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a b s t r a c t

A novel �-cyclodextrin (�-CD) grafted titanium dioxide (TiO2/�-CD) was synthesized through photo-
induced self assembly methods, and its structure was characterized. The TiO2/�-CD hybrid nanomaterial
showed high photoactivity under visible light irradiation (� ≥ 400 nm and/or � ≥ 420 nm) and simulated
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solar irradiation (� ≥ 365 nm). Photodegradation of Orange II followed the Langmuir–Hinshelwood kinet-
ics model. The initial rate R0 of Orange II degradation increased by 6.9, 2.6 and 1.9 times in the irradiation
conditions of � ≥ 420 nm, � ≥ 400 nm and � ≥ 365 nm, respectively. �-CD increased the lifetimes of the
excited states of the unreactive guests and facilitated the electron transfer from the excited dye to the
TiO2 conduction band, which enhanced the dye pollutant degradation. Superoxide radicals were shown
to be the main reactive species that caused the degradation of Orange II under visible irradiation.
iO2

. Introduction

In recent decades, titanium dioxide (TiO2) has been applied
n many areas since Fujishima and Honda first discovered photo-
hemical water splitting by a chemically modified n-TiO2 electrode
1]. There has also been an increased interest in using TiO2 as a
atalyst in the environmental realm. The photocatalytic degrada-
ion of various organic pollutants, the photo-reduction of inorganic
ontaminantes and the inactivation of microorganisms have been
erformed with noteworthy results [2–5]. Most organic pollutants
an be completely decomposed into carbon dioxide and water
hen TiO2 is used as the photocatalyst, mainly because the pho-

ogenerated holes and hydroxyl radicals are the most powerful
xidants. However, TiO2 can only use less than 5% of the avail-
ble due to its large band gap (3.2 eV). Furthermore, the high
lectron-hole recombination rate also makes it a relatively ineffi-
ient photocatalyst. Successful improvement of TiO2 performance
equires the lowering of the band gap to use visible light and
estricting the charge-hole recombination to enhance quantum
fficiency.

Synthetic dyes are manufactured and used for numerous

ndustrial applications, such as textiles, leather goods, food manu-
acturing and other chemical uses. It is estimated that, out of the
otal amount of dyes in use, 1–2% in manufacturing and 1–10%
re released into water, air and soil [6]. Dye pollutants can be
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bleach under visible irradiation through photosensitized degra-
dation on a semiconductor surface. However, only an adsorbed
dye molecule can inject the charge from its excited state to the
semiconductor’s conduction band. Thus, the degradation is usually
inefficient.

Cyclodextrin (CD) modified TiO2 has attracted rnewed interest
since Willner and colleagues observed that �-CD could stabilize
TiO2 colloids and facilitate interfacial electron transfer processes
[7–9]. Excellent literature has been published to elucidate the
effect of �-CD on TiO2 photochemical properties [10–14]. All
previous work suggests that �-CD plays electron-donating and
hole-capturing roles when linked to TiO2 colloids, which lead
to charge-hole recombination restriction and photocatalytic effi-
ciency enhancement. Some previous papers have reported the
stimulative effect of cyclodextrin on the photocatalytic degrada-
tion of organic pollutants in TiO2 suspensions [15–18]. However, it
is difficult to recover cyclodextrin after the reaction because �-CD
is an expensive reagent. Furthermore, synthesizing �-CD modified
TiO2 colloids is complicated and time-consuming, and the colloids
were only stable in acidic conditions. Therefore, it is worthwhile to
synthesize a �-CD grafted TiO2 hybrid powder using a new method
and investigate its catalytic performance.

Recently, Toma et al. synthesized carboxymethyl-�-
cyclodextrin modified mesoporous TiO2 films by immersing

TiO2 films in carboxymethyl-�-cyclodextrin solution [19]. Feng
et al. reported that CDs could irreversibly coat the surface of
anatase TiO2 particles under UV irradiation to form wire-like
composites [13]. In addition, Zhou et al reported the solar-induced
self-assembly of TiO2–�-cyclodextrin–MWCNT composite wires

dx.doi.org/10.1016/j.jhazmat.2010.09.005
http://www.sciencedirect.com/science/journal/03043894
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20]. However, there are few reports about the photoactivity of the
ybrid nanomaterials.

