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A novel coupled system using Co–TiO2 was successfully designed which combined two
different heterogeneous advanced oxidation processes, sulfate radical based Fenton-like
reaction (SR-Fenton) and visible light photocatalysis (Vis-Photo), for degradation of organic
contaminants. The synergistic effect of SR-Fenton and Vis-Photo was observed through
comparative tests of 50 mg/L Rhodamine B (RhB) degradation and TOC removal. The
Rhodamine B degradation rate and TOC removal were 100% and 68.1% using the SR-Fenton/
Vis-Photo combined process under ambient conditions, respectively. Moreover, based on
XRD, XPS and UV-DRS characterization, it can be deduced that tricobalt tetroxide located on
the surface of the catalyst is the SR-Fenton active site, and cobalt ion implanted in the TiO2

lattice is the reason for the visible light photocatalytic activity of Co–TiO2. Finally, the
effects of the calcination temperature and cobalt concentration on the synergistic
performance were also investigated and a possible mechanism for the synergistic system
was proposed. This coupled system exhibited excellent catalytic stability and reusability,
and almost no dissolution of Co2+ was found.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
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Introduction

Advanced oxidation processes (AOPs), which can rapidly destroy a
wide range of recalcitrant organic compounds in wastewater, have
emerged as an attractive alternative to conventional waste water
treatment (e.g., coagulation/flocculation and active sludge technol-
ogies). Such effective removal of aquatic hazardous substances is
ascribed to generation of highly reactive transient species (e.g., UOH)
by variousmeans (e.g., UV/O3, UV/H2O2, Fenton and photocatalysis).
The hydroxyl radical (UOH) exhibits approximately nonselective
cn (Fangying Ji).

o-Environmental Science
reactivity toward diverse organic molecules and can degrade
organic pollutants into CO2 and H2O theoretically (Buxton et al.,
1988; Shen et al., 2007, 2009). However, different AOPs usually have
different treatment requirements, which means high operation
cost and confines the applicationof individual technologies. Instead
of using a single AOT, the combination of two or more AOPs to
produce a synergistic effect has been found to be effective in
enhancing the performance of individual processes as well as
being cost-effective (Rey et al., 2011). For instance, when homoge-
neous Fenton is combined with TiO2-photocatalysis, the pollutant
jes
c.a
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removal efficiency is enhanced (Quici et al., 2005; Selvamet al., 2007;
Lee et al., 2003). However, simple combination of iron-Fenton
with TiO2-photocatalysis still requires acidic pH and UV irradia-
tion; moreover, the resulting iron-sludge also means high disposal
cost.

In recent years, a new Co(II)/KHSO5 homogenous/heterogeneous
Fenton-like catalysishas beendeveloped (Anipsitakis andDionysiou,
2004), which exhibited a much higher degradation efficiency than
traditional iron-Fenton in a wider pH range, from 2 to 9 (Anipsitakis
et al., 2006). Now, the process is referred to as the sulfate radical
based Fenton-like reaction (SR-Fenton), since themain active species
of this system is sulfate radical (SO4

U−). The SO4
U− radical has been

demonstrated to have a higher standard reduction potential (2.5–
3.1 V) than UOH (1.8–2.7 V) at neutral pH (Chan and Chu, 2009), hence
the SR-Fenton may overcome the pH limitation of conventional
Fenton. On the other hand, among a number of TiO2 modification
studies, we also find the utilization of cobalt to enhance its photo-
catalytic activity or extend the photoresponse of TiO2 into the visible
light region (Vis-Photo). For example, Le et al. (2012) reported water
splitting using a Co-doped TiO2 composite under visible light. Thus,
the transition metal Co is a common factor in these two AOTs,
and we could hypothesize that the coupling of Co and TiO2 could
possibly form a kind of catalyst that possesses both SR-Fenton and
Vis-Photo catalytic activities. Furthermore, a heterogeneous com-
bined SR-Fenton/Vis-Photo system based on this catalyst could be
built to eliminate organic pollutants in water.

In this studywe synthesized a Co–TiO2 nanocatalyst using a sol–
gel method, and the dye Rhodamine B (RhB) was used as a model
pollutant. The synergistic effect of SR-Fenton and Vis-Photo was
observedwhen Co–TiO2, KHSO5 and visible irradiation were present
simultaneously. This effect resulted in dramatic kinetic enhance-
ment in RhB oxidation and TOC removal at neutral pH. Moreover,
the cobalt concentration and calcination temperatures influenced
the synergistic performance greatly.
c.c
n

1. Experimental

1.1. Chemicals and materials

Cobalt nitrate (Co(NO3)2·6H2O) was purchased from Chengdu
Kelong Chemical Reagent Co., Ltd., Chengdu, China. Tetra-
n-butyl titanate (C16H36O4Ti) was obtained from Shanghai
Qiangshun Co., Ltd., Shanghai, China. Rhodamine B (RhB) was
obtained fromTianjinGuangfu FineChemical Research Institute,
Tianjin, China. KHSO4 was purchased from Aladdin Chemical
Reagent Co., Ltd., Shanghai, China. All chemicals used in this
study were analytical grade reagents and were used as received
without further purification. Deionized water was used in the
present work.

