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inyue  Hu, Juan  Yang,  Jingdong  Zhang ∗

ollege of Chemistry and Chemical Engineering, Huazhong University of Science and Technology, Luoyu Road 1037, Wuhan 430074, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 26 May 2011
eceived in revised form 29 August 2011
ccepted 5 September 2011
vailable online 10 September 2011

a  b  s  t  r  a  c  t

A  novel  magnetic  nanomaterials-loaded  electrode  developed  for photoelectrocatalytic  (PEC)  treatment
of pollutants  was  described.  Prior  to electrode  fabrication,  magnetic  TiO2/SiO2/Fe3O4 (TSF)  nanoparti-
cles  were  synthesized  and  characterized  by  X-ray  diffraction  (XRD),  transmission  electron  microscopy
(TEM)  and  FT-IR  measurements.  The  nanoparticles  were  dispersed  in  ethanol  and  then  immobilized  on
eywords:
iO2/SiO2/Fe3O4

agnetic loading
hotoelectrocatalysis
iclofenac

a graphite  electrode  surface  with  aid  of  magnet  to  obtain  a  TSF-loaded  electrode  with  high photoelec-
trochemical  activity.  The  performance  of  the  TSF-loaded  electrode  was  tested  by  comparing  the  PEC
degradation  of  methylene  blue  in the  presence  and  absence  of  magnet.  The  magnetically  attached  TSF
electrode  showed  higher  PEC  degradation  efficiency  with  desirable  stability.  Such  a  TSF-loaded  elec-
trode  was  applied  to PEC  degradation  of  diclofenac.  After  45  min  PEC  treatment,  95.3%  of  diclofenac  was
degraded  on  the  magnetically  attached  TSF  electrode.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Over past decades, TiO2 has been extensively utilized as an
fficient photocatalyst for the removal of pollutants from wastew-
ter [1,2]. However, practical applications of slurry photocatalyst
o wastewater treatment are usually limited because a costly
nd difficult post-treatment process is required to separate slurry
iO2 from treated water. To overcome this problem, magneti-
ally separable composite photocatalysts such as TiO2/Fe3O4 and
iO2/SiO2/Fe3O4 (TSF) have been prepared and applied to the
egradation of pollutants [3–7]. Alternatively, preparation of TiO2
lm by immobilizing photocatalyst onto various solid supports
as also been considered as an effective method to overcome the
eparation problem of slurry TiO2 [8–13]. Unfortunately, the immo-
ilized TiO2 film reduces the reaction surface area of catalyst and
hus decreasing the degradation efficiency, as compared with the
lurry catalyst. To improve the photocatalytic efficiency of TiO2
lm, photoelectrocatalytic (PEC) technique by applying an exter-
al bias potential on TiO2 film-coated electrode has been developed
14].

For PEC electrode, the catalyst must be firmly adhered to

he solid support to keep high stability of electrode and allow
acile electron transfer between catalyst and electrode. Traditional
EC electrodes prepared from TiO2 sol–gel are generally treated

∗ Corresponding author. Tel.: +86 27 87792154; fax: +86 27 87543632.
E-mail address: zhangjd@mail.hust.edu.cn (J. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.009
with high temperature to reinforce the adherence of catalyst to
the electrode surface [15–18].  Recently, magnetic loading has
been developed for constructing electrochemical sensors [19,20].
To prepare magnetic electrode, magnetic Fe3O4–SiO2 core–shell
bio-nanoparticles have been prepared and immobilized on the
electrode surface with the help of magnetic force [21]. A novel
electrochemical-sensing platform based on the magnetic loading of
CNT/Fe3O4 composite on electrodes for the detection of hydrogen
peroxide has been demonstrated [22].

As a group of emerging contaminants, pharmaceuticals and
personal care products (PPCPs) have received considerable atten-
tion in recent years. PPCPs are regarded as potentially hazardous
compounds since many of them are ubiquitous, persistent and bio-
logically active compounds with endocrine disruption functions
[23]. Diclofenac is a widely used non-steroidal anti-inflammatory
drug. It has been one of the most frequently detected PPCPs in water
environment at concentrations up to 1.2 �g/L [24]. Advanced oxida-
tion processes such as photocatalysis [24], UV [25], UV/H2O2 [26],
photo-Fenton [27,28],  ozonation [26,29,30],  and sonolysis [31,32]
have been applied to the removal of diclofenac from polluted
water.