TiO2/�-CD hybrid nanoparticles were synthesized by a photo-
nduced self assembly process in this work. The photoactivity of
he TiO2/�-CD hybrid nanoparticles under visible light irradiation
� ≥ 400 nm and/or � ≥ 420 nm) and simulated solar irradiation
� ≥ 365 nm, with a metal halide lamp) was investigated. �-CD is
ypothesized to play a role as a “channel” or “bridge” between the
yes and TiO2 powders, which facilitates the electron injection from
xcited dyes to the conduction band of TiO2.

. Materials and methods

.1. Chemicals

�-CD was purchased from Wako Pure Chemical Inc. (≥97%).
natase TiO2 was purchased from High Technology Nano Co. Ltd.

Nanjing, China). Degussa P25 from Degussa AG-Germany. Orange
I was purchased from Shang Hai SSS Regent Co., LTD and used as
he model dye pollutants. 1,4-Benzoquinone and tert-butyl alcohol
t-BuOH) were used as the superoxide radical quencher and the
ydroxyl radical scavenger, respectively. Sodium azide was used as
scavenger of singlet oxygen and hydroxyl radicals. All scavengers
ere purchased from Shanghai Reagent Co Ltd. (Shanghai, China).
illi-Q deionized water (18.2 M� cm) was used as the solvent. All

ther reagents were analytical grade and used as received.

.2. Preparation of TiO2/ˇ-CD

In a typical synthesis of TiO2/�-CD hybrid nanoparticles, a
.0 g L−1 anatase TiO2 and 10.0 g L−1 �-CD suspended solution
as irradiated under a 15 W UV disinfection lamp (Xinghui Lamp
o. Ltd, Hunan, PRC, emitting 254 nm light with an intensity of
.04 × 10−5 Ein L−1 s−1), as established by ferrioxalate actinome-
ry for 24 h with continuous air bubbling [21]. The suspension was
entrifuged and the solid phase was collected and redispersed in
fresh 10.0 g L−1 �-CD solution, which was irradiated for another
4 h. The suspended solution was centrifuged, and the solid phase
as carefully washed with ultrapure water until no �-CD was
etected in the supernatant liquid by phenolphthalein colorime-
ry. The TiO2/�-CD hybrid nanoparticles were dried under dynamic
acuum for 12 h at 50 ◦C. Although the hybrid catalyst synthe-
ized from previous method [22] showed slightly higher activity
han that of the material synthesized in this work (Fig. S1 of Sup-
orting Information), the method in this work is more convenient.
eference material was synthesized using the same procedures but
mitting cyclodextrin.

.3. Characterization of TiO2/ˇ-CD

FT-IR spectra of sample pellets with KBr were recorded
n a Fourier transform infrared (FTIR) spectrometer Nicolet
700 (Thermo Electron Corporation, American). UV–vis diffuse
eflectance spectra were recorded on a Shimadzu 2550 UV-vis
pectrophotometer with BaSO4 as the background between 200
nd 800 nm. The Brunauer-Emmett-Teller surface area was deter-
ined using a Gemini V 2380 setup. The XRD patterns of the

repared products were recorded by a Dmax-rA powder diffrac-
ometer (Rigaku, Japan), with Cu K� as a radiation and a step
idth of 2� = 0.02◦. X-ray photoelectron spectroscopy (XPS) mea-
urements were performed on a XSAM 800 XPS system (Kratos, UK)
ith a monochromatic Al K� source. High resolution transmission

lectron microscopy images were obtained on a JEOL JEM 2010FEF
icroscope (Japan Electronics, Japan) at an accelerating voltage of

00 kV.
Wavenumber/cm -1

Fig. 1. FT-IR spectra of TiO2/�-CD hybrid nanoparticle (black line) and TiO2 (dotted
line).

