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Abstract

The PW,;039’~/TiO, (PW,/TiO,) composite film was prepared by Ti(OC4Hy), hydrolysis sol-gel method and a spin-coating technique for
the first time. Physical measurements such as ultraviolet-visible (UV-Vis) spectroscopy, FT-infrared spectroscopy (FT-IR), 3Ip MAS NMR,
X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed to identify the structure and surface morphology of the film.
The results reveal that the original Keggin structure of the PW,; remained intact on the film at the calcination temperature up to 350 °C, and
the strong chemical interactions between the PW; anion and TiO, matrix existed in the films. The photocatalytic activity of the PW,/TiO,
composite film calcined from 250 to 400 °C were tested via degradation of aqueous azo-dye, Congo Red (CR). It was observed that the film
calcined at 350 °C had the highest photocatalytic activity, and the acidity of the system had an important effect on the photocatalytic process.
In addition, comparing with the pure TiO, film and PW,/SiO, composite film, the film showed remarkable photocatalytic activity, attributed
to PW,; 03"~ catalyzed electron transfer from the conduction band (CB) of photoexicited TiO; to itself. The photocatalytic efficiency of the

films had little change during several times of cyclic operation, indicating that the as-synthesized composite films were stable.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The applications of TiO, or POMs (especially polyox-
otungstates) for environmental protection and remediation
have attracted much attention in recent years [1-7]. Now we
have a fair degree of understanding of TiO; photocatalysis
and POMs photocatalysis [8-10]. For TiO, photocatalyst,
the photogeneration of highly reactive hole (h™)-electron
(e™) pairs is the key effect for its photoactivity; while for
polyoxotungstate catalysts, it is the formation of the O —
W charge transfer (OWCT) excited state that plays a criti-
cal role. An apparent disadvantage of commonly used TiO,
or POMs photocatalysis processes is the fact that they are
difficult to be separated from the reaction systems, which
impedes their ready recovery and reuse [11,12]. Therefore,
from the standpoint of practical application, preparation of
immobilized TiO, or POM composites may offer more prac-
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tical benefits [13-21]. In a previous work, we have success-
fully synthesized XW1/510, (X: Si, Ge and P) composite
films through sol-gel method [22]. The films exhibited high
photocatalytic activity towards formic acid degradation and
high stabilities in the aqueous solution. Considering the fact
that the SiO7 matrix is not photoactive and hoping to improve
further the photocatalytic activity of this type of the compos-
ite films, we synthesized POM/TiO; composite film in the
present work for the first time. An important reason to re-
place SiO» by TiO; as the support is owing to the fact that the
TiO;, is also photoactive, thus the synergistic effect resulting
from the combination of the starting POM and the TiO; sup-
port will increase the photocatalytic activity of either POM
or TiO,. Previous researches have shown that POMs can act
as effective electron scavengers in the POM-containing TiO;
systems during redox reactions while their structure remains
intact [23-27). Therefore, the recombination of h* and e~
was inhibited due to POM-catalyzed electron transfer from
the CB of photoexcited TiO, to molecular oxygen, resulting
in the photocatalytic activity of the system improved greatly.
Purpose of selecting lacunary PW; as the POM precursor
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is due to its strong reactivity towards the hydroxyl groups
of titania (=Ti—OH). As removal of a W—0O octahedral moi-
ety from a saturated polyoxotungstate framework leads to
an increase and localization of the anionic charge, and the
resulting lacunary anion becomes highly nucleophilic and
reacts easily with electrophilic groups. After the =Ti-OH
group was chemically grafted on the vacant site of PWy
anion, the surface of the PW | anion would be saturated and
the strong interaction between them ensured little lose of the
PW/; anion from the film.

The PW,/TiO; film was synthesized according to the fol-
lowing three steps. First, preparation of PW/TiO; sol via
hydrolysis of Ti(OC4Hg)4 at pH 1.5 in the presence of PW;
second, coating of the sol on a quartz slide by high-speed
spinning; and third, calcination of the slide at 350 °C for 1 h.
In the present work, degradation reaction of azo-dye Congo
Red (CR) was used to test the photocatalytic activities of
PW/{/TiO; composite films. As is well known, azo-dyes
are a kind of colored organic pollutants that represent an in-
creasing environmental danger [28]. CR is used extensively
in a variety of coloration aspects. Besides the high photo-
catalytic activity of the PW,/TiO; film, apparent advantage
at reuse and recovery aspects can be shown, just as men-
tioned above. The aim of the present research is to create
a new class of practicable photocatalytic film system based
on photoactive TiO; and POM both, which was expected to
have efficient photoactivity on azo-dye degradation.

