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Abstract—Magnetic Co,_,Ni,Fe,O,/Carbon nanotube (CNTs) nanocomposite was successfully prepared by hydro-
thermal method and used for the adsorption of pentachlorophenol. The properties of Co,_,N,Fe,0,/CNTs were char-
acterized by scanning and transmission electron microscopy, energy dispersive X-ray spectroscopy, X-ray diffracto-
metry, Brunauer-Emmett-Teller surface area determination, and magnetic measurement. Results showed that the
Co,_,Ni,Fe,0, nanoparticles with amorphous structure are dispersed uniformly on the CNTs, which enhanced the
adsorption capacity. The Co,_,Ni,Fe,0,/CNTs as a magnetic material are easy to separate from the aqueous solution in
magnetic field. The adsorption capacity and magnetization were improved by controlling the Ni content and calcina-
tion temperature. In addition, the Co,_,Ni Fe,0,/CNTs loaded with pentachlorophenol (PCP) could be regenerated by
microwave radiation and the regeneration efficiency reached 110% after six regeneration cycles.
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INTRODUCTION

Chlorophenols (CPs) are listed as priority pollutant by the United
States Environmental Protection Agency and have been used exten-
sively worldwide as bactericides, insecticides, herbicides, and wood
preservatives [1]. These compounds are strongly resistant to chemi-
cal, physical or biological degradation. Therefore, a rapid and safe
technology for the effective treatment of CPs is urgently needed to
facilitate this remediation [2].

Many kinds of technologies such as biological treatment [3], ad-
sorption [4], and chemical treatments [5,6] have been developed
and applied worldwide for the scavenging of CPs. Among these,
adsorption has become one of the most powerful techniques for
the removal of CP compounds because of its easy operation, low
cost, high efficiency, and insensitivity to toxic pollutants [7-9].

Although activated carbon is one of the best adsorbents for the
treatment of organic pollutants with higher adsorption capacity; its
high cost and low regeneration ability restrict its use [10]. There-
fore, the search to develop efficient adsorbents with higher adsorp-
tion and regeneration capacities is ongoing.

Carbon nanotubes (CNT5) have attracted great interest as a new
type of adsorbent to remove organic pollutants from aqueous solu-
tion because of their strong hydrophobicity; large specific surface
area, excellent stability, and rich surface functionalities [11-13].

However, a major drawback arises from the difficulties associ-
ated with the separation of small CNTs from aqueous solutions
[14]. Serious concerns exist over the health and environmental risks
of CNTs once they have been released into the environment [15].
Therefore, it is highly desirable to develop an efficient and safe
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technology for the collection of CNTs.

Compared with traditional centrifugation and filtration meth-
ods, magnetic separation has gradually attracted the attention of
many scientists as a rapid and effective technology to separate mag-
netic adsorbents for environmental applications [16,17].

In recent years, CN'Ts have been modified with different mag-
netic materials and used for the removal of different pollutants in
aqueous solution, which presents new opportunities for achieving
desirable adsorption capacity and effective magnetic separation
[18-21]. For example, Gong et al. reported that chemical coprecip-
itation-derived CN'Ts/iron oxide composites can be used as adsor-
bents, and exhibit good dispersibility, good magnetic properties,
and excellent adsorption capacity for cationic dyes from aqueous
solution [22]. Yu et al. synthesized CNTs/Fe,O, adsorbent using
Fentons reagent method, and demonstrated that CNTs/Fe,O; hybrids
exhibit excellent magnetic, adsorption, and photocatalytic proper-
ties [23]. CoFe,O,/CNTs composites have also been prepared to
remove methyl green dye from aqueous solution [24].

CNTs modified with magnetic materials show reduced adsorp-
tion ability, possibly because of the small surface area of the mag-
netic materials, agglomeration of the nanoparticles on the CNT
surfaces, and poor interactions between the CNTs and the nano-
particles.

To determine the optimum adsorption, the effect of common
parameters including pH, adsorbent dosage, and contact time has
been investigated. To our knowledge, no published studies exist on
the effect of the magnetic material microstructure on adsorption.
Therefore, further modification is necessary to improve the adsorp-
tion and magnetic properties of CNT absorbents.

In this paper, magnetic Co, ,NiFe,0,/CNTs nanocomposite
adsorbent was prepared by the hydrothermal method. The mag-
netic properties and adsorption capacity of the Co,_,Ni,Fe,O,/CNTs
nanocomposites can be controlled through adjusting the atomic
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ratios and calcination temperature. In addition, Co, ,NiFe,O,/
CNTs adsorbent regenerated by microwave radiation.

