetics were conducted using the
batch method at a temperature of 25 ± 1 ◦C, and the concentra-
tion of dye in aqueous solution varied from 4 to 50 mg L−1. And in

each experiment, an accurately weighed amount of CoFe2O4 was
also added to the reactor. Then the mixture was stirred with a
thermostatic mechanical shaker. The solid phase was separated by
centrifugation, and then the concentration of dye was determined
at various time intervals.

2.4. Procedure

BG was oxidized by the following methods: (1) MW; (2) MW
combined with CoFe2O4; (3) CoFe2O4 (without MW). The experi-
ments of MW degradation were performed using the glass reactors
placed inside a MW apparatus. The output power of MW varied
from 100 to 900 W. The samples were taken out periodically, and
each time the degradation percentage of BG was determined. The
constructed calibration curve for BG has a good linear relation-
ship in the range of 0.0–50.0 mg L−1, and was used to estimate the
degradation percentage of BG.

All spectra of BG solutions were recorded by UV–vis spectropho-
tometer in the wavelength range from 190 to 800 nm. Adsorption
isotherm tests were carried out with different concentrations of BG
at a fixed concentration of adsorbent dosage.
Fig. 2. The UV absorption spectrogram of BG solution. 50 mL of 20 mg L−1 BG solu-
tion; output power 500 W; MW irradiation time 1 min; 0.05 g of CoFe2O4; (a) original
solution (25 ◦C); (b) CoFe2O4 (adsorption time 1 h, 25 ◦C); (c) MW; (d) MW with
CoFe2O4.
Fig. 3. The influence of the output power on the degradation (200, 400, 500, 600,
and 700 W); 50 mL of 20 mg L−1 BG solution; MW irradiation time 2 min; 0.05 g of
CoFe2O4.
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Fig. 4. The effect of different heating treatment temperature of CoFe2O4 (200, 300,
500, 700, and 800 ◦C); 50 mL of 20 mg L−1 BG solution; output power of MW 600 W;
MW irradiation time 2 min; 0.05 g CoFe2O4.
centage of BG gradually increased with the MW power from 200
to 700 W; the output power of 600 W was chosen throughout the
experiments.

3.3. Effects of the treatment temperature of CoFe2O4

Fig. 4 shows that different treatment temperatures for CoFe2O4
have different effects on BG degradation efficiency. BG degradation
percentages gradually increases with the increasing temperature
from 100 to 500 ◦C, then remains almost constant with further
increasing temperature, but begins to decline after 700 ◦C.

It can be seen from the result of the XRD pattern (Figs. 5 and 6)
that the intensity of peak and the diffraction angles changed, so
the crystallinity maybe declined or the crystalline state trans-
formed into another one (the crystal transform to noncrystalline)
above 700 ◦C. So the treatment temperature of 700 ◦C was chosen
throughout the experiments.

Fig. 5. XRD pattern of CoFe2O4; 700 ◦C; 0.05 g CoFe2O4.
Fig. 6. XRD pattern of CoFe2O4; 800 ◦C; 0.05 g CoFe2O4.
3.4. Effect of CoFe2O4 amount

Fig. 7 showed that the BG degradation percentage remarkably
increased with the amount of CoFe2O4 which vary from 0.02% to
0.1%, then the degradation percentage did not nearly change for
higher concentrations (0.1%). The more active sites CoFe2O4 had on
its surface, the more adsorption. The optimal amount of CoFe2O4
was about 0.1%, indicating that BG in the solution had been almost
adsorbed.

3.5. Adsorption property of CoFe2O4

The equilibrium adsorption of BG on CoFe2O4 as a function of
the variational initial concentration of BG is shown in Fig. 8. There
was a gradual increase of adsorption for BG until the equilibrium
was attained [14,15].

