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Abstract Carbon nanotubes/magnetic nano-Fe3Os com-
posite (CNTs/Fe304NPs) were prepared by chemical co-
precipitation. Ti/SnO;electrode was used as the anode, the
CNTs/FezO4 composite as particle electrodes, and graphite
electrode as cathode respectively. Four different systems for
degradation of methylene blue (MB) in neutral medium were
investigated: Ti/SnO; anode (A), Ti/SnO; anode with CNTs
particle electrodes (B), Ti/SnOsanode with Fe3O4NPs parti-
cle electrodes (C), and Ti/SnOjanode with CNTs/Fe3O4NPs
particle electrodes (D). It was found that D system exhibited
much higher MB degradation efficiency than others, attain-
ing 82 % in 30 min. The enhanced efficiency was attributed
to Ti/SnO, anodic direct oxidation of MB and CNTs/Fe304
NPs composite particle electrodes which could activate mole-
cule oxygen to produce more HyO» and -OH. CNTs/Fe304
NPs particle electrodes could achieve magnetic separation
easily for reuse and exhibited good degradation efficiency to
MB.
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1 Introduction

Water pollution caused by toxic and nonbiodegradable
organic materials brings about very serious health threats.
Recently, advanced oxidation processes (AOPs) for waste-
water treatment have attracted more attention because of
their formation of hydroxyl radicals (-OH). Hydroxyl rad-
icals is one of the most powerful oxidizing species in aque-
ous environment. Among the AOPs, the E-Fenton systems
can continuously supply H,O, through the two-electron
reduction of oxygen, which has proven to be one of the
most effective methods to degrade organic pollutants in
wastewater. However, there are some drawbacks in this
classic homogeneous E-Fenton system. First, the ferric
ions left in the wastewater require a separation step. Sec-
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ond, classic E-Fenton’s reagents work well only within a
narrow pH range (pH 3—4) because of iron precipitates
at higher pH values. Third, the high cost of Fe anode
makes it impractical for its large-scale application in waste-
water treatment. Therefore, researchers have taken great
efforts to solve these problems. One effort is to develop
a E-Fenton-like system containing other transition met-
als [1]. Another effort is to develop heterogeneous three-
dimensional electrode system [2] containing solid phase
catalysts. For example, goethite, hematite, clay miner-
als, iron hydroxide and iron loaded on silica or on alu-
mina were used previously. The third effort is to develop
a stable titanium-based anode, such as Ti/SnO;-Sb;0s,
and Ti/Co/SnO; to accelerate the generation of hydroxyl
radicals [3].

In the heterogeneous three-dimensional electrode system,
carbon blacks were frequently used as the carrier for elec-
trocatalysts due to its high surface area. Compared with car-
bon blacks, carbon nanotubes (CNTs) has the characteris-
tics of high electrical conductivities, good absorption’ good
electrocatalyse effect, and good corrosion resistance espe-
cially under the highly oxidizing conditions, and has attracted
more and more attention as cathode for electrochemical oxi-
dation [4-6]. But less attention has been paid to CNTs as
the three-dimensional electrode for H,O, electro-generation
[7], although CNTs have good electrical conductivity and
mechanical strength, relative chemical inertness to most elec-
trolyte solutions, high surface activity, as well as a wide oper-
ational potential window [8].

In this paper, methylene blue was used as model con-
taminant, CNTs/Fe3O4 as a novel particle electrode were
synthesized in order to improve the classical E-Fenton sys-
tem. Meanwhile Ti/SnO, was used as anode since it can
directly generate hydroxyl radicals [9]. Combination 3D-
E-Fenton system of CNTs/Fe3O4 particle electrode with
Ti/SnO, anode was expected to increase current efficiency
and degradation efficiency of methylene blue. The result sug-
gested that this 3D-E-Fenton system can attain good degrada-
tion efficacy with methylene blue. Besides this system could
work at a near neutral medium, and CNTs/FezO4 particle
electrode could be easily separated by magnetic field with-
out losing activity after long-term run.

2 Experimental Sections
2.1 Chemicals

Carbon nanotubes (CNT; >95 % purity; diameter, 20-30 nm;
length, 1-5 wm) were purchased from Shenzhen Nanotech
Co. Ltd.(Shenzhen, China). Titanium plates were purchased
from New State Titanium metal (Xi’an, China). Methy-
leneblue (MB) were purchased from Tianjin Lidong Reagent
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Factory. Tin(IV)chloride pentahydrate (SnCls-5H,0) were
purchased Sinopharm Chemical Reagent Co., Ltd, Other
chemical reagents were analytical grade. Distilled water was
used.

