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Abstract

In this paper, silica gel supported titanium dioxide particles 61800,) prepared by acid-catalyzed sol-gel method was as photocatalyst
in the degradation of acid orange 7 (AO7) in water under visible light irradiation. The particles were characterized by X-ray diffraction,
BET specific surface area determination, and point of zero charge measurement. The supported catalyst had large surface area, high therme
stability and good sedimentation ability. The photodegradation rate of AO7 under visible light irradiation depended strongly on adsorption
capacity of the catalyst, and the photoactivity of the supported catalyst was much higher than that of the pure titanium dioxides. The
photodegradation rate of AO7 using 31% 3i6i0, particles was faster than that using P-25 and,Ti€hanghai) as photocatalyst by 2.3
and 12.3 times, respectively. The effect of the calcination temperature and théo@ing on the photoactivity of TigdSiO, particles
was also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction compounds have proven to be degraded effectively tg,CO
H>O and small molecule8—10]. Among the various pho-
Dye pollutants produced from the textile industries are tocatalysts employed, Tiis the most preferable material
becoming a major source of environmental contaminations due to its non-toxic, insoluble, stability, high photoactivity
[1]. It is estimated that about 15% of the total world pro- and inexpensive nature. However, i@an only utilize a
duction of dyes is lost during the dyeing and finishing oper- relative small part (less than 5%) of the solar spectrum for
ations and is released in the textile effluefs Azo dyes, photocatalytic oxidation and artificial UV light sources are
which contain one or more nitrogen to nitrogen double bonds unstable and expensive, which are main barriers to market-
(-N=N-) and constitute a significant portion of dye col- ing the TiQ, photocatalytic oxidation processes. Moreover,
orants, are widely used in the dyeing industry today, and most of commercial Ti@ usually have small particle sizes
are also resistant to aerobic degradation and under anaerobiso that TiQ particles are difficult to recovery from the sus-
conditions they can be reduced to potentially carcinogenic pension, such as by filtration.
aromatic amine§3-5]. Early studies reported that a dye molecule in its exited
For the treatment of dye-containing wastewater, tradi- State generated upon visible light irradiation can transfer an
tional methods such as flocculation, carbon adsorption, re-electron to the conduction band of semiconductor particles
verse osmosis and activated sludge process has difficultied11-14} which provide a new method for the treatment or
in the complete destruction of dye pollutaiié3, and has pre-treatment of dye-containing wastewater. The mechanism
the further disadvantage of potentially secondary pollution of dye degradation under visible light irradiation is described
[7]. So in recent years, heterogeneous photocatalytic oxida-by Egs. (1)—(6) [15]
tion has received considerable attention for the destructive

oxidation of dyes and textile effluents, since many aromatic dye+hv — dye’ 1)
dye* + TiOp» — dye*™ + TiO»(e) (2)
* Corresponding author. Tel+86-571-86971159; . . -
fax: +86-571-86971898. TiO2(e) + O2 — TiO2 + O2 3)
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H20, + TiO2(e) — *OH + OH™ (5) O
dye’™ + Op(or Ox*~ or*OH) NaOsS < > N=N O
— peroxylated or hydroxylated intermediates Ho
—— degraded or mineralized products (6)

Fig. 1. The structure of the AO7 molecule.
Therefore, the mechanism of dye degradation under visible

light illumination is different from the UV irradiation path- .
way, where dyes rather than TiQarticles are excited by follows: Tetrabutyl titanate of 8.5 ml was added to 39 ml
visible light. and 1 M HNQ aqueous solution, stirring at the same time,
On the other hand, since one of the important criteria for followed by agitation for 1h and a flaxen transparent 7O
an efficient photosensitization is to adsorb the dye on the SO Was obtained. Then, the solution was diluted by adding
TiO, surface and photodegradation reaction under visible distilled water of 60 ml. The pH of the solution was adjusted
light irradiation only takes place on the TiGurface, large  t© 2 using 1M NaOH, followed by stirring for 1h to give
surface area and high adsorption capacity are very important® turbid TiG; colloid. A certain amount of silica gel was
to increase the photoactivity of TiOparticles. A feasible ~ @dded to the Ti@ colloid, with stirring for 1h, and then
approach to achieve these things is the use of adsorbentdollowed by adjusting pH to 3. The suspension was stirring

with large surface area as supporting materials for,TiO for 1h, followed by washing-centrifugation procedure to
loading. make the supernatant nearly neutral. Then the supported

