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a b s t r a c t

Activated carbon/CoFe2O4 composite (AC/CFO) was synthesized by a simple one-step refluxing route
and was used as adsorbent for the removal of malachite green (MG) dye from water. The structure,
morphology and magnetic properties of as-prepared composite were characterized by X-ray diffractome-
ter (XRD), scanning electron microscope (SEM), transmission electron microscope (TEM) and vibrating
sample magnetometer (VSM). The results indicated that CoFe2O4 particles deposited on the surface of
activated carbon in the composite were uniform with the particle size in the range of 14–20 nm. The com-
posite adsorbents exhibited a clearly hysteretic behavior under applied magnetic field, which allowed
their magnetic separation from water. Batch experiments were carried out to investigate adsorption
Magnetic performance
Dye removal

isotherms and kinetics of MG onto the composite. The experimental data fitted well with the Langmuir
model with a monolayer adsorption capacity of 89.29 mg g−1. The adsorption kinetics was found to follow
pseudo-second-order kinetic model. It was indicated that the as-prepared composite could be used as a
promising and effective adsorbent for the removal of MG from water.
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. Introduction

In recent years, increasing concern for public health and envi-
onmental quality has led to a growth of special interest in
eveloping and implementing various methods of removing poten-
ially toxic organic and inorganic pollutants from water [1]. Dyes
rom a wide variety of sources, such as textiles, printing, dyeing,
yestuff manufacturing and food plants, which represent a signif-

cant threat to the ecosystem, are major sources of environmental
ollution and recognized as difficult-to-treat pollutants [2].

Malachite green (MG), tri-phenyl methane dye, has been widely
sed for the dyeing of leather, wool and silk as well as in distil-

eries [3]. In addition, MG also is used as a fungicide and antiseptic
n aquaculture industry to control fish parasites and disease [4].
owever, MG is very dangerous and highly cytotoxic to mam-
alian cells, and also acts as a liver tumor-enhancing agent. The

ye which is released aquatic environment without any treatments
nhibits development of aquatic animals and plants by blocking out

unlight penetration [5,6]. Therefore, there is considerable need to
reat these effluents prior to their discharge into receiving waters
o prevent environmental pollution in the aquatic ecosystems.
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Several methods have been developed to remove color from
dyehouse effluents, varying in effectiveness, economic cost, and
environmental impact (of the treatment process itself). Among all
of the treatments proposed, the adsorption of dye molecules onto
a substrate (adsorbent) can be a very effective, low-cost method
of color removal [7–9]. Activated carbons offer an attractive and
inexpensive option for the efficient removal of various organic
contaminants from water due to its high surface area and porous
structure [10–12]. However, filtration, the traditional method for
separating activated carbon, may cause the blockage of filters or the
loss of carbon. Therefore, activated carbon has been traditionally
discarded with the process sludge after use in water and wastew-
ater treatment, resulting in the secondary pollution [13,14]. Thus,
the difficulties encounter in separating spent activated carbon and
regeneration limit its applications in many fields.

Magnetic separation is considered as a quick and effective tech-
nique for separating magnetic particles. It has been used for many
applications in biochemistry, analytical chemistry and mining ores.
Recently, considerable attention has been focused on the appli-
cation of magnetic separation technology to solve environmental
problems. Qu et al. have synthesized multi-walled carbon nan-

otubes filled with Fe2O3 particles as the magnetic adsorbent for
the removal of dyes [15]. Gong et al. have employed magnetic
multi-wall carbon nanotube nanocomposite as adsorbent for the
removal of cationic dyes [16]. Yang et al. have developed magnetic
Fe3O4-activated carbon nanocomposite particles for the removal of

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ah_aihong@163.com
dx.doi.org/10.1016/j.cej.2009.08.028
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ig. 1. Three-dimensional molecular structure of malachite green (dark gray, carbon
toms; light gray, hydrogen atoms; green, chloride atoms; and blue, nitrogen atoms).
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)

ethylene blue from aqueous solution [17]. Rocher et al. have pre-
ared magnetic alginate beads containing magnetic nanoparticles
nd activated carbon for the removal of organic dyes [18].

