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Abstract

Photooxidation of oxalic acid over Tg&urface in the presence of silver ion was studied. Simultaneous deposition of silver and oxidation
of oxalic acid were followed under irradiation of agueous suspensions of pH 2.5-3.5. The rate of the reductibwafsAgcreased by
the progress of silver deposition until a considerable depletion of the silver ion in the liquid phase was achieved. Then it was slowed down
when the transport of Agfrom the bulk of the liquid phase to the surface of the semiconductor particle became the rate-determining
process. It has been demonstrated that, after the completion of silver deposition, the small metal particlessarfali® enhance the
efficiency of the semiconductor by a factor of 5 for the photooxidation of oxalic acid.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction of copper(ll) ions photoassisted by TiOn the presence
of sacrificial electron donors (formate, oxalate) has been
Considerable attention has been devoted to study the pho-studied recently{19]. Sakata et al[20] observed a large
tocatalytic degradation of organic and inorganic pollutants enhancement of the rate of photo-Kolbe reactjaf] of
in order to reveal the mechanism of light initiated reactions aliphatic acids with no hydrogen evolution in the presence
and to apply them for solving environmental problgirsA]. of silver(l) ion. Influence of silver ions on the photocat-
For this purpose Ti@is widely used as photocatalyst be- alytic oxidation oftert-butanol over anatase was studied by
cause its chemical stability and non-toxicity, electronic and Ohtani and co-workerf22—24] Rutile, which is practically
optical propertie$5—8]. Due to its relatively high band-gap  inactive in aqueous 2-propanol solution proved to be more
energy, TiQ can utilize only a small fraction of the solar efficient than anatase in the presence of 4g3]. These ex-
energy. Therefore, various methods have been employedperiences indicated an efficient electron scavenging by Ag
to extend its absorption spectrum into the visible range. instead of by H that resulted in silver and the reduction in
Molecular sensitizers such as transition metal complexes ofthe efficiency of recombination of the hole—electron pair at
ruthenium(ll) bonded to the surface of the semiconductor the surface of the Pt/Ti© Oxygen evolution and silver de-
particles have been proved to be efficient in solar cells con- position on the semiconductor particles were observed after

verting the light to chemical energ@—11] However, for illumination of TiO, powders suspended in aqueous*Ag
photomineralization of pollutants chemically more stable solutions[25-27]and a molar rationag/no,, close to the
and especially cheaper modified 5@ required[12-14] stoichiometric value of 4 was determined. Concerning the

Thus doping with simple transition metals is preferred. On nature of the deposits Ohtani et §8,29] and Herrmann
the other hand, the presence of dissolved metallic ions iset al. [30] concluded that the Ag—O-Ti surface state was
common in industrial waste waters as well in natural surface formed at the specific active sites of the surface where the
waters. It was found that metallic ions, principally?’FEe Ag™ had been adsorbed. The IR studies gave evidences of
Cu?t and Agh increase the rate of photocatalytic oxidation metallic silver formation in UV-irradiated paste prepared
of organic compounds, such as aromatic hydrocarbons, aroby TiO> and aqueous solution of AgN(31]. Formation
matic and aliphatic acidd5-18] The reductive deposition  of metallic silver spheroids of ca. 2nm was pointed out by
Herrmann et al[30]. The type and the size of the parti-