The distribution of dye between the sorbent and the solution
at equilibrium has been expressed using various equations. The
Langmuir and Freundlich models are often used to describe equilib-

Fig. 7. Variation of degradation with different CoFe2O4 dosages (0.02%, 0.05%, 0.1%,
0.16%, 0.2%, and 0.6%); 50 mL of 20 mg L−1 BG solution; out power 600 W; MW irra-
diation time 2 min.
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3.6. Effects of initial pH of the solution

Knowledge of the optimum pH is very important since pH not
only affects the surface charge of adsorption, but also the degree of
ionization and speciation of adsorbate during reaction. To examine
the effect of pH on the adsorption efficiency of BG, the experiment
was performed at pH from 4.0 to 10. Fig. 10 shows that the BG degra-
dation by MW/CoFe2O4 increased sharply as pH increased from 4
to 5, and then almost kept constant with increasing pH. The opti-
mum pH values for degradation were in the range of 6–10. The pH
of original BG solution is 6.56, so the process of the experiment did
not need to controlled pH.

The effect of pH on dye cation adsorption can be explained by
the following reasons: the surface charge is neutral at isoelectric
point (IEP), which pHIEP value is 7.0–8.0 for CoFe2O4. The surface of
sorbent carries negatively charged at higher pHIEP values, which
enhances electrostatic force of attraction with dye cations. As a
result, the sorption process takes place more easily. At lower pHIEP,
electrostatic repulsion exists between the positively charged sur-
face of the sorbent and BG cations would result in a release of the
adsorbed BG.
Fig. 8. Adsorption isotherms of BG on the CoFe2O4 (25 ◦C); 50 mL of 3, 5, 14, 20, and
40 mg L−1 BG solution; 0.05 g CoFe2O4; adsorption time 1 h.

rium sorption isotherms. The most widely used Langmuir equation,
which is valid for monolayer sorption on a surface with a finite
number of identical sites, is given by:

Ce

qe
= Ce

qmax
+ 1

qmaxb
(1)

where Ce is the concentration of BG in the solution at equilibrium
(mg L−1), qe is the amount of sorbed BG per gram of CoFe2O4 at
equilibrium (mg g−1), qmax is the maximum adsorption at mono-
layer (mg g−1), and b is the Langmuir constant related to the affinity
of binding sites (L mg−1).

The sorption data were analyzed according to the linear form
of the Langmuir isotherm (Eq. (1)). The plot of Ce/qe versus Ce

gives a straight line of slope 1/qmax and intercept 1/qmaxb, where
qmax gives the theoretical monolayer saturation capacity. The Lang-
muir constant is b = 0.511 L mg−1, the monolayer saturation capacity
qmax was 3.582 mg g−1. The isotherm was found to be linear over
the entire concentration range studied (correlation coefficient,
R = 0.9909), showing that data correctly fit the Langmuir relation.

The widely used empirical Freundlich equation based on sorp-
tion on a heterogeneous surface is given by:
lg qe = lg KF + 1
n

lg Ce (2)

where KF and n are Freundlich constants indicating sorption capac-
ity (mg g−1) and intensity, respectively.

Based on Freundlich isotherm (Eq. (2)), KF and n can be
determined from linear plot of lg qe against lg Ce. The Freundlich
constants, KF = 0.474 mg g−1, n = 1.77, and linear R = 0.977 were
obtained, which suggested that the Langmuir model yielded a much
better fit than the Freundlich model.

Fourier transformation infrared spectra of CoFe2O4 were also
measured before and after adsorption and shown in Fig. 9. Curve a is
the IR spectra of CoFe2O4 alone; curve c is the IR spectra of CoFe2O4
after BG adsorption, the main function group of BG structure is
about 1750–800 cm−1. Curve b shows the IR spectra of CoFe2O4
after MW degradation. It can be seen from Fig. 9 that the main
function group of BG was disappear after MW degradation, which
demonstrates that BG can be adsorbed by CoFe2O4 and degraded
by MW.
Fig. 9. The IR spectra of CoFe2O4.
Fig. 10. Variation of degradation with different pH values (4, 6, 8, and 10); 50 mL of
20 mg L−1 BG solution; output power 600 W; 0.05 g CoFe2O4; MW irradiation time
2 min.
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Fig. 11. Influence of acting times on degradation ratio; 50 mL of 20 mg L−1 BG
solution; output power 600 W; 0.05 g CoFe2O4; MW irradiation time 10 min, and
CoFe2O4 adsorption only (0.3 g CoFe2O4; 25 ◦C; adsorption time 20 min).