In this work we reported a novel magnetic composite
nanomaterials-loaded electrode with photoelectrochemical activ-
ity, which was  fabricated by immobilizing TSF nanoparticles on the

electrode surface with aid of magnet. The magnetic force between
external magnet and TSF nanoparticles allowed a desirable adher-
ence of catalyst to the electrode. Such a TSF-loaded electrode was
successfully applied to the PEC degradation of diclofenac.

dx.doi.org/10.1016/j.jhazmat.2011.09.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhangjd@mail.hust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.09.009
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. Experimental

.1. Chemicals

FeCl3·6H2O, FeSO4·7H2O, tetraethoxysilane (TEOS), tetrabutyl
rthotitante (TBOT), sodium dodecyl sulfate (SDS), methylene
lue (MB) and Na2SO4 were obtained from Sinopharm chemical
eagent Co. (Shanghai, China). Diclofenac sodium was obtained

rom Sigma Chemical Reagent Co., USA. Multi-walled CNTs (diam-
ter 20–30 nm,  length 1–10 �m)  provided by Nanjing University
Nanjing, China) were pretreated in a mixture of concentrated nitric
cid/sulfuric acid (1:3, v/v) with ultrasonication for 8 h, swilled to
eutral and then dried at 60 ◦C. Other chemicals such as HCl, H2SO4,
H3·H2O (25 wt%), NaAc, HAc, Na2HPO4, NaH2PO4, dimethylfor-
amide (DMF), cetyltrimethylammonium bromide (CTAB) and

thanol were of analytical grade. Doubly distilled water was  used
n all experiments.

.2. Preparation of Fe3O4, SiO2/Fe3O4 and TSF nanoparticles

The magnetite nanoparticles were prepared by the co-
recipitation method. Typically, 60 mL  mixture of iron salts with

 molar ratio (FeCl3: FeSO4) of 1:2 was prepared in the presence of
.5% SDS. A concentrated solution of 25 wt% NH3·H2O was added
rop-by-drop with stirring until pH 10. The reaction mixture was
eated at 40 ◦C for 30 min, then separated with magnet and swilled
o neutral. The obtained Fe3O4 particles were washed with ethanol
or three times followed by drying at 80 ◦C under vacuum for
1 h.

SiO2/Fe3O4 (SF) was prepared using a modified sol–gel process.
n this process, a suspension of the synthesized Fe3O4 nanoparticles
0.4 g) was diluted by a mixture of the precursor of TEOS (11 mL)
nd ethanol (60 mL), followed by the drop-by-drop addition of a
ixture of 25 wt% NH3·H2O (8 mL)  and ethanol (40 mL)  with stir-

ing at room temperature for 6 h. The product was  separated with
agnet, washed with ethanol and dried at 60 ◦C for 8 h.
Coating SF with TiO2 was also carried out using the sol–gel tech-

ique. Briefly, the suspension with SF particles (0.5 g), TBOT (5 mL)
nd ethanol (20 mL)  was prepared and ultrasonic for 10 min. Then, a
ixture of 1.5 mL  H2O, 0.1 mL  hydrochloric acid and 20 mL  ethanol
as added drop-wise to the SF suspension under vigorous stirring

t 40 ◦C until gel was formed. The product was dried at 80 ◦C to
vaporate ethanol, and then ground into powder and calcined at
50 ◦C for 1 h.