In this paper, silica gel was selected as support for,TiO 1102 particles was dried at 7@ for 24h and calcined at
loading. A series of Ti@/SiO, were prepared under dif- different temperatures for 2 h.
ferent conditions to investigate the effect of the TilOad-
ing and the calcination temperature on the photoactivity of 2.3. Chemical analysis of titanium oxide
the catalysts. Characterization of HiSiO, photocatalysts
was reported employing powder X-ray diffraction (XRD), The amount of TiQ loading of supported Ti@particles
BET specific surface area determination, and point of zero (TiO2/SiO;) was determined by colorimetric analysis using
charge measurement. Photoactivity of the catalysts was evalH20, as a complex ageijl6]. In this paper, the silica gel
uated using the photodegradation of an azo-dye acid orangesupported particles was denoted > TiO2/SiO,, where
7 (AOT) under visible light irradiation. x% was the amount of Ti@loading by weight.

2.4. Photocatalytic experiments
2. Experimental
] The experiments were performed in a Pyrex reactor of
2.1. Materials 1000 ml capacity. A 175 W metal halide lamp (Philips) was
used as the light source and positioned inside a cylindrical
Acid orange 7 was obtained from Sigma and was used vessel surrounded by a jacket. NajN€blutions (2 M) were
without further purification. TiQ P-25 (ca. 80% anatase, circulated through the jacket to filter out the UV emission
20% rutile; BET area, ca. 509g1; mean particle size,  of the lamp below 400 nm and cool the reactor t620In a
ca. 30nm) was supplied by Degussa Co. J¥{Shanghai,  typical experiment, a certain amount of AO7 was dissolved
average particles size as measured by SEM about@05  in 1000 ml of distilled water, resulting in a solution with pH
mainly of anatase form conformed by XRD, BET area, 5.7. Prior to irradiation, a suspension containing 2 g of cat-
ca. 11ntg™!) was obtained from Shanghai Chemical alyst and 1000 ml of AO7 solution was stirred continuously
Company. Silica gel (100-200 mesh) was obtained from in the dark for 1 h to achieve the adsorption equilibrium of
Shanghai Chemical Company. All other chemicals were AQ7 on the surface of the catalyst. The concentration of
of analytical reagent grade quality and were employed substrate in bulk solution at this point was used as the initial
without further purification. All experiments were carried value of the further kinetic treatment of the photodegrada-
out using deionized and double distilled water. The pH tion process. All irradiation were carried out under constant

of the solution was adjusted with either diluted HNOr stirring. At given intervals of irradiation, a sample of the cat-
NaOH. The structure of the AO7 molecule is illustrated in alyst particles was collected, centrifuged, and then filtered
Fig. 1 through a Millipore filter (pore size 0.22m). The filtrates
were analyzed by UV-Vis spectroscopy using a Shimadzu
2.2. Preparation of supported TiO2 photocatalysts UV1206 spectrophotometer. The determination wavelength

is 484 nm for AO7, which is the maximum absorption wave-
The TiO, sol was synthesized by the method called length. The determined absorption was converted to concen-
acid-catalyzed sol—gel process. A typical procedure was astration through the standard curve of the dye=(0.9999).
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2.5. Characterization

The phase of supported photocatalyst was studied by the
powder XRD technique. The patterns were recorded on a
Rigaku X-ray diffractometer using Cudradiation. Diffrac-
tion patterns were taken over thé éange 20-70 Average
crystallite size of prepared particles was calculated by the
Scherrer’s equation.

The BET specific surface area was determined by nitrogen
physisorption data at 77 K using Coulter OMNISORP-100
instrument. Pore volume and pore size distributions were
determined by Barrett—Joyner—Halenda (BJH) method with
cylindrical geometry of the pores.