1.2. Preparation of Co–TiO2 nanoparticles

Co–TiO2 catalysts were prepared by a sol–gel method. A
stoichiometric amount of tetrabutyl titanate and citric acid
was dissolved in ethanol to formsolutionA; Co(NO3)2 (dissolved
in deionized water first) was also dissolved in ethanol to form
solution B. Then solution B was added to solution A drop by
drop with continuous stirring. After gelation, the solids were
aged for 48 hr, and the gels were dried in an oven at 110°C to
remove water. Finally, the catalysts were calcined in a furnace
at 400, 500 or 600°C for 6 hr with a ramp rate of 10°C/min. The
molar percentages of Cowere 0.5%, 1.0% and 1.5%, respectively.
The resulting Co–TiO2 catalysts were labeled as XCo–YTiO2,
 c.a

where X stands for themolar percentage of Co and Y stands for
the calcination temperature. The preparation procedure of pure
TiO2 catalyst was the same as that for Co–TiO2.

1.3. Degradation experiment

The catalytic activity tests of three systems (Co–TiO2/KHSO5,
Vis/Co–TiO2 and Vis/Co–TiO2/KHSO5) were evaluated in terms
of RhB degradation. RhB, a typical toxic dye, is relatively
stable to visible light irradiation (Ma and Yao, 1999) and its
absorption spectrum is not influenced by pH variation sig-
nificantly in aqueous solutions (Sridharan and Park, 2013).
Therefore, it is widely used to assess the catalytic activity of
Fenton- or photo-catalysts (Wang and Zhang, 2011; Gao et al.,
2013; Liu et al., 2012). All the experiments were performed in a
glass cylindrical reactor containing 500 mL of RhB solution
with pH adjusted to 7.0 using 0.5 mol phosphate buffer (Liu
et al., 2012; Goulden and Anthony, 1978) and placed on a
magnetic stirrer plate. The temperature of the reaction
solution was kept at 25 ± 2°C by an external cooling water
system in the Photo and SR-Fenton/Vis-Photo processes. (1)
SR-Fenton (Co–TiO2/KHSO5): after the addition of 0.5 g of Co–
TiO2 catalyst (1.0 g/L), the solution was allowed to reach
adsorption equilibrium between the catalyst and RhB (there
was no appreciable RhB adsorption on the surface of the
samples, Fig. S1). Then, KHSO5 was added into the solution at
[KHSO5]: [RhB] molar ratio of 4:1. To measure the degradation
rate of RhB during 2 hr of reaction, 2 mL samples were with-
drawn at specified time intervals and quenched with 2 mL of
methanol to prevent further reaction. (2) Vis-Photo (Vis/Co–
TiO2): the photocatalytic experiments were conducted under
ambient atmospheric conditions. The artificial visible light
source was a 1000 W Xe arc lamp (Yaming, Shanghai, China)
illuminating the top of the reactor from 10 cm distance in a
light-shielded box. All the UV light with wavelength shorter
than 420 nm was removed by a cut-off filter (JB420, Shanghai,
China). In order to ensure adsorption equilibrium, the solution
was stirred for about 45 min in the dark first. (3) SR-Fenton/
Vis-Photo (Vis/Co–TiO2/KHSO5): the experimental conditions
and test methods were the same as (1), with the 1000 W Xe arc
lamp with light filter (λ ≥ 420 nm) as the light source.

1.4. Reaction quenching study

In order to classify the types of active radicals present in the
reaction system and their role, quenching tests were carried
out to determine the active radicals. Two different types of
alcohols, viz., ethanol and tertiary butanol, were used as
quenching reagents with different concentrations. Ethanol is
capable of quenching both sulfate and hydroxyl radicals as it
has a high reactivity towards both radicals, whereas tertiary
butanol mainly reacts with hydroxyl radical and much more
slowly with sulfate radical (Shukla et al., 2010; Ji et al., 2011).

1.5. Stability and reusability of the catalyst

The stability and reusability of the catalysts were evaluated in
three aspects: (1) structural stability of the catalyst; (2) cobalt
leaching from the catalyst; (3) catalytic activity over multiple
runs. So, the spent catalyst was recovered from the reaction
jes
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mixture by filtration and washed thoroughly with deionized
water and dried at 80°C for reuse. In order to evaluate the
structural stability of the catalyst, the crystallographic
structure of the fresh and spent catalyst (2 hr × 5 runs) was
investigated by XRD. Furthermore, the surface composition of
the catalyst was tested by XPS. Five recycling runs of the Co–
TiO2 catalyst (1.0Co–500TiO2) were conducted, and the cata-
lyst was recycled under the same reaction conditions to
evaluate the reusability of the Co–TiO2 catalyst. After every
run, the suspensions were centrifugated and the catalyst was
collected, washed thoroughly, and dried in an oven at 80°C
before the next round.