Ferrites of the type MFe2O4 (M is a divalent metal cation) are
agnetic materials with the cubic spinel structure, which have

een extensively used in various technological applications in the
ast decades [19,20]. Recently, the exploitation of MnFe2O4 and
uFe2O4 ferrite in treatment for water has been mostly studied
y Qu’s group, which exhibited the excellent adsorptive properties
ith the highly effective recovery of the magnetic separation tech-
ique [21–24]. Among ferrites, CoFe2O4 is an interesting magnetic
aterial due to its moderate saturation magnetization, excellent

hemical stability and mechanical hardness [25]. Therefore, com-
ining the advantages of carbon materials and magnetic CoFe2O4
articles to fabricate a promising novel adsorbent opens new pos-
ibilities for the achievement of desirable absorptivity and effective
agnetic separability. To the best of our knowledge, little work has

een done on the preparation of activated carbon/CoFe2O4 compos-
te and their dye removal from water. In the present study herein,

simple one-pot refluxing method was employed to develop a
ew kind of magnetic adsorbent, activated carbon/CoFe2O4 com-
osite (AC/CFO). We first address the issue of the malachite green
MG) adsorption onto magnetic AC/CFO composite from water. The
valuation of adsorption equilibrium, isotherms and kinetics of MG
nto the composite was investigated as well.

. Experimental

.1. Materials

All the reagents were of analytical grade and used as received
ithout further purification. Cobalt nitrate [Co(NO3)2·6H2O], fer-

ic nitrate [Fe(NO3)3·9H2O], sodium hydroxide (NaOH), activated
arbon (AC) and malachite green (Fig. 1) (formula: C23H26N2Cl,
olecular weight: 364.92; �max: 620 nm) were purchased from

hengdu Kelong Chemical Reagent Co. (China).

.2. Preparation of activated carbon/CoFe2O4 composite (AC/CFO)
Activated carbon/CoFe2O4 composite was synthesized by a
acile refluxing route in alkaline solution. In a typical procedure,

certain amount of activated carbon was added into a 150 mL
lkaline solution containing 3.4 g NaOH, and stirred at room tem-
erature for 30 min to get the activated carbon suspension. The
ournal 156 (2010) 243–249

suspension was then maintained at 100 ◦C to keep boiling state. A
50 mL metal nitrate aqueous solution was prepared by dissolving
Fe(NO3)3·9H2O (5.4944 g) and Co(NO3)2·6H2O (1.9790 g) in dis-
tilled water. The solution was poured as quickly as possible into the
above boiling suspension. The mixture solution was then refluxed
at 100 ◦C for 2 h. By a simple magnetic procedure, the resulting
product was separated from water and dried at 80 ◦C for 12 h.

2.3. Characterization

The BET surface area of samples was determined by nitro-
gen adsorption–desorption isotherm measured at 77 K on a
Micromeritics Gemini 2370 surface area analyzer. The phase iden-
tification of samples was performed on a Philips X’pert Pro MPD
diffractometer with Cu K� radiation (� = 0.15418 nm). Scanning
electron microscopy (SEM) investigations were carried out on a
Hitachi S4800 field emission scanning electron microscope. TEM
images were obtained on a JEM-100CXII transmission electron
microscope at an accelerating voltage of 200 kV. Magnetic mea-
surements were carried out at room temperature using a vibrating
sample magnetometer (VSM, Lakeshore 7404) with a maximum
magnetic field of 15 kOe.

2.4. Adsorption experiments

Adsorption experiments were carried out with a thermostated
shaker at 200 rpm. Experiments were performed using a batch equi-
librium technique by placing 0.05 g of AC/CFO adsorbent in a glass
bottle containing 25 mL of a dye solution at various concentrations.
The experiments were carried out at different pH and contact time.
The solution pH was adjusted with NaOH or HCl solutions using
a Jenway pH meter. The batch adsorption experiments were con-
ducted in duplicate.

The equilibrium concentrations of dyes were determined at
620 nm for MG using a UV–vis spectrophotometer (Shimadzu, UV-
2550). The concentrations of the solutions were determined by
using linear regression equation (y = −0.0117 + 0.1249x, R2 = 0.999)
obtained by plotting a calibration curve for dye over a range of con-
centrations. The amounts of MG adsorbed were determined by the
difference between the initial and remaining concentrations of dye
solution using the equation:

q = (C0 − Ce)V
m

(1)

where C0 and Ce are the initial and equilibrium concentrations of
dye (mg L−1), m is the mass of AC/CFO (g), and V is the volume of
solution (L).

2.5. Desorption experiments

In order to assess the practical utility of AC/CFO adsorbents, des-
orption experiments were conducted. For the desorption study,
0.05 g AC/CFO adsorbents were added to 25 mL of dye solu-
tions (100 mg L−1) with contact time of 20 min. The dye-adsorbed
AC/CFO adsorbents were treated by the alcohol solution. The
adsorption–desorption cycle was repeated three times by using the
same AC/CFO and initial concentration used in this experiment.