The point of zero charge (pzc) of the photocatalyst was 20 30 40 50 60 0
measured by the method of mass titratja#, 18] 26 (deg)

Relative intensity

Fig. 2. XRD patterns of Ti@'SiO, particles with the calcination temper-
2.6. Kinetics ature of (a) 70C; (b) 300°C; (c) 500°C; and (d) 700C for 31% TiQ,
loading (@) labels the diffraction peaks of anatase 7)O

In general, the influence of initial concentration of organic

pollutants on the photodegradation rate has been described ) . ) _
well by the Langmuir—Hinshelwood kinetic mod&lq. (7) e major phase of TIgJSIO; particles was amorphous, in-

dicating that the high surface area of silica gel helped the
[19,20] . 4 . . :
dispersion of very fine Ti@particles on the support. More-
. 9C _ KKC @ over, no significant rutile phase was observed for allsTiO
d 1+KC loadings and calcination temperatures according to the ab-

At low substrate concentrations, the above equation can pe>€nce of the (11.0) rutile reflection a@ 2- 27.4°, which

imolified t do-first-ord ti 8). suggested t_hat the_presence of silica ge_l inhi_bitgd the phase
simplified to a pseudo-first-order equatidz (8) transformation of TiQ from anatase to rutile. Similar results

n (@) kKb — 't (®) were also found by Jung and P4ed].

The average crystallite sizes of TiQvere calculated by
Scherrer’s equation using the line-width at half-maximum
of the X-ray diffraction peaks at®2= 25.3° for anatase.
Fig. 4 shows the change of the crystallite size of T80,
particles with different TiQ loadings at the calcination
temperature of 300C. The average crystallite size of
anatase was about 5nm and increased very slowly with

wherer is the oxidation rate of the reactant (mg/l mi@y

the initial concentration of the reactant (mg@)the concen-
tration of the reactant at timtg(mg/l), t the irradiation time,

k the reaction rate constant (mif), andK the adsorption
coefficient of the reactant onto the semiconductor particles

(I/mg).

3. Results and discussion
3.1. Characterization of TiO2/S O, photocatalyst

3.1.1. XRD analysis

Figs. 2 and 3how the XRD patterns of TigSiO, parti-
cles with different calcination temperatures and JiGad-
ings, respectively. The peaks corresponding the anatase TiO
phase appeared ab 2= 253, 37.8, 48.0, 54.4 and 62.8
As observed irFig. 2 the major phase of TigSiO, parti-
cles at different calcination temperatures was pure anatase.
The peaks were getting sharper with increasing the calcina-
tion temperature, showing that the average crystallite size 20 30 40 30 60 70
increased with increasing the calcination temperature. As 26 (deg)
shown inFig. 3, _for the catalysts W!th _hlgh T@Ioadlng Fig. 3. XRD patterns of Ti@'SiO, particles with the TiQ loading of
(>31%), the major phase of the TISIO, particles was  (a) 8%: (b) 18%: (c) 31%; (d) 49%; and (e) 62% at the calcination
anatase. However, for the catalysts with low TFil©ading, temperature of 300C (@) labels the diffraction peaks of anatase 7jO

Relative intensity




284 Y. Chen et al./Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 281-287

8 300
-
@ 250
a ¢
-~ 6 I g
E / = 200 \\\
Y £ *
S <
; at § 150
g <
g 2 100 f
5 =
2 -V
0
0 : : ! : : 0 200 400 600 800
0 10 20 30 40 50 60 70 Calcination temperature ('C)

TiO: loading (%)
Fig. 5. BET surface area of 31% Ti{5iO, particles as a function of the

Fig. 4. Crystallite size of the anatase phase of JJ&IO, particles as a calcination temperature.
function of the TiQ loading at the calcination temperature of 3@

3.1.3. Point of zero charge measurement

increasing the Ti@ loading from 8 to 62%, indicating that The point of zero charge of TiKISIO, particles was mea-

the silica gel inhibited the growth of anatase crystal of sured by using the method of mass titrat[i,18] The pH