* Corresponding author. Fax:36-88427915. cles of the deposited silver strongly depend on the type of
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transmission electron microscopy (TEM) over rutj&s]. Air or Argon
On the other hand, homogeneously distributed 2—8 nm par- !
ticles were observed on the surface of P-25 particles, while
larger, agglomerated particles of different shapes and size
were found on BDH sample by TEM. The mechanism of
silver deposit formation was studied using picosecond time
resolved laser flash photolysis technid8é]. One electron,
inner sphere reduction of Agby Ti'' was assigned as the
rate determining step of the formation of the colloidal silver
deposit, while the developing of nanosize silver aggregation
was interpreted by two limiting mechanisms: (a) aggrega-
tion of concurrently formed silver atoms, and (b) a sequence
of alternating electronic and ionic evenf380] similarly S
to the latent image cluster formation in silver halide pho- —
tography. Very recently a further progress in revealing the
mechanism of the light-induced electron transfer reaction Air or Argon E
on the surface of transition-metal-loaded %ilas been re-
ported. Using femtosecond PP-DRS technique (PP-DRS— ‘
pump-and-probe diffuse reflectance spectroscopy), Ohtani L
anij ca—worlfe_rs{SS] pointed out that t-h.e recombination of Fig. 1. Schematic representation of the photoreactor: L is the light source
{e ,h } pairis acce,lerated by transition metal (V’ Cr, Fe, S; a septum for feeding the photocatalyst, &septum for sampling and 7
Co, Cu, Mo, W) loading at the surface of TiO F a glass filter.

In this contribution we discuss the results obtained by

light-induced oxidation of oxalic acid over TyGsurface in mixture was adjusted using80; and NaOH of pure reage-
the presence of silver ion. Our preliminary investigations ntgrade. The other materials, such as NaCl were also reagent
indicated that the rate of photooxidation is influenced by grade. The high purity water used in the experiments was
various transition metal ions (e.g. € Ni**, Cl*, Ag")  double distilled and then purified with the Milli-Q system.
and a considerable enhancement has been observed in the
presence of Cif and Ag". Addition of CU#* or Ag* to 2.2. Photoreactor and photocatalytic experiments
the suspension prepared by aqueous solution of oxalic acid
and TiQ, resulted in a typical conversion versus time curves  The photochemical reactor developed for irradiation of
under photolysis. These curves consist of two different sec- the heterogeneous reaction mixture circulated by continu-
tions. In the first section, where the reduction of the metal ously fed air with a flow rate of 40 d#h~1 under irradi-
ions occurs, the rate of substrate oxidation is moderate andation is shown byFig. 1 The light source (40 Wimax =
slightly increases especially in the presence of copper. The350 nm) is located at the central axis of the reactor having
deposition of the metal on the TiOs followed by the rapid  an internal mantle made by quartz. There is a glass tube
photooxidation of the oxalate. So these systems offer the between the internal (quartz) and external (glass) walls that
possibility for a careful study of the photoinduced metal de- separates the reactor of 38mto two parts. The suspen-
position on the semiconductor surface and for investigation sion of three phases (gas, liquid and solid) is moving up
of the activity of the in situ metal loaded TjOFirst, we in the internal sphere and the reaction mixture consists of
paid more attention to the oxalic acid-silver-%i®ystem  solid particles and solution is moving down in the external
because of the advantage of using a one-electron photoinpart. The gas (air or argon) leaves the reactor at the top and
duced redox process resulting in metal deposition. The otherthere is a septum for sampling near to the bottom of the re-
advantage of the studied system is that a simple analyticalactor. The photon flux of the light source was determined
procedure is required to follow the reaction. by potassium tris(oxalato)ferrate(lll) chemical actinometry.
It was estimated to be.45 x 10~°einsteins®. The initial
volume of the photolysed reaction mixtures was $dm
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2. Experimental all experiments. The initial concentration of oxalic acid was
5 x 10~3M and the initial concentration of silver sulfate
2.1. Materials was varied between 0 and2l0~4 M. The concentration of