2. Experimental
2.1. Materials and apparatus

Na;PW ;039 was prepared according to a reference
method [29]. Ti(OC4Ho)4, C;HsOH, EtOH, NH3-H,O,
H>0,, HCI, and CR were analytical regents. Doubly dis-
tilled water is used throughout the process. The chemical
structure of azo-dye CR is presented in Fig. 1.

Ultraviolet-visible (UV-Vis) absorption spectra of CR so-
lution and FT-IR spectra were recorded on a 756 CRT
UV-Vis spectrophotometer and a Nicolet 205 FT-IR spec-
trometer, respectively. > P MAS NMR spectra were recorded
on a Varian Unity-400 NMR spectrometer. SEM images
were obtained on a Hitachi S-570 scanning electron micro-
scope operating at 20 kV. Chemical compositions of the films
were estimated by a Leeman Plasma SPEC (I) ICP-AES.
Changes in the concentration of NH4t, $042~,NO,~, and
NO;3;~ were measured by a DX-300 ion chromatograph (IC)

SO3Na SO3Na

Fig. 1. Chemical structure of CR dye.

equipped with a COM-IT conductivity detector. CS12 cation
column was used for determination of NH41; AS4A anion
column was used for determination of SO42_, NO, ,NO3;™;
ICE~ASI anion column was used for determination of or-
ganic acid such as formic acid and acetic acid. Some of the
intermediates during the degradation reaction were detected
by LCQ electrospray mass spectrometer (ES-MS). Total or-
ganic carbon (TOC) concentrations of solutions were ana-
lyzed with a Tekmar, Dohrmann Apolio9000 TOC analyzer.

The quartz slides (1.25mm X 12mm X 45mm) used
for UV-Vis absorption measurements were cleaned (70°C,
20 min) by immersion in a solution containing NH3-H>O,
H>0O; and HO with the volume ratio of 1:1:5, and then
thoroughly washed with water.

2.2. Photoreactor and light source

The photoreactor was designed with a cylindrical quartz
cell configuration and an internal light source surrounded
by a quartz jacket, where aqueous CR solution completely
surrounded the light source. Two slides of the films were
placed near the wall of the reactor. An external cooling flow
of water was used to maintain the reaction temperature con-
stant. The optical pathlength was ca. 3 cm. The light source
was a 125 W high-pressure mercury lamp (HPML, output
mainly at 313.2 nm).

2.3. Catalyst preparation

The preparation of the PW,/TiO> film catalyst was as fol-
lows. Ti(OC4Hg)4 (3 ml) was mixed with C;H5;OH (12 ml),
and the mixture was vigorously stirred; while stirring, the
pH of the mixture was adjusted to 1.5 with HCI. After 5 min,
an aqueous NayPW ;1 Osg solution (0.05M, 1 ml) was added
dropwise. The above acidic mixture was continually stirred
for 3h until a homogenous sol was obtained. Then the sol
was spin-coated on a quartz slide. The PW{/TiO, film was
finally synthesized by calcination of the slide at a temper-
ature of 350°C for 1h. In order to investigate the effect
of calcination temperature on the structure as well as the
photoactivity of as-prepared films, other spin-coated films
calcinated at different temperature (250 and 400°C) were
prepared. In addition, the PW/SiO; composite film and
the pure TiO; film were synthesized with the same sol-gel
method for comparison.

2.4. Photocatalytic procedure and analyses

Photodegradation of CR was carried out at atmospheric
pressure using air as oxidant in the photoreactor. In a typ-
ical experiment, a 250ml of CR solution (concentration:
0-30 mg/1) was placed in the photoreactor under vigorously
stirring. Prior to irradiation, the film was immerged into the
solution in dark for 30 min to ensure adsorption/desorption
equilibrium. After the signal intensity of the HPML became
stable, the solution was irradiated. In order to monitor the
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dye concentration in the solution, a little amount of reaction
solution (ca. 3 ml) for UV-spectroscopy analysis was taken
from the photoreactor at appropriate time intervals.