EXPERIMENTAL

1. Preparation and Oxidation of CNTs

CNTs were prepared according to the procedure reported in our
previous work [25]. The CNTs were oxidized with a 3.0 M H,SO,-
HNO; (1:1) mixture at 100 °C for 6 h under reflux, and then washed
with deionized water, filtered, and dried in vacuum for 10 h.
2. Synthesis of Co,_,Ni,Fe,0,/CNTs

A hydrothermal method was used to prepare magnetic compos-
ites composed of Co,_,NiFe,O,. The typical preparation process
(x=0.4) is described as follows: 0.300 g of treated CNTs, 0.0186 g of
Co(NO;),-6H,0, 0.0124 g of Ni(NO;),-6H,0, 0.172 g of Fe(NO;),-
9H,0, and 3.6 g of NaAc were dissolved in 100 mL ethylene gly-
col and 1.5mL polyethylene glycol, then ultrasonic oscillating for
1 h to achieve a uniform mixed solution. The resulting mixture was
inserted into an autoclave, heated at 180 °C for 12 h. After cooling
to room temperature, the product was centrifuged, washed sev-
eral times with water and ethanol, and then dried under vacuum.

By varying the atomic ratio of the Co and Ni salts in the mixed
nitrate solution with x=0, 0.2, 0.4, 0.5, and 0.6, respectively; a series
of Co,_,NiFe,O,/CNTs nanocomposites were synthesized under
the same conditions.
3. Adsorption and Regeneration
3-1. Adsorption Experiments

Batch adsorption experiments were conducted to study the effect
of Co,_,Ni,Fe,0,/CNTs on PCP adsorption at room temperature.
All experiments were in duplicate. The solutions of all of the sam-
ples were adjusted to pH 7, and were filtered with 0.45 um filter
membrane. The concentration of PCP was determined by ultravi-
olet-visible spectrophotometer (UV-2550; Shimadzu, Japan,) at
320 nm. The absorption capacity (G,, mg g ') was calculated from
Eq. (1):

Ge= (CO — Ce)V (1)

m

where C, and C, are the initial and equilibrium concentrations of

100nm

PCP (mg L"), m is the mass of Co,_,Ni,Fe,O,/CNTs (g), and V is
the solution volume (L).
3-2. Regeneration Experiments

The Co,_,Ni Fe,O,/CNTs adsorbents saturated with PCP were
separated from the aqueous solution with a magnet. The collected
Co,_,Ni,Fe,0,/CNTs were placed into a quartz reactor and regen-
erated by microwave (MW) irradiation. The MW regeneration sys-
tem is described in our previous work [26]. MW energy was supplied
at 2,450 MHz with continuous adjustable power settings from 0 to
850 W. A quartz reactor (25 mm inner diameter) was installed in
the MW oven. The top of the reactor was connected to a distillate
collection system.

After regeneration, the Co, ,NiFe,0,/CNTs nanocomposites
were rinsed with distilled water and dried under vacuum at 105 °C
for 8 h. Re-adsorption experiments were performed following the
procedure described above. Adsorption and regeneration were re-
peated for six cycles to evaluate the adsorbent reusability.

4. Analytical Methods

The morphology of CNTs and Co,_,Ni,Fe,O,/CNTs was charac-
terized by scanning electron microscopy (SEM, JEOL-7500E, Japan)
and transmission electron microscopy (TEM, JEOL-2010E 200
kV). Structural characterization of the samples was performed by
X-ray diffractometry (XRD, LabxXRD-6000, Shimadzu, Japan)
with Cu Ka radiation. Energy dispersive X-ray spectrometry (EDX)
was used for elemental analysis. The Brunauer-Emmett-Teller (BET)
surface area was analyzed by nitrogen adsorption (NOVA 1200E).
Magnetic properties of the samples were characterized by vibrat-
ing sample magnetometry (BHV-525, Riken Denshi) in the field
of £5 kOe at room temperature.

RESULTS AND DISCUSSION

1. Characterization of Co,_,Ni,Fe,0,/CNTs

Fig. 1(a) shows a typical SEM image of the purified CNTs. The
outer diameters of CNT5 have in the range of 30-50 nm, and lengths
of up to several tens of micrometers. The SEM image in Fig. 1(b),
shows that the magnetic nanoparticles have high dispersion on the
surface of CNTs. In addition, the TEM image in Fig. 1(c) clearly
shows that the nanoparticles are uniformly coated on the CNT

Fig. 1. SEM images of CNTs (a) and Co,_,Ni,Fe,0,/CNTs (b); TEM images of Co,_,Ni Fe,O,/CNTs (c).
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Fig. 2. EDX analyses of CNTs (a) and Co,_,Ni,Fe,0,/CNTs (b).
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Fig. 3. XRD patterns of CNTs (a) and Co,_,Ni,Fe,0,/CNTs (b).

surface with small size.

