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ABSTRACT

MnO2-modified porous CoFe2O4 microrods (MnO2–CMR) were prepared by in situ
oxidation reaction. The obtained samples were characterized by the means of scanning elec-
tron microscopy, transmission electron microscopy, X-ray diffraction, and energy dispersive
spectrometer. The results showed that the CoFe2O4 microrods were successfully decorated
with amorphous MnO2. An appropriate decoration mechanism was suggested and dis-
cussed. Methylene blue (MB) was employed to evaluate the adsorption property. The mea-
surements exhibited that the adsorption capacity was highly enhanced due to the addition
of MnO2 in the porous CoFe2O4 microrods (CMR). The adsorption capacity of the as-pre-
pared MnO2–CMR was investigated using a batch adsorption procedure. The kinetics and
thermodynamics of the adsorption process were further investigated. The adsorption kinet-
ics was well fitted by a pseudo-second-order model and the adsorption isotherms agree
well with the Langmuir model. Thermodynamic analyses showed that MB adsorption onto
the MnO2–CMR was endothermic and spontaneous process. Furthermore, the MnO2–CMR
can be easily recycled by magnetic separation. The MnO2–CMR developed in the present
study was expected to be an efficient magnetic adsorbent for the removal of MB form
wastewater.

Keywords: Nanostructures; Chemical synthesis; Water treatment; Adsorption

1. Introduction

Dyes are widely used in many industrial fields,
such as paper printing, leather, and textile industries.
Most of the dyes are soluble in water and some are
even toxic or carcinogenic to humans. The wastewater
discharged from the dye industries has a large impact
on the ecological environment and human health.
However, almost 10–15% of the dyes has been lost
during the dyeing processes and are almost directly

discharged as sullage according to the literature [1].
The migration and spreadability of these dyes with
water will cause a serious environmental issue. There-
fore, the efficient removal of these dyes before their
discharge is very pivotal for the protection of environ-
ment.

Over the past decades, various technology, such as
flocculation, coagulation, precipitation, adsorption,
membrane filtration, electrochemical techniques,
ozonization, sedimentation, reverse osmosis, fenton
degradation, and photo degradation, etc., have been
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developed [2–10]. Among these treatment means, the
adsorption technique currently seems to be the most
efficient way to remove the dye effluents from the
environment due to cost effectiveness, high efficiency,
simple operation. Many adsorbent materials have been
prepared and applied to remove the dye from the
wastewater.

In recent years, magnetic materials have attracted a
great deal of attention in the field of environment pro-
tection [11–13]. Compared with conventional adsor-
bent materials, the advantages of magnetic separation
reflect in its speed, accuracy, and simplicity. Magnetic
particles can be directly used as adsorbent or
employed as magnetic carrier to remove contaminants
from aqueous effluents [14]. The magnetic adsorbent
can also be separated from the solution by a simple
magnetic process once the adsorption is completed.
Furthermore, the adsorbed contaminants can be
stripped from the adsorbent and concentrated into a
small volume for reuse of the contaminants and the
magnetic adsorbent. However, magnetic nanoparticles
are apt to aggregate due to high surface energy and
magnetostatic interactions, which reduces their small
surface areas and results in a small adsorption capac-
ity or slow adsorption rates [15]. These disadvantages
limit the applications of magnetic particles. Porous
inorganic materials have high surface area and rigid
texture, which is good for the materials as adsorbent
or carrier. It seems to be feasible solution to make
magnetic nanoparticles into porous materials for nano
agglomerates.

In this work, we firstly prepared the porous cobalt
ferrite microrods (CMR) and then modified CMR with
amorphous manganese oxide. The in situ formed man-
ganese oxides are embedded in the porous texture of
cobalt ferrite microrods. The possible formation pro-
cess of cobalt the ferrite/manganese oxide microrods
were proposed. Furthermore, the dye adsorption
capacity of the as-synthesized MnO2−CMR for methy-
lene blue (MB) was also investigated in details. This
kind of hybrid adsorbent with easy and rapid extrac-
tion/regeneration, handy operation and non-compro-
mised performance, may provide a better solution for
the application of magnetic nanoparticles in environ-
mental protection for water resources.

2. Experimental section

2.1. Preparation of MnO2-modified porous CoFe2O4

microrods (MnO2−CMR)

Porous CoFe2O4 microrods (CMR) were prepared
according to the previously reported method by our
group [16]. FeSO4, H2C2O4, and CoSO4 as the raw

source were dissolved in the mixed solvents of ethy-
lene glycol and water. The transparent mixture was
hydrothermally treated at 120˚C for 24 h in an oven.
The product was collected by centrifugation and dried
in air at 100˚C. The as-prepared precursor was
annealed in air at 400 at the heating rate of 1˚C min−1.
The obtained samples were collected for further use.