TiOo. of the agueous suspension of oxide depends on the amount
of oxide in a given volume of water and the suspension pH

3.1.2. BET analysis often reaches a steady value after addition of excess oxide.

Table 1shows BET surface area, pore volume and av- This limiting pH is found to be a reasonable estimated for
erage pore size of silica gel before and after it was loaded the point of zero charge of each oxide. The pzc value is a
with TiOz. The load of TiQ decreased BET surface area, useful indicator of the surface acidity of the oxide, which
pore volume and average pore size of the silica gel. Theseplays an important role in determining adsorption proper-
results indicated that a part of TiOparticles dispersed ties of the oxide. In solution of pH pHpze, the solid sur-
inside the pores of silica gel. As shownTable 1 BET sur-  face will be negatively charged, which favors adsorption of
face area, pore volume and average pore size 0$/8i0Q, cationic ions.
particles were proportionally decreased with increasing the |n the case of Degussa P-25, the pzc value estimated by
TiO2 loading. This result was qualitatively reverse with mass titration is 6.1 pH units, while the pzc value of P-25
that of the average crystallite size of TBiO; particles.  was 6.25 pH units reported in literat&2]. The differences
However, TiQ/SIiO, particles retained relatively large sur-  of the pzc value between literature and present work can
face area and mesopores structure, compared with the P-2%e due to specific adsorption of ions or to be the presence
photocatalyst. of significant amounts of impurities on the surface of TiO

BET surface area of 31% THISIO; particles is shown  particles[18], which lead to a change of the pzc value.
in Flg 5as a function of the calcination temperature. BET Results of the pzc value of 31% THBiO, partides under
surface area was continuously decreased as the calcinatiogjifferent calcination temperatures are listedTable 2 As
temperature increased. It should be noted that the decreasghown inTable 2 the pzc value of 31% TigISIO; particles
of the surface area of T¥ISIO; particles was rather slowly,  increased with increasing the calcination temperature, indi-
also indicated that the TiDparticles was dispersed well on cating the decomposition of the acidic groupable 3shows
the surface of the silica gel. the pzc value of TiQ/SIO, particles under different Ti©
loadings at the calcination temperature of 3G0 The pzc
value of TiQ/SiO, decreased continuously with increasing

Table 1
BET surface area, pore volume and average pore size of the samples the TiO, loading, and get through a minimum at 31% of the
Samplé BET Pore volume Average pore
(m/g) (cmP/g) size (nm) Table 2
Silica gel 347 0.78 9.6 The pzc value of 31% Ti@ISIiO, particles under different calcination
8% TiO,/SiO, 272 0.55 8.1 temperatures
18% TiO,/SiO, 254 0.46 7.2 -
31% TIOYSIO, 205 0.38 6.8 Calcination temperature C)
49% TiG,/SIO; 214 0.33 6.2 200 300 400 500 600 700
62% TiG,/SIO, 194 0.25 5.2

pzc (pH) 2.28 2.66 468 4.82 5.06 5.18

2 All samples were calcined at 30CQ for 2 h.
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Table 3 under visible light irradiation and almost disappeared after
The pzc va_Iue of TiI/SIO, particles under different Ti®loadings at about 6 h, indicating the degradation of AO7 in the presence
the calcination temperature of 300 of 31% Ti0,/SiO; particles. Concomitantly, no new absorp-
TiO2 loading (%) tion band appeared in the UV-Vis region. This confirmed
8 18 31 49 62 the photodegradation of AO7, i.e., the breakup of the chro-
mophore responsible for the characteristic color of the dye,
rather than its discoloration or bleaching. Moreover, the
intensities of the absorption bands at 230 and 310 nm de-
creased rather slowly during the irradiation time, indicating
TiO> loading and then increased with increasing thesTiO  that the intermediates formed during the photodegradation
loading, indicating that the effect of the Tidbading onthe  of the azo dye still contained benzoic- and naphthalene-type
pzc value of TiQ/SIO; particles was rather complex. Itwas  ring. After the total disappearance of the dye, the intensity of

