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Abstract

The formation of surface modification on TiOwhich can be easily attained by a simple addition of ascorbic acid to aqueoys TiO
suspensions, uniquely affects both photocatalytic reactions and mechanisms. Surface modification results in the formation of a colored surface
complex that causes red shift of the absorption threshold of,Té@hancing utilization of the solar spectrum. The decolorization rate of
methyl orange, taken as a model for recalcitrant azo-dye, was observed to be the function of surface moditieddldDring the process.

It was found that surface modified TiQvas more effective for oxidation of azo bond than pure ;Tiadiated by both UV light and

solar light. Through investigating the effects of dissolved oxygen,@@d rerr-butyl alcohol on the decolorization of methyl orange, the
mechanisms are proposed that the superoxti®s | mediated oxidation pathways are dominant for cleavage of azo bond of methyl orange
on surface modified Ti@with ascorbic acid, whereas the OH radical mediated oxidation pathways are largely inhibited due to the hindered
complexation of ascorbic acid on the surface of ZiEinally, elementary charge transfer process on surface modifiechfithe implication

to photocatalytic reaction pathway are discussed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction degradation of dyes have been extensively repdied].
Generally, surface modifiers can affect the Tiéharacteris-
Azo-dye pollutants from the textile industry are an impor- tics by three ways: (a) by inhibiting charge recombination; (b)
tant source of environment contamination. Indeed, theseby exploring the wavelength response range; (c) by changing
effluents are toxic and mostly non-biodegradable and alsothe selectivity or yield of a particular produftO]. Ascor-
resistant to destruction by physicochemical treatment meth-bic acid (widely known as Vitamin C), a naturally available
ods. Removing color from wastes is often more important compound, was used as a modifier in a solid-state cell based
than other colorless organic substances, because the presenom TiO, and Cul and has been identified that photo-excited
of small amounts of dyes (below 1 ppm) is clearly visible and dye molecules inject electrons into the conduction band of
influences the water environment considerdhhs]. TiO2 and holes into the valence band of GuD-12] But
Therefore, it is necessary to find an effective method of there has yet no report about the effects of surface modifi-
wastewater treatment in order to remove colors from textile cation with ascorbic acid on T#photocatalytic oxidation
effluents. In the recent 20 years, Bi@® the photocatalyst (PCO) systems for azo-dye. Special attention is focused on
that is most extensively and intensively studied, and the our research aims of achieving highly reactive photocatalysts
applications of TiQ and its modification to photocatalytic  under the irradiation of UV light, as well as realizing the effi-
cient utilization of solar light using a photocatalytic system.

* Corresponding author. Tel.: +86 592 2183045; fax: +86 592 2183043, I this paper, we take methyl orange as a model for recal-
E-mail address: dwliao@xmu.edu.cn (D.-W. Liao). citrant azo-dye and investigate the effects of ascorbic acid
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on the TiQ photocatalytic decolorization of methyl orange
solutions. The mechanisms are preliminarily proposed as the
formation of charge transfer complexes of ascorbic acid on
the TiQ; surface and the superoxides mediated oxidation
pathways are dominant for cleavage of azo bond.

2. Experimental
2.1. Materials and chemicals

Ascorbic acid and methyl orange (short as AA and MO
below, respectively) were purchased from Shanghai Chemi-
cal Reagents Company and used without further purification.
Their structures are given cheme 1TiCly, fert-butyl alco-
hol (--BuOH) and CCJ were obtained from Shantou Xilong
Chemical Factory of Guangdong and used as received.

Preparation of nano-scale Ti@owders: nanosized TiO
was prepared by the hydrolysis method of Li@tcording
to Zhang[13]. TiCl4 was added dropwise and under stir-
ring to 300 mL of water at about®. This aqueous solution
was then mixed with (Nk)2SO4 solution and placed in a
temperature-controlled bath. The mixed solution was treated
with 2.5 M dilute NH;OH until the pH value was 7 and simul-
taneously stirred at high speed, and then maintained & 95
for 1 h. The colloidal TiQ solution was washed until free
of chloride ions. The hydrous oxide was dried at80and
calcined at 450C for 3 h at the rate of 5C/min.