3. Results and discussion
3.1. Characterization of the PW1/TiO; film

Retention of the structural integrity of PW; in the com-
posite films was confirmed by UV-Vis, FT-IR, and 3'P MAS
NMR. UV-Vis spectra of the starting PW;;, TiO,, and the
PW,/TiO; films prepared at different calcination tempera-
ture are shown in Fig. 2. From Fig. 2, it can be seen clearly
the characteristic absorption peaks at 202 and 257 nm of
the starting PW |, which were attributed to O — W charge
transfer of the Keggin unit at W=0 bond and W-O-W bond,
respectively. However, the OWCT band at W-O-W bond
changed from flat to sharp after formation of the PW/TiO»
composite films (350 °C), and the OWCT band at W-O-W
bond has a slightly red-shift from 257 nm (PW1)) to 268 nm
(PW11/TiO2). The above result suggests that the Keggin
structure of the PW anion tends to saturation in the syn-
thesized films (350°C). The saturation is owing to cova-
lent bonding of the =Ti—OH groups from the titania net-
work to the surface of the PW; cluster via W—O-Ti bond.
However, the characteristic peaks of PW)| cannot be seen
for the PW/TiO; film (400 °C), therefore it can be con-
cluded that the PW); composite on the film is destroyed
during the increase of temperature from 350 to 400 °C. The
following XRD analyses may further evidence the conclu-
sion. In addition, the observation of red-shift from 355 nm
of the characteristic adsorption peak for TiO; to 386 nm
that for the PW;/TiO, film (350 °C) indicates that the in-
terfacial action between TiO, matrix and PW;; existed on
the film. Table 1 shows the characteristic IR fingerprints of
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Fig. 2. UV absorbance spectra of the starting PWy; clusters, pure TiO,
film and corresponding PW1,/TiO; films prepared at different calcination
temperature (350 and 400 °C).

Table 1
Main relevant IR data (cm~') of the starting PW | and their corresponding
PW1/TiO> (350°C) films

Sample v as (P-0) v as (W=0) v as (W-O-W)
PW;,; 1095, 1043 953 862, 833, 805, 730
PW,/TiO; film? 1075, 1040 954 882, 818, 787, 692
PW,,/Si0, film 1079 953 870, 797, 672

4 Vibration peak of Ti~O-W at 967 cm™!
observed.

in the composite film was

PW1; in the region from ca. 1000 to 700 cm_l, attributed
to P-O bond in central PO4 unit, W=0 and W-O-W bond
vibrations of PWy, respectively [22]. In the case of pure
PW/1, two IR vibration bands of P-O in central PO4 were at
1095 and 1043 cm™!, respectively; while in the PW,/TiO;
film (350 °C), the two vibration bands shifted to 1075 and
1040cm™!, respectively. The IR vibration bands may also
arise from the P—O bond in central PO4. Furthermore, it
can be seen that the PW{/TiO, films have other vibration
bands similar to that of the starting PWyy, suggesting that
the primary PW; structures remained intact regardless of
the functionality of the POM. The shifts of the positions of
IR absorption peaks shown in the PW11/TiO; films are due
to the existence of covalent bonding between the surface
oxygen atoms at the vacant sites of the PW; and the titania
matrix, similar to the interaction in the previously reported
PW,1/8i0; film [22]. Integrant evidence in confirmation of
the presence of the P-O bond from central PO4 of PWy
in the PW;/TiO; film (350°C) is >!P MAS NMR (Fig. 3).
Resonance at § —14.2 ppm, shown in Fig. 3, originated from
the central PO4 unit of PW|; cluster. According to the ref-
erences reported 31p MAS NMR data, chemical shift of the
3p MAS NMR for pure PW|; and PW,/Si0; were at §
—14.9 and —13.5 ppm, respectively; besides, the >'P MAS
NMR for pure PW;; and PW;TiO49°~ were at § —10.4 and
—14.0 ppm [22,30,31]. The result of >'P MAS NMR showed
that the surface of the PW cluster tends to saturation after
grafting of the =Ti—OH groups. The data is powerful in tes-
tifying the existence of chemical interaction between PW |
and titania matrix in the PW{/TiO> composite film. Based
on the above results, we can confirm that the structure of
the PWy; remained intact after formation of the PW,;/TiO;
composite film. Elemental analysis for the PW/TiO, com-
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Fig. 3. 31p MAS NMR spectrum of the PW;/TiO; film (350°C).
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Table 2