To obtain MnO2-modified porous CoFe2O4 micro-
rods (MnO2−CMR), 100 mg of the as-prepared CMR
microrods were added into conical flask containing
50 mL of 3 M MnSO4 solution and was oscillated for
2 h. Then, the soaked CMR were magnetically sepa-
rated by a magnet and washed with distilled water
several times. After that, 20 ml of 2 M KMnO4 solution
was added into conical flask and let stand for 1 h. The
product was magnetically separated by a magnet,
washed with distilled water several times and finally
dried in an air oven at 100˚C. MnO2-modified porous
CoFe2O4 microrods were denoted as MnO2−CMR.

2.2. Characterization

The morphology of the products was characterized
by a field emission scanning electron microscope
(FESEM, JEOL JSM-6700F). Transmission electron
microscopy (TEM) analysis was performed on a JEM
3010 electron microscope (JEOL, Japan) with an accel-
eration voltage of 300 kV. The crystalline structures of
the samples were evaluated by X-ray diffraction
(XRD) analysis on a Bruker D8 Advance Diffractome-
ter with Cu Kα radiation (λ = 1.5418 Å).

2.3. Sorption studies

Adsorption kinetic study: 10 mg of MnO2−CMR
was added to 50 mL of 10 mg L−1 MB aqueous solu-
tion. The mixture was shaken in constant-temperature
shaker (ZD-85, ChangZhouGuoHua) for 1 h. The
adsorbent used in different temperature (25, 35, 45˚C)
was labeled with MnO2−CMR-25, MnO2−CMR-35,
and MnO2−CMR-45, respectively. After adsorption
equilibration, the adsorbent was separated from solu-
tion by external magnet. MB concentration after
adsorption was measured by visible spectrophotome-
ter (Model 721) at its maximum adsorption wave-
length. The amount of MB adsorbed per unit mass of
adsorbent was calculated from the following equation:

q ¼ ðC0 � CeÞV
m

(1)

where C0 and Ce are the initial and equilibrium con-
centrations of MB, respectively (mg L−1); q is the
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adsorption capacity of adsorbent for MB (mg g−1); V is
the volume of MB solution (mL); m is the mass of the
dry adsorbent used (mg).

Adsorption isotherm study: 10 mg of MnO2−CMR
was added to 50 mL of MB solution with different

initial concentration (10–120 mg L−1), and shaken for
2 h. The equilibration concentration was determined
by visible spectrophotometer (Model 721) at 668 nm
wavelength. Adsorption data obtained in this experi-
mental study were evaluated with Freundlich and
Langmuir isotherms models.

3. Results and discussion

3.1. Characterization of the as-prepared samples

XRD patterns of the cobalt ferroxalate precursor,
the calcined sample and the modified samples are
shown in Fig. 1. In Fig. 1(a), XRD characteristic peaks
at 2θ = 18.69˚, 19.05˚, 23.25˚, 28.76˚ are observable,
which can be indexed to the oxalate in terms of α-form
with monoclinic C2/c [17]. The diffraction peaks of
the calcined product as shown in Fig. 1(b) are identi-
cal with the cubic spinel phase of CoFe2O4 (JCPDS-03-
0864). The diffraction peaks in the modified sample
(Fig. 1(c)) assigned to CoFe2O4 can also be observed.
However, the intensity of the peaks at 38.12˚, 44.32˚,
65.04˚, and 77.16˚ is lower than that of the calcined
products and there was no peak corresponding to
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Fig. 1. XRD patterns of the cobalt ferroxalate precursor (a),
the calcined sample (b), and the modified samples (c).

Fig. 2. SEM images of the cobalt ferrioxalate precursor (a), the calcined sample (b), and the modified samples (c and d).
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MnOx, indicating that the produced MnOx was
amorphous in the composite.

Scanning electron microscopy (SEM) images of
the cobalt ferrioxalate precursor, the calcined sample,
and the modified samples are shown in Fig. 2. It is
obvious that calcination did not change the overall
morphology of the precursor (Fig. 2(a)). The calcined
sample (Fig. 2(b)) through a topotactic reaction well
maintained the rod-like morphology of the cobalt fer-
rioxalate precursor with about 10 μm in length. When
the calcined samples were modified by MnO2, the
as-obtained MnO2/CoFe2O4 composites also showed
rod-like morphology (Fig. 2(c)), magnified SEM image
(Fig. 2(d)) shows that the modified samples displayed
the rough surface.

