J. Phys. Chem. R001,105,11285-11290 11285

Kinetic Studies of Reductive Deposition of Copper(ll) lons Photoassisted by Titanium
Dioxide

Suzuko Yamazaki* and Shiho Iwai

Department of Chemistry, Faculty of Science, Yamaguchidisity, Yamaguchi 753-8512, Japan

Jun Yano
Department of Engineering, Umérsity of East Asia, Shimonoseki 751-8503, Japan

Hitoshi Taniguchi

Department of Veterinary Radiology, Faculty of Agriculture, Yamaguchuvélsity,
Yamaguchi 753-8515, Japan

Receied: July 11, 2001; In Final Form: October 4, 2001

Photoreduction of copper(ll) ions onTi@vas studied in the presence of sacrificial donors such as HCOONa,
Na.C,04, and NaH,edta. Formate was the best donor with respect to the reduction rate but an induction
period was observed. The induction period increased with an increase in the Cu(ll) concentration or with a
decrease in the TiDweight in suspension. The presence of sulfates, phosphates, and chlorides increased the
induction period. The ESR measurements indicate that the Cu(ll) ions exist as{@ej@4 in the formate

system while as [Cu(fD4)2]?>" in the oxalate system. The differences in the reduction rates of Cu(ll) between
the formate and the oxalate system were explained in terms of electrostatic interaction between the Cu(ll)
complex and the Ti@surface and a negative shift in the reduction potential by coordination with oxalate.
The following rate law was obtained by kinetic analysis: rate k;'KNJCuU'L]1.®/(1 + aKJCu'L])} x
{K[Donor]/(1 + K[Donor])}.

Introduction reduce oxygen to superoxide. These radicals subsequently
. ._initiate a chain of reactions that oxidize organic species to
Much attention has been focused on the photocatalytic o,mhietion. Details of further reaction mechanism have re-
degradation of organic pollutants mediated by F¥garticles o aineq unclear. There are many papers in which reaction rates
IN aqUEOUS SUSPENSIONs. A lot of works have demonstratgd tha‘iNere treated empirically to present the same saturation-type
this method is an effective approach toward the degradation O kinetic behavior as portrayed by the Langmtitinshelwood
mineralization of a wide variety of harmfulitoxic organic o a8 Most of them were obtained on the basis of the rates
pollutants in wastewaters. However, from a practical viewpoint, for photooxidation of organic compounds while there are few

the T'O? suspension is not appropriate because it requires papers describing kinetics and rate laws with respect to reduction
separation steps to remove the catalyst from the treated water, oo with photogenerated electrons

The fixati_on of the TiQ_photocataIyst_ has been investigated It is well-known that metal ions with a standard redox
fora.co?tlng prozcess using scgel technique on substrates .SUCh potential more positive to the conduction band of Ti&re

as S'Q’ zeolite? and magnetité.The properties of thg Tip photoreduced to deposit on titania surface. Tennakone and
fllms_flxed on the Su.bStrateS depend on the properties of theWijayantha employed the photoreduction process to extract
colloids used to fabricate theﬁMatsur_noto et al_. descrl_bed a heavy metals such as Pb and Hg from an agueous soflition.
new method bqseg)d on an electrochemical technique to fix a IO £oq1ar 6t 1. studied reversible photoreductive deposition and
film onto alumite> Remillard et al. prepared amorphous and oxidative dissolution of copper(ll) in TigsuspensioA? In this

anatase Ti@ films V.V'th a variety of microstructures by aper, we describe the kinetics of the photoreduction of copper-
sputtering and pyrolytic d_eposmon an_d as_sessed the perfo_rmar_lc{”) ions in order to clarify the reaction mechanism.
of these films by measuring photooxidation rates of stearic acid
on thgm‘? Pilkenton et aI_. have repor_ted th_e photocatalytic Experimental Section
oxidation of ethanol on Ti@coated optical microfiber which
was prepared by dipping in a TiQlispersion and subsequent Materials. Degussa P-25 Ti©was obtained from Japan
heating treatmert. Aerosil. The specific surface area was 5G gr! and the

On the other hand, much progress has not been madecomposition was about 70% anatase and 30% rutile. Other
concerning the kinetics and reaction mechanism. When photonsféagents were of the guaranteed reagent grade and used without
with energies greater than the Ti®and gap are absorbed, further purification. Laboratory grade water was prepared with
electron-hole pairs are created, which can migrate to the titania @ Milli-Q water system.
surface where they either recombine or participate in redox Photoreactors.Two types of photoreactors were employed.
reactions with adsorbed species. It is generally believed thatA batch photoreactor consisted of a 500 mL Pyrex reservoir

the holes oxidize water to hydroxyl radicals and the electrons surrounded by fou4 W fluorescent black light bulbs (Mat-
sushita, FL 4BL-B) which were located in a radial manner at

* Author to whom correspondence should be addressed. Telephone & the same interval at the distance of 8 cm from the center of the
Fax: 81-83-933-5763. E-mail: yamazaki@po.cc.yamaguchi-u.ac.jp. vessel.