Elemental analysis results, molar ratio (P:W), and the thickness of the PW{/TiO; (350°C). PW/,/Si0O5, and the pure TiO; film

Film Na (%) P (%) W (%) Ti (%) Si (%) Molar ratio (P:W) The thickness of
the film (nm)

PW/TiO; 1.10 0.21 135 477 1:10.8 500

PW,;/8i05? 1.09 0.22 14.2 37.3 1:11.4 450

TiO5? 60.6 400

4 PW1/Si0; film and TiO; film were prepared under the similar condition with that of the PW{/TiO, film.

posite film, the PW{/Si0; composite film, and the pure
TiO, film were shown in Table 2. It can be seen that the
tungsten loadings for the two composite films are almost the
same, suggesting that the photoactivity of the two compos-
ite films on the CR dye degradation are comparable. Deter-
mined molar ratio for P:W (close to 1:11) also confirmed
retention of the Keggin structure of the PWy; in the film.

Fig. 4 shows the SEM images of the PW{1/TiO, film
produced at different calcination temperature (250, 350, and
400°C) for 1 h. The thickness of the film can be estimated
from the edge of the visible crack, which is ca. 500 nm for
the film calcined at 350 °C (see Table 2). It can be seen from
the photos that the surface morphology of the film gradually
becomes uniform from 250 to 350 °C. Appearance of large
amount of holes and cracks at 400 °C indicated that the films
were destroyed.

Fig. 5A—C illustrate the XRD patterns of the composite
films calcined at 250, 350, and 400 °C, respectively. As can
be easily detected from the XRD pattern of the compos-
ite film (250°C), the crystallization of the film is close to
amorphous. However, major peaks (26 = 25.26, 37.71, and
48.04°) showing the anatase phase was observed clearly as
the calcination temperature increased to 350 °C. This oc-
curred may be due to the crystallization of the films be-
came more intense at the calcination temperature from 250
to 350°C, and consequently reached maximum at 350°C.
In addition, comparing with the XRD pattern of the start-
ing PW; (Fig. 5SD), the diffractions of the characteristics of
pure PWy; phase can be easily seen in the films calcined at
350°C (Fig. 5B). The existence of PW); composite in the
films is owing to the fact that PW; is the inorganic precur-
sor and remained intact under the experimental conditions.

Fig. 4. SEM images of the PW{/TiO; films. (A), (B), (C), and (D) are calcination temperature at 250, 350, 400 °C, respectively; (D) is the reduced

image for (C).
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Fig. 5. XRD patterns for PW;/TiO, films and original PW,,. (A), (B),
and (C) for calcination temperatures 250, 350, 400°C, respectively; (D)
for the original PW; composite.

On increasing the temperature to 400 °C, however, the in-
tensities of the anatase peaks decreased while the intensi-
ties of the rutile peaks increased greatly. This revealed the
occurrence of the anatase-rutile phase transformation in a
large scale at the temperature range between 350 and 400 °C.
Sharp decrease of the major peaks showing the PW | phase
and appearance of major peaks showing the tungsten oxide
(WO3) phase suggested that the PW 1 is mostly decomposed
to WO;. The results are well in agreement with the SEM
analyses discussed above. The phase transformation process
is shown below.

newly spin-coated PW/TiO, film
250°C
PW,/TiO, film ( close to amorphous phase)
l 350°C
PW,/TiO, film (TiO,-anatase phase mainly)
400°C
WO;+TiO, (TiO,-rutile phase mainly)

20 —™CR
y —&— pure TiO, film + CR
—A—PW,/TiO, film +CR [/ 4
164 ®
8 ]
_§ 1.2
S
< 0.8 .
L]
A
0.4 )
0.0 v T ;
300 400 500
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Fig. 6. Adsorption spectra of CR aqueous solution after adsorption for
12h in the dark (Co = 30mg/l, temperature at 25°C): (Hl) blank, (@)
TiO; film, (A) PW/TiO; film.