pzc (pH) 3.46 2.88 2.66 2.87 3.04

observed that the pzc value of all series of Fi€O, parti- the band at 230 and 310 nm stopped to increase, indicating
cles was lower than that of P-25, indicating that there were that the degradation of the dye was through the photosen-
more acidic groups on the surface of BiSIO; particles. sitization way. The photodegradation of AO7 under visible
light tended to follow pseudo-first-order kinetics in the pres-
3.2. Photoactivity of TiO,/S O, particles ence of 31% TiQ/SiO; particles, as shown iRig. 6 (inset).
For comparison, blank experiments established that AO7
3.2.1. UV-Mis spectra did not degrade in Ti@ISiO, dispersion in the dark or

An azo-dye acid orange 7 was chosen as a model pollu-When irradiated with visible light without photocatalysts.
tant due to its difficult to biodegradation and light degrada- Therefore, we inferred from this that both visible light and
tion. The temporal evolution of the spectral changes taking TiO2/SiO; particles were indispensable to the photodegra-
place during the photodegradation of AO7 mediated by dation of AO7. Moreover, visible light irradiation of AO7 in
31% TiO,/SiO, particles under visible light irradiation was  the presence of silica gel particles, substituted for,I830,
shown inFig. 6. The electronic absorption spectrum of AO7 particles, also caused no degradation of the dye, indicating
in water was characterized by four bands in the UV-Vis re- the need for a semiconductor electron-transfer mediator.
gion. Two bands in visible region, with a major absorption It is clear from the above experimental results that AO7
band at 484 nm and a shoulder band at 430 nm, were dueundergoes the photodegradation process initiated by an
to the hydrazone form and azo form of AO7, respectively electron injection into the conduction band of i@n-
[23]. Two bands in the ultraviolet region located at 230 and der visible light irradiation[25]. The potential for oxida-
310nm attributed to the benzene and naphthalene rings oftion of the excited dye AO7 to the dye cationic radical
AO7, respectively[24]. The extent of adsorption of AO7  (E(AO7*/AO7**) = —1.24V versus NHE)25] lies above
(60 ppm) on TiQ/SIO, particles (2 g/l) was ca. 45%, indi- the conduction band edge of TiEc, = —0.5V versus
cating the strong interaction between AO7 and J&O, NHE). Therefore, the occurrence of the interfacial electron
particles. As observed iRig. 6, the intensity of the 484nm  transfer is thermodynamically feasible.

absorption band due to the chromophore decreased rapidly
3.2.2. Effect of the calcination temperature

The effect of the calcination temperature on the photoac-

35 . tivity of 31% TiO,/SiO, particles is shown iffFig. 7. It was
3 K observed that the apparent rate constant for the photodegra-
Sat dation of AO7 was decreased with increasing the calcination
25 % 2 oh temperature, which was in consistent with the change of ad-
2 (1) r 2h sorption amount of AO7 and BET surface area of J&)0,
_§ 2 o 100 200 30 400 22 particles. When the calcmqtl_on temperz_iture m_creased from
S 15 | Irradiation time(min) 300 to 400°C, the photoactivity of TiQ/SIO, particles was
) significantly reduced.
1k
3.2.3. Effect of the TiO» loading
0.5 Fig. 8 shows that the apparent rate constant of,I800,
: particles for the photodegradation of AO7 changes with
0 the TiO, loading. For the catalysts with low TigOoading
200 300 400 500 600

(<31%), the apparent rate constant was increased rapidly
Wavelength (nm) with increasing the Ti@ loading. Since the photodegrada-
. , ‘ tion of dye pollutants only takes place on the surface of
Fig. 6. UV-Vis spectral changes of AO7 (60 ppm, pH5.0) in agueous . - . . . .
31% TiG,/SIO, dispersions as a function of irradiation time. Inset: the TiO2 particles, the |ncrea§e of the T_;l@oadlng 'ncreased
plot In(Co/C;) vs. irradiation time under the same conditions. the surface coverage of Tin the silica gel, which led to
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Fig. 7. Apparent rate constant and adsorption of 31%,/8@D, particles
for the photodegradation of AO7 (40 ppm, pH5.0) under visible light
irradiation as a function of the calcination temperature.