3. Results and discussion

3.1. Characterization of magnetic AC/CFO composite adsorbent
The physical properties (Table 1) suggest that the BET surface
area and total pore volume are affected by the presence of CoFe2O4
in the composites. With an introduction of CoFe2O4 supported on
the activated carbon, a decrease of the surface area and total pores
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Fig. 2. SEM micrograph (a) and

Table 1
Physical properties of activated carbon and AC/CFO.

Samples BET-surface
area (m2 g−1)

Total pore
volume

Saturation
magnetization

v
f
s
o
t
a
p
m

b
s
c
r
p
r
c

T
c
i
t
b

F
f

(cm3 g−1) (emu g−1)

Activated carbon 909 0.47 0
AC/CFO 463 0.18 7.6

olume are observed, since the CoFe2O4 have a relatively small sur-
ace area and are covering the activated carbon surface [26]. The
imilar results have been reported in literatures for the magnetic
xide-supported activated carbon [14,17,26]. It should be men-
ioned that the composite retains a large surface area (463 m2 g−1)
nd a high total porous volume (0.18 cm3 g−1), indicating that the
ores of the activated carbon are not blocked by the presence of
agnetic CoFe2O4.
The morphology of the as-prepared AC/CFO was investigated

y SEM and TEM observations. As shown in Fig. 2(a), it can be
een that CoFe2O4 particles deposited on the surface of activated
arbon in the composite are uniform with the particle size in the
ange of 14–20 nm. Fig. 2(b) shows a typical TEM image of the com-
osite. The light colored region is activated carbon whereas black
egion indicates the presence of magnetic CoFe2O4 particle in the
omposite, due to the different electron penetrability.

Fig. 3 shows XRD patterns of the CoFe2O4 particles and AC/CFO.
he diffraction peaks in Fig. 3(a) can be perfectly indexed to the

ubic spinel structure (JCPDS card no. 22-1086), and no character-
stic peaks of impurities are detected in the XRD pattern, implying
hat the formation of the single phase spinel. As shown in Fig. 3(b),
esides a weak peak appearing at 2� = 26.5◦ corresponding to acti-

ig. 3. XRD patterns of CoFe2O4 (a) and AC/CFO (b); and the reference standard data
or CoFe2O4 of the JCPDS file No. 22-1086.
TEM image (b) of AC/CFO.

vated carbon, the XRD pattern of AC/CFO is almost identical to
that of the CoFe2O4 particles. Furthermore, the observed diffraction
peaks are broad and less sharp, indicating as-prepared CoFe2O4 par-
ticles with small dimensions. The average crystallite size of CoFe2O4
particles can be estimated according to the diffraction reflections
by using the Debye–Scherrer formula D = 0.9�/ˇ cos �, where D is
the average crystalline size, � is the wavelength of Cu K�, ˇ is the
full width at half maximum (FWHM) of the diffraction peaks, and �
is the Bragg’s angle. The average crystallite sizes are estimated to be
21 and 15 nm, respectively, for bare CoFe2O4 particles and CoFe2O4
particles in AC/CFO.

The magnetization measurements for the as-prepared AC/CFO
are carried out using a vibrating sample magnetometer (VSM) at
room temperature with an applied magnetic field of 15 kOe, which
reveals that AC/CFO exhibits a clearly hysteretic behavior. The mag-
netic hysteresis loops of the as-prepared AC/CFO, shown in Fig. 4,
indicate that the values of saturation magnetization and remnant
magnetization is 7.6 emu g−1 and 1.4 emu g−1, respectively, which
are lower than those of the bare CoFe2O4 particles due to the exis-
tence of AC. The magnetic separability of the AC/CFO is also tested
by placing a magnet near the glass bottle. The black product is
attracted toward the magnet in a short period (inset in Fig. 4),
demonstrating high magnetic sensitivity of our product. These
results show that AC/CFO can be potentially used as a magnetic
adsorbent to remove contaminants in water.
3.2. Adsorption and removal of MG dye

3.2.1. Effect of pH
The pH of the dye solution plays an important role in the whole

adsorption process. To determine the optimum pH conditions for

Fig. 4. Magnetic hysteresis loops of AC/CFO at 300 K; the inset of figure shows the
well-dispersed solution by magnetic separation under an external magnetic field.
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Table 2
Langmuir and Freundlich model parameters for adsorption MG onto AC/CFO.

Langmuir Freundlich
ig. 5. Effect of pH on adsorption of MG onto AC/CFO (C0: 100 mg L−1; contact time:
0 min).

dsorption of MG onto AC/CFO, the effect of solution pH on the
dsorption of dye is investigated in the range of 2–9 with a fixed ini-
ial concentration (100 mg L−1) and contact time (20 min), as shown
n Fig. 5. The adsorption capacities of MG by AC/CFO present a rel-
tively low at pH less than 3, and increase up to pH 5. Solution
H may affect both aqueous chemistry and surface binding-sites of
he adsorbent. The decrease of adsorption at pH less than 3 can be
xplained by the fact that at this acidic pH, H+ may compete with
ye ions for the adsorption sites of adsorbent, thereby inhibiting
he adsorption of dye [27].