2.2. Photolysis and analyses

All TiO 2 suspensions were prepared at a concentration of
1 g/L, and the initial MO concentration was fixed at 20 mg/L.

AAwas added as surface modiﬁer, and the mixed Suspensiothe oxidative C|eavage of azo bond in the dye molecules

were stirred in the darkness for 30 min to allow equilibrium.
The pH of suspensions was adjusted wit8l, and NaOH
solution to the desired values. For the photooxidation exper-
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by centrifugal filter (Beijing Medical Centrifuge Factory,
LG10-2.4A) to remove TiQ particles. Quantitative analysis

of MO was performed using UV-vis recording spectropho-
tometer (Shimadzu, UV-2501PC) &tax= 464 nm. All the
experiments were triplicate. The results presented were the
mean values with a total error of less than 5%.

2.3. Surface characterization

One gram per liter of suspensions containing different con-
centration of AA were stirred for 30 min for equilibrium,
filtrated thoroughly washed with ethanol and then dried at
120°C for 12 h. The prepared samples were in the form of
KBr thin disks and characterized with FTIR spectrometer
(Nicolet Avatar 360 FTIR).

The electrophoretic mobilities of Tiparticles in aque-
ous suspensions were measured to determine their zeta poten-
tials as a function of pH and [AA] using a zeta potential ana-
lyzer (Brookhaven Instruments Co.) equipped with a He—Ne
laser and thermostated flat board cell.

The optical absorption spectrum of pure %i@nd sur-
face modified TiQ were recorded with a UV-vis recording
spectrophotometer (Shimadzu UV-2501PC).

3. Results and discussion

3.1. Effects of surface modified TiO; with AA irradiated
by UV light

The MO solutions were irradiated with or without the
addition of AA and TiQ. The results are shown iRig. 1
The decolorization in the TigUV-light system is due to
which was testified by Vinodgopal and Kamid4]. The
direct photochemical oxidation of MO solutions occurred
little with the addition of AA, but occurred in the dye solu-

iments in the absence of dissolved oxygen, the reactor was

continuously purged with nitrogen gas during the irradia-
tion. Photoirradiation employed a 12 W UV bactericidal lamp
(Spectronics, BLE-6T365) as a light source (light intensity
was 250QuW/cn¥) or irradiation direct by solar light. The
reactor was open to the ambient air (air-equilibrated case) or
closed with a rubber septum under nitrogen gas$aturated
case) and stirred magnetically during irradiation, maintaining
the temperature at 3€. Sample aliquots were withdrawn by

a 1 mL pipet intermittently during photoreaction and filtered
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Scheme 1. Strutures of ascorbic acid and methyl orange (C.I. no. 13025).
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Fig. 1. Photocatalytic decolorization of MO irradiated by UV light:
[MO]=20mg/L, [TiOz]=1g/L.
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Fig. 2. Effects of AA concentration on photocatalytic decolorization of MO: [MO] =20 mg/L, §T#1 g/L.

tions containing only TiQ. It can also be seen from the was oxidized and its oxidation product of dehydro-ascorbic
figure that the color of MO was removed at the irradia- acid (DHAA) was desorbed from the TiQurface, but at the
tion time of 3h containing 1g/L AA and Tig) compared same time excess AA in the solution instantly was bound to
with ca. 70% of MO solutions was degraded for the same the new bare surface. This process does not stop until charge
experiment performed containing only TiONhen the UV transfer ceases and all of AA in the solution is completely oxi-
lamp was switched off, only negligible reactions of ca. 0.2% dized. These viewpoints will be further discussed later in this
can occur in the darkness. It can be concluded that AA paper.
greatly promotes the Ti©photocatalytic decolorization of
MO solution. 3.2. Characterization of surface modified TiO;