2.2 Preparation of CNTs/nano-Fe3O4 Composite

Further purification of the carbon nanotubes was performed
by refluxing the CNT in concentrated nitric acid at 60 °C for
12 h. The obtained CNT was dried at 105 °C for 4 h. The
CNT/Fe304 nanoparticle composite was prepared by chem-
ical coprecipitation of Fe>* and Fe* in alkaline solution in
the presence of CNTs. The molar ratio of Fe’t:Fe3t was
1:2. The magnetic composite was prepared by suspending
1.0 g purified CNT in 200 mL of solution containing 1.99 g
(10.0 mmol) FeCl,-H>O and 5.41 g (20.0 mmol) FeCl3-H;O.
After the solution was sonicated (30 W, 40 kHz) for10 min,
NH4OH aqueous solution was added dropwise to precipitate
the iron oxides while the mixture solution was sonicated. The
pH of the final mixture should be in the range of 10-11. To
promote the complete growth of the nanoparticle crystals, the
reaction was carried out at 65 °C for 30 min under mechanical
stirring. The precipitate was separated by the magnetic field,
and washed with doubly distilled water and ethanol for three
times respectively. Subsequently, the composite was dried
under vacuum. The content of CNT in the composite was
approximately 50 wt%. If no CNT was added to the coprecip-
itation solution of Fe?" and Fe3*, pure Fe304 nanoparticles
could be obtained [10].

2.3 Characterization of the Fe3O4 Nanoparticle
and the CNT/nano-Fe304 Composite

X-ray powder diffraction (XRD) patterns were obtained on
a X-ray diffractometer with Cu radiation (Japanese Rigalcu,
D/Max-3c). Transmission electron microscopy (TEM) study
was carried out on electron microscopy instrument (Japanese
electronics company, JEM-2100).

2.4 Preparation of Ti/SnO; Electrode

The Ti plates (6 x 3 x 0.1 cm) were used as substrates. First,
Ti plates were polished with sandpaper, degreased in 40 %
NaOH solution with sonicated treatment for 30 min, etched
in aboiling 10 % oxalic acid solution for 1 h. Then, a solution
containing 0.050 M SnCly and 20 % citric acid monohydrate
was dissolved in ethanol was used to electro-deposit Sn onto
the Ti plates. The applied voltage was 1.5-2.5 V and the
current was 10 mA/cm~2 using DC stabilized power supply
(HCP-03-150, Yangzhou Huatai). The modified Ti plates was
dried in air. The process of electrodeposition was repeated
for 5-6 times and the electrode were introduced in an oven
at 550 °C for 2 h [11].
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Fig. 1 Schematic diagram of the electrochemical cell apparatus

Electrochemical measurements were performed on a
CHI660 electrochemical workstation (Chenhua Instruments
Co., Shanghai, China). The experiments were carried out
using a conventional three-electrode system with an Ti or
Ti/SnO, electrode as working electrode, a platinum wire as
the counter electrode and an calomel electrode as the refer-
ence electrode. All potentials were referred to this reference
electrode.

2.5 Degradation of MB and Analytical Methods

Degradation of MB by three-dimensional electrode processes
was performed in a cell of 150 mL, as shown in Fig.l.
Ti/SnO; electrode was used as anode and immersion partial
area of the anode was 3 x 3 cm. The graphite electrode was
used as cathode. The space between the anode and the cath-
ode was about 4-5 cm. DC voltage was applied. During the
experiments, the voltage between the anode and the cathode
was 5 V. The initial concentration of MB was 2.4 x 10™* M.
0.10 mol L~! NaySOy4 solution was used as supporting elec-
trolyte in 150 mL, 10 g/L. CNTs/Fe3 04 as particle electrodes,
dissolved oxygen by aeration. The solution was mechanically
stirred and maintained at room temperature during the whole
degradation reaction. A UV-visible spectrophotometer (TU-
1901, Beijing Purkinje General instrument Co. Ltd) was used
to monitor the concentration of MB in water at its maximum
absorption wavelength of 650 nm.