In order to further analyze the microstructure of
the sample, the as-prepared samples are further
characterized by TEM. TEM images of the cobalt fer-
rioxalate precursor, the calcined sample, and the
modified samples are shown in Fig. 3. As shown in
Fig. 3(a), cobalt ferrioxalate microrods are stuffed, the
surface is smooth, and no pore structure can be found.
When the cobalt ferrioxalate microrods are calcined in

air, pore structures were produced in the solid rod of
the precursor (Fig. 3(b)). The porous structure built by
plenty of the as-formed nanoparticles can be clearly
seen. The preparation of porous metal oxides through
the oxalate precursor had been largely reported by
several groups including ours [18–20]. The N2 sorp-
tion–desorption isotherms of CoFe2O4 CMR exhibit
IV-type curves as shown in Fig. 3(c). A sharp peak of
mesopore size distribution can be observed. The aver-
age mesopore size of CoFe2O4 CMR is 5.2 nm
(Fig. 3(c), insets), and its BET surface area and total
pore volume are calculated to be 54 m2 g−1 and
0.196 cm3 g−1, respectively.

Magnetic porous materials prepared by this
method possess some advantages such as higher sur-
face and rigid texture. Therefore, the as-prepared
CoFe2O4 microrods are employed as a magnetic car-
rier to apply to the removal of contaminant. A TEM
image of CoFe2O4 microrods modified by MnO2 is
shown in Fig. 3(d). By comparison with the unmodi-
fied porous CoFe2O4 microrods, it can be seen that the
pore structure is evidently diminished in the texture
even though the rod-like morphology is well

(a) (b)

(c) (d)

Fig. 3. TTEM images of the cobalt ferrioxalate precursor (a), the calcined sample (b), nitrogen adsorption–desorption
isotherms (inset, the pore-size distribution ) of the calcined sample (c), and the modified samples (d).
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maintained. Manganese oxides were in situ formed in
the pore structure of the porous CoFe2O4 microrods.
The reaction in the pore can be expressed as follows:

2KMnO4 þ 3MnSO4 þ 2H2O ¼¼
¼ 5MnO2 þ 2H2SO4 þ K2SO4 (2)

Fig. 4(a) shows energy dispersive spectrometer (EDS)
analysis of the modified samples. The existence of Mn,
Co, Fe, and O were detected. The ratio of Co and Fe is
determined to be 1:2. However, the ratio of Mn and
Fe is about 0.01:1, indicating the content of MnO2 in
the composite is much lower than that of CoFe2O4.
Combining the results of XRD, SEM, and TEM results,
we confirm that MnO2 was successfully implanted
into the porous texture of CoFe2O4 microrods. The
formation process of the MnO2/CoFe2O4 microrods
was graphically described by Fig. 4(b). Cobalt ferriox-
alate microrods by solvothermal method converted
into porous CoFe2O4 microrods built by nanoparticles.

Mn2+ can effectively be adsorbed into the porous
structure during the soaking process. MnO2 can be
produced by in situ reaction in the pore due to the
strong oxidation of KMnO4. It should be pointed out
that the concentration of KMnO4 is a key for the con-
servation of the original morphology, and too high
concentration (>6 M) of KMnO4 would result in the
complete disassembly of the rod-like morphology due
to the growth of MnO2 in the pore of CoFe2O4 rods
(Fig. S1).

3.2. Adsorption properties of MnO2-modified CoFe2O4

microrods (MnO2−CMR)

3.2.1. Adsorption kinetic of MnO2−CMR for MB

The adsorption kinetics of MB on MnO2–CMR was
studied to investigate the adsorption rate. Fig. 5 shows
the effect of the contact time on the adsorption capaci-
ties of CMR and MnO2−CMR for MB under the condi-
tion of different temperature. No obvious adsorption

Fig. 4. EDS pattern (a) and schematic illustration for the formation processes and (b) of MnO2-modified CoFe2O4

microrods (m-CMR).
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can be determined using CMR as adsorbent (CMR-25),
and MnO2−CMR displays excellent adsorption for MB
(MnO2−CMR-25), which indicated that the in situ
formed MnO2 was responsible for the enhanced
adsorption capacity. The manganese dioxide nanoma-
terials (in nearly neutral solutions with a pH of 7.0)
had abundant hydroxyl groups on the surface [21].
Rich hydroxyl groups on the surface of the newly
formed MnO2 supplied plenty of active site for
adsorption. The surface hydroxyl groups and cationic
groups of MB have strong electrostatic attraction.
Moreover, hydrogen bonding interaction happens
between nitrogen atoms in the molecular structure of
MB and the surface hydroxyl groups of MnO2.
These led to the better adsorption ability of
MnO2−CMR. Using MnO2−CMR as adsorbent, the
variation tendency of the adsorption curve with time