3.2. Photocatalytic tests

3.2.1. Photocatalytic activity

Since the preadsorption of dyes before irradiation is very
important for the photocatalysis process [32], the adsorption
degree to CR dyes for the pure TiO, film and as-prepared
film (calcined at 350 °C) were compared. As can be seen
in Fig. 6, CR is much easier to be adsorbed on as-prepared
films. From the results of absorbance at ca. 510 nm, it was
estimated that about 7.8% of CR molecules were adsorbed
on the former overnight; whereas only 0.9% of CR dyes
were adsorbed on the pure TiO; films. The result indicated
that the adsorbed amount of CR dye on the as-prepared
films is ca. nine times that of the pure TiO; films, implying
that the CR dye is easier to be adsorbed on the surface of the
PW1/TiO; film than that of the pure TiO; film. The reason
may be relevant to the difference of the adsorption mode
between the two types of films at the given acidity condi-
tion (pH = 5, unadjusted). As has been reported by Hu et.
al., surface of the Ti0O2/SiO; catalyst is negatively charged
in the range of pH > 3, determined by Zeta-potential mea-
surement [19,20]. Thus, it can be concluded that the anionic
CR dye is difficult to be adsorbed on the surface of the
TiO; film due to the repulsive electrostatic power between
the negatively charged surface and the organic anion. How-
ever, for the PW,/TiO; film, it was believed that the initial
adsorption process is the ion-exchange between Na™ ex-
isted in the PW/TiO; film and H* from the solution, thus
protonization of the film in the solution occurred owing to
the action of those H' with bridge O from W-O-Ti and
W-0-W bond in the film. At the same time, -NH; groups
from the CR dye were protonized to form -NH3™", and the
sulfonate groups were adsorbed to the surface of the film
via both electrostatic and hydrogen bonding interactions.
Adsorption through sulfonate groups of dyes has already
been confirmed in the case of indigo carmine dye pho-
todegradation [8]. The overall adsorption process is shown
in Scheme 1. Here, ellipsoid represents the main chain of
the CR dye. This type of adsorption is an essential premise
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Scheme 1. Adsorption of CR dye on the PW/TiO; film.

for the heterogeneous photocatalytic degradation of the
CR dye.

In order to confirm the note that the acidity of the solu-
tion is relevant to the adsorption of the sulfonate groups to
the surface of the PW,;/TiO; films, effect of acidity on the
heterogeneous photocatalytic oxidation of CR dye solution
(30 mg/1) has been examined at pH from 3 to 11, and the re-
sults are presented in Fig. 7. It can be clear seen from the plot
that the decolorization rate was slightly decrease from pH
3 to 5, suggesting the adsorption amount of sulfonate group
on the film is almost the same at those acidities. However,

100
—8&— pH=3
204 —e—pH=5
—&— pH=7
—¥—pH=9
& 60| —®pH=1L
=
£
3 40
s
o
o
20+
0 , ;
0 60 120 180
Time (min)

Fig. 7. Changes of conversion as a function of pH value of the solution
under CR dye photodegradation reaction (the PW/TiO; film calcined at
350°C is photocatalyst).

the value decreased significantly from pH 7 to 11, which
may be ascribed to the change of chemisorptive abilities of
sulfonate group to the PW;/TiO; films. Since large amount
of OH™ anions in the solutions will produce repulsive effect
for the adsorption of sulfonate group, the photodegradation
of the CR dye is inhibited accordingly.

The photocatalytic activities of as-prepared films at differ-
ent calcinations temperature were tested via degradation of
aqueous CR (30 mg/1) under near UV-irradiation, which are
shown in Fig. 8. In the presence of those films, disappearance
of CR is negligible in the dark. In the absence of the films, the
changes of the concentrations of the CR solution are hardly
observed under UV-irradiation (4 h). The above results in-
dicate that the degradation of CR is mainly due to irradia-
tion of the PW11/TiO; films in the near UV area. As can be
clearly seen from Fig. 8, the film calcined at 350 °C has the
highest photoactivity among the three calcined PW11/TiO,
films. This result indicated that suitable calcination temper-
ature for the PW;/TiO; film is 350 °C. It may be relevant
to the composition of the films calcined at different temper-
ature, determined by XRD analyses. At lower calcination
temperature (<350 °C), only a little amount of anatase phase
in the film is formed. Therefore, the function of anatase,
PW1, and the electron transfer from anatase to PW1; can-
not be well developed for the purpose of CR degradation.
At higher calcination temperature (400 °C), since lots of the
PW/; phase on theé films was destroyed and transformed to
WO3 phase, which means that the function of POM as elec-
tron acceptor lost much; moreover, most of the anatase phase
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Fig. 8. Changes of conversion on the photodegradation of CR dye for
the PW/TiO, films (calcination temperature 250, 350 and 400°C, re-
spectively), PW;/SiO; film and pure TiO, film catalysts as a function
of irradiation time.