.2.2. Adsorption isotherms
The equilibrium adsorption isotherm is fundamental in describ-

ng the interactive behavior between solutes and adsorbent, and is
mportant for the design of adsorption system. Fig. 6 shows the
dsorption isotherms of MG onto AC/CFO. The adsorption capac-
ties of MG increase with increasing of the dye concentration. It
s clearly seen from Fig. 6 that the shape of the isotherm reveals L-
ehavior according to the Giles classification [28], confirming a high
ffinity between AC/CFO and the dye molecule. The initial sharp
ise indicates that a large amount of dye is adsorbed at a lower
oncentration as more active sites of AC/CFO are available. As the
oncentration increases, it becomes difficult for a dye molecule to
nd vacant sites, and so monolayer formation occurs.
The equilibrium adsorption data are analyzed using the well-
nown Langmuir and Freundlich models. A basic assumption of
he Langmuir theory is that sorption takes place at specific homo-
eneous sites within the adsorbent. Compared to the Langmuir

Fig. 6. Adsorption isotherms of MG onto AC/CFO.
b (L mg−1) qm (mg g−1) R2 RL Kf (mg g−1) n R2

0.752 89.29 0.988 0.007–0.013 46.635 4.434 0.458

isotherm, the Freundlich model is generally found to be better
suited for characterizing multi-layer adsorption process. The lin-
ear forms of the Langmuir and Freundlich models are represented
by the following equations, respectively [29,30]:

Ce

qe
= 1

bqm
+ Ce

qm
(2)

qe = KfC
1/n
e (3)

where qm (mg g−1) and b (L mg−1) are Langmuir isotherm coef-
ficients. The value of qm represents the monolayer adsorption
capacity. Kf (mg g−1) and n are Freundlich constants.

The Langmuir equation parameters for the MG adsorption are
summarized in Table 2. The linearization of the equations and
the values of correlation coefficient (R2) are y = 0.0149 + 0.0112x,
0.988, respectively. The qm values for the adsorption of MG is
89.29 mg g−1, in accordance with the experimental value obtained,
81.94 mg g−1. Table 3 compares the monolayer adsorption capac-
ities of AC/CFO obtained in this study with different adsorbents
previously used for the removal of MG dye. It can be seen from
Table 3 that the adsorption capacities of AC/CFO for MG dye are
much higher than that of many other previously reported adsor-
bents, indicating that the as-prepared AC/CFO has great potential
for application in MG dye removal from water.

The Freundlich equation parameters for the MG adsorption esti-
mated using linear regression are shown in Table 2. The value of
correlation coefficient (R2) of Freundlich model is lower than Lang-
muir value, indicating that the adsorption process should be better
represented by Langmuir isotherm model than Freundlich isotherm
model.

For the Langmuir-type adsorption process, the influence of the
isotherm shape on whether adsorption is favorable or unfavorable
can be classified by the separation factor RL, which is considered
as a more reliable indicator of the adsorption capacity [39]. This
constant is evaluated as:

RL = 1
1 + bC0

(4)

where b (L mg−1) is the Langmuir constant and C0 (mg L−1) is the

initial concentration. Favorable adsorption is reported when the RL-
values are between 0 and 1 [40]. In the present work, the RL-values
of the MG adsorption by AC/CFO are in the ranges of 0.007–0.013
(Table 2) shows that the adsorption process is favorable.

Table 3
Comparison of the monolayer adsorption capacities (qm) of MG onto various
adsorbents.

Adsorbents qm (mg g−1) References

AC/CFO 89.29 This study
Lemon peel 51.73 [31]
Zeolite 46.35 [32]
Bentonite 7.72 [33]
Cyclodextrin-based adsorbent 91.90 [34]
Jute fiber carbon 136.59 [35]
Arundo donax root carbon (ADRC) 8.49 [4]
Caulerpa racemosa var. cylindracea (CRC) 25.67 [5]
Activated slag 74.2 [36]
Hen feathers 26.1 [37]
Bagasse fly ash 170.3 [38]
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Fig. 8. Pseudo-first-order kinetic plots for adsorption of MG onto AC/CFO (C0:
100 mg L−1, pH 5).