Fig. 2 shows selected area EDX spectra for CNTs and Co,_,Ni,
Fe,0,/CNTs. The CNTs spectra (Fig. 2(a)) are composed of ele-
mental C and O. Compared with the spectrum in Fig. 2(a), Fig.
2(b) shows additional peaks corresponding to elemental Fe, Co,
and Ni. The magnetic material and CNT mass ratio is 1: 5.

The XRD patterns of the CNTs and Co,_,Ni Fe,0,/CNTs are
shown in Fig. 3. It clearly shows the typical peak of the (002) CNT
phase (Fig. 3(a)). The peaks at 35.4°, 43.2°, 57.4°, and 62.8° are at-
tributed to the (311), (400), (511), and (440) phase of Co,_Ni,Fe,O,,
respectively (Fig. 3(b)). [27]. However, the peaks of Co,_,Ni,Fe,O,
are weak and broad. Therefore, it can be concluded that for the
magnetic materials, the degree of crystallization is low and their
structure is mainly amorphous. The amorphous structure may
provide better adsorption ability than the crystal structure [28].
The BET surface areas of the CNTs and Co,_,Ni,Fe,O,/CNTs were
156.7m’ g 'and 179.5m’ g, respectively.

The magnetic properties of CNTs and Co,_Ni Fe,O,/CNTs mate-
rials were studied at room temperature by using a vibrating sam-
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Fig. 4. Magnetic hysteresis curves for CNTs (a) and Co,_,NiFe,0,/
CNTs (b).
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Fig. 5. Adsorption kinetics (a) and Lagergren kinetic models (b) of
PCP on CNTs and Co,_,Ni Fe,0,/CNTs.

ple magnetometer. Fig. 4 shows that the CN'Ts were not magnetic, but
the hysteresis loops of the Co,_,Ni,Fe,O,/CNTs samples are typi-
cal loops of a soft magnet and the saturation magnetization of the
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materials is 14.41 emu g . As shown in Fig, 4, the Co,_,Ni,Fe,0,/
CNTs have stable dispersion ability and rapid response to an
applied external magnetic field. This indicates that it is possible to
collect the Co,_,Ni,Fe,0,/CNTs using a magnetic field after adsorp-
tion of the organic pollutants in water.

2. Adsorption Kinetics

To evaluate the adsorptive properties of Co,_,Ni,Fe,O,/CNTs, it
is important to investigate the rate at which contaminants are re-
moved from aqueous solution. Fig. 5(a) shows the effect of contact
time on the amount of PCP removed by CNTs and Co,_,Ni,Fe,0,/
CNT5. The adsorption capacity of PCP by CN'Ts and Co, Ni,Fe,0,/
CNTs increased rapidly initially (during the first 25 min) and then
became smooth with contact time. The rate of removal reached a
plateau after approximately 60 min.

To further understand the characteristics of the adsorption pro-
cess, the Lagergren kinetic model was applied to fit experimental
data obtained from batch experiments [29].

t 1 1

G, szi " Get @

where G, and G, are the amount of PCP adsorbed (mg g ) at
equilibrium and time t (min), respectively, and k, is the rate con-
stant (min""). The rate constants of k, and G, can be calculated
from the intercept and slope of the line in the t/G; versus t, respec-
tively. Fig. 5(b) presents the adsorption kinetics of PCP on the
CNTs and Co,_,Ni,Fe,0,/CNTs which fitted well to the Lager-
gren kinetic model. From linear fitting, the correlation coefficients
R were found to be greater than 0.99 and the adsorption data fitted
the Lagergren kinetic model. G, of the CNTs and Co,_,NiFe,O,/
CNTs reached 45.68mg g ' and 53.30mg g ' and k, was 0.021
min ™" and 0.178 min™', respectively. This comparison suggests that
Co,_,Ni,Fe,O,/CNTs have significant potential for use as adsor-
bents in wastewater treatment, and show the main advantage of
separation convenience.