.3. Preparation of magnetically attached TSF electrode

Typically 50 mg  of TSF was dispersed in 1 mL  of ethanol to give
 50 mg/mL  suspension with the aid of ultrasonic agitation. Prior
o modification, the graphite electrode surface (2 cm × 4 cm)  was
olished with emery papers, ultrasonically washed in ethanol and
istilled water for several minutes and then dried with nitrogen
as. A Nd–Fe–B magnet (3500 Gauss, 2 cm × 4 cm × 0.5 cm,  Ying-
hen Magnet Co., China) enwrapped with a layer of PVC thin film
as glued to the back of the working surface of graphite and then

20 �L of 50 mg/mL  TSF suspension was coated on the working
urface of electrode and dried in air. The PVC film could avoid the
ontact of magnet with solution when the magnetically attached
SF electrode was utilized in electrolyte solution.

.4. Apparatus and procedures
XRD patterns were measured using a diffractometer (X’ pert
RO, PANalytical B.V., the Netherlands) with radiation of a Cu target
Ka, � = 0.15406 nm). TEM observation was performed on a JEM-
00CXII TEM instrument (JOEL Ltd., Japan) operated at a 100 kV
Fig. 1. Diagram of PEC degradation experimental setup using magnetically attached
TSF electrode.

accelerating voltage. The FT-IR spectra were measured with an
Equinox 55 FTIR spectrophotometer (Bruker Co., Germany). The
concentration of MB  was measured by monitoring the absorbance
at the maximum absorption wavelength at 660 nm with a UV-
2000 UV-visible spectrometer (Shanghai Unico Instruments Co.,
China).

The PEC degradation experiments were performed in a quartz
photoreactor containing 100 mL  sample solution. The magnetically
attached TSF electrode was placed in the photoreactor as the work-
ing electrode (W.E.). A platinum wire and a saturated calomel
electrode (SCE) were used as the counter electrode (C.E.) and ref-
erence electrode (R.E.), respectively. All the potentials were versus
SCE. The electrochemical measurements were carried out using a
CHI 660A potentiostat (Shanghai Chenhua Instrument Co., China).
A 15 W low pressure Hg lamp with a major emission wavelength of
253.7 nm was used for UV irradiation. The experimental setup for
PEC degradation of pollutants was illustrated in Fig. 1.

The voltammetric measurements were performed in a 10 mL
conventional three-electrode electrolytic cell. A CNT-modified
glassy carbon electrode described as our previous report [33], a
platinum wire and a SCE served as the working, auxiliary and
reference electrodes, respectively. For voltammetric analysis of
degraded diclofenac, 1.0 mL  sample was taken out of the photore-
actor, and diluted with 8.0 mL  doubly distilled water and 1.0 mL  of
1.0 mol/L H2SO4, and then analyzed in the electrolytic cell using the
CNT-modified electrode. The chemical oxygen demand (COD) value
was  determined using the traditional dichromate method [33].

LC/MS analysis was  carried out in a Finnigan LTQ XL linear
ion trap mass spectrometer (Thermo Fisher, USA). The degrada-
tion product of diclofenac was  separated by Ultimate 3000 (Donex,
USA) liquid chromatography using an Acclaim 120 C18 column,
250 mm × 4.6 mm,  with 60–80% CH3CN (0–7 min), 80% CH3CN
(7–25 min) as eluent. The flow rate was 2.5 mL/min. The detec-
tion wavelength was set at 365 nm.  The mass spectrometer was
equipped with an electrospray ionization (ESI) source. The source
voltage was  set at the 3.5 kV value. The tuning parameters adopted

for ESI source were the following: source current 100.00 �A, cap-
illary voltage −35.00 V, capillary temperature 250.00 ◦C, tube lens
offset −200.00 V, sheath gas flow 20.00 L/min, auxiliary gas flow
6.00 L/min.
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Fig. 2. (A) XRD patterns, (B) TEM images and (C) FT-IR spe

. Results and discussion

.1. Surface characterization of TSF nanoparticles

Fig. 2A shows the XRD patterns for pure Fe3O4, SF and TSF
anoparticles. As can be seen, the characteristic peaks at 2� = 30.4◦,
5.6◦, 43.2◦, 53.8◦, 57.2◦ and 62.9◦ for pure Fe3O4 nanoparticles
gree well with those XRD patterns of Fe3O4 nanoparticles in the
iterature [34–36],  indicating a cubic spinel structure of magnetite.
he XRD pattern of SF particles is similar to the pattern of Fe3O4

ut shows an obvious diffusion peak at 2� = 15–25◦, generally con-
idered as the diffusion peak of amorphous silica. For the sample of
SF particles, several diffraction peaks at 25.4◦, 37.8◦, 48.1◦, 54.1◦,
5.2◦, 68.8◦, 70.3◦, 75.2◦ reveal the formation of anatase TiO2. At the
r Fe3O4 (a), SF (b) and TSF (c) nanoparticles (bar: 140 nm).