TiO, was adjusted to 1 g dn? for heterogeneous systems.
The titanium dioxide (TiQ@) sample used in all experi-
ments was Degussa P25, mainly anatase, with a surface are@.3. Analyses
of ~50 n? g~L. Silver solutions were prepared with 480,
(Reanal) of pure reagent grade. Oxalic acid and KMnO Before and after irradiation 4 chsamples were taken
were purchased from Reanal. The initial pH of the reaction through the septum with a syringe and immediately trans-
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ferred to centrifuge tubings. The solid phase of sample first short period of the reaction the concentration of the sil-
(4cm?) was separated by centrifugation at 6000 rpm for ver ion in the liquid phase decreased rapidly and the color
10 min. The concentration of the oxalic acid was determined of the sample taken from the reactor through the septum as
by classical permanganometry using the aliquot of the clear well as that of TiQ separated by the procedure described in
liquid sample. The concentration of silver ion was deter- Section 2turned to pale brown. It is important to note that
mined by potentiometric method using chloride ion selec- during this period a change in the color of the excited re-
tive electrode (CISE: Radelkis OP-271/1). The aliquot part action mixture circulating in the reactor was also observed.
of the clear aqueous solution of the sample was measuredlhe milky white suspension appeared to turn to bright green
to another aliquot solution containing chloride ions and then this color deepened and finally its intensity seemed to
sodium nitrate in a given concentrations then it was com- be constant. First we have paid attention to study the silver
pleted with water to 5 cfto obtain a sample of 0.3 M ionic  deposition occurring under various conditions.

strength andlicy = 1.667 x 104 M. Due to the reaction

between the chloride and the silver ions silver chloride was 3.1. Siver deposition on TiO, surface

formed resulting in a decreasing in the concentration of the

free chloride ion. Its concentration was measured by CISE  The reduction of silver was also investigated in a
against the Ag/AgCl reference electrode. The concentration large-scale photochemical reactbig. 3 shows the change

of the silver in the reaction mixture was determined con- 4 the concentration of AY under irradiation of various
sidering the solubility product of the silver chloride and the a5ction mixture including homogeneous aqueous solutions
mass balance of the silver as well as that of the chloride ions. 35 well as suspensions containing Fidhe figure clearly
indicates enhanced photoreduction of silver ions in the pres-
ence of TiQ. There are further remarkable features of the
curves fitted to the data. Comparing the results obtained for
both homogeneous solutions and heterogeneous reaction
mixtures the rate of photoreaction is faster in the presence
ation of aqueous Ti@suspension at various initial concen- of oxalic acid than without this sacrificial electron donor.
tration of silver is depicted iffig. 2 When the oxalic acid  In addition, the rate of the reaction is increasing in suspen-
is photolysed in the absence of silver ion the oxidation is sions until a relatively low silver concentration is achieved
relatively slow. The initial rate of the photochemical reac- in the liquid phase. This apparent autocatalytic feature will
tion is very similar in the presence of silver ion, however, be discussed later.

it is rapidly increasing after a short period, which depends The photodeposition of the silver has been investigated
on the initial concentration of the silver ion (approximately using air and argon, respectively, for circulating the aqueous
3min for a solution of [Ag] = 2 x 10~*M). The reaction suspensionkig. 4 demonstrates the decrease in the concen-
rate is nearly constant in the second stage, which is abouttration of silver ion and the increase in the concentration of
five times higher than that of measured in the absence of
silver ion then it is leveling off when the concentration of

3. Results and discussion

Variation in the concentration of oxalic acid under irradi-
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Fig. 3. Photoreduction of silver ion at various condition®)(in aque-
ous solution, ) in aqueous solution in the presence of oxalic acid

(co = 5x 10°3M), (M) in the presence of Ti® (LgdnT3), () in
the presence of oxalic acido= 5 x 10-3M) and of TiG, (1gdnT3).
The initial analytical concentration of silver ion wasx210~4M in all
experiments.

Fig. 2. Photooxidation of oxalic acidd = 5x 10~3 M) at various initial
concentrations of silver ionQ@) [Ag*]o = 0, @) [Agt]o = 3.5x10°° M,
@) [AgTlo=1x10"*M, (@) [AgT]lo =2 x 1074 M.
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The oxalate ion forms complex anion with Ag
(log Biag(c,001- = 3.65 and acts as a sacrificial electron
donor. Since the Af ions exist as aqua complexes in aque-
ous solution of AgSQO, and dominantly as [Ag(&04)]
in the presence of oxalic acid of 1®M a higher rate for
the adsorption of silver as well as a higher value for the
surface complex formation are expected for oxalate system
at pH~ 3, where the TiQ has positive charge (isoelectric
point of the Degussa P25 is 6.6). In addition, it is also
reasonable to suppose that in the presence of this sacri-
ficial electron donor the rate of silver deposition is also
increased. The size of the metallic silver deposition can in-
crease rapidly by a sequence of alternating electronic event
and ionic transport followed by adsorption, which results in