2.4. Photocatalytic degradation

Photodegradation was investigated using a self-made photore-
actor [22]. Cutoff filters at 400 and 420 nm (Shimadzu) were used
to shield off different wavelengths of light. Orange II aqueous solu-
tions (200 mL) with different catalysts were placed in a 250 mL
Pyrex beaker with a magnetic stirrer to mix the solution well. The
suspended solution was equilibrated in the dark for half an hour
before irradiation. After this period, 5 mL aliquots were withdrawn
to determine the concentration C0. During all oxidation reactions,
5 mL aliquots were collected at selected time intervals, centrifuged
and used for concentration determination. The degradation was
monitored by a Shimadzu 1601 UV–vis spectrophotometer using
a 1 cm cuvette. The initial rate of Orange II photodegradation R0
(mg L−1 h−1) was determined by extrapolating the tangent (based
on the linear fit of the points) of the concentration profile back to
initial conditions. The total organic carbon (TOC) and total nitro-
gen (TN) of the solution was measured with an Anlytik Jena AG
Multi N/C 2100 TOC/TN instrument. The SO4

2− concentration of
was determined by the gravimetric method (with the addition of
BaCl2) [23]. Each experiment was performed in triplicates, and all
results were expressed as a mean value of the three experiments.
Unless otherwise specified, all experiments were carried out at pH
6.0.

3. Results and discussion

3.1. FTIR study

FTIR spectra analysis of TiO2/�-CD hybrid particles using bare
TiO2 as a reference was investigated in this study (Fig. S2 of Sup-
porting Information). For pure TiO2, two peaks at 1633.41 and
1397.40 cm−1 were assigned to the in-plane bending vibration
of the surface OH groups. Fig. 1 shows that the intensity at
1397.40 cm−1 decreases and new peaks appear after modifica-
tion. Peaks centered at 1680 and 1710 cm−1 were assigned as the
stretching of C=C and C=O bonds, respectively, both of which were
not present in pure CD molecules. Absorption at 1414 cm−1 was
assigned to the O–H in-plane bending, while the antisymmetric
C–O–C (glycosidic) stretch was assigned at 1153 cm−1. The absorp-
tion at 1078 and 1030 cm−1 were both assigned as coupled C–C
stretch/C–O stretch vibrations.
3.2. Optical Properties and XRD analysis

Fig. 2 shows the UV-vis DRS spectra of the TiO2/�-CD nanopar-
ticles using bare TiO2 as a reference. The Kubelka-Munk formular
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They also suggested that cyclodextrin desorption is quite difficult
to achieve even though a few transient C=C and C=O bonds are
ine) and P25 (dotted line).

as used for all semiconductor samples [24]. CD modification leads
o a significant effect on the optical characteristics of anatase TiO2.
he visible absorption intensity of TiO2/�-CD nanoparticles was
uch higher than that of bare TiO2, which is due to the ligand to
etal charge transfer (LMCT) between �-CD and TiIV located in

n octahedral coordination environment [10,25]. Although �-CD
ould also link to the TiO2 surface without any UV irradiation, the
ffect on the visible light absorption was smaller [22]. Different syn-
hesis conditions show similar results, and the control material has
o absorption features in the visible region and produced a band
ap identical to that of pure TiO2. (Fig. S3 of Supporting Informa-
ion).

XRD results showed that the anatase TiO2 conserves its
natase crystal features, and the BET surface area shrinks slightly

fter the modification (Table S1 of the Supporting Informa-
ion).
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3.3. XPS analysis

XPS analysis was also investigated in this work to attain further
information about the surface electronic structure and the chemical
valence of bare TiO2 and TiO2/�-CD hybrid nanopowders.

The high resolution XPS spectra of the Ti2p region are shown in
Fig. 3a. The symmetric shapes of the Ti 2p3/2 XPS lines indicate that
the titanium is present only as Ti4+. The Ti2p region is composed
of 2p3/2 and 2p1/2 peaks with binding energies (BE) at 458.8 eV and
464.5 eV, respectively. The area ratio of those two peaks is about 0.5,
and the gap of the binding energy was 5.7 eV. Actually, some pub-
lished results proved the titanium presence with an oxidation state
lower than +4, such as Ti3+and Ti2+ [26], which was not observed in
this work. The binding energy of the Ti2p region decreases slightly
(from 458.8 eV to 458.7 eV), while the binding energy of O1 s region
increases slightly (from 530.1 eV to 530.2 eV). A new peak appears
in the O1 s region after modification. These changes clearly show
cyclodextrin linked to TiO2 surface through the photo-induced self-
assembly way. The reaction of �-CD linked to the TiO2 surface is
probably via Eq. (1) and Eq. (2) [10,12,27].