same time, the TEM images of three types of prepared particles are
shown in Fig. 2B, which indicate the diameter of Fe3O4 nanoparti-
cles are increased after it is coated with SiO2 layer. While the second
layer of TiO2 is coated on SF, the size of nanoparticles is further
enlarged up to 120 nm. Fig. 2C compares the FT-IR spectra of these
particles. For Fe3O4, the absorption band at 568 cm−1 corresponds
to the Fe–O vibration from the magnetite phase [37]. While SiO2
is coated on Fe3O4, the absorption bands at 1093, 807, 466 cm−1

are observed due to the stretching and deformation vibrations of
Si–O–Si. For TSF, the absorption bands in the range from 500 to

900 cm−1 relating to the stretching vibration of Ti–O–Ti bond are
clearly observed while the band at 1093 cm−1 corresponding to the
asymmetric stretching vibration of Si–O–Si disappears due to the
coat of TiO2 in the outlayer.
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Fig. 3. (A) Effect of different dispersants including (a) ethanol, (b) DMF, (c) 0.5% CTAB, (d) 0.5% SDS and (e) water on the photocurrent response of magnetically attached
TSF  electrode in 0.1 mol/L Na2SO4 at a bias potential of +0.8 V. (B) Comparison of MB  degradation efficiency by different processes. PEC: UV + TSF + 0.8 V; PC: UV + TSF; EC:
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SF  + 0.8 V; P: UV. (C) Degradation curves of magnetically attached TSF electrode w
egradation cycles using the magnetically attached TSF electrode. Error bars were d

.2. PEC activity of magnetically attached TSF electrode

To obtain a high-performance TSF electrode, the influence of
ifferent dispersants such as 0.5% SDS, 0.5% CTAB, DMF, water and
thanol on the photocurrent response of magnetically attached
SF electrodes was measured in an aqueous solution of 0.1 mol/L
a2SO4 by applying +0.8 V anodic bias potential. As shown in
ig. 3A, the result clearly indicates that all these magnetically
ttached TSF electrodes sensitively respond to the UV illumination.
owever, the response is dispersant-dependent. The photocurrent

s only ca. 15 �A on the electrode coated with water-dispersed
SF. While DMF, 0.5% SDS, or 0.5% CTAB was used as dispersant
nstead of pure water, the photocurrent is improved to ca. 30 �A.
he photocurrent response is dramatically improved to ca. 85 �A
n the TSF-loaded electrode prepared using ethanol as dispersant.
his difference arises from the dispersion of TSF nanoparticles. In
queous suspension, TSF nanoparticles tend to aggregate due to
heir high surface energy [38]. The aggregation of TSF nanoparticles
educes the surface area of catalyst to absorb UV illumination, lead-
ng to low photocurrent response. When surfactants such as SDS
nd CTAB are present in suspension, surfactant molecules adsorbed
o TSF nanoparticles diminish the aggregation of nanoparticles
y modifying their electrostatic, hydrophobic and steric interac-
ions [39]. While TSF is dispersed in DMF, this organic solvent
ith high dielectric constant forms an electrical double-layer struc-

ure on TiO2, which decreases the interfacial surface energy and

mproves the dispersibility of TSF nanoparticles [40]. In compar-
son, ethanol is the most efficient dispersant for ultrafine TSF
anoparticles due to the formation of a solvent layer on the particle
urface which markedly reduces the repulsive potentials between
 (a) and with (b) magnet. (D) 100 min  degradation efficiencies for MB  in successive
d from three repeated measurements.

particles [41,42]. Accordingly, ethanol was  selected as the dis-
persant to prepare TSF electrodes in the following degradation
experiments.