in various adsorption temperatures was shown in
Fig. 5. At the initial stage, the adsorption capacity
rapidly increased. With the increasing adsorption
time, the adsorption capacity slowly increased and the
adsorption equilibrium could be achieved within
40 min. At least 80% of MB can be removed from the
simulated wastewater. Moreover, the adsorption
capacity slightly increased with the increasing adsorp-
tion temperature. The as-prepared MnO2−CMR can be
collected easily from the wastewater by an external
magnetic field (inset).

The commonly used pseudo-first-order (Eq. (3))
and pseudo-second-order models (Eq. (4)) were
employed to examine the controlling mechanism of
the adsorption process [22]. The above-mentioned
models are expressed as follows:

lnðqe � qtÞ ¼ lnðqeÞ � k1t (3)

t

qt
¼ 1

k2q2e
þ t

qe
(4)

where qe (mg g−1) and qt (mg g−1) are the adsorption
capacity at equilibrium and any time t (min),
k1(min−1), and k2 (g mg−1 min−1) are the kinetics rate
constants for the pseudo-first-order and pseudo-sec-
ond-order models, respectively. The kinetic curves fit-
ted according to the two models are shown in
Fig. 6(a) and (b). The kinetic constants obtained by lin-
ear regression for the two models are summarized in
Table 1. Correlation coefficients R2 values for pseudo-
second-order model can reach up to 0.99 and are
greater than that of the pseudo-first-order kinetic
model. Furthermore, the calculated adsorption equilib-
rium capacity by pseudo-second-order model agrees
well with the experimental data. Therefore, the

Fig. 5. Adsorbed amount of MB by CMR and m-CMR as a
function of contact time at 25, 35, and 45˚C, respectively.
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Fig. 6. Kinetics of MB adsorption on m-CMR at 25, 35, and 45˚C: (a) pseudo-first-order plot and (b) pseudo-second-order
plot.
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adsorption process of MnO2−CMR for MB can be
described by pseudo-second-order model.

3.2.2. Adsorption isotherms of MnO2−CMR for MB

The interaction of the pollutant with sorbent
materials can be described by adsorption isotherms,
which guide the design of adsorption systems. The
isotherms of MB on MnO2−CMR at 25, 35, and 45˚C
are shown in Fig. 7(a), which relate the equilibrium
adsorption capacity to the equilibrium concentration
in the solution. The Langmuir isotherm model and
Freundlich isotherm model were employed to investi-
gate the adsorption process [23]. The two isotherm
equations can be expressed as follows:

lnðqeÞ ¼ lnðKFÞ þ 1

n
lnðCeÞ (5)

Ce

qe
¼ 1

qmKL
þ 1

qm
Ce (6)

RL ¼ 1

1þ KLC0
(7)

where qe and Ce are the adsorption capacity and
concentration (mg g−1) at the adsorption equilibrium,
qm is the maximum adsorption capacity (mg g−1), KL

(L mg−1) is the Langmuir equilibrium constant and

Table 1
Kinetic models for MB adsorption onto m-CMR

Temperature (˚C)

Pseudo-first-order Pseudo-second-order

k1 qe R2 k2 qe R2

25 0.0398 9.9299 0.9072 0.0101 42.9001 0.9992
35 0.0496 13.8510 0.9252 0.0085 44.7828 0.9993
45 0.0508 14.9707 0.9855 0.0096 45.9882 0.9996
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Fig. 7. Adsorption isotherms for MB on m-CMR (a), Langmuir isotherm (b), and Freundlich isotherm (c) at 25, 35, and
45˚C, respectively.
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can be calculated from the intercepts and the slopes of
the linear plots of Ce/qe vs. Ce. KF (L g−1) is the
Freundlich equilibrium constant and n is the dimen-
sionless exponent of the MB on MnO2−CMR. The val-
ues of KF and 1/n are obtained from the linear plots
of ln qe vs. ln Ce. The plots of Ce/qe vs. Ce and ln qe
vs. ln Ce are shown in Fig. 7(b) and (c), respectively.
Table 2 summarizes the Langmuir and Freundlich
adsorption constants and the calculated regression
coefficients (R2). The Langmuir isotherm has higher R2