T
K

ig. 7. Effect of contact time on adsorption of MG onto AC/CFO (C0: 100 mg L−1; pH
); and the inset of figure shows the change in color of MG in the presence of AC/CFO

n aqueous solution.

.2.3. Adsorption kinetics
The effect of contact time on adsorption of MG onto AC/CFO is

nvestigated for initial dye concentration of 100 mg L−1, as shown
n Fig. 7. The adsorption capacities of AC/CFO increase rapidly in
he initial stages of contact time and reach equilibrium at 20 min.
he results indicate that at the beginning the adsorption rate is fast
s the dye is adsorbed by the exterior surface of AC/CFO. When the
dsorptions of the exterior surface reach saturation, the dye exerted
nto the pores of the adsorbent and is adsorbed by the interior
urface of the adsorbent. The inset in Fig. 7 shows photographs of
he MG adsorption by AC/CFO with contact time 0 min and 5 min,
hich indicates the rapid decoloration of MG by obtained AC/CFO

dsorbent.
To investigate the adsorption mechanism of MG on the surface

f AC/CFO, two kinetic models, pseudo-first-order and pseudo-
econd-order kinetic model, were tested to find the best fitted
odel for the experimental data.
The pseudo-first-order Lagergren equation is given by [41]:

og(qe − qt) = log qe − k1t

2.303
(5)

here k1 is the pseudo-first-order rate constant (min−1), qe and
t are the amounts of dye adsorbed (mg g−1) at equilibrium and at
ime t (min).

The pseudo-second-order model can be expressed as [42]:

t

qt
= 1

k2q2
e

+ t

qe
(6)

here k2 (g mg−1 min−1) is the rate constant of the pseudo-second-
rder adsorption. The initial adsorption rate in the pseudo-second-
rder kinetic model is h = tq2

e
Kinetic constants obtained by linear regression (Figs. 8 and 9)

or the two models are listed in Table 4. The correlation coeffi-
ient for the pseudo-first-order model is relatively high (R2 = 0.951),

owever, the calculated qe value (qe,cal) value obtained from
his equation does not give reasonable value (Table 4), which is

uch lower compared with experimental data (qe,exp). This result
uggests that the adsorption process does not follow the pseudo-
rst-order kinetic model, which is similar to the result reported for

able 4
inetic parameters for adsorption MG onto AC/CFO.

qe,exp (mg g−1) Pseudo-first-order P

k1 (min−1) qe,cal (mg g−1) R2 k

49.21 0.471 10.55 0.951 0
Fig. 9. Pseudo-second-order kinetic plots for adsorption of MG onto AC/CFO (C0:
100 mg L−1, pH 5).

adsorption of MG onto bentonite [43]. In many cases the pseudo-
first-order equation of Lagergren does not fit well to the whole
range of contact time and is generally applicable over the initial
stage of the adsorption processes [44,45]. For the pseudo-second-
order kinetic model, the R2 value is 1 and the qe,cal value agrees
very well with the qe,exp value, which indicates that the adsorption
of MG onto AC/CFO follows a pseudo-second-order kinetic model.

3.3. Desorption study

To evaluate the possibility of regeneration of AC/CFO adsor-
bent, we have performed desorption experiments. The cycles of
adsorption–desorption experiments were carried out up to three
times, as shown in Fig. 10. It can be seen that the adsorption capac-
ities decrease for each new cycle after desorption with three cycles.

Meanwhile, AC/CFO adsorbent has high magnetic sensitivity under
an external magnetic field (inset in Fig. 4). These results show that
AC/CFO can be potentially used as a magnetic adsorbent to remove
dye contaminants from water for avoiding the secondary pollution.

seudo-second-order

2 (g mg−1 min−1) qe,cal (mg g−1) h (mg g−1 min−1) R2

.283 49.33 688.7 1
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Fig. 10. Adsorption–desorption cycles of AC/CFO.

. Conclusions

In this study, activated carbon/CoFe2O4 composite (AC/CFO) was
uccessfully synthesized by a facile one-step refluxing route. The
RD, SEM, TEM, BET surface area and magnetic measurements
ere used to characterize the as-prepared composite. The adsorp-

ion isotherms and kinetics of MG onto AC/CFO was investigated.
he equilibrium of adsorption of MG onto AC/CFO was suitably
escribed by the Langmuir models with a monolayer adsorption
apacity of 89.29 mg g−1. The process of adsorption was relatively
apid and was best described by the pseudo-second-order kinetic
odel. AC/CFO adsorbents could be regenerated and used repeat-

dly. The magnetic properties of AC/CFO adsorbents allowed their
eparation from water by applying a magnetic field, indicating that
C/CFO could be used as a promising and effective adsorbent for

he removal of MG dye from water.
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