MB is an effective organic dye for evaluating the photocatalytic
(PC) or PEC activity of semiconductor materials. Thus, the PEC
degradation performance of TSF-loaded electrode was  investigated
using MB  as the model pollutant. The degradation experiments
were carried out in a solution containing 0.1 mol/L Na2SO4 and
5 mg/L MB.  Fig. 3B compares the PEC removal of MB on the mag-
netically attached TSF electrode with other degradation techniques
such as photocatalysis (PC), electrochemical oxidation (EC), and
direct photolysis (P). The results are described as the variation of
the removal efficiency (C0 − C)/C0 with degradation time t, where
C0 is the initial concentration of MB,  and C is the concentration of
MB at time t. It is found that the 100 min  removal efficiencies for
MB by PC, EC and P processes are 18.1%, 11.7% and 11.9%, respec-
tively. In comparison, the PEC process provides the most efficient
way  to the degradation of MB.  By PEC, 33.4% of MB is degraded after
100 min  treatment.

The role of magnetic loading was  clarified by comparing the
degradation efficiencies for MB on TSF electrodes with and without
an external magnet (Fig. 3C). It is observed that at the ini-
tial degradation time less than 20 min, the difference between
two degradation curves is not noticeable. However, with further
increasing the degradation time, the magnetically attached TSF
electrode shows obviously higher degradation efficiency. For exam-

ple, the 100 min  degradation efficiency of MB  on the TSF electrode
without magnet is only 27.3%; whereas the efficiency is improved
to 33.4% on the magnetically attached TSF electrode. This differ-
ence can be attributed to the good adherence of TSF nanoparticles
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o the electrode surface by the attraction of magnet. While in the
bsence of magnet, many TSF particles peel off from the electrode
urface during the long-time PEC degradation process, leading to
he reduced degradation efficiency. To check the stability of the

agnetically attached TSF electrode, several successive PEC degra-
ation experiments were carried out. As can be seen from Fig. 3D,
he degradation efficiency only shows a slight decrease in several
EC degradation cycles, demonstrating the desired stability of such

 magnetically attached TSF electrode. Moreover, the graphite elec-
rode was also stable and we did not observe dissolution of graphite
uring the long-time degradation process. Thus, graphite electrode
as selected as support for TSF loading.

.3. Application of magnetically attached TSF electrode to the PEC
egradation of diclofenac

The magnetically attached TSF electrode was applied to study
he PEC degradation of diclofenac. Considering that diclofenac
as an electroactive molecule and CNT-based voltammetry could
rovide a cheap and useful analytical tool for studying the pol-
ution control [33,43],  we developed a voltammetric method
sing a CNT-modified electrode to monitor the degradation of
iclofenac during the PEC treatment. Fig. 4A shows the voltam-
etric response recorded on the CNT-modified electrode, which
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iclofenac and peak current. Error bars were derived from three repeated measure-
ents.
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Fig. 5. (A) Degradation efficiency curves for 1.0 × 10−3 mol/L diclofenac in 0.1 mol/L
Na2SO4 with different techniques. (B) Comparison between COD removal efficiency

and diclofenac degradation efficiency treated by PEC technique. Error bars were
derived from three repeated measurements.

is linearly increased with the concentration of diclofenac from
1.0 × 10−6 to 1.0 × 10−4 mol/L (Fig. 4B). The linear regression equa-
tion is expressed as ip(�A) = 1.479 + 138.6c (mmol/L) (correlation
coefficient r = 0.9963). Such a calibration curve was employed
to evaluate the degradation efficiency of diclofenac. Typically,
diclofenac was  degraded on the TSF electrode for appropriate time,
and then 1.0 mL  of sample was  taken out of the reactor and added in
electrolytic cell containing suitable supporting electrolyte to ana-
lyze the concentration of diclofenac by voltammetric measurement
on the CNT-modified electrode. Fig. 5A illustrates the degrada-
tion efficiency curves for 1.0 × 10−3 mol/L diclofenac with different
techniques. The result indicates that 59.1% of diclofenac is degraded
after 60 min  UV irradiation. When the magnetically attached TSF
electrode is employed to degrade diclofenac, the degradation effi-
ciency reaches 77.3% after 60 min  UV irradiation, meaning the
photocatalysis of TSF film towards diclofenac. While +0.8 V and
UV irradiation are simultaneously applied on the magnetically
attached TSF electrode, the degradation efficiency of diclofenac is
improved to 95.3% after 45 min  treatment, indicating the effective
PEC degradation of diclofenac on this magnetic electrode. However,
the COD removal efficiency is only 47.8% after 45 min  PEC treatment
(Fig. 5B), almost half of the degradation efficiency. The difference
between the degradation efficiency determined by voltammetry
and COD analysis indicates that mineralization of diclofenac is slow
and many diclofenac molecules are quickly degraded to form inter-