metallic silver spheroids. Comparing the conversion and the
rate of silver reduction under the photolysis of the aqueous
suspension, both in the absence and presence of oxalic acid,
a breakdown in the increase of the silver deposition rate is
observed at various conversiorsd. 5). This phenomenon
the hydrogen ion in the aqueous phase. The data show thatan be interpreted by considering the silver ion transport
the rate of photoreduction of silver is not influenced by oxy- to the surface followed by its adsorption. The adsorption
gen. It means that the electron scavenging by the oxygenof silver ions over the surface of TiOparticles is equili-

at the surface of the excited semiconductor particle cannotprated within several minutes for the given concentration
efficiently compete with the electron transfer to the silver of the photocatalyst and that of the silver ion used in these
ion from the{e~, h*} pair. So, the following reaction is a  experiments. Under irradiation when the photodeposition is
rather fast process comparing to electron transfer to oxygenvery fast and the consumption of silver ions adsorbed on
molecule. the surface is faster than its diffusion to the surface the rate

: -t + : Orn+ of reduction is determined by diffusion of silver ions from

TiO2(€™, N} + Alagsored TIO2AG™ (N} @) the bulk to the surface. So thye photoinduced electron trans-
The hole is trapped by the electron from the water molecule fer reaction is slowed down when the concentration of the
adsorbed on the surface of the semiconductor particle result-silver ion is lowering in the aqueous phase. It is observed
ing H™ and oxygen according to the stoichiometry given in at 60 and~40% conversion in the absence and presence of

Fig. 4. Change in the concentration of silver io®,(O) and in the pH
(© ) of the liquid phase under irradiation of the reaction mixtures of
Cagyt = 2% 10~*M and ctio, = 1gdm3, using argon @) and air O).

Eqg. (2) oxalic acid, respectively, which is expected by considering

o 0 the enhancement of the reduction of silver ions in the pres-

4AgT + HZOTB 4AQ° +4HT + Oy 2) ence of sacrificial electron donor. Upon silver deposition
2

The rate of disappearance of silver ions from the solution

and that of the formation of Hare continuously increasing 1,2E-04

up to a conversion of ca. 60%. These experiences suggest c o o

that the efficiency of the photoreaction (2) is increased by the £  1,0E-04 ‘

small silver particles developing on the semiconductor sur- i

face. The silver deposition leads to the considerable change S 8,0E-05

of the surface of the semiconductor resulting in a shiftinits 3 o
absorption spectrum to the visible range which is probably § 6,0E-05 - .

incident to the decreasing in the band-gap energy and pro- &

vides an increase in the absorbed light fraction. Moreover, = 40e05 {4/ °
another effects of the silver deposition have to be also con- % —

sidered. Namely, due to the electronic interaction occurring @  ,0g 054 .0~ o N0
at the contact region between metal deposits and the semi- ¢ ] )
conductor surface the electrons are removed fron T 0,0E400 ' . .

the vicinity of metal particle resulting in the formation of 0 02 0.4 0.6 0.8 1

Schottky barrier$36]. This leads to an efficient charge sep-
aration of the light generateléd™, h*} and therefore a more

Conversion of Silver Deposition

effective electron transfer to the electron acceptors adsorbedrig. 5. change in the rate of the silver reduction under the progress of
on the surface of the particle than in the case of the puresilver deposition, in the reaction mixtures ofg,+ = 2 x 107*M and
ctio, = 1gdnT3: (O) [H2C204]0 = OM, (@) [H2C204]0 = 5x 1073 M.