TiO2 + h� → eCB
− + hVB

+ (1)

hVB
+ + �-CD → hCD

+ (2)

Fig. 3c and 3d show the high resolution XPS spectra of the O1 s
region. The O1 s region of pure TiO2 was decomposed into two
contributions: the Ti–O bond in TiO2 and the surface hydroxyl.
After modification, the O1 s region has two organic contributions
in addition to the inorganic oxygen species in pure TiO2. Du et al.
suggested that the formation of C=O double bonds is from an irre-
versible hole trap to an electron-hole recombination center [14].
formed during the self-assembly process. The probability of desorp-
tion decreases roughly exponentially with the number of glucose
units in the cyclodextrins. The FTIR and XPS data shown above sug-
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the color of the TiO2/�-CD hybrid particle barely changed.
As shown in Fig. 7, the higher the initial Orange II concentration,

the lower the degradation rate. These results are consistent with
many studies in which activation by photon absorption was the first
Fig. 4. HRTEM images of pure TiO2 (l

est that the photogenerated holes are transferred to the linked
yclodextrin.

It was suggested that the holes’ scavenging ability increases
ith the increasing number and spatial distribution of the hydroxyl

roups in the polyhydroxyl compounds [27]. Therefore, �-CD could
e highly reactive in capturing the photo generated holes. Du et
l. also proposed that the positive charges carried by the holes
ransfer to those of the dissociated protons (H+) resulting from the
hotoreaction of glucose unite in the adsorbed cyclodextrin. This
ypothesis is quite reasonable because the pH value of the 1.0 g L−1

iO2/�-CD suspension is 5.5, which is noticeably less than 6.7 for
he unmodified anatase TiO2.

.4. High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM images were obtained on a JEOL JEM 2010FEF micro-
cope operating at an accelerating voltage of 200 kV. As presented
n Fig. 4 and Fig. S4 (Supporting Information), there was no change
n the lattice structure of TiO2 after �-CD modification. However,
he outer boundary of the TiO2/�-CD hybrid powder was distinctly
ifferent. From the solid TOC analysis of the TiO2/�-CD hybrid
anoparticles, the final amount of linked �-CD on the TiO2 surface
as 9 �M/g.

.5. Photocatalytic degradation of dye pollutants

Fig. 5 shows the dye removal percentage in the catalyst sus-
ensions under � ≥ 400 nm. The concentration of Orange II in the
bsence of catalyst under direct photolysis or in darkness in the
resence of catalyst hardly changed. After 5 h of irradiation in the
resence of anatase TiO2, 36% of Orange II was decomposed. The
emoving efficiency of Orange II for Degussa P25 was 1.5 times that
f anatase TiO2, which was probably because the rutile crystallites
n P25 may enhance the usage of visible light and slow the e−/h+

ecombination. As expected, TiO2/�-CD was the most efficient cat-
lyst in Orange II degradation. After 5 h of irradiation, 93% of the
range II was decomposed.

The photocatalytic performance of TiO2/�-CD under different
imulated irradiation sources was also studied. The performance of

he catalyst compared to pure TiO2 is shown in Fig. 6a. The TiO2/�-
D hybrid powder effectively bleached dyes both under simulated
olar conditions and visible light irradiation. After being modified
y �-CD, the initial rate R0 increased by 6.9, 2.6 and 1.9 times
sing a 420 nm filter, a 400 nm filter and simulated solar irradiation,
d TiO2/�-CD hybrid powders (right).

respectively. The TOC of the solution disappeared rapidly whereas
the TN decreased slightly. After 10 h irradiation at � ≥ 420 nm,
0.662 mg/L of SO4

2− was generated, which amounting 24% of the
total sulfate in 10 mg/L Orange II. Because the results showed that
the surface area and phase structure of TiO2 was nearly identical
before and after being modified by �-CD, the enhancement of the
photocatalytic activity may be attributed to the enhancement of
the electron transfer from the excited dye molecule to the TiO2
conduction band. This will be discussed in a later section.