3 Results and Discussion

3.1 Characterization of the CNTs/Fe3O4 Composite

The X-ray diffraction (XRD) patterns of the CNT/Fe3zO4
composite is shown in Fig. 2. It was found that the pattern
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Fig. 2 XRD patterns of the as-prepared CNTs/Fe304
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Fig. 3 TEM image of the as-prepared CNTs/nano-Fe3O4

matched well with the standard FezO4 patterns (JCPDS No.
65-3107) and the standard CNTs patterns (JCPDS, file No.
74-444) [12]. The diffraction peaks at 29 value of 26.5° is
ascribed to the reflection of the CNTs. The diffraction peaks
at 20 values of 30.2°, 35.6°, 43.3°, 54.1°, 57.3° and 63.8°
can be assigned to the reflection of Fe304 nanocubes. These
XRD results suggested that Fe304 successfully deposited on
the CNTs. Figure 3 shows the TEM images of the prepared
the CNT/Fe3O4 composite. The result of TEM suggested that
the Fe3O4 are deposited on CNTs and the size distribution
of Fe304 was in the range 5-10 nm.

3.2 Electrochemical Characterization of the Ti/SnO,
Electrode

The procedure in which SnO; electrochemically deposited
on the surface of Ti was described in Sect. 2.4. In order to
investigate the properties of the modified electrode, espe-
cially investigate the dynamics process of charge transfer and

@ Springer



6662

Arab J Sci Eng (2014) 39:6659-6664

-950

-850

750 - fi/////////

-650 |-

-550 |

-450 b

-350

-250

-150
,50 -

7"/ohm

T T T T
0 500 1000 1500 2000 2500
7'/ohm

Fig. 4 Nyquist plots of impedance spectra obtained in 5 mM K3
Fe(CN)g solution at Ti/SnO; anode (a) and bare Ti anode (b). The
biased potential was 0.20 V. The frequency was from 100 kHz to 0.1
Hz and the amplitude was 5.0 mV

electron transfer between modified membrane/electrolyte
interfaces, the Nyquist plots of impedance spectra were
recorded to investigate the Ti/SnO; electrode. The Nyquist
plots of impedance spectra at different electrodes are shown
in Fig. 4. Horizontal ordinate is the impedance real part Z’
and vertical coordinates is imaginary part Z”. The bare Ti
electrode exhibited very big semicircle at high frequencies,
and the electron transfer resistance (Ret) is about 2000 (curve
b). The Ti/SnO; exhibited an almost straight line at high fre-
quencies (curve a). In theory, the deposition of SnO;on the
surface of Ti can decrease the impedance of Ti electrodes
[13,14]. Thatis to say, the Ti/SnO; electrode exhibited better
electroconductibility than the Ti electrode. Thus the obtained
return suggested that Sn was deposited on the surface of the
Ti electrode.

Since cyclic voltammetry can be used to estimate the
microcosmic reaction process of the electrode’ surface, here
this method was used to investigate the stability of the
Ti/SnO; electrode. The cyclic voltammograms of bare Ti
electrode and Ti/SnO; electrode is shown in Fig. 5. The cyclic
voltammograms at bare Ti electrode (curve b) revealed the
oxidation current of third cycle was decreased than first cycle.
However, the cyclic voltammograms of Ti/SnO; electrodes
showed the current of third cycle and first cycle were almost
unchanged (curve a). Moreover, with the scanning continua-
tion, the oxidation current decreases gradually at Ti electrode.
While with the scanning continuation, the oxidation current
was almost invariable at Ti/SnO; electrodes. The result indi-
cated that Ti/SnO; electrodes as anode had the better stability
than the bare Ti electrodes.

3.3 Degradation of MB in the 3D-E-Fenton System

Degradation of MB in aqueous solution was used to test the
efficiency of the 3D-E-Fenton system. Four different systems
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Fig. 5 Cyclic voltammograms of the Ti/SnO, electrode (a) and Ti elec-
trode (b) in 5 mM K3Fe(CN)g solution at neutral pH (vs SCE, scan rate
of 0.10 V/s)

for degradation of MB in near neutral medium were investi-
gated, which were Ti/SnO» anode (A system), Ti/SnO, anode
with CNTs as particle electrodes (B system), Ti/SnO; anode
with Fe3O4 NPs particle electrodes (C system), and Ti/SnO»
anode with CNTs/Fe3O4 NPs particle electrodes (D system),
as shown in Fig. 6. After 30 min of reaction, 82 % of MB
was degraded in the D system, 75 % of MB was degraded
in the C system, 67 % of MB was degraded in B system
and only 40 % of MB was degraded in A system. Also, after
60 min, the degradation efficiency in the D system was the
best. One reason is the added particle electrodes could adsorb
MB, resulting in the higher degradation of MB in B, C, D
system. In addition, the presence of CNTs in CNTs/Fe304
not only increased current efficiency [15], but also provided
iron source for the proceeding of the E-Fenton reaction. Here
carbon nanotube can contribute to adsorb dissolved oxygen
and improve charge transfer to produce more HyO; [7].