TiOo.
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oxalic acid is oxidized to C&@ The change in the concen-

199

In principle there are several possible reactions for consum-

tration of the silver ion and that of the oxalate was found to ing the photogenerated holes that are trapped at or below the

be equivalent according to the following equation:

2AgT + H2Co04 + 2hv — 2AQ° + 2CO, + 2HT ()

surface and identified as oxygen anion radical (Dcova-
lently bound to titanium atoms.

(a) Oxalic acid acts as electron donor and the electron trans-

3.2. Photooxidation of oxalic acid over silver deposited
TiO2

The rate of photooxidation of the oxalic acid is enhanced
after the silver deposition has been completed (the concen-
tration of the silver ion in the aqueous phase is lower than
the limit of the analytical procedure) as it is demonstrated
in Fig. 6. This figure clearly indicates that there is a change
in the mechanism of the light-induced oxidation of the sub-
strate. The silver deposits are act as electron traps. The pho-
togenerated electrons are immobilized in these surface traps
before being scavenged by electron acceptors adsorbed on
the surface resulting in an improvement of the separation
of electrons and holes. At this stage of the photoreaction it
is the oxygen molecule that reacts as an electron acceptor.
The electron transfer from the silver deposits to the oxygen
should be a very fast process. However, it should be empha-
size that it is slower than the electron transfer tatAgn.

On the other hand, it is known that the reduction of oxygen
is favorable in acidic media:

(4)
()

Because the electrons can be accumulated by the nanosize
silver deposition, further electron can be readily transferred
to the adsorbed ©~ as follows:

e;g trapped+ 02 ads— 02 adS’i

0, +HT < HO,*

(b)

fer resulted in COOM radical

ht 4+ HC,04~ — CO, + COOH? @)

The radical formed in this reaction can also react with
dissolved oxygen to produce HO

COOH® + O, — COp + HO,® (8)

Because of the concentration of COOshould be lower
than the concentration of oxygen molecule at the surface
it is reasonable to exclude the recombination of COOH
via bimolecular reaction with another COOltb oxalic
acid.

The adsorbed peroxide ion can dissociate toxbich is
able to transfer electron to the holes resulting in excited
oxygen aton37,38] This very reactive species readily
oxidizes the oxalic acif39] as follows:

02 adé™ — 20ads” 9
Oags +h™ — O* (10)
O* + HC,04~ — O=C(OH)O™ + CO, (11)
O=C(OH)O™ + H" — CO, + H0 (12)

On the other hand one can exclude that the adsorbed
water reacts efficiently with the holes to produce OH
because the quantum yield for @lradical formation is
much lower(7x 10~°) than that of holeg5.7x 10~2) ac-

€ag trappedT 02" = O2 add (6) cording to the recent study of Hashimoto and co-workers
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Fig. 6. Photooxidation of oxalic acid and photodeposition of silver under irradiation of the reaction mixityg-of= 2 x 104M and cTio, = 1gdnr3,
Coxalic acid= 5 x 1073 M: (@) concentration of silver ion in the liquid phas® § concentration of the oxalic acid(}) pH.
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[40]. However, hydroxyl radicals can be generated by
the reactions of the peroxyl radicals:

HO,® + HO2* — H20, + O; (13)
02*~ + H202 — OH® + OH™ + O (14)
HaOz + hv — 20H® (15)
H20; + €3 yrapped—> OH" + OH™ (16)

The hydroxyl radical readily oxidize the deprotonated
form of oxalic acid with a rate coefficient of.2 x
10°M~ts 1 [41]:

OH® + HC,04~ — COOH® + OH™ + CO, 17)

Photobiology A: Chemistry 154 (2003) 195-201

the bulk of the liquid phase to the surface of the semiconduc-
tor particle becomes the rate-determining process. The pres-
ence of silver deposits on Tigurface is found to enhance
the efficiency of the semiconductor particle by a factor of 5
for the photooxidation of oxalic acid. The nanosize metallic
silver particles on the Ti@surface can accumulate the elec-
trons resulting in a better charge separation than in the case
of bare TiQ. This provides a more efficient electron trans-
fer to the oxidizing and reducing molecules adsorbed on the
surface of the particles than the recombination of holes and
electrons. It has been also concluded that accumulation of the
electrons in the nanosize silver particle increases the proba-
bility of the formation of excited oxygen atoms via electron
transfer from the @4s born from @ 5¢&~ to the hole.