mediates during the PEC process. Thus, prolonging the PEC treat-
ment time is necessary for further oxidation of diclofenac and its
degradation intermediates to achieve the complete mineralization.
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Fig. 6. LC-MS spectra of (A) diclofena

To understand the PEC degradation mechanism of diclofenac on
his magnetic electrode, the main degradation intermediate after
0 min  PEC treatment was separated by HPLC and identified with
SI-MS. Fig. 6 compares the LC/MS spectra of diclofenac and its PEC
egradation intermediate. The mass spectrum of diclofenac pro-
uces a molecular ion at m/z 294 and a fragment ion at m/z 250
Fig. 6A). While for the degradation intermediate of diclofenac, the
pectrum shows a molecular ion at m/z  258 and a fragment ion
t m/z  214 (Fig. 6B). The difference of 36 between the degradation
ntermediate and diclofenac is due to the loss of chlorine and hydro-
en atoms, consistent with the proposal by Cavalheiro [44]. Based
n this result, the mechanism of PEC oxidation of diclofenac by
ydroxyl radical can be proposed. In the first step, photogenerated
lectrons and holes over TiO2 are obtained when TSF is irradiated
ith UV light [45].

iO2
hv−→e− + h+ (1)
Then, holes react with H2O or OH− to form hydroxyl radicals.

+ + H2O → H+ + •OH (2)
m/z

(B) its PEC degradation intermediate.

h+ + OH− → •OH (3)

While +0.8 V potential is applied, diclofenac is electro-oxidized
on the TSF-loaded electrode to form a radical cation [46].

NH

CO2H

Cl Cl
+ e-NH

CO2H

Cl Cl

+.

(4)

At the same time, the applied anodic bias potential drives photo-
generated electrons to the counter electrode through the external
electric circuit, which reduces the recombination of electrons and
holes. Thus, more hydroxyl radicals according to reaction (2) or (3)
are obtained to oxidize diclofenac radical cation.

CO2H
NH

CO2H

Cl

+     OH + H2O + Cl-.NH
Cl Cl

+.

(5)
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Such an oxidation intermediate of diclofenac can undergo fur-
her reactions and ring cleavage to form small molecular derivatives
nder hydroxyl radical attack, which is eventually mineralized to
O2, Cl−, H2O and NH3.

. Conclusions

Magnetic TSF core–shell nanoparticles were synthesized and
oaded on the electrode surface with the aid of an external mag-
et. A series of experiments were carried out to study the PEC
ctivity of magnetically attached TSF electrode. It was  found that
ispersant had a prominent effect on the performance of the
repared TSF electrode and the ethanol-dispersed TSF electrode
howed high photoelectrochemical activity. For such a magnetic
anoparticles-loaded electrode, the external magnetic force kept
SF nanoparticles firmly adhered to the electrode and allowed
fficient electron transfer between catalyst and electrode, leading
o high PEC degradation efficiency and desirable stability during
ong-time degradation process. Based on this TSF-loaded elec-
rode, effective PEC degradation of diclofenac was  obtained. Our
ork demonstrates that magnetic loading of TSF nanoparticles on

lectrode surface provides a new strategy for preparing photoelec-
rochemical electrode with high stability, which could be applied
o the PEC degradation of organic pollutants.
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