The photocatalytic decolorization rate of MO solutions is
also in accordance with first-order kinetics law during the 3.2.1. FTIR spectrum studies
initial stage of the reactiofiL5]. As shown inFig. 2, when After surface modification with AA, surface Ti atoms
photocatalytic reaction containing AA and TiQhe ratewas  formed bidentate complexes through teho-substituted
twice as large as that of the solutions containing only pure hydroxyl groups of furan ring binding to AA11], which
TiO2, which may illustrate that the reaction rate increased offered increased stability with little distortion of bond angles
as increasing AA concentration. When the mass concentra-and distances. As shownfig. 3, two peaks of the spectrum
tion ratio of AA to TiO, was 1:1, the decolorization rate  of pure TiQ at 1636.68 and 1384.78 crh were assigned
reached the maximum. This is due to the specific modifica- to the in-phase bending vibration of surface OH groups.
tion of AA binding to the surface of Ti@ and this system  In the spectrum of modification Tiwith different con-
has an important feature in that charge pairs are instantlycentration of AA, there appeared three continuous peaks
separated into two phases, the holes on the donating AAbetween 1000 and 1170 cthdue to G-O stretching vibra-
and the electrons in the conduction band of F[01] which tion of Ti—O—C bidentate complexes. Their positions were
react with Q to produce superoxides according to reactions slightly shifted toward higher energies after the modification,
(1) and (2). This process rather resembles visible light pho- indicating increase in their electron densities for lower elec-
tosensitization of oxide surface by absorbed dye in chargetronegativity of the Ti atoms. As increasing the AA dosages,
transfer. The more electrons inject into the conduction band the intensities of €O stretching increased consequently,
of TiO, the more superoxides are produced. The superoxideswhereas the intensities of the in-phase bending of surface
are moderate oxidants, and their standard reduction potential<OH groups decreased. It was due to the more addition of AA,
[16] [E° (O27/HO27)=1.0V; E° (027 /H202)=1.7V] are the more AA binding to surface OH groups of Tif form
sufficient to oxidize azo bond. When the separated chargebidentate complexes. So the amounts of surface OH groups
pairs occured during the photocatalytic oxidation, the AA were decreased.
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Fig. 3. Infrared spectrum of pure TjOand surface modified Ti (a)
TiO, +1g/L AA, (b) TiO2 +0.2g/L AA and (c) TiQ. Fig.5. Effects ofthe addition of AA on absorption spectrum of J&queous
suspensions (optical path length: 1cm): (a) 0.1g/L;RQ g/L AA, (b)

3.2.2. Zeta potentials studies 0.1g/L TIG, +0.2g/L AAand (c) 1g/L AA.

Generally solid oxides in agqueous suspensions possess . . .
electrical charge due to the amphoteric dissociation of sur- charge density and consequently the zeta potentials. It is of

face OH groups, the adsorption of ¥DH™ ions, or metal qdvantage to separate the 'Ei@f_articles from the dye SOIU'.
hydroxo compounds from the hydrolysis of solid materials. tions in practical applications, since the less aggregated TiO
The resultant surface charge is pH dependeigt. 4 shows sol should be formed away from the isoelectric point range.

the variation of zeta potentials of suspendedlarticles _ _

in water as a function of pH and AA. The pH was controlled 3-2-3. UV-vis spectrum studies _

by the addition of dilute SO, or NaOH. The measured iso- Due to this specific binding of AA to the surface of HO
electric point was about 3.5-4, less than the literature datathe Optical properties of Ti©consequently change. In con-
[17], which was related to the preparation of FiOn the trast, AA failed to produce the absorption above 350 nm since
presence of AA, the isoelectric point was shifted to lower pH it had no chromophores of its own, but the absorption thresh-
values and the positive charge on Ji6urface at acid pH old of modification TiQ shifted toward the red region of
region was much reduced since the surface TisOgitoups spectrum up to ca. 600 nm and the broad maximum at ca.
were replaced by FiO—C species. This was good consistent 400nm €ig. 5). As increasing AA concentration, both of
with IR results. It was interesting to note that the isoelectric @bsorption intensity and red shiftincreased. Moser ¢18].
point was negative in most of the pH range in the presence had reported that the bands in the visible observed in the
of 1 g/L AA. This was due to the complexation between sur- Presence of salicylate or catechol corresponded to ligand-to-

face Ti (IV) sites and modifier (AA) should affect the surface Metal charge transfer. Light promoted electrons transfer from
the modifier to the conduction band of Ti@nd decreased