Considering the above discussed electron transfer reactions

as well as the reaction of various radicals it is concluded
that the enhanced activity of silver modified Gi@an be
attributed to: (1) the increase of the absorbed light fraction
due to the shift in the absorption spectrum of the semicon-
ductor to the longer wavelength; (2) the efficient separation
of the light generatedh™*, e~} pair via trapping of elec-
trons by the metallic silver deposited on the surface of,TiO
resulting in an increase in lifetime this pair; (3) the increase
in the probability of the formation of excited oxygen atom
providing the following stoichiometry according to the re-
actions (4, 6, 9, 10, 11, 12):

2HpC04 4+ Op + 2hv — 4CO, + 2H,0 (18)

This is in accordance with the model proposed by Hermann
[39] for the photooxidation of oxalic acid over the excited

TiO» surface. According to this model the excited atomic

oxygen formed by the electron transfer from thgg® to

the hole is the dominant oxidizing agent for oxalic acid. It is

important to emphasize that the molecular oxygen has two

crucial roles in the oxidation of oxalic acid. First the oxygen

molecules are very efficient electron acceptors especially a4

the silver deposited surface. Second, r®adily reacts with
the COOH radical formed by the electron transfer from the
HC,04~ to the photogenerated holes. In additiop 2~
formed by scavenging of two electrons consecutively or si-
multaneously by molecular oxygen adsorbed on silver de-
posited TiQ surface is the source ofgs~. So the formation

of O ag€~ is one of the most important processes resulting

References

[1] H. Courbon, P. Pichat, J. Chem. Soc., Faraday Trans. 80 (1984) 3175.

[2] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341.

[3] M. Anpo, H. Yamashita, in: M. Anpo (Ed.), Surface Photochemistry,
Wiley, Chichester, 1996, p. 117.

[4] D.F. Ollis, H. Al-Ekabi (Eds.), Photocatalytic Purification, and
Treatment of Water and Air, Elsevier, Amsterdam, 1993.

[5] E. Pelizzetti, N. Serpone (Eds.), Homogeneous and Heterogeneous
Photocatalysis, Reidel, Dordrecht, 1986.

[6] M. Chiavello (Ed.), Photocatalysis and Environment, Trends and
Applications, Kluwer Academic Publishers, Dordrecht, 1988.

[7] E. Pelizzetti, N. Serpone (Eds.), Photocatalysis, Fundamental and
Applications, Wiley, New York, 1989.

[8] P.V. Kamat, Chem. Rev. 93 (1993) 267.

[9] B. O’'Reagan, M. Grétzel, Nature 353 (1991) 737.

[10] C.A. Bignozzi, J.R. Schoonover, F. Scandola, Prog. Inorg. Chem. 44
(1997) 1.

[11] M.K. Nazzeruddin, P. Péchy, M. Gratzel, Chem. Commun. 18 (1997)
1705.

[12] H. Yamashita, M. Harada, Y. Ichihashi, M. Anpo, J. Phys. Chem. B
102 (1998) 10707.

[13] N. Serpone, D. Lawless, Langmuir 10 (1994) 643.

T. Ohno, F. Tanigawa, K. Fujihara, S. lzumi, M. Matsumura, J.

Photochem. Photobiol. A 127 (1999) 107.

[15] M. Fujihira, Y. Satoh, T. Osa, Nature (London) 293 (1981) 206.

[16] J. Sykora, Coord. Chem. Rev. 159 (1997) 95.

[17] L. Zang, C.-Y. Liu, X.-M. Ren, J. Chem. Soc., Faraday Trans. 91
(1995) 917.

[18] A. Sclafani, L. Palmisano, M. Schiavello, Res. Chem. Intermed. 18
(1992) 211.

[19] S. Yamazaki, S. Iwai, J. Yano, H. Tanigichi, J. Phys. Chem. A 105
(2001) 11285.

in the enhancement in the rate of photooxidation according [20] T. Sakata, T. Kawai, K. Hashimoto, J. Phys. Chem. 88 (1984) 2344,

to the pathway which is doubling the amount of oxidized
oxalic acid Eq. (18) related to the reactions occurring un-
der silver depositionEq. (3).

4. Conclusions

Simultaneous silver deposition and photocatalytic oxida-
tion of oxalic acid in excess was studied using Fiét

[21] B. Kraeutler, A.J. Bard, J. Am. Chem. Soc. 100 (1978) 2239.

[22] S. Nishimoto, B. Ohtani, H. Shirai, T. Kagiya, J. Chem. Soc., Perkin
Trans. 1l (1986) 661.

[23] S. Nishimoto, B. Ohtani, H. Kajiwara, T. Kagiya, J. Chem. Soc.,
Faraday. Trans. 81 (1985) 61.

[24] B. Ohtani, K. Kakimoto, H. Miyadzu, S. Nishimoto, T. Kagiya, J.
Phys. Chem. 92 (1988) 5773.

[25] Y. Osawa, M. Gratzel, J. Chem. Soc., Chem. Commun. (1984) 1629.

[26] Y. Osawa, M. Gratzel, J. Chem. Soc., Faraday Trans. 84 (1988) 197.

[27] W. Erbs, J. DeSilvestro, E. Borgarello, M. Gratzel, J. Phys. Chem.
88 (1984) 4001.

pH 2.5-3.5. The rate of photoreduction is increased by the 2g] B. ohtani, Y. Okugawa, S. Nishimoto, T. Kagiya, J. Phys. Chem.

progress of silver deposition until the transport of Algom

91 (1987) 3550.



E. Szabb-Bardos et al./Journal of Photochemistry and Photobiology A: Chemistry 154 (2003) 195201 201

[29] B. Ohtani, S. Zhang, J. Handa, K. Kajiwara, S. Nishimoto, T. Kagiya, [36] P. Pichat, Photocatal. Environ. (1988) 399.

J. Photochem. Photobiol. A 64 (1992) 223. [37] J.-M. Hermann, J. Disdier, M.N. Mozzanega, P. Pichat, J. Catal. 60
[30] J.-M. Herrmann, J. Disdier, P. Pichat, J. Catal. 113 (1988) 72. (1979) 369.
[31] W.C. Clark, A.G. Vondjidis, J. Catal. 4 (1965) 691. [38] P. Pichat, J. Disdier, J.-M. Hermann, P. Vaudano, Nouv. J. Chim. 10
[32] A. Sclafani, M.-N. Mozzanega, P. Pichat, J. Photochem. Photobiol. (1986) 545.
A 59 (1991) 181. [39] J.-M. Hermann, Catal. Today 53 (1999) 115.
[33] A. Sclafani, J.-M. Herrmann, J. Photochem. Photobiol. A 113 (1998) [40] K.-l. Ishibashi, A. Fujishima, T. Watanabe, K. Hashimoto, J.
181. Photochem. Photobiol. A 134 (2000) 139.
[34] M.R.V. Sabyuan, N. Serpone, Langmuir 13 (1997) 5082. [41] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, J. Phys.
[35] S. Ikeda, N. Sugiyama, B. Pal, G. Mart. Palmisano, H. Noguchi, Ref. Data 17 (1988) 743.

K. Uosaki, B. Ohtani, Phys. Chem. Chem. Phys. 3 (2001) 267.



	Photocatalytic oxidation of oxalic acid enhanced by silver deposition on a TiO2 surface
	Introduction
	Experimental
	Materials
	Photoreactor and photocatalytic experiments
	Analyses

	Results and discussion
	Silver deposition on TiO2 surface
	Photooxidation of oxalic acid over silver deposited TiO2

	Conclusions
	References