was transformed to rutile phase, the photocatalytic activity
of the film decreased accordingly. The photocatalytic activ-
ity of the PW/TiO, film was also compared with those of
the pure TiO; film and PW/SiO2 composite film (Fig. 8).
As for the pure TiO; film, only ca. 33% of CR disappeared
under UV-irradiation for 180 min, while for the PW,/SiO,
film under the same degradation condition, it was found that
the conversion (29.5%) is a little lower than that of the pure
TiO, film. However, apparent decrease in the concentration
of CR was observed by irradiating the CR solutions in the
presence of the PW;;/TiO; film (350 °C), i.e. conversion of
CR was ca. 88% till 180 min (almost 2.7 times that of the
pure TiO; film). It can be concluded that the high photocat-
alytic activity of the PW/TiO; film (350 °C) arises from:
(i) the existence of synergistic effect in the films during the
photodegradation process, namely, recombination of h* and
e~ was inhibited due to interfacial electron transfer from
the CB of photoexcited TiO, to PWyy; (ii) intactness of the
structure of the PWy;, which may involve in the photocat-
alytic cycle; (iii) TiO; composite at this temperature has the
anatase phase mainly, which has better photoactivity than
that of the rutile phase; and (iv) the difference of the adsorp-
tion ability of the PW11/TiO, composite film and the pure
TiO; film.

Fig. 9 shows the decolorization and overall TOC removal
of CR dye solution. As shown, complete color removal
needed up to around 250 min, while the complete removal
of TOC of the reaction solution needed prolonged irradia-
tion (ca. 400 min). Obviously, decolorization is easier than
the TOC removal.

In order to observe the changes of the PW11/TiO;-CR
reaction system in situ, the reaction was paused after
UV-irradiation of the system for 40 min. It was found that
the color of the film changed quickly from light blue to
colorless, indicating the formation of the reduced form of

1.0
] e

0.8 CvCo
S —e— TOCYTOCo
o)
2 0.6
@]
o
=
% 0.4
<
@]

0.2 1

0.0 T \\

0 100 200 300 400
Time (min)

Fig. 9. Conversions of dyes and TOC removal with jrradiation times for
the CR dye solution (Cy: 30mg/l, TOC, and C, refer to TOC and CR
dye concentration of solution, respectively, at reaction time f, initial pH
of the solution is 5; PW/1/TiO; film calcined at 350 °C as photocatalyst,
temperature at 25 °C).

PWi; heteropoly blue (HPB) due to accepting electrons
from photoexcited TiO, during the reaction. The decol-
oration is due to the reoxidization of HPB by dioxygen in
ambient environment.

According to the discussion above, the proposed pro-
cess of photooxidation of CR is described below. First, pre-
complexion is carried out on the interface between the CR
molecule adsorbed from the solution and the PW,/TiO; on
the film, which led to the formation of the charge transfer
complex, [PW;/TiO,-CR]* (Eq. (1)),

PW{,/TiO; + CR < [PW,/TiO, - CR]* )
Second, UV-illumination of the [PW;,/TiO;-CR]* to yield
its excited state, and then formation of OH® radicals with
H>O (Egs. (2) and (3)),
[PW,/TiO; - CRI* + hv

— [PW,/TiO, - CR1**

& (h™ +e7)[PW/TiO, - CRT* @
h* + H,0 — OH* + H* (3)

In addition, when CR concentrations are higher than
200 mg/l, a different path may happen since the CR dye
may react with the h™ to form its radicals state, and then
undergo oxidation reaction by molecular oxygen dissolved
in solution, just as shown in Eq. (4), CRyx included the
final products as well as intermediate products of CR degra-
dation reaction, which are determined by IC and ES-MS
measurements.