10.1021/jp012664g CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/22/2001



11286 J. Phys. Chem. A, Vol. 105, No. 50, 2001

-

Ny —>»
11cem

e ” )
Thermostated
Water Bath > % Y
//
Suspension d — 4W Black Light
{400 m) Magnetic Stirrer Pump

Figure 1. Schematic representation of circulation system.

Figure 1 shows a circulation system consisting of a spiral
Pyrex tubing (inner diameter: 7 mm; outer diameter: 9 mm;
volume: 30.8 mL) A 4 W fluorescence black light bulb was

located at a center of the annulus of the tubing. Two bent Pyrex

tubings connected with flexible Tygon tubing through a
peristaltic pump were used for recirculating 400 mL of the ;TiO
aqueous suspension containing?Cions in a reservoir which

was immersed in a thermostated water bath equipped with a

magnetic stirrer (Nissin Thermomeca NT-505D). The volume

of the passage which connected the spiral photoreactor with
the reservoir was ca. 80 mL. The Tygon tubings were as short
as possible and changed with new ones every experiment

because of adsorption of TiOThe photon flux of the photo-
reactor was determined by potassium tris(oxalato)ferrate(lll)
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Figure 2. Time course of the Cu(ll) concentration when the light was
turned on under Npurge (a) and turned off under,Quurge (b).

Conditions: 0.1 mol dm® HCOONa, pH 3.6, 30C, 0.2 wt % TiQ,
four lamps were irradiated.
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Figure 3. Effect of flow rate. Conditions: 7.9« 104 mol dn3
CuSQ, 0.1 mol dnt® HCOONa, pH 3.6 = 0.1 mol dnt3, 30 °C,

20

chemical actinometry. The photon flux was estimated to be 3.00 0.2 wt % TiQ.. Flow rate was 43@), 214 @),429 (), and 600 mL

x 1076 einstein s at the wavelength shorter than 400 nm.
Procedures. In both photoreactors, nitrogen was purged

through the TiQ suspension for 30 min before irradiation. The

suspension was purged with nitrogen and vigorously stirred

min~! (A).

the suspension was purged with oxygen without irradiation, TiO
returned to white and the €t concentration increased to the

throughout the experiments. Before and after the irradiation, 5 initial value. The same behavior was observed by repeating the

mL samples were withdrawn from the reservoir at appropriate
times, immediately transferred into centrifuge tubings under
nitrogen atmosphere, and centrifuged at 2000 rpm for 5 min.
The concentration of Cu in the supernatant liquid was
determined by colorimetry (Shimadzu UV-1600) with sodium
diethyldithiocarbamate or by spectrometry with inductively
coupled plasma (Varian, ICP-AES Liberty Series Il). The total
volumes withdrawn were limited to be less than 10% of the
initial volume of the reaction solution, since a portion of the
TiO, powders in the reservoir was removed together with the
sample solutions.

Spin-Trapping Method. The ESR spin-trapping technique
was adopted to identify radicals produced by the irradiation of
the TiG, suspension. 5,5-Dimethyl-1-pyrroliné-oxide (DMPO)

experiment. In this paper, we focus on the reaction rate of the
decrease in the Gt concentration, which was observed with
illumination under a nitrogen atmosphere.

To enhance the rate of reduction of metal ions, it is necessary
to use hole-consuming sacrificial agents to avoid the recombina-
tion process of holes with electrons. Foster et al. employed
formate as a sacrificial donor for recovering copper from
wastewaters after electroless copper plating, in which formate
was formed by oxidation of formaldehydETherefore, first we
describe the kinetic results with formate. The kinetic data were
obtained using the circulation system as shown in Figure 1,
where the reaction temperature was maintained at a constant
during the experiments.

A. HCOONa as a Sacrificial Donor. Effect of Flow Rate.

was employed as a diamagnetic radical scavenger. AqueousReaction rates were measured at various flow rates for circula-

suspensions of 1 mL containing 0.2 wt % gi@nd 37.5uL
DMPO in the presence or absence of 0.1 mol@itdHCOONa
were irradiated for 20 min and the sample was taken with
capillary (hematocrit capillary tubings, Doramond). The ESR