3.7. Effect of irradiation time
It can be observed from Figs. 11 and 12 that the degradation
percentage of BG for MW and MW with CoFe2O4 systems gradually
increases with irradiation time. The almost 100% degradation per-
centage of BG was achieved at 2 min in MW with CoFe2O4 system,
but MW system only gave a degradation percentage of 78.28% at
2 min, and there was no change on degradation level after 2 min.
According to the adsorption curve in Fig. 11, BG was adsorbed about
18.9% for 1 h by only CoFe2O4. The above results indicated that the
degradation of BG in the integrated MW/CoFe2O4 is better.

Based on the experimental data fitting was performed by the
first order and second order reaction models, respectively, the
kinetic results of degradation reaction were also given. The results
showed that these processes should belong to the pseudo-first-
order reaction model. The kinetic equations corresponding to MW
with CoFe2O4 and MW are ln Ct/C0 = −3.83t + 4.52 (r2 = 0.9892),
ln Ct/C0 = −0.73t + 4.50 (r2 = 0.9942), the pseudo-first-order rate
constants are 3.83 and 0.73 min−1, and half-life (t1/2) are 0.18 and
0.95 min, respectively.

Fig. 12. Reaction kinetics on MW irradiation degradation of BG.
on Technology 62 (2008) 458–463

In addition, the experimental results also demonstrate that
using MW heating can reduce reaction time from hours to min-
utes, remarkably enhance the rates of the reactions, and improve
product yield. Besides, the modern MW technique is easy to
precisely control reaction conditions, monitor temperature and
reaction times, and save energy in the process of degrading organic
pollutants.

3.8. The mechanism of MW degradation of BG

In order to further explore the degradation process of BG under
MW irradiation, COD removal percentage were determined. COD
removal percentage reached up to 91.2%. It can be deduced that the
BG has been mineralized.

From the result of UV, IR and COD experiment, we can know that
BG was effectively degradated by MW combined with CoFe2O4 in
2 min.

MW irradiation induces BG molecules to migrate or rotate,
which results in polarization of BG molecules, and the lag between
this polarization and rapid reversals of the MW field creates fric-
tion among BG molecules to generate heat. Therefore BG molecules
absorbed MW energy to make the depression of the activation
energy and the increase of reaction activity within polar bonds of
BG molecules, which lead to the rupture of the polar bond of C N,
C C, C C and C N, etc.

In MW/CoFe2O4 system, CoFe2O4 could adsorb BG molecules,
also has a strong capability of absorbing MW, and produce “heat
point” on its surface, which could lead to the more rapid oxidations
and degradation of BG molecules. So the efficiency of BG degrada-
tion is higher in MW/CoFe2O4 than in MW system.

The CoFe2O4 could be reused more than 9 times remaining the
high degradation percentage of BG.

4. Conclusion

(1) CoFe2O4 have been successfully produced by the co-
precipitation method. The formation of CoFe2O4 was confirmed
by the XRD. The FT-IR spectra studies confirmed that the
CoFe2O4 particles have adsorption capability for BG.

(2) Adsorption kinetics was found to follow fist-order rate expres-
sion. Equilibrium adsorption data for BG on CoFe2O4 were
better described by Langmuir isotherms. The maximum
adsorption capacity of BG on CoFe2O4 was 3.582 mg g−1.
(3) The degradation efficiency was highly pH-dependent and the
optimal degradation occurred at pH 6.56. BG degradation per-
centage could reach up to 100% for 2 min.
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