In our experiment, it was found that Fe304NPs could be
slightly dissolved in weakly acid medium and even in neutral
medium, forming Fe?* ions and Fe’" ions (the date was
shown in the Supporting information). Fe?>* ions or Fe3*
ions can both react with HyO» to produce oxidizing agent
-OH as follows [16,17].

0 + 2H™ + 2e = H,0, (CNTs improved this process)
Fe304 + H — Fe2t 4+ Fe3+

Fe* + Hy0y — Fe3* + .OH

Fe3* + .OH + CxHy Oy — COy + HyO + Fe2+

While after 150 min, although the degradation of MB in D
system attained 97.8 %, it seems to have little difference
between C and D after 150/90 min, meaning that the nan-
otubes make little contribution to the degradation. There-
fore, the D system exhibited better degradation efficiency in
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Fig. 6 Degradation of MB in different systems Ti/SnO; anode (A),
Ti/SnO;y anode with CNTs as particle electrodes (B), Ti/SnO, anode
with Fe3O4 NPs particle electrodes (C), and Ti/SnO; anode with CNTs
/Fe304 NPs particle electrodes (D), 2.4 x 10~ mol/L MB The inset is
the UV-vis spectral changes of MB with reaction time at pH 5
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Fig. 7 The effect of pH on the degradation efficiency of MB in the
3D-E-Fenton system based on Ti/SnO, anode with CNTs FezO4 NPs
particle electrodes for 30 min

a shorter time and it can be regarded that it has potential
application in lowering the cost. The absorption spectra of
procedure is recorded in inset of Fig. 6. In the 3D-E-Fenton
systems, the regeneration of Fe>* can occur either by the
oxidation with an organic radical, or by the reaction with
H>0;. Compared with the classic Fenton systems, the 3D-
E-Fenton systems can avoid the addition of expensive HyO»
and maintain an almost constant concentration of electro-
generated H, O; during the whole pollutants removal process.
The CNTs/Fe304 nanotubes could serve as an effective het-
erogeneous Fenten reagent to catalytic produce -OH radicals
and be easy to magnetic separate for reuse.

The influence of the initial pH on the degradation effi-
ciency of this 3D-E-Fenton system was also investigated, as
shown in Fig. 7. It was found that the catalytic ability of

the CNTs/FezO4 NPs particle electrodes was affected by pH
value. After 30 min of reaction, the degradation ratios corre-
sponding to pH 7, pH 3, pH 5, and pH 9 were 70.5, 69.7, 73.6
and 44.2 % respectively. There were no obvious differences
for degradation of MB in neutral and acid medium. Thus this
3D E-Fenton system can work well within a wide pH range
compared with classic Fenton’s reagents. One report indi-
cates that the near CNT surface pH is at least two units lower
than the bulk pH [5]. That is the reason for better degrada-
tion of MB when pH was 5. CNTs could activate molecule
oxygen to simultaneously electrochemically reduce oxygen
into hydrogen peroxide because of high electrical conductiv-
ities, and good absorption with gas. In addition, ions (Fe** or
Fe?t) would be partially dissolved from CNTs/Fe304 NPs
particle electrodes which could react with HO, producing
-OH radicals effectively.

4 Conclusion

In summary, a composite CNTs/FezO4 was prepared by
chemical co-precipitation. The Ti/SnO, anode by cathodic
electrodeposition method was fabricated. A novel 3D-E-
Fenton system with the composite CNTs/Fe3O4 as parti-
cle electrodes and Ti/SnO, as anode has been developed
to degrade MB. The 3D-E-Fenton system could efficiently
degrade of MB in 30 min; the degradation efficiency of MB
can attain 82 % at pH 5.

Cyclic voltammetric and impedance spectra experiment
revealed that Ti/SnO, anode had low impedance and good
stability after long-term run. CNTs could activate molecule
oxygen to simultaneously electrochemically reduce oxygen
into hydrogen peroxide and Fe3O4 could catalyze hydrogen
peroxide into hydroxyl radical. These two Fenton reagents
further reacted together to produce hydroxyl radicals. The
3D-E-Fenton system is expected to have potential applica-
tion in waste water treatment due to its excellent degradation
efficiency, stability of CNTs/Fe304 NPs, repeat utilization
and no secondary pollution.
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