The degradation results carried out at pH 3.5 under room light
clearly show that TiO2/�-CD promotes electron injection from
excited dyes to the TiO2 conduction band (Fig. S5 and Fig. S6 of Sup-
porting Information). The absorption intensity (200–600 nm)
decreased due to the large adsorption of Orange II on the TiO2
surface. The adsorption of Orange II was quite large at acidic
pH and sharply decreased with a pH increase (Fig. S7 of Sup-
porting Information). For TiO2/�-CD, the absorption intensity also
decreased in the first half hour. However, a new absorption peak at
250 nm appeared after one hour reaction, which means that pho-
tochemistry reactions occurred in addition to adsorption. After the
reaction, the TiO2 became red due to the adsorbed Orange II, while
Fig. 5. Photocatalytic degradation of dyes aqueous solutions under various con-
ditions. The initial concentration of Orange II and Rhodamine B was 10.0 and
5.0 mg L−1, respectively. The concentration of catalyst was 1.0 g L−1, the irrdiation
source � ≥ 400 nm.
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t/h

 without quenchers
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 with 5 mM NaN
3

 with 5 mM BQ

II degradation was completely suppressed with the addition of
ig. 6. Photocatalytic degradation of Orange II aqueous solutions under different
rradiation source (a), changes of TOC, total nitrogen (TN) and SO4

2− concentration
s a function of irradiation time under � ≥ 420 nm (b). The initial concentration of
range II was 10.0 mg L−1. TiO2/�-CD = 1.0 g L−1.

eaction step and the reaction rates were reduced at higher initial
oncentrations. Furthermore, the amount of reactive species, like
OH, is determined by the light flux and the catalyst content in the
ispersion.

The Langmuir–Hinshelwood kinetics rate model was applied
o the heterogeneous degradation of many organic compounds
3,28,29]. The rate law is given by

0 = −dC

dt
= kreKsC0

1 + KsC0
here R0 is the initial rate of disappearance of the substrate and
0 is the initial concentration of Orange II. kre is the reaction rate
onstant, and Ks is the Langmuir adsorption constant.

A non-linear regression fit of the Langmuir–Hinshelwood equa-
ion is shown in the inset of Fig. 7 indicating kre = 2.76 mg L−1 h−1.

543210
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g
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ig. 7. The effect of Orange II initial concentration on the photocatalytic degra-
ation under � ≥ 400 nm irradiation. The inset shows non-linear regression fit of
he Langmuir–Hinshelwood equation. Orange II initial concentration various from
.0 mg L−1 to 30 mg L−1, TiO2/�-CD = 1.0 g L−1.
Fig. 8. Effects of scavengers on the photodegradation of Orange II under � ≥ 420 nm
irradiation. Orange II = 10 mg L−1 TiO2/�-CD = 1.0 g L−1.

3.6. Mechanism study of the enhancement

Superoxide radicals, singlet oxygen, H2O2 and hydroxyl radicals
are generally considered to be the oxidants in most dye photosen-
sitized degradation on semiconductor surfaces [30–33]. To figure
out the Orange II degradation mechanism, the influence of different
scavengers on the degradation was investigated.

t-BuOH is generally used as a hydroxyl radical scavenger
and the reaction constant of t-BuOH with hydroxyl radicals is
6.0 × 108 M−1 s−1 [34]. Excess t-BuOH (20 mM) was added to the
solution to investigate the contribution of hydroxyl radical in this
work. The results shown in Fig. 8 indicate that the degradation effi-
ciency changes little in the presence of t-BuOH, which suggests that
hydroxyl radicals do not play a major role in Orange II degradation

NaN3 is a scavenger of singlet oxygen and can also react with
hydroxyl radicals. The addition of 5 mM NaN3 does not affect the
degradation in the initial stages. The inhibition increases after
2 hours. Compared to the addition of t-BuOH, singlet oxygen was
formed during the photochemistry reaction. It has been reported
that singlet oxygen can be produced by the reaction of oxygen with
the excited Orange II molecule [30].