20 . ‘ . . . ‘ . . . ionization potential of the electrons donor. Thus, the surface

[AA] ] modified TiG, exhibiting a significant red shift is ascribed to
104 —_ —=—O0glL | the crystalline environment of the metal.
. '\ : ?-3 gﬁt | In order to prove UV-vis absorption spectroscopic results,
SE‘ " _ i | the photocatalytic decolorization experiments of MO solu-
= | \‘\\-\- | tions were performed in the solar light. Frdfig. 6, it can
= il ¥ | be definitely seen that the decolorization rate of MO greatly
2 \\ | increased with AA under the solar light irradiation, which
= 204 ‘\'\. I indicated that the modified Ticertainly expands the wave-
o \ \ ] length response range.
* ‘\& ] 3.3. Photocatalytic mechanisms of the TiO; suspensions
il S, | withaa
2 4 6 g8 10 _ _
pH Although OH radicals mediated pathway are generally

deemed to dominant in most Ti(photocatalytic oxidation

Fig. 4. Zeta potentials of Tigin aqueous suspensions ([HfE 2 mg/L) as reactiond19-23] superoxides have been recently proposed
a function of pH and [AA]. as a main photocatalytic oxidants in photocatalytic oxida-
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Fig. 6. Photocatalytic decolorization of MO irradiated by solar light: Fig. 7. Effects of electron acceptors {@r excess CG) and -BuOH
[MO]=20mg/L, [TiOz]=1g/L. addition on photocatalytic decolorization of MO irradiated by UV light:
[MO]=20mglL, [TiOz]=1g/L, [AA]=1g/L, [-BuOH]=0.5M.

tion of some metal ions and azo-dyg#—30] As for surface

modification of TiQ with AA, it is not clear which one is (CClg+ e~ — *CCl3 + ClI7), had little assist on the photo-
the key oxidant for cleavage of azo bond of MO among catalytic decolorization rate. Therefore, the role gfcduld
*O2~, HO2* and OH radicals. In order to figure out this not only be as a conduction band electrons scavenger but
problem, we investigated the effects of dissolved oxygen, more important as a precursor of main oxidant. Zhao and
CCly and tert-butyl alcohol in the modified Ti@ suspen- co-workerg31] suggested that the position of dye molecule
sions irradiated by UV light. As shown Fig. 7, the compare  with the largest frontier electron densities was first attacked
of curves of TIQ/AA and TiO,/AA/t-BuOH shows that the by superoxides, on the basis of molecular orbital calculations
OH radicals should not be responsible for MO decolorization by frontier electron densities and point charges on all the indi-
since the addition of 0.5 M-BuOH (OH radical scavenger, vidual atoms of the dye. This is correlated with our results of
t-BUOH +*OH — -BuOH(—H) -+ H20) did not reduce the  experiments. Since the more electronegativity of the N atom
rate of MO decolorization. Furthermore, the decolorization thanthe C atom, the azo bond of MO molecule has the largest
rates of MO were faster in the air-equilibrated suspensions frontier electron densities and theoretically it should be first
than in the N-saturated suspensions, which could explain cleaved. But as we known, the cleavage efN\Nbond is dif-

in a way that dissolved oxygen should be essential for MO ficult, and maybe the cleavage between the N atoms and the
decolorization. The role of oxygen is universally regarded as phenyl groups may be partially occurred.

a conduction band electrons scavenger to inhibit fast charge The one-electron reduction of dissolved oxygen by con-
pair recombination. But in the Nsaturated suspensions, duction band electrons is kinetically sluggish in water. How-
instead of dissolved oxygen the addition of excess4sCCl ever, we found that the increase of photocatalytic decol-
which is known to accept conduction band electrons onpTiO orization rate in the presence of surface modifier could be

ads
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Scheme 2. Schematic illustration of MO photooxidation pathway in surface modifiedilith AA.
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