values (R2 > 0.98) than did the Freundlich isotherm,
indicating the monomolecular adsorption yields a bet-
ter fit for the experimental equilibrium adsorption
data. The maximum adsorption capacities are 107.18,
144.71, and 156.99 mg g−1 at the adsorption tempera-
ture of 25, 35, and 45˚C, respectively. The adsorption
capacity of the as-prepared MnO2−CMR and other
adsorbents for MB are compared and presented in
Table 3. Comparable or higher adsorption capacity for
MB indicate that MnO2−CMR be employed as an
excellent adsorbent. The feasibility of adsorption on
adsorbent was evaluated by dimensionless constant

separation factor (RL), which is considered as a more
reliable indicator of the adsorption. The value of RL

indicates that the adsorption process on sorbent
materials is unfavorable (RL > 1), linear (RL = 1), favor-
able (0 < RL < 1), or irreversible (RL = 0) [24]. The
calculated RL values are in the range of 0.028–0.17,
suggesting MB adsorption onto the MnO2−CMR is
favorable.

3.2.3. Thermodynamic analyses

The thermodynamic parameters such as standard
Gibbs free energy change (ΔG˚, kJ mol−1), standard
enthalpy change (ΔH˚, kJ mol−1) and standard entropy
change (ΔS˚, J mol K−1) can be calculated from the fol-
lowing equation:

DG� ¼ �RT ln K�

ln K� ¼ DS�

R
� DH�

RT

Table 2
Isotherm parameters for MB adsorption onto m-CMR

Temperature (˚C)

Langmuir constants Freundlich constants

qm (mg g−1) KL (L mg−1) R2 RL KF (mg g−1) n (L mg−1) R2

25 107.18 0.1126 0.9895 0.0689–0.4703 34.2189 4.2513 0.9750
35 144.71 0.1206 0.9832 0.0646–0.4533 45.7201 4.4192 0.9160
45 156.99 0.1336 0.9819 0.0587–0.4281 58.3400 5.1688 0.8704

Table 3
Comparison of maximum adsorption capacities for MB on different adsorbents at the condition of 25˚C

Adsorbent Adsorbate
Adsorption capacity
(mg g−1) Refs.

Magnetic graphene-carbon nanotube Methylene
blue

65.79 [25]

Poly(cyclotriphosphazene-co-4,4-sulfonyldiphenol) nanotubes Methylene
blue

69.16 [26]

Humic acid-coated Fe3O4 nanoparticles Methylene
blue

93.08 [27]

Porous Mn1−xZnxFe2O4 (0 < x < 0.8) Methylene
Blue

40.9668 [28]

Titanate nanotubes Methylene
blue

133.33 [29]

Cu-BTC Methylene
blue

4.875 [30]

3D flower-like hierarchical Fe3O4/KxMnO2 core–shell
architectures

Methylene
blue

25.64 [31]

m-CNR Methylene
blue

107.18 Present
work
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where R is the gas constant, K˚ is the equilibrium con-
stant (obtained from Langmuir equation), and T is the
temperature (K). The values of ΔH˚ and ΔS˚ can be
calculated from the slope and the intercept of a linear
plot of ln K˚ against 1/T. The value of ΔG˚, ΔH˚, and
ΔS˚ are presented in Table 4. The negative values of
ΔG˚ show the spontaneity of adsorption. The absolute
value of ΔG˚ increased with the increasing adsorption
temperature, indicating the driving force of adsorption
is greater at higher temperature. The positive values
of ΔH˚ confirms the endothermic nature of the adsorp-
tion process, and the values of ΔH˚ is lower than
40 kJ mol−1, indicating physisorption is dominant for
the adsorption of MB onto MnO2−CMR. The positive
ΔS˚ means the increase of freedom degrees at the
adsorbent–adsorbate interface during the adsorption
process.

4. Conclusion

In summary, MnO2–CMR was successfully
prepared by in situ modification of MnO2 in the tex-
ture of CMR through the reaction of the adsorbed
Mn2+ and KMnO4. The adsorptive property of the as-
prepared MnO2–CMR was investigated in detail. The
as-prepared MnO2−CMR exhibited better adsorption
properties for MB than did CMR. The experimental
data of MB adsorption suggested that the pseudo-sec-
ond-order kinetic model was suitable for explaining
the adsorption kinetic process with better correlation
coefficients than pseudo-first-order kinetic model, and
Langmuir model fits the adsorption of MB better than
did the Freundlich model. The adsorption thermody-
namics showed that the adsorption was a spontaneous
and endothermal process. In addition, the as-prepared
material as sorbent can be magnetically recycled by a
magnet. This study may provide a new approach for
the aggregation of magnetic nanoparticles with impor-
tant application in wastewater.
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The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.
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