BQ is used as a superoxide radical quencher in this study. Orange
5 mM BQ. The results prove that •O2
− mediated oxidation pathways

are dominant in Orange II degradation under visible irradiation.

Fig. 9. Mode of photocatalytic degradation of dye pollutants over TiO2/�-CD hybrid
nanopowder under visible light irradiation.
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ig. 10. Cyclic photocatalytic degradation of Orange II aqueous solution under
≥ 400 nm irradiation: Orange II 10 mg L−1 each run.

Fig. 9 shows the possible pathways of dye degradation on
iO2/�-CD. Dye molecules enter into the cavity of �-CD, which
s linked to the TiO2 surface in the equilibrium stage. An electron
s rapidly injected from the excited dye to the conduction band
30–33]. The dye and dye cation radical then undergo degradation
Eq. vi–viii).

ye + TiO2/�-CD → TiO2/�-CD•Dye (i)

iO2/�-CD•Dye + h� → TiO2/�-CD•1Dye∗ + TiO2/�-CD•3Dye∗

(ii)

iO2/�-CD•Dye∗→ (e)TiO2/�-CD + Dye•+ (iii)

iO2/�-CD•Dye∗ + O2→ TiO2/�-CD•Dye + 1O2 (iv)

e)TiO2/�-CD + O2→ TiO2/�-CD + O2
− (v)

ye•+→ Products (vi)

ye + 1O2→ Products (vii)

ye + •O2
−→ Products (viii)

The sequential photodegradation experiments were performed
o test the catalyst stability. As shown in Fig. 10, in the primary
tage, 200 mL of 10 mg L−1 Orange II aqueous solution was com-
letely decomposed after 6 h of irradiation. The decrease trend in
he final degradation efficiency was 9% after 6 repetitive experi-

ents.
Photogenerated radicals produce a great effect on the stability of

he surface linked �-cyclodextrin. The reaction constant between
-CD and •OH is 4.2 × 109 L mol−1 s−1 [35]. However, the lifetime
f •OH is quite short (about 20 ns) [36], and •OH is not the predomi-
ant radical under visible irradiation. Therefore, only those radicals
enerated in close proximity could react with �-CD. Because the
iO2 surface is not fully covered with �-CD, it is quite reasonable to
ssume that the reaction between �-CD and •OH is limited. Another
mportant radical in illumination of TiO2/�-CD is the superoxide
nion radical (•O2

−). Actually, cyclodextrin derivates are used to
mprove the efficiency of •O2

− trapping using various nitrones as
cavengers [37–39]. Therefore, the reaction between �-CD and dif-
usion mediated •O2

− can be neglected. In general, the lifetimes for

he excited states of unreactive guests is prolonged when incorpo-
ated inside cyclodextrins. Therefore, cyclodextrin facilitates the
lectron injection from the excited dyes to the TiO2 conduction
and and thereby enhances the degradation.

[

[

Materials 185 (2011) 117–123

4. Conclusion

TiO2/�-CD hybrid nanoparticles were synthesized by a photo-
induced self assembly process. The nanoparticles showed high
reactivity for dye pollutant degradation under visible irradiation
and simulated solar irradiation. The initial rate R0 of Orange II dis-
appearance increased by 6.9, 2.6 and 1.9 times using a 420 nm filter,
a 400 nm filter and simulated solar irradiation, respectively. •O2

−

mediated oxidation pathways are dominant for Orange II degra-
dation under visible irradiation. The reaction between �-CD and
diffusion mediated •O2

− was negligible, which makes TiO2/�-CD
an effective and stable catalyst. �-CD could increase the excited
states lifetimes of unreactive guests and facilitate electron transfer
from the excited dye to TiO2 conduction band, which enhances dye
pollutant degradation.
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