1.6. Characterization and analytical methods

The cobalt mass fractions of the fresh samples were mea-
sured by an X-ray fluorescence spectrometer (PPM-100%,
Baird, USA). The crystallographic structure and phase compo-
sition of Co–TiO2 catalysts was investigated with an X-ray
diffractometer (XRD-6000, Shimadzu, Japan) with Cu Kα (λ =
1.5406 Å) radiation. The crystallite size was calculated by the
Scherrer equation (Eq. (1)) (Anderson and Bard, 1995) and the
phase content of samples was measured by the reference
intensity ratio (RIR) method (Eq. (2)) (Hiller, 2000).

τ ¼ Kλ
β cos θ

ð1Þ

where,

τ is size of the ordered (crystalline) domains;
K is a dimensionless shape factor;
λ is X-ray wavelength;
β is the line broadening at half themaximum intensity

(FWHM);
θ is Bragg angle.

RIRi;s ¼
Xs

Xi

� �
I hldð Þi
I hldð Þ0s

" #
Irel hldð Þ0s
Irel hldð Þi

" #
ð2Þ

where,

X is weight fraction,
I is intensity,
Irel is relative intensity and the subscripts i and s indicate

phase i and the standard phases, respectively.

An ASAP-2010 (Micromeritics, USA) surface area and
porosimetry analyzer was used to determine the Brunauer–
Emmett–Teller (BET) surface area of the catalysts. The mor-
phology of the catalysts was measured by an environmental
field emission scanning electronmicroscope (FEI, USA) equipped
with a EDS system. In order to determine the chemical states on
the catalyst surface, an X-ray photoelectron spectroscope
(Amicus, Shimadzu, Japan) with Mg Kα X-ray source was used.
UV–vis diffuse reflectance spectra and three-dimensional
excitation–emission matrix fluorescence spectra were obtained
under atmospheric conditions using a UV–vis spectrophotome-
ter (UV3010, Hitachi, Japan) equippedwith an integrating sphere
attachment and a fluorescence spectrophotometer (F-7000,
Hitachi, Japan). The band gap energy (Eg) of 1.0Co–500TiO2 was
calculated using the Kubelka–Munk function (Eq. (3)) (Liu et al.,
2008; Ganesh et al., 2012; Cao et al., 2013):

αhνð Þ1=2 ¼ A hv−Eg
� � ð3Þ

where, Eg is the optical band gap of the catalyst and A is a
constant.

The degradation samples were centrifugated at 4500 r/min
for 15 min and the RhB concentrationwas analyzed using aUV–
vis spectrophotometer (UV3010, Hitachi, Japan) at the wave-
length of 552 nm. The concentration of KHSO5 was analyzed by
a titration method (Liang et al., 2007). Total organic content
(TOC) present in the sampleswas determined using aMulti N/C
2100 analyzer (Analytik Jena, Germany). Moreover, the cobalt
leaching with time was monitored by an atomic absorption
spectrometer (Hitachi 180-80, Japan). All chemicals used in this
studywere analytical grade reagents andwere used as received
without further purification. Deionized water was used in the
present work. All measurements were repeated three times
and the resultswere reproduciblewithin the experimental error
(±3%).
c.a

2. Results and discussion

2.1. Co–TiO2 catalyst characterization

Fig. 1 represents XRD spectra of pure TiO2 and Co–TiO2

samples, which were prepared with different cobalt concen-
trations (Ccobalt) and calcination temperatures (Tcal). In TiO2

the relative abundance of rutile and anatase phases strongly
depends on the thermal treatment. The XRD pattern (Fig. 1a)
shows a single phase for calcination at 400°C (anatase) and
600°C (rutile) respectively. However, the anatase and rutile
phases coexisted in pure TiO2 and Co–TiO2 at 500°C. Thus,
500°C can be considered as the phase transition temperature
in our tests. In addition, with the increase of Tcal, the per-
centage of rutile phase increased gradually (Table 1), the
diffraction peaks became sharper, the crystallite sizes
(Table 1) became larger and the crystalline quality clearly
improved. However, the cobalt seemed to inhibit the anatase
to rutile phase conversion and elevated the content of the
anatase phase (Fig. 1b, Table 1). When Ccobalt was 1.0%, the
anatase percentage reached a maximum (70.6%). This shift in
the anatase–rutile phase transition on addition of cobalt
provides evidence for structural cobalt doping. No diffraction
peaks of cobalt oxide phases were detected. This indicates
either that the concentration of cobalt oxide formed in the
samples was too low to be measured or that the cobalt ions
were doped into the TiO2 lattice. Since the Co2+ ionic radius
(0.65 Å) is smaller than that of Ti4+ (0.69 Å) (Liu et al., 2008),
the decrease in the lattice constants with cobalt concentration
increasing from 0% to 1.5% (Table 2) also indicates that part of
the cobalt ions were successfully incorporated into the host
TiO2 matrix.

The morphology of the Co–TiO2 samples was investigated
by FESEM. The particles were ball-like (Fig. 2a) with average
diameter of about 20 nm. This is very similar to the crystal
size data calculated by the Scherrer equation (Table 1). EDS
jes
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Fig. 1 – XRD patterns of Co–TiO2 with different calcination temperatures (a) and Co–TiO2 with different cobalt contents (b).
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(Fig. 2b) clearly shows the main elemental composition of Co,
Ti, C, and O. The cobalt mass fractions of in fresh catalysts
were measured by X-ray fluorescence spectroscopy (XRF) and
are shown in Table 3. The specific surface area (SBET) values
are listed in Table 1. High temperature calcination severely
reduced SBET, but cobalt doping appeared to enlarge it with
increasing concentration. As shown in Fig. S1, all samples
reached RhB adsorption equilibrium within the first 40 min,
and the maximum adsorption was only 8.0%. Thus, there was
no appreciable RhB adsorption on the surface of Co–TiO2. All
RhB degradation efficiency data shown in this paper have
been corrected for the by the catalysts.

2.2. Catalytic activity of Co–TiO2

Comparative experiments of RhB degradation were carried
out to test the catalytic activity of the prepared Co–TiO2
Table 1 – Structural property of catalysts.

Sample SBET a (m2/g) Crystallinity (%)

TiO2, 500°C 10.5 67.4
1.0Co–400TiO2 65.0 17.8
0.5Co–500TiO2 22.1 75.4
1.0Co–500TiO2 28.4 69.3
1.5Co–500TiO2 33.8 66.2
1.0Co–600TiO2 2.6 65.1

a SBET: BET specific surface area.
b (101) for anatase TiO2, (110) for rutile TiO2.
catalysts. The degradation of 50 mg/L of RhB as a function of
reaction time is shown in Fig. 3. As shown in Fig. 3a,
adsorption in the dark and visible light direct photolysis did
not cause a significant loss of RhB. It was also seen that,
approximately 33.5% of RhB was degraded in 120 min for the
case of Dark/KHSO5 or Vis/KHSO5. Thus, the visible light
cannot enhance the oxidation of RhB with KHSO5. Fig. 3b
illustrates the degradation tests for KHSO5 only, SR-Fenton,
Vis-Photo and SR-Fenton/Vis-Photo processes. The degrada-
tion rate reached 77.3% using the SR-Fenton and 45.7% in the
Vis-Photo at neutral pH, which were both higher than the
KHSO5 alone; moreover, the RhB was degraded completely
(100%) in the combined system within the first 80 min. It was
revealed that the combined effect of Fenton and photo-
catalysis enhanced the removal of RhB significantly. In order
to observe this synergistic effect more clearly, the RhB initial
concentration was increased to 100 mg/L. From Fig. 3c, we
jes
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Table 2 – Cell parameters of the samples.

Sample Phase Cell parameters

a b c

TiO2, 500°C Anatase 3.7951 3.7951 9.4438
Rutile 4.5861 4.5861 2.9589

1.0Co–400TiO2 Anatase 3.7904 3.7832 9.4325
Rutile / / /

0.5Co–500TiO2 Anatase 3.7942 3.7942 9.4429
Rutile 4.5852 4.5852 2.9580

1.0Co–500TiO2 Anatase 3.7930 3.7930 9.4400
Rutile 4.5832 4.5832 2.9577

1.5Co–500TiO2 Anatase 2.7917 2.7917 9.3980
Rutile 4.5798 4.5798 2.9543

1.0Co–600TiO2 Anatase / / /
Rutile 4.5922 4.5922 2.9682
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were surprised to find that the efficiency of the SR-Fenton/
Vis-Photo system for RhB oxidation exceeded the sums of the
efficiencies of the two individual systems, SR-Fenton plus
Vis-Photo.

As the ultimate aim of advanced oxidation technology is to
oxidize the organic pollutants to CO2 and H2O completely,
TOC removal efficiency is the accepted standard for evalua-
tion of a new AOT. In contrast with 44.1% removal by
SR-Fenton and 18.6% by Photo, the combined process reached
68.1% TOC removal rate, when the initial RhB concentration
was 50 mg/L (Fig. 4). Furthermore, when the initial concen-
tration was doubled, the TOC removal rate followed the same
trend as RhB degradation. So, we can say the synergistic effect
not only enhanced the RhB degradation, but also promoted
the TOC removal remarkably. Therefore, two conclusions can
be reached: (1) The Co–TiO2 catalyst was demonstrated to
have both SR-Fenton and visible light photocatalytic activity
at neutral pH; (2) The SR-Fenton/Vis-Photo combined process
showed a synergistic effect in the combination of SR-Fenton
reaction and visible light photocatalysis.

Why does Co–TiO2 have SR-Fenton and visible light
photocatalytic activity simultaneously? We investigated the
chemical and optical properties of Co–TiO2 catalysts using XPS
and UV–vis DRS spectra. XPS measurements were used to
investigate the oxidation states of cobalt on the surface of the
(c)  

0

C

a

Fig. 2 – FESEM images (a) and EDS
Co–TiO2 catalyst. As shown in Fig. 5a, there are two strong
symmetric peaks centered at 458.1 and 463.8 eV, which are in
agreement with the binding energies of Ti 2p3/2 and Ti 2p1/2,
respectively (Liu et al., 2008; Huang et al., 2009; Ganesh et al.,
2012; Ding et al., 2012). This confirms that Ti is present as Ti4+.
The broad and asymmetric O 1s peak can be fitted by two
nearly Gaussian components, centered at 529.7 and 531.7 (Liu
et al., 2008; Huang et al., 2009; Ganesh et al., 2012; Ding et al.,
2012) (Fig. 5b). The first peak on the low BE side of the O 1s
spectrum (529.7 eV) was assigned to the O2− ions in the lattice
oxygen species from TiO2 and Co3O4, and a shoulder at the
higher binding energy of 531.7 eV to surface hydroxyl groups
(i.e., Ti–OH and Co–OH) that are ubiquitous in air-exposed
cobalt oxidematerials (Yang et al., 2007). Fig. 5c shows the XPS
spectrum of the Co 2p region. We can find two major peaks
with binding energies at 780.2 and 796.2 eV in the Co 2p XPS
spectra, corresponding to Co 2p3/2 and Co 2p1/2, respectively,
which is characteristic of a Co3O4 phase (Ganesh et al., 2012;
Ding et al., 2012; Yang et al., 2007; Lu et al., 2011; Shi et al.,
2012). During preparation of the catalyst, the white color of
TiO2 was changed to a green color with addition of cobalt,
which indicated the deposition of cobalt oxide on the surface
of the TiO2 particles (Long et al., 2006). The color of the Co–
TiO2 composite powders became darker and darker with
increasing cobalt concentration and calcination temperature.
Compared to the spectrum of pure TiO2, new absorption
bands appeared between 400–800 nm in the Co–TiO2 samples,
which means that the band gap absorption onset was
extended into the visible light region, with an absorption
fringe between 760–800 nm (Fig. 6a and b). This obvious red
shift should be attributed to the substitution of Co2+ for Ti4+

in the crystal lattice. Thus, a portion of the Co2+ ions were
incorporated into the TiO2 lattice and an impurity energy level
was formed. The absorption bands at 200–400 nm are due to
the charge transfer from the valence band to the conduction
band of TiO2. As previously reported (Jayakumar et al., 2009;
Kim et al., 1994), the absorption band in the visible light
region 520–700 nm can be assigned to the 2E(G), 4T1(P),
2A1(G) → ground state 4A2(F) transitions for high-spin Co2+

(3d7) in tetrahedral coordination. The absorptions at 420 and
700 nm for Co–TiO2 can be assigned to the 1A1g → 1T2g and
1A1g → 1T1g transitions of Co3+ ions in octahedral symmetry
jes
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spectrum (b) of 1.0Co–500TiO2.
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Table 3 – Homogenous processes by leached Co2+ from the catalysts.

Sample Mass fraction of
cobalt a (%)

Concentration of leached
Co2+ b (mg/L)

Leached cobalt percentage
of total cobalt c (%)

Degradation efficiency
of RhB (%)

1.0Co–400TiO2 0.653 0.365 5.42 66.7
0.5Co–500TiO2 0.344 0.051 1.48 8.2
1.0Co–500TiO2 0.688 0.110 1.60 23.3
1.5Co–500TiO2 1.022 0.231 2.25 41.5
1.0Co–600TiO2 0.713 0.007 0.10 6.0

a Mass fraction of cobalt: tested by XRF, and calculated with 1.0 g catalysts.
b Concentration of leached Co2+: tested by AAS.
c Leached Co2+ percentage of total cobalt: calculated with 1.0 g catalysts and by the equationpercentage ¼ CL

CT
� 100%; CL = leached cobalt content

(mg), CT = total cobalt content in the fresh catalysts (mg).
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(Zayat and Levy, 2000). The band gap energy (Eg) of 1.0Co–
500TiO2 was calculated using the Kubelka–Munk function.
The value was 1.56 eV for 1.0Co–500TiO2 (Fig. 6b, insert). Based
on the analysis above, it can be predicted that the Co–TiO2

catalyst should possess visible photocatalytic activity, and
this has been proved by experiment.

2.3. Effect of cobalt concentration (Ccobalt)

The RhB degradation performance of Co–TiO2 with different
Ccobalt in Co–TiO2/KHSO5, Vis/Co–TiO2 and Vis/Co–TiO2/KHSO5
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Fig. 3 – Degradation curves of RhB under different conditions. (a)
[KHSO5] = 0.4 mmol, [Cata] = 1.0 g/L, pH = 7.0, 25°C, 2 hr; (c) 1.0C
[KHSO5] = 0.4 mmol, [Cata] = 1.0 g/L, pH = 7.0, 25°C, 2 hr.
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processes is illustrated in Fig. 7. In general, the higher Ccobalt

is, the faster and more complete the decay of RhB in the
SR-Fenton (Co–TiO2/KHSO5) process. Higher Ccobalt will
generate more active sites (Co3O4) for KHSO5 decomposition,
thus the degradation efficiency increases (Shi et al., 2012;
Anipsitakis et al., 2005; Muhammad et al., 2012). However,
1.0% Ccobalt appears to be the most efficient in the Photo (Vis/
Co–TiO2) process. When Co–TiO2 is excited by visible light, the
cobalt ions incorporated into the TiO2 lattice have two
functions: one is to trap photo-excited electrons and holes
(ecb−/hvb+); another is to induce impurity energy levels near the
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and (b) 1.0Co–500TiO2 used, [RhB] = 50 mg/L (0.1 mmol),
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conduction band as well as the valence band edge of TiO2

(Ram et al., 2011). But only appropriate Ccobalt levels will
promote electron–hole pair separation effectively. If the
concentration is lower (e.g., 0.5% in our tests), there are
insufficient traps, otherwise, the cobalt ion will serve as an
electron–hole recombination center. In order to characterize
the separation/combination of photo-excited electrons and
holes in Co–TiO2, a three dimensional excitation–emission
matrix fluorescence (EEM) was used to investigate the photo-
luminescence spectra (PL spectra) of the catalysts (Hu et al.,
2009). The combination of photo-excited electron–hole pair
will make the photocatalyst emit fluorescence (Xu, 2010), so
the EEM spectrum of a system can be considered the result of
electron–hole separation, electron phonon scattering and
electron–hole combination. From Fig. S2, two strong peaks at
Ex/Em 275/305 nm and Ex/Em 230/305 nm seen in all spectra
are the characteristic spectra of TiO2, and the fluorescence
intensity reflects the behavior of electron–hole separation/
combination (Xu, 2010). The weaker the fluorescence emitted,
the easier it is for electrons and holes to separate. Compared
to pure TiO2 (Fig. S2a), the fluorescence intensity of 1.0Co–
500TiO2 diminished noticeably, but that of 1.5Co–500TiO2

increased. Therefore, the quantum efficiency of 1.0Co–
500TiO2 was the highest. Apart from this, as pointed out by
many investigators, the photocatalytic activity of anatase
TiO2 is better than rutile phase, thus the better photocatalytic
activity of 1.0Co–500TiO2 may be partly owing to the higher
percentage of anatase phase (Table 1). The RhB degradation
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Fig. 6 – UV–vis DRS of pure TiO2 (a) and 1.0Co–500TiO2 (b).
efficiency of the combined process also changed with Ccobalt

(Fig. 7c), but the synergistic effect was not shown when using
0.5Co–TiO2 and 1.5Co–500TiO2. This result indicates that 1.0%
is the optimal cobalt concentration.

2.4. Effects of calcination temperature

As shown in Fig. 8, SR-Fenton, Photo and SR-Fenton/Vis-Photo
combined processes were affected by calcination temperature
(Tcal). Many investigators have demonstrated that the activity of
a heterogeneous SR-Fenton catalyst is positively relatedwith its
SBET and leached ion concentration. Thus, the SR-Fenton
activity of Co–TiO2 shows the order: 1.0Co–400TiO2 > 1.0–
500TiO2 > 1.0Co–600TiO2. However, the photocatalytic activity
of Co–TiO2 catalysts did not follow the same trend. 1.0Co–
400TiO2 showed almost no photocatalytic activity (except for
adsorption). Thismay ascribe to its lower crystallinity (Table 1),
whichwould result in less effective separation of photo-excited
electrons and holes. The 1.0Co–500TiO2 showed better photo-
catalytic activity because a moderate Tcal is beneficial for
crystallization, and the mixed anatase–rutile crystal structure
of this catalyst can promote separation of photo-excited
electrons and holes (Fig. 1, Table 1). At 600°C, the TiO2

transformed into the rutile phase completely, the crystal size
became larger and the SBET decreased severely (Fig. 1 and
Table 1). All of these are harmful for photocatalysis of RhB.
Therefore, the order of photocatalytic activity is 1.0Co–
500TiO2 > 1.0–600TiO2 > 1.0Co–400TiO2. Having both relatively
jes
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Fig. 7 – Effect of cobalt concentration (Ccobalt) on the degradation efficiency of RhB. Conditions: [RhB] = 50 mg/L (0.1 mmol),
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better SR-Fenton and photocatalytic activity made 1.0–500TiO2

perform better in the combined Fenton–Photo process. So, the
optimal calcinations temperature is 500°C.

2.5. Contribution of the homogenous process

There is still controversy concerning the catalytic mechanism
of some heterogeneous SR-Fenton processes. Many investiga-
tors have pointed out that the catalytic activity of heteroge-
neous SR-Fenton catalysts, such as Fe3O4 and Fe2O3, were
partly due to leached Fe2+ ions. So, we have a reason to believe
that the SR-Fenton activity of Co–TiO2 may also, to some
extent, originate from leached cobalt ions. To rule out the
possibility that the observed catalytic activity was caused by
the leaching of the prepared catalyst, the particles were
removed by centrifugation to obtain a leaching solution. The
concentrations of leached cobalt ions of Co–TiO2 found by
using AAS are listed in Table 3. A homogeneous process
experiment was carried out using the same concentration of
cobalt ions that were leached out from the catalysts. The
homogeneous reaction (Co2+/KHSO5) contributes more when
Ccobalt is 1.5% and Tcal is 400°C. When using 1.0Co–400TiO2, the
RhB removal rate of the homogeneous process was 66.7%, and
the rate of the heterogeneous system was 86.6%, thus its
catalytic activity may be mostly attributed to the Co2+ ions.
However, the degradation efficiency of the homogeneous
process using 1.0Co–500TiO2 was 23.2%, which was much
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Fig. 8 – Effect of catalyst calcination temperature on the degradat
[KHSO5] = 0.4 mmol, [Cata] = 1.0 g/L, pH = 7.0, 25°C, 2 hr.
less than the 100% removal achieved in the heterogeneous
system. Therefore, its catalytic activity wasmostly ascribed to
the Co–TiO2 catalyst but not the dissolved cobalt ions. Finally,
we can find that visible light did not obviously affect the RhB
removal efficiency in the homogeneous Co2+/KHSO5 process
(Fig. S3).

2.6. Catalyst reusability

The important factors for the economic viability and environ-
mental compatibility of Co–TiO2 are its reusability and
stability. The reuse of the best sample (1.0Co–500TiO2) was
tested and shown in Fig. 9. The activity of the catalyst (RhB
degradation efficiency and TOC removal) dropped slightly
with repeated runs. This is mainly due to poisoning of the
catalyst by reaction by-products formed in the pollutant
breakdown, which are adsorbed onto the surface of the
catalyst. Another reason is the agglomeration of the catalyst
during the centrifugation process during recovery, as ob-
served for other heterogeneous catalysts (Li and Zhang, 2010).
So, the best sample was found to have good reusability.

2.7. Stability of Co–TiO2

The stability includes both the structural stability of the
catalyst and cobalt leaching from the catalyst. The extent of
cobalt loss from fresh catalysts in the Vis/Co–TiO2/KHSO5
jes
c.a

c.c
n0 80 100 120 0 20 40 60 80 100 120

20

40

60

80

100

TiO2

TiO2

TiO2

 

e (min)

Vis/Co-TiO2/KHSO5

 1.0Co-400TiO2

 1.0Co-500TiO2

 1.0Co-600TiO2

R
em

ov
al

 e
ff

ic
ie

nc
y 

(%
)

Time (min)

ion efficiency of RhB. Condition: [RhB] = 50 mg/L (0.1 mmol),

http://www.jesc.ac.cn


0 100 200 300 400 500 600
0.0

0.2

0.4

0.6

0.8

1.0
CL = 0.10 mg/LCL = 0.11 mg/LCL = 0.11 mg/LCL = 0.10 mg/LCL = 0.11 mg/L
RTOC = 62.5%RTOC = 64.2%RTOC = 65.3%RTOC = 67.2%

C
/C

0

Time (min)

1st 2nd 3rd 4th 5th

RTOC = 68.1%

Fig. 9 – RhB degradation, TOC removal and Co2+ leaching
in the tests of recycled Co–TiO2 catalyst. Condition:
1.0Co–500TiO2 used, [RhB] = 50 mg/L (0.1 mmol), [KHSO5] =
0.4 mmol, [Cata] = 1.0 g/L, pH = 7.

2448 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 2 6 ( 2 0 1 4 ) 2 4 4 0 – 2 4 5 0
process is listed in Table 3. In addition, Fig. S3 shows the
Co2+ leaching of Co–TiO2 with time. The Co2+ leaching of all
samples stabilized after 40 min, except for 1.0Co–400TiO2.
Furthermore, the cobalt loss extent of 1.0Co–400TiO2 among
the five samples was also the most severe. This phenomenon
should be due to its poor crystallinity, thus causing low
mechanical strength. Thus, low Tcal will result in poor
stability. Relatively speaking, the samples calcined at 500
and 600°C had good stability. We also monitored the Co2+

leaching concentration of the best sample (1.0Co–500TiO2) in 5
runs of reuse (Fig. 9) and the structure change with XRD
(Fig. S4a). It was observed that Co–TiO2 maintains its
crystalline structure, without any changes in the position
and intensity of the major diffraction peaks. The concentra-
tion of the dissolved cobalt ions from Co–TiO2 in five runs did
not fluctuate notably. Finally, the lack of significant change
in the surface condition of Co–TiO2 before and after the
Visible light 

Co-TiO2

Co3O4

VB 
h+

e-

Co2+ doped 

impurity level 

Energy levels KHSO5

H2O 

Fig. 10 – Model of Co–TiO2 catalyst. (1) A part of Co2+ ions doped
Co–TiO2 can be excited by visible light; (2) a part of Co2+ ions forme
to generate SO4

U−.
reaction was supported by the XPS (Fig. S4b–d) analysis. So,
the stability of 1.0Co–500TiO2 is good.

2.8. Model of the catalyst and mechanism of the SR-Fenton/
Vis-Photo combined system

Activation of KHSO5 with cobalt usually generates two major
kinds of radical, viz., UOHand SO4

U−. Fig. S5 shows the rate of RhB
oxidation under the influence of the quenching reagents
ethanol and tertiary butanol. Ethanol is widely used as the
scavenger of UOH and SO4

U−while tertiary butanol is an effective
quenching agent for UOH only. In the absence of alcohol
additive, about 82.7% of RhB was degraded. However, a 46.3%
and a 31.4% drop in the degradation efficiencywere observed in
the presence of ethanol and tertiary butanol, respectively. The
addition of tertiary butanol decreased the degradation efficien-
cy of RhB significantly, indicating that UOH was responsible for
the removal of RhB. Considering that tertiary butanol is a
scavenger of UOH and its reactivity towards SO4

U− is inefficient,
the degradation of RhB in the presence of tertiary butanol could
be primarily ascribed to SO4

U−. The further decrease in degrada-
tion efficiency in the presence of ethanol as UOH and SO4

U−

scavenger confirmed the existence of SO4
U−. The results

provided evidence for the involvement of both UOH and SO4
U−

mechanisms in the Vis/Co–TiO2/KHSO5 process. The oxidation
capability of this combined radical system may be more
powerful than a single one.

What role did Co, TiO2 and KHSO5 play in the SR-Fenton/
Vis-Photo combined system? First, from Fig. 10, a part of Co2+

is incorporated into the TiO2 lattice and the remaining Co3O4

is immobilized on the surface of TiO2. TiO2 is the best support
on which to load the Co3O4, as their interaction is relatively
strong (Yang et al., 2008). The cobalt in Co3O4 appears in two
oxidation states (Co(II) in CoO and Co(III) in Co2O3), and that is
why Co–TiO2 has SR-Fenton activity (Eqs. (4) and (5)).

Co2þ þHSO−
5→Co3þ þ SO4

�− þ OH− ð4Þ
Co3þ þHSO−

5→Co2þ þ SO5
�− þ OHþ ð5Þ
jes
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RhB + •OH/

•OH

SO4•− → small organic → CO2 + H2O

RhB + h+ → small organic →CO2 + H2O

SO4•−

SO4•−

KHSO5

into TiO2 lattice and the impurity level was formed, so the
d Co3O4 on the surface of TiO2, so Co–TiO2 can activate KHSO5

http://www.jesc.ac.cn


2449J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 2 6 ( 2 0 1 4 ) 2 4 4 0 – 2 4 5 0
Some cobalt ions are doped into the TiO2 lattice, the 3d orbital
of cobalt incorporated into TiO2maynarrow the band gap, so that
Co–TiO2 catalysts possess visible light photocatalytic activity. In
addition, the electron (hole) transfer between the cobalt ions and
TiO2 can reduce ecb−/hvb+ recombination (Eqs. (6) and (7)).

Co3þ þ ecb
−→Co2þ ð6Þ

Co2þ þ hvb
þ→Co3þ ð7Þ

So, the photocatalytic activity was enhanced effectively
and the separation also makes VB holes more available for
oxidation of adsorbed organic compounds, and for oxidation
of surface hydroxyl groups and adsorbed water molecules to
form UOH (Eqs. (8) and (9)).

hvb
þ þH2O→ �OHþ Hþ ð8Þ

hvb
þ þ OH−→ �OH ð9Þ

Apart fromCo and TiO2, KHSO5 also plays a significant role
in the SR-Fenton/Vis-Photo combined system. As observed in
Fig. S6, an interesting observation was made in regard to the
change in KHSO5 concentration. Visible light promoted the con-
sumption of KHSO5, suggesting that photocatalysis decomposed
more KHSO5. KHSO5 can be used as an electron acceptor, as has
been reported by some researchers, so we have a reason to
believe that KHSO5 also enhances the photocatalytic perfor-
mance of Co–TiO2 by inhibiting photo-excited electron–hole pair
recombination, and it also means more SO4

U− and UOH may be
generated (Eqs. (10)–(12)).

HSO5
− þ ecb

−→SO4
�− þ OH− ð10Þ

HSO5
− þ ecb

−→ �OHsþ SO4
2− ð11Þ

SO4
�− þH2O→SO4

2− þ �OHþ Hþ ð12Þ

Consequently, we can say that the synergistic effect observed
in SR-Fenton/Vis-Photo combined systemarises from themutual
promotion of heterogeneous SR-Fenton and Vis-Photo reactions.
3. Conclusions

A Co–TiO2 catalyst was prepared using a sol–gel method. It
has both SR-Fenton and visible light photocatalytic activity
for the degradation of Rhodamine B at neutral pH. So, it can
be defined as a type of bifunctional catalyst. In the simulta-
neous presence of Co–TiO2, KHSO5 and visible light, a new
heterogeneous combined SR-Fenton/Vis-Photo system was
formed and a synergistic effect of SR-Fenton and visible light
TiO2-photocatalysis was observed. This study may provide a
useful route to develop new types of AOTs for degradation of
organic pollutants.
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