Fig. 9. Photodegradation of AO7 (40 ppm, pH5.0) in the presence of
() 31% TiQ/SIOy; (b) P-25; and (c) TiQ (Shanghai) particles under
visible light irradiation.

the enhancement of the rate of photodegradation of the dye.jncrease of the reaction rate constant under high, TiO
While for the catalysts with high Ti@loading (>31%), the loading.

apparent rate constant was increased slowly with increasing

the TiG, loading, indicating that the rate-limiting step may 324, Comparison with pure TiO,

be the supply of molecular oxygen to the catalyst surface Tg compare the photoactivity of plain Ti@and TiG:/SiO,

under high TiQ loading. The efficiency of the photodegra- particles, 2 g/l TiQ (Shanghai) and P-25 were used as ref-

dation of AO7 under visible light irradiation is determined grence catalyst. All the results are presentedrign 9. It

by the competition between forward electron injection and \as found that the kinetics of photodegradation for the dye

back electron transfe23]. Under high TiQ loading, the  a| followed pseudo-order-kinetics. After 6 h of visible light

high coverage of Ti@ on the silica gel was significantly  jrradiation, 99, 90 and 36% of the dye in an aqueous disper-

effective to accelerate the electron injection rate. However, sjon was degraded by TiIBIO,, P-25 and TiQ (Shanghai),

the supply rate of molecular oxygen, which acts as an elec-respectively. It should be noted that Ti®nly accounts for

tron scavenger to avoid recombination of injected electron 3194 mass of TiG/SiO; particles.

with AO7°*, was constant under experimental conditions.  Sipce the preadsorption on the surface of Ji@rticles

Therefore, the recombination rate of injected electrons jg prerequisite for efficient photodegradation of dye pollu-

with AO7** was also enhanced, thus, leading to the slow tants under visible light irradiatiofL5], greater adsorption

should enhance the degradation rate of AO7. Earlier stud-

2.0 ies [26] reported that adsorption of AO7 on the surface of

TiO2 occurs through a Lewis acid—base reaction, which im-
o 6 b » plies the formation of an inner-sphere complex. The AO7
- molecule is linked to three ¥ surface metallic cations
w . through two oxygen atoms from the sulfonate group and
X L2 the oxygen atom of the carbonyl group of the hydrazone
= tautomer. Therefore, the increase of the surface area of
F the catalyst will increase the site offisurface metallic
v 08 1 . . . . . .
g cations, resulting in the increase of adsorption of AO7 on
b . the surface of the catalyst and the enhancement of the rate
5 04 r of electron transfer. As shown ifable 4 BET surface area

of 31% TiG,/SiO, particles was much higher than that of

0.0 . \ . . P-25 and TiQ (Shanghai) particles by 4.5 and 20.5 times,

respectively. The adsorption of AO7 on the 31% €O,
particles was particularly strong, compared with pureTiO
The adsorption order of the three series catalysts was 31%
Fig. 8. Apparent rate constant of Ti3iO, particles calcined at 30@ TIOZ/&OZ > P-25 > TiG (Shanghai), which was qualita-

for the photodegradation of AO7 (40 ppm, pH5.0) under visible light tively consistent with the order of BET surface area. The
irradiation as a function of the TiDloading. photoactivity of the 31% Ti@'SIiO, particles determined

0 10 20 30 40 50 60 70
TiO; loading (%)
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Table 4 respectively. The high surface area and great adsorption of
Comparison of different catalysts for the photodegradation of AO7 under Tj0,/SiO, particles facilitated electron injection so as to
visible light irradiatior? significant increased the rate of photodegradation of AO7.

Catalys® BET Adsorption Rate constant r Moreover, The TiQ/SiO, particles had good sedimentation
(m?/g)  (mg/g catalyst) (min~1) ability.

31% TiG/SIO; 225 15.3 0.0135 0.947

P-25 50 5.0 0.0059 0.981

TiO, (Shanghai) 11 0.2 0.0011 0.981
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