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a b s t r a c t

The photocatalytic degradation of 2-chlorophenol (2-CP) irradiated with visible light over iodine doped
TiO2 (IT) modified with SnO2 (SIT) nanoparticles has been investigated in this study. The structure
and optical properties of the SIT catalysts have been well characterized by X-ray diffraction, the
Brunauer–Emmett–Teller method, transmission electron microscopy, UV–visible absorption spectra and
X-ray photoelectron spectroscopy. The effects of preparation conditions, such as SnO2 content and cal-
eywords:
iO2

nO2

odine
hotocatalysis
-Chlorophenol

cination temperature, on the photocatalytic degradation efficiency have been surveyed in detail. The
improved photocatalytic activity of SIT is derived from the synergistic effect between the SnO2 and IT,
which promoted the efficiency of migration of the photogenerated carriers at the interface of the catalysts
and thereby enhanced the efficiency of photon harvesting in the visible region. The action of scavengers
(fluoride ion, iodide ion, tert-butyl alcohol, and persulfate ion), as well as N2 purging on the photodegrada-
tion rate reveal that the valence band hole is mainly responsible for the effective photocatalytic removal

ding
of 2-CP and the correspon

. Introduction

The semiconductor photocatalysts have attracted great interest
ver the past decade because of their unusual optical and electri-
al properties and their application as alternatives for hydrogen
eneration and air purification, as well as water disinfection and
urification [1–4]. Among various oxide semiconductor photocat-
lysts, titanium dioxide (TiO2) nanostructures are recognized to
e the most suitable candidates for widespread applications in
nvironmental purification and remediation [1,3,4], owing to their
iological and chemical inertness, high photocatalytic efficiency,

ow cost, and photostability against photocorrosion and chemical
orrosion. Unfortunately, the photocatalytic activity (PA) of TiO2
as been largely limited to the UV light region, using approxi-
ately 5% of the sunlight available [5,6]. Therefore, considerable
ffort needs to be made to modify the TiO2 materials in order to
roaden the photoresponse to longer wavelength.

The photocatalytic process originates from the generation of
harge carriers under light irradiation, producing electrons and
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holes in the conduction band (CB) and valence band (VB), as a result
of photoexcitation of TiO2. Those holes diffuse to the TiO2 surface
and react with pre-adsorbed H2O/OH− to yield HO•. Oxygen can act
as an electron acceptor to produce superoxide radical ions (O2

−•),
which are spontaneously transformed to H2O2 and HO• [7–10].
Both active HO• and O2

−• are considered as the major oxidants in
the photocatalytic degradation. Nevertheless, a high e−–h+ recom-
bination rate (∼10 ns) certainly reduces the quantum efficiency
and represents the major drawback for applications using TiO2
[8–10]. Hence, considerable attention has been paid to decreasing
the recombination rate of electron–hole pairs so as to achieve good
photocatalytic performance.

Recently, a novel class of visible-light-activated iodine-doped
TiO2 photocatalyst (IT) has been reported by some groups, which
might enhance the PA of TiO2 under visible or UV–visible light irra-
diation [11–14]. Earlier studies asserted that the iodine in TiO2
is in the form of negatively charged iodine (I−) and heptavalent
iodine (I7+) species produced via the disproportionation of IO3

−

(4IO3
− → 3IO4

− + I−). Since the ionic radius of I− (0.216 nm) is much
larger than that of O2− (0.124 nm) or Ti4+ (0.068 nm), substitution
of Ti4+ or O2– in the lattice with the IO4

–/I– species does not occur,
as concluded by Su et al. [14]. Nevertheless, there are conflicting
accounts of the form of the doped iodine ion. Some researchers
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ropose that the iodine exists mainly as I5+ in the TiO2 lattice pre-
isely because of similarity of its ionic radius [11,13]. Liu et al.
ad reported that the coexistence of I–O–I and I–O–Ti structures
an change the surface structure on account of the release of local
train energies, which are responsible for the wider range visible
ight response exhibited in anatase TiO2 [15]. In any case, doped
odine can show stronger absorption, with a red shift in the band
ap transition and higher PA than pure TiO2 or P25 [11–15].