CR +ht — CR*ZCR,, )

The electrons yielded via Eq. (2) were attracted by PW
which was then reduced to its reduced form Eq. (5),

[PW,/TiO; - CR]* + e~ — [PW;/TiOs]rea + CR  (5)
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Here, the function of PW;; from [PW{/TiO,-CR]* is
mainly as an electron acceptor, therefore, the recombination
of h™ and e~ was inhibited by its attraction of e~ from the
CB of TiO».

Third, the photooxidation of the CR dye by OH® in deep
level (Eq. (6)),

CR + OH®* — CR (6)

The photoactivity of PW;; was decreased greatly due to
the formation of HPB via attraction of e~ from the CB
of TiO;. Therefore, only a little amount of PWj; from
[PW1/TiO>-CR]* will be photoexcited and involved in the
CR degradation reaction, i.e. the photooxidation reaction
from the [PW1/TiO2-CR}** itself (Eq. (7)):

[PW1;/TiO; - CRI** — [PW/TiO2]red + CRox )

Fourth, reoxidation of [PW{/TiO>]q to its original ox-
idation state by dioxygen dissolved in the reaction system

Eq. (8):

[PW11/TiOz]rea + H + 02 — PW/TiO2 + HO  (8)

After undergoing the above photocatalysis steps, a net
photocatalytic cycle has been completed. The reoxidized
form of PW{1/TiO; film was then capable of engaging in
another series of electron transfers until CR was mineral-
ized completely. Therefore, cycles of photooxidation of an
aqueous CR dye over the PW{/TiO; films were proposed
and are shown in Scheme 2. In the present experiment, the
concentration of CR is low, and the CR molecules are not
strongly adsorbed on the surface of the film, therefore, it is
impossible for the direct reaction of CR dye with holes to
occur (Eq. (4)). For the purpose of clarity, this step was not
appeared in the Scheme 2, although this path may happen
when the concentrations of CR are higher than 200 mg/l.

PW, /Ti0,

0, +H*

[PW, /TiO,] oy

[PW, /TiO,*CR] #

[(PW, TiOpCRI™*  |-CR,

e;\
[( €+IF) [PW,/TiOsCR] #]
H,0

i

Scheme 2. Cycles of photooxidation of CR dye over the PW,/TiO; film.

C

0X

3.3. Kinetic study

Influences of initial CR dye concentrations (Cp) on
the initial degradation rates of CR were performed by
UV-irradiation of the PW/TiO,—CR system for 250 min.
When Cp (initial concentration of CR) is changed in the
range of 0-30mg/l, a plot of Ry (initial CR disappear-
ance rate) versus Cg exhibits a nearly straight line, and
the linear correlation coefficients (R) are ca. 0.998 for the
photocatalytic material (Fig. 11, left). The value of K (the
adsorption equilibrium constant) and k (the reaction rate
constant) calculated from the plot was 1.31 x 10~*I/mg
and 51.3 mg/l/min, respectively.

The above first-order linear relationship can be explained
in a Langmuir-Hinshelwood model (Eq. (9)):

kKC
R=Trkc ®

As for the dilute solution, K C « 1 because of the rel-
atively weak adsorption of CR molecules on the surface of
the film; therefore, the above model can be expressed by

(Eq. (10)):
Ro=kK Co (10)

Therefore, the disappearance of CR follows a Langmuir—
Hinshelwood first-order kinetic law for initial CR concen-
tration chosen (0-30 mg/1).

3.4. Photocatalytic pathway of the CR dye

The intermediates and final products generated during the
CR degradation process were analyzed both by ES-MS and
IC measurements. Those intermediate products were iden-
tified by interpretation of their molecule ion peaks [(M +
H)/Z] (M is the molecular weight of the intermediates) in
the mass spectra. According to these results, we proposed
CR degradation pathway given in Scheme 3. Successive
degradation of CR may occur via the following steps: (i)
cleavage of C-S bond between the aromatic ring and the sul-
fonate groups by OH® radicals attack; (ii) successive open-
ing of the aromatic rings; (iii) -N=N- double-bond cleav-
age; (iv) cleavage of various C-N and C-C bonds of the
chromophore group; and (v) decarboxylation by OH® radi-
cals based on Photo—Kolbe process:

RCOO™ +ht — R* 4+ CO, an
3.5. Mineralization of CR dye

Evolutions of some intermediates such as acetic acid and
formic acid, and inorganic products such as NH4t, SO42_,
NO;~, and NO3 ™ as a function of irradiation time are shown
in Fig. 10. It can be seen that the amount of the S04~ and
NO;~ ions increased and gradually reached to a maximum
as the irradiation time increasing, indicating that CR was
mineralized totally. As for NH;T and NO, ™ ions, however,
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Scheme 3. Photodegradation pathway of CR in the presence of the PW/TiO; film.

both lines drops sharply at ca. 250 min while the formation
rate of NO3 ™~ ion become faster at the same time. This result
indicates that the transformation from NH4* to NO,~ or
NO;~ occurred. After ca. 400 min UV-irradiation, acetic
acid disappeared, and then formic acid after another 50 min
UV-irradiation, indicating that mineralization of CR into
CO, was complete after ca. 450 min UV-irradiation in the
presence of the composite films.

3.6. Recovery and lifetime of the PW11/TiO;
film catalysts

Having finished the first photocatalytic cycle, the ab-
sorbance of the PW{/TiO; film (350 °C) was determined.

The decrease of the absorbance values was hardly ob-
served, indicating that the film was stable in aqueous CR
dye solution. In addition, as is shown in Fig. 11 (right), the
photoactivity of the PW1;/TiO; film was almost unchange-
able after five catalytic cycles. It is apparent that the strong
chemical interactions between the PW;; molecules and the
titania matrix contribute to the result. At the same time, the
tungsten contents of the reaction solution (PW;/TiO,—CR
system) till the first photocatalytic cycle to the fifth were
measured for 0.1, 0.07, 0.04, 0.03, and 0.02%, respectively,
revealing that the drop of the PW{| from the film can be
inhibited effectively. The above results suggest that the
PW/TiO, film catalyst is suitable for the photodegradation
reaction of aqueous CR dyes.



192 D. Li et al./Journal of Molecular Catalysis A: Chemical 207 (2004) 183-193

0.15

0.12 4 3

Concentration (mmol/1)

<o
3
L]
1
QX3S0
88"
e}

\m\

,Z!/ = NS
+ N 4
0.00+4 +/ | Sa— —T —r T \?
0 100 200 300 400
Time (min)

Fig. 10. Evolution of NH;*, S042~, NO,~, NO;~, acetic acid,
and formic acid in solution during photocatalytic degradation of CR
(Co = 0.043 mmol/1) on the PW;/TiO; composite film.
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Fig. 11. Initial rate (Rp) vs. initial concentration (Cp) of photocat-
alytic degradation of CR (in the presence of the PW/TiO, film, Cp:
0-30mg/l; temperature at 25°C) (left). Lifetime of the PW;/TiO; film
calcined at 350°C in the process of photocatalytic degradation of CR
dye, Co = 30mg/l, irradiating time 3h as a function of reused times
(right).

4. Conclusions

The PW11/TiO; composite film was prepared via a simple
sol-gel method for the first time. The primary Keggin struc-
ture of PW,1039’~ cluster remained intact after formation
of the composite film, and chemical interactions between
PW ;039" and TiO, via covalent bonding existed in the
composite film. The original lacunary Keggin structure
tended to saturation due to chemical fixation of the titania
group to the surface of PW{1039’~. The suitable calcina-
tion temperature for the PW{1/TiO; film is 350°C based
on the UV-Vis spectra, XRD analyses, and SEM results.
The PW{/TiO, film (350°C) exhibits much higher pho-

toactivity than that of pure TiO; film and PW/TiO; film
towards CR dye degradation reaction under UV-irradiation.
This high photoactivity of the PW{/TiO; film is mainly
due to PW{;039’~ catalyzed electron transfer from the
CB of photoexicited TiO; to itself. The disappearance of
CR follows a Langmuir-Hinshelwood first-order kinetic
law for initial CR concentration chosen (0~30mg/l) by
using the PW{/TiO, composite film as photocatalyst. In
addition, recovery and lifetime tests show that the com-
posite films are stable and easily handled for recycling
uses. The studies suggest that the PW{{/TiO; compos-
ite film has great potential for practical photodegradation
applications.
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