3. Adsorption Isotherms

An adsorption isotherm is helpful in describing the distribution

between the solid and liquid phase when the adsorption reaches
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Fig. 6. Adsorption isotherm of PCP on CNTs and Co,_,Ni Fe,O,/
CNTs following the Freundlich model.

equilibrium. Fig. 6 presents the adsorption of PCP at various ini-
tial concentrations (5-200 mg/L) in 60 min using 50 mg CN'Ts and
Co,_,Ni,Fe,O,/CNTs at pH 7 and 25 °C. The adsorption capacity
increases with increasing initial concentration.

The adsorption thermodynamics of PCP on the CNTs and
Co,_,Ni Fe,0,/CNTs was fitted to the Freundlich model:

G=kC.", 3)

where G, (mg g') is the equilibrium adsorption capacity, C, (mg
L) is the equilibrium concentration of PCP in solution, and k;
and n are indicators of adsorption capacity and adsorption strength,
respectively. Fig. 6 shows that the Freundlich isotherm model per-
forms well in representing the kinetic data (R*>0.99), which indi-
cates that multilayer adsorption of PCP occurs onto the composite.
The model parameters were determined by nonlinear regression
and k;. of the CNTs and Co,_,Ni,Fe,O,/CNTs was 28.57 and 35.27
and n was 6.42 and 6.55, respectively. This indicates that the Fre-
undlich constants values n were found to be greater than 1, which
is favorable for adsorption [30]. Furthermore, these results indi-
cated that the CNTs modified with Co,_,Ni,Fe,O, exhibit improved
PCP adsorption owing to the high surface area.
4. Effect of Ni Content

A partial replacement of Co”* with Ni** can improve character-
istics of the CoFe, O, ferrite microstructure, such as the particle size
and magnetic properties. The BET surface area and saturation mag-

Table 1. Surface structural properties of Co,_,NiFe,O,/CNTs at dif-
ferent Ni content (x)

BET surface area/ Saturation magnetization/

* (m’*g™) (emug™)
0 159.1 19.03
02 1629 16.82
04 179.5 14.41
0.5 1729 12.35
0.6 165.5 11.06

Note: (mCo, Nizm Fe,O, is 1:5)
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Fig. 7. Effect of Ni content on PCP adsorption.
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netization of Co,_,Ni,Fe,O,/CNTs with different Ni content are
shown in Table 1. As shown in Table 1, the saturation magnetiza-
tion decreases with increasing Ni content. The BET surface area
increases the Ni content for Ni content (x) from 0 to 0.4 and shows
a significant decrease with increasing Ni content for x from 0.4 to
0.6.

Results for adsorption of PCP by Co,_,NiFe,O, at different Ni
content (0<x<0.6) are shown in Fig. 7. When x ranges from 0 to
0.4, the PCP adsorption increases with increasing Ni content, and
decreases for x from 0.4 to 0.6. This may be because PCP adsorp-
tion by Co,_,NiFe,O, is primarily physical adsorption, and the
adsorption capacity depends mainly on the specific surface area,
which corresponds to the tendency of change in the BET surface
area shown in Table 1. To guarantee a high adsorption capacity and
effective recovery with an external magnetic field, x should prefer-
ably be 0.4.

5. Effect of Calcination Temperature

The Co,_,Ni,Fe,O,/CNTs adsorbent was treated in muffle fur-
nace at different temperatures for 1 h under nitrogen flow. Fig. 8
shows the XRD patterns of Co,_,Ni,Fe,O,/CNTs treated at differ-
ent temperatures. No crystalline diffraction peaks appear below
200 °C, which indicates that the Co,_,NiFe,O,/CNTs nanocom-
posites are amorphous. At 300 °C, XRD peaks of corresponding to
a cubic spinel structure start to appear, which indicates that crys-
tal grains of Co,_,Ni,Fe,O, begin to form, but XRD peaks have a
weak intensity and significant width, which implies that the crys-
tal grain size is small. At 400 °C, the sample crystalline structure
does not change, but the diffraction peaks become sharper with
significantly increasing intensity, which indicates that the crystal
grains grow gradually and the degree of crystallization increases. The
crystal grain size, specific surface area, and saturation magnetiza-
tion of Co,_,Ni,Fe,0O, loaded on CNTs are shown in Table 2. The
result indicated that as the heat treatment temperature increases,
the crystal size increases, the specific surface area decreases, and
the saturation magnetization increases. When the specific surface
area is large and the crystal grain size is small, the saturation mag-

30 40 50 60 70 80

26()