Furthermore, if TiO2 is mixed with another semiconductor
hose CB is at a lower potential than TiO2, the electrons present

n the CB of TiO2 can be transferred to the second semiconduc-
or and the recombination rate comes down [16]. The TiO2–SnO2
ystem seems to be the pair of choice because of the structural
nalogy between both oxides. Though the band gap of TiO2 (3.2 eV)
s lower than that of SnO2 (3.8 eV), the CB edge of TiO2 (ECB = 0 V
ersus NHE at pH 7.0) is above the CB edge of SnO2 (ECB = −0.5 V
ersus NHE at pH 7.0) [16–21]. The CB of SnO2 acts as a sink for
hotogenerated electrons transferring from TiO2 to SnO2, help-

ng the photogenerated holes to move in the opposite direction
o escape recombination with each other, and thereby increasing
he efficiency of charge separation [19].

To the best of our knowledge, there is a systematic discrep-
ncy in the description of the synergistic effect of the IT catalyst
nd tin oxide on the degradation of pollutants under visible-light
rradiation. In this work, a new type of TiO2 photocatalyst, IT mod-
fied with SnO2 (SIT), has been synthesized and characterized by
-ray diffraction (XRD), Brunauer–Emmett–Teller (BET), transmis-
ion electron microscopy (TEM), UV–visible absorption spectra and
-ray photoelectron spectroscopy (XPS) analysis. The effect of SnO2
n the IT of the catalyst, evaluated using the photodegradation of
-chlorophenol (2-CP) as a probe reaction under irradiation with
isible light, is correlated with the calcination temperature and the
olar ratio of Sn/Ti. Finally, we discuss the possible active species

n the photocatalytic systems studied using several scavengers and
2 purging.

In the past few years, photocatalytic degradation of 2-CP has
een carried out over various TiO2 based catalysts [22–27]. 2-CP
as chosen as model target pollutant because it is widely used in

ndustry and daily life, and have caused considerable damage and
hreat to the aquatic ecosystem and human health [22,28].

. Experimental

.1. Materials

All chemicals were of analytical grade or higher and were used as
eceived. Iodic acid (HIO3), tin chloride (SnCl4), tetrabutyl titanate
Ti(BuO)4), and n-butyl alcohol (C4H9OH) as the starting mate-
ials were obtained from Huadong Medicine Co., China. Sodium
itrite (NaNO2) and 2-CP were purchased from Shanghai Jingchun
eagent Co., China. Potassium iodide (KI), tert-butyl alcohol (t-
uOH), sodium fluoride (NaF), and potassium persulfate (K2S2O8)
sed as scavengers were supplied by Huadong Medicine Co., Ltd.,
hina. Nitrogen (purity 99.99%) was provided by Hangzhou Jingong
pecial Gas Co., Ltd., China. Deionized water (18 M�) was used for
ll solutions.

.2. Synthesis of catalysts

The photocatalyst precursor solution was synthesized by means

f a hydrolysis method as follows: 7.5 mmol of SnCl4 source was
dded to 35 mL of C4H9OH and then mixed with 51 mL of Ti(BuO)4.
ater, the solution was added dropwise to 200 mL of 30 mM aque-
us iodic acid under magnetic stirring. After heating at 80 ◦C for
6 h in a temperature-controlled bath, the color of the mixture
aterials 189 (2011) 595–602

turned to yellow. Subsequently, the powder was dried in a vacuum
oven (DZG-6050SA, Shanghai Sumsung Laboratory Instrument Co.,
Ltd, China) at a temperature of 80 ◦C and a vacuum pressure of
0.1 MPa. Finally, the resulting dry powders were calcined in an oven
(CWF1100, Carbolite, UK) at a rate of 5 ◦C min−1 to 400 ◦C and held
at this temperature for 2 h, followed by cooling to room temper-
ature naturally. The final samples were used for the PA test and
characterization.

A series of samples was synthesized in the same way by chang-
ing the concentrations of SnCl4 and the calcination temperatures.
The catalysts are denoted as SITA-B, where A denotes the molar
ratio of Sn/Ti, expressed as a percentage, and B represents the cal-
cination temperature (◦C). 5% SnO2 on TiO2 (ST5) and IT were used
for control experiments.

2.3. Catalysts characterization

To determine the crystal phase and the crystallite size of
the photocatalysts, powder XRD patterns of these samples were
recorded using a Thermo ARL SCINTAG X’TRA diffractometer with
Cu K� radiation. The accelerating voltage and emission current
were 45 kV and 40 mA, respectively. The crystal phases were iden-
tified by comparison with JCPDS cards and the crystallite sizes
were calculated by X-ray line broadening analysis according to the
Debye–Scherrer formula.

Specific surface areas (SBET) of the samples were performed
using the BET method with a Micromeritics ASAP 2010 analyser by
measurement of the nitrogen adsorption–desorption isotherm at
77 K. The Barret–Joyner–Halenda (BJH) method was used to obtain
pore size distribution of the samples.

TEM images were recorded by ultrasonically dispersing the
powders in water prior to deposition on a carbon-coated TEM grid
and obtained on a JEOL-2010 microscope operating at an acceler-
ating voltage of 200 kV with a 0.19-nm point resolution.

UV–visible absorption spectra of samples were determined at
room temperature on a Spectro UV-2550 instrument equipped with
an integrating sphere accessory. BaSO4 was used as a standard
white board.

XPS examination was carried out on an RBD upgraded
PHI-5000C ESCA system (Perkin–Elmer) with Mg KR radiation
(1253.6 eV). All the binding energies were referenced to the C1s
peak at 284.6 eV of the surface adventitious carbon. Data were
analyzed using XPSPEAK4.1 software provided by Raymund W.M.
Kwok (The Chinese University of Hong Kong, China).

2.4. Photochemical experiments

Photocatalytic experiments were carried out in a cylindrical
Pyrex photoreactor (diameter 16 cm, height 20 cm). The cylindrical
reactor consisted of three parts. From inside to outside, the first part
is a 1000-mL water filter containing 2 M sodium nitrite hung with
a 400-W dysprosium lamp (Beijing Electric Light Sources Research
Institute, Beijing, China) with a similar spectrum to that of the sun.
The second part is an outside photoreactor with running water
passing through it to cool the reaction solution using a thermostat
(THD-2015, Tianheng Instrument Factory, Ningbo, China). Owing
to the continuous cooling, the temperature of the reaction solution
is maintained at approximately 22 ◦C and that of the filter solution
at 55 ◦C. At the start of the experiment, the reaction solution con-
taining 1.5 L of aqueous suspension with 0.25 mM 2-CP and 1.5 g

of catalyst is put in the reactor. The third part is a water-jacketed
reactor. For purging nitrogen gas experiments, cylindrical nitrogen
gas diffusers with coarse porosity were placed at the bottom of the
reactor. Nitrogen gas at a flow rate of 0.08 m3 h−1, controlled by a
rotameter, was used to give the desired oxygen level.
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ig. 1. XRD patterns of ST5, IT, SIT1-400, SIT5-400, SIT10-400, SIT5-500 and SIT5-600.

During each run, 5 mL samples were withdrawn at prede-
ermined intervals and then centrifuged and filtered through a
ypodermic syringe fitted with a 0.45 �m Millipore filter to remove
he catalyst particles. Quantitative analysis of 2-CP were evaluated
y the Agilent 1200 Series high-pressure liquid chromatogra-
hy (HPLC) equipped with an Agilent ZORBAX SB-C18 column
4.6 mm × 250 mm, 5 �m). 5 �L samples were injected on to the
olumn to determine the concentration of 2-CP. The flow rate was
.8 mL min−1 and the detection wavelength was 280 nm, using
ethanol/water (70:30, v/v) as the mobile phase.
Identification of the extent of mineralization was performed

o monitor TOC changes during photocatalysis by a total organic
arbon analyzer (TOC-VCPH; Shimadzu, Japan).

. Results and discussion

.1. Catalyst characterization

XRD is an effective method for identifying the phases. The effects
f the molar ratios of Sn/Ti and the calcination temperature on the
hase structure and composition are illustrated in Fig. 1. All the
eaks observed can be assigned to anatase (JCPDS card no. 21-1272)
nd rutile (JCPDS card no. 21-1276) phases. Unfortunately, no sepa-
ate discernible phases corresponding to SnO2 are seen. The relative
ntensities of the anatase and rutile diffraction peaks are different
or the samples obtained with different molar ratios of Sn/Ti and
ifferent calcination temperatures. The mass fraction of rutile (WR)

n the samples can be calculated by measuring the intensities of
he strongest (1 1 0) and (1 0 1) diffraction peaks of rutile (IR) and
natase (IA), respectively [12,29].

R = IR
0.886IA + IR

It can be seen from Table 1 and Fig. 1 that the intensity of peaks
ssigned to the rutile phase increased with SnO2 concentration,
uggesting that SnO2 can promote the appearance of the TiO2 rutile
hase and inhibit the formation of the anatase phase. This is in
greement with results reported previously [16,17,19]. During the
reparation of the catalyst particles, the nucleation barrier of the

IT is reduced by the presence of SnO2 grains, and the overgrowth
f crystalline TiO2 immediately occurs near the rutile SnO2, leading
o the generation of TiO2 rutile phase rather than anatase [30].

On the other hand, the increased calcination temperature can
nduce a phase transformation from anatase to rutile and accelerate
Fig. 2. Nitrogen adsorption–desorption isotherms and pore size distribution (inset)
of ST5, IT, SIT1-400, SIT5-400, SIT10-400, SIT5-500 and SIT5-600.

the growth of crystallites [29]. When the calcination temperature
increases to 500 ◦C, a progressive increase in the rutile phase occurs,
as indicated by the characteristic diffraction peaks centered at 27.4◦

(1 1 0). With further increase of the calcination temperature to
600 ◦C, the anatase phase disappears and completely transforms
to the rutile phase.

As estimated from the Debye–Scherrer equation (Table 1), the
crystallite sizes calculated from the XRD peaks of the crystal plane
(1 0 1) in anatase were 7.2 nm, 6.6 nm, 6.3 nm, 6.5 nm, 6.4 nm, and
8.1 nm for ST5, IT, SIT1-400, SIT5-400, SIT10-400 nm and SIT5-500,
respectively. Clearly, the addition of Sn reduced the crystal size of
the IT grains. The introduction of tin ions changes the surface charge
of the particles, separating them from each other and thereby
reducing the growth rate of the TiO2 sol particles. In other words,
the dopant SnO2 can inhibit grain growth by restricting the coales-
cence of some smaller neighboring grains. Therefore, smaller size
particles are most likely to be formed, as compared with IT [31]. Fur-
thermore, the crystallite sizes of the photocatalyst increases with
increasing sintering temperatures. Particles sintered at higher tem-
perature have high surface energy, and thus the particles are less
stable and can agglomerate to form larger particles.

The nitrogen adsorption–desorption isotherms and the corre-
sponding pore size distribution were measured to indicate the SBET
and pore structure of the resultant catalysts. According to the 1985
IUPAC classification [32], the results in Fig. 2 show that all samples
except ST5 are typical of a Type IV isotherm, which is characteristic
of mesoporous materials. Also, the hysteresis loops are a signature
of capillary condensation. By comparison, the ST5 sample forms an
open capillary of ink bottle shapes accounting for the hysteresis in
the adsorption–desorption isotherms [33].

SBET, average pore diameter, and pore volume of the samples are
summarized in Table 1. Generally, the SBET of SIT1-400, SIT5-400 and
SIT10-400 are higher than those of ST5 and IT calcined at 400 ◦C.
This is reasonable because the smaller crystal size usually shows
the higher surface area. Nonetheless, The SBET decreases gradually
with the SnO2 concentration increasing from 1% to 10%, indicating
that the SnO2 coverage of IT becomes higher, blocking the pores
of the IT [19]. At the same time, the data in Table 1 and Fig. 2
show that SBET and the peak of pore volume distribution curves
decrease sharply with the increase of calcination temperature, due

to crystallite growth or sintering [34].

TEM can directly image the structure of the material. Hence, TEM
observations were used to judge the crystalline structure and parti-
cle size of the SIT5-400 composite powder. The results are shown in
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Table 1
Refined physicochemical parameters for the prepared catalysts.

Samples SBET (m2 g−1) Crystalline phases (%)a Crystal size (nm) Pore diameter (nm) Pore volume (cm3 g−1) Indirect band gap (eV)

ST5 97.7 A82, R18 7.2 5.69 0.14 2.75
IT 159.9 A90, R10 6.6 6.54 0.26 2.71
SIT1-400 186.7 A90, R10 6.3 5.46 0.25 2.52
SIT5-400 167.2 A65, R35 6.5 7.35 0.31 2.43
SIT10-400 146.7 A30, R70 6.4 6.02 0.22 2.25
SIT5-500 77.2 A18, R82 8.1 12.7 0.24 2.54
SIT5-6OO 49.4 R100 – 16.5 0.20 2.69

a A and R denotes Anatase and Rutile, respectively.
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Fig. 3. TEM i

ig. 3. The SIT5-400 sample has a honeycomb porous structure with
ne particulate morphology, partly originating from inter-particle
orosity. The average particle size of SIT5-400 observed by TEM

mages is ∼7 nm, almost the same as the crystallite sizes calculated
y the Debye–Scherrer equation.

UV–visible absorption spectra is a particularly suitable tech-
ique to diagnose the band structure in the materials. Fig. 4 and
able 1 present the optical properties and band gaps of the cata-
ysts. The spectrum of ST5 and IT powders synthesized in this work

re also shown for comparison. All modified TiO2 powders have
n absorption edge that stretches into the visible region. The rea-
on for the absorption wavelength range red shifts of the ST5 can
robably be attributed to the partial phase transformation of TiO2
rom anatase to rutile [29]. The absorption measurements of IT sam-
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ig. 4. UV–visible absorption spectra of ST5, IT, SIT1-400, SIT5-400, SIT10-400, SIT5-
00 and SIT5-600.
of SIT5-400.

ple show dramatic and strong photo absorption. The coexistence of
I–O–I and I–O–Ti structures may account for the wider range visible
light response [15]. Thus, the absorption spectrum in the range of
wavelengths from 490 to 550 nm for SIT1-400, SIT5-400, and SIT10-
400 catalysts indicates that the visible light absorption is not only
due to the phase transformations but also the presence of the I–O–I
and I–O–Ti structures. In addition, the growth temperature also
affects the band gap of these particles. The band gap increases from
2.43 eV to 2.69 eV with increase in growth temperature from 400 ◦C
to 600 ◦C.

The XPS technique was employed to obtain a better understand-
ing of the chemical state of tin, iodine, and titanium atoms on the
catalysts surface. Fig. 5a shows wide-scan XPS spectra of the IT and
SIT5-400. The element C may originate from non-hydrolyzed alkoxy
groups, residual carbon from the precursor solution, or adventitious
hydrocarbons from XPS itself. The Sn 3d, Ti 2p3/2, and I 3d5 were
taken before and after all regions were scanned and the shape and
intensity were consistent within approximately 1% and the binding
energies were reproducible to within ±0.05 eV.

The Sn 3d5/2 and Sn 3d3/2 XPS spectrum is revealed in Fig. 5b. The
Sn 3d5/2 has a binding energy of 486.0 eV and the binding energy
of the Sn 3d3/2 was 494.2 eV which is in agreement with other data
[35]. A closer look at the Sn 3d5/2 shows no shoulder or split peak
and a small full width half maximum indicating high quality SnO2
(one component only). The atomic percent determined from the
XPS analysis for SIT5-400 shows carbon 25.5%, oxygen 53.0%, tita-
nium 18.4%, iodine 1.8% and tin 1.3%. The Sn/Ti ratio on the surface
(∼7%) is greater than 5%, illustrating that Sn is uniformly dispersed
on the TiO2 surface, since the XPS analysis is surface sensitive [5].

Fig. 5c exhibits signals obtained for the Ti 2p3/2 levels, suggesting
the existence of Ti3+ in addition to Ti4+ in the Ti 2p3/2 region. The

Ti3+/(Ti3+ + Ti4+) ratio of SIT5-400 (34.2%) is almost the same as that
of the IT sample (33.9%), certifying that Sn plays an insignificant
role in the production of Ti3+.

The I 3d5/2 core-level spectra for IT and SIT5-400 are presented
in Fig. 5d. Both samples exhibit two prominent peaks, at ∼620
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Fig. 5. XPS spectra of IT and SIT5-400 (a), as well as XPS s

nd ∼624 eV, assigned to the negatively charged iodine (I−) and
eptavalent iodine (I7+) species. Note that the surface Sn/I ratio
etected by XPS is ∼72%, which is significantly larger than the
riginal (25%), corroborating the existence of Sn on the surface of
T.

.2. Photocatalytic activity

To benchmark the PA of ST5, IT, SIT1-400, SIT5-400, SIT10-400,
IT5-500, SIT5-600, a series of experiments was conducted under
isible light irradiation to investigate the photocatalytic removal
f 2-CP and the corresponding TOC reduction (Fig. 6). Before het-
rogeneous photocatalytic experiments were performed, direct
hotolysis of 2-CP without a catalyst and adsorption of 2-CP on
IT5-400 catalyst were carried out to examine their effects on the
egradation of 2-CP. The results proved that ∼4% of the 2-CP ini-
ially introduced was adsorbed and the direct photolysis of 2-CP
as negligible.

As shown in Fig. 6a, the activity of the catalysts under visible
ight irradiation depended on the doping level and temperature.
ypically, the SIT5-400 showed the highest photoactivity with
88% of 2-CP removal, with only ∼48% and ∼72% for ST5 and IT,

espectively. The TOC reduction rate exhibited a similar trend to
hat of 2-CP removal.
The SnO2 content can influence the thickness of the superfi-
ial space-charge layer of IT. Only when the space-charge layer
hickness approximates the penetration depth of light into the
article, can the electron–hole pairs be effectively separated [36].
he enhanced activity of the SIT5-400 sample is attributed to the

Time (min)

Fig. 6. Comparison of the 2-CP removal (a) and TOC reduction (b) in the presence and
absence of various photocatalysts under visible light irradiation or in the presence of
SIT5-400 in the dark: initial 2-CP concentration, 0.25 mM; catalyst dosage, 1.0 g L−1;
reaction temperature, 22 ◦C.
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Fig. 7. Comparison of the 2-CP removal (a) and TOC reduction (b) in the presence
00 Z. He et al. / Journal of Hazard

fficient charge separation from IT to SnO2 because of the high dis-
ersion of SnO2 on IT. Since SnO2 is highly dispersed, both SnO2
nd IT nanoparticles are in close contact with each other, which has
profound influence on the transport mechanism of electrons and
oles [17]. The excited electrons and holes quickly move in opposite
irections to accumulate on the SnO2 and IT particles, respectively,
nd hence their recombination is greatly retarded [20]. In the case
hen the SnO2 content is too small (1 mol%), the high recombina-

ion rate of electron–hole pairs is due to the absence of adequate
raps. In contrast, when the doping quantity is very high (10 mol%),
he absorption of light and generation of electrons–holes is reduced.
hese analyses are consistent with the photocatalytic reduction
ctivity of the photocatalysts with visible light illumination.

The SIT5-500 and SIT5-600 particles had poorer photoactivity
ompared with SIT5-400. This indicates that the calcination tem-
erature has a great effect on the PA. The characteristic results
evealed that the rutile phase intensity and grain size increased
ith the calcination temperature, while the surface area gave oppo-

ite effects. Hence, we speculate that rutile is less favorable for PA,
hereas larger specific surface areas achieve better photoactivity

30,37–40].

.3. Dominant reactants during the degradation of 2-CP

To scrutinize the main oxidant in our photocatalytic system, we
nvestigated the effects of NaF, KI, t-BuOH, dissolved oxygen and
2S2O8 in the SIT5-400 suspensions on 2-CP degradation irradiated
y visible light.

Fluoride can be adsorbed on to the surface of TiO2 catalysts to
orm the F–Ti bond [41–43]. Thus, the addition of excess NaF largely
revents the adhesion of 2-CP on the surface of the catalysts, and
he formation of precursor complexes between catalysts and 2-CP is
estrained [41]. Comparison of the curves in Fig. 7 indicate that the
aF had a potential inhibitory effect on 2-CP degradation with SIT5-
00 catalyst, indicating that the removal of 2-CP is mainly a surface
harge process. In other words, 2-CP is preferentially adsorbed on
o the active sites of catalysts before photodegradation. Because
he 2-CP removal is the precondition for the whole process of pho-
odegradation, the mineralization rate was correspondingly slow
44].

Iodide ion is an excellent scavenger, which easily captures VB
ole and superficial HO• [45,46], reducing the available oxidizing
pecies on the catalyst surface for reacting with 2-CP. In aqueous
olution, the KI ionizes into iodide ions (I−) and potassium ions
K+). The following reaction pathway may occur, initiated by the
xidation of valence-band holes [45]:

− ↔ I• + e−

• + I− → I2•−

2
•− ↔ I2 + e−

The I2 aqueous solution displayed absorption below 690 nm,
ith two prominent absorption peaks at 287 nm and 353 nm, as
etermined by a UV–visible spectrophotometer. Hence, the quan-
itative determination of 2-CP by HPLC was interfered with after
he addition of KI. Thus TOC reduction was selected as the target
alue to match against the actual results. When 2.5 mM KI was used
s a diagnostic tool for suppressing the hole process and reduc-
ng superficial HO•, the TOC reduction of 2-CP was significantly

nhibited. Accordingly, the 2-CP degradation is caused chiefly by
he action of hvb

+ and/or superficial HO•.
The t-BuOH, a known HO• scavenger with a reaction rate con-

tant of 6.0 × 108 M−1 s−1, will cause a great decrease in the reaction
ate if the mechanism is controlled by HO• [44]. As shown in Fig. 7,
of SIT5-400 under visible light irradiation with scavengers in an air equilibrium
system, without scavengers in an air equilibrium system, and without scavengers in
a N2-purged system. Initial 2-CP concentration, 0.25 mM; catalyst dosage, 1.0 g L−1;
reaction temperature, 22 ◦C.

the HO• cannot be responsible for 2-CP removal since the addition
of 25 mM t-BuOH did not reduce the rate of 2-CP removal. From this
experiment, along with the test in the presence of KI, we concluded
that the hvb

+ over the photocatalyst was promoted as responsi-
ble for the degradation of 2-CP.The role of oxygen is commonly
regarded as a CB electron scavenger to prevent the recombination
of electron–hole pairs [43,45,47,48].

ecb
− + O2 → O2

–•

O2
–• + ecb

−(+2H+) → H2O2

H2O2 + O2
–• → HO• + OH– + O2

H2O2 + hv → 2HO•

The solution with SIT5-400 suspensions purged with N2, can
decrease the dissolved oxygen level from 0.15 mM to 0.01 mM. In
this case, a significantly lower rate of 2-CP degradation than that in
the air-equilibrated solution was observed. This result corroborated
the importance of oxygen to the removal of 2-CP as the acceptor
of photoelectrons, suppressing the recombination of electron and
hole pairs. A further experiment looking at 2-CP removal was done
using the more efficient ecb

− acceptor K2S2O8 [49].

S2O8
2– + ecb

– → SO4
–• + SO4

2–

SO4
–• + ecb

– → SO4
2–
SO4
–• + H2O → OH• + SO4

2– + H+

We found that the photocatalytic degradation rate was not
restrained by the addition of 2.5 mM K2S2O8, suggesting that the
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Scheme 1. Schematic diagra

lectronic pathway is insignificant for the photodegradation of
-CP. Instead, the presence of K2S2O8 in SIT5-400 suspensions pro-
oted slightly the reaction rate because the S2O8

2− can trap ecb
−

o leave more hvb
+ available for photo-reaction [50].Combining the

bove, a mechanistic scheme was proposed to serve as a working
ypothesis for the catalytic paths (Scheme 1). The whole process
onsists of exciton formation, exciton dissociation into free carri-
rs, the transfer of free carriers to the surface, and the generation of
eactive oxygen species. During the photocatalytic process under
isible light, the absorption of a photon by IT leads to the promotion
f an electron from the occupied state of I–O–Ti to an unoccu-
ied state of I–O–I [15], and then the electron is transferred to
he conduction band of SnO2. In this way, the CB of SnO2 acts as
sink for photogenerated electrons reacting with oxygen to gener-
te reactive oxygen species. The photogenerated holes move in the
pposite direction, accumulating in the VB of the IT and reacting
ith 2-CP to generate degradation products.

. Conclusion

Overall experimental results indicate that using SIT photocatal-
sis to degrade the 2-CP is a viable treatment alternative. The phase
tructure, surface area, morphology and absorption wavelength
ange of the catalysts were affected by the Sn/Ti ratio and calci-
ation temperature. The SIT5-400 sample was photocatalytically
uperior to the corresponding IT in the process of 2-CP degrada-
ion under visible light irradiation. The surface mixing of SnO2
o IT served as a sink for the photogenerated electrons and thus
ecreased the electron–hole pair recombination rate. The photo-
enerated holes accumulate in the VB of the IT reacting with 2-CP
nd subsequently improved the PA of the TiO2. We believe that with
urther investigation and improvement this photocatalyst will be
orthy of application in the degradation of other organic contam-

nants in wastewater, utilizing solar energy efficiently.
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