Fig. 8. XRD patterns of Co,_,Ni Fe,0,/CNTs treated at different tem-
peratures.
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Table 2. Surface structural properties of Co,_,NiFe,0,/CNTs at dif-

ferent temperatures
Average Surface Saturation
Temperature S o
o particle size/ area/ magnetization/
( C) 2 -1 -1
(nm) (m”g™) (emu g )
100 - 182.2 32
200 - 181.9 7.2
300 8 178.5 14.4
400 12 156.5 183
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Fig. 9. Effect of treatment temperature on adsorption.

netization is low; probably because of the surface and small-size
effects of the nanoparticles [31]. The large nanoparticle specific
surface area enables more metal ions to reside on the surface of
aberrated structures, and the particle surface lattice aberration enables
a variation in bond angle and length, which leads to a noncol-
linearity of the nanoparticle surface magnetic moment, which enables
reduced net sample magnetic moment.

Results for adsorption of PCP by Co, ,NiFe,0,/CNT; treated
at different temperatures are shown in Fig. 9. The result indicated
adsorption capacity varies minimally at 100-200 °C, whereas at 200-
400 °C, the adsorption capacity obviously reduces with increasing
calcination temperature. This is probably because PCP adsorption
by Co,_,Ni,Fe,O, is primarily physical, and as the calcination tem-
perature increases, the crystal grains grow gradually, whereas the
specific surface area decreases, which results in a reduced adsorp-
tion capacity. Because of the adsorption capacity and effective mag-
netic recovery, the preferred calcination temperature is 300 °C.

6. Reuse of Adsorbent

Ferrite magnetic material is a gopod MW absorbent [32]; thus
Co,_,Ni,Fe,0,/CNTs can be regenerated by MW. In this experi-
ment, a repeated adsorption/MW irradiation regeneration test was
designed to investigate the reuse potential of Co,_,Ni,Fe,0,/CNTs.

After adsorption, 3 g Co,_,NiFe,0,/CNTs saturated with PCP
was placed into a MW regeneration reactor and treated for 3 min
at 700 W. The adsorption/MW regeneration was repeated six times.
The results are shown in Fig. 10; compared with freshly prepared
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Fig. 10. Absorption capacity of PCP on Co, ,NiFe,0,/CNTs versus
reuse cycles.

Co,_,Ni,Fe,0,/CNT5, the adsorption capacity increased to 60.0 mg
g ' from the second cydle. After that, the adsorption capacity tended
to be stable at two to six reuse cycles. The adsorption capacity re-
mained at 60 mg g ' and regeneration efficiency reached 110%.

MW irradiation enables increased crystallinity of loaded Co,_,
Ni,Fe,O,, a larger particle size, and reduced adsorption capacity of
Co,_,Ni,Fe,O,. However, CN'Ts open and break under MW irra-
diation, which increases their specific surface area. According to
BET analysis, the specific surface area of new Co,_,Ni,Fe,0,/CNTs
was 179.5m’ g, and after MW regeneration, the specific surface
area remained at 1852 m’ g . During reuse, the adsorbent mass
loss is an important economic indicator in actual applications. In
this experiment, after six adsorption/regeneration cycles, the mass
loss of Co,_,Ni,Fe,O,/CNTs was 7.3%. Such a mass loss may result
from carbonization of some amorphous carbon materials from
CNTs or spallation of loaded magnetic material under MW irradi-
ation at elevated temperature.

The results demonstrate that the unique microstructural prop-
erties of Co,_,Ni,Fe,O,/CNTs have strong MW adsorbing capac-
ity, high regeneration efficiency, and high mechanical intensity.

CONCLUSIONS

Magnetically separable Co, ,Ni,Fe,O,/CNTs adsorbent has been
synthesized hydrothermally for efficient removal of PCP from aque-
ous solution. The Co,_,Ni,Fe,0, nanoparticles on CNTs surface
showed uniform morphology with small particles. The novel mag-
netic Co,_,Ni,Fe,0,/CNTs have excellent adsorption capacity and
were used as adsorbent to remove PCP from aqueous solution. The
bath adsorption experiments demonstrated that the magnetic
property and adsorption capacity of Co,_,NiFe,0,/CNTs could
be controlled through adjusting Ni content and calcination tem-
perature. The optimal Ni content (x) was 0.4 and calcination tem-
perature was 300 °C; at this condition the Co,_,NiFe,0,/CNTs
exhibited the highest adsorption capacity (53.30 mg g ') and mag-
netization (14.4 emu g ). In addition, the saturated Co,_,Ni,Fe,O,/
CNT5 can be regenerated efficiently over six cycles. The present work
may provide a new approach for the research and development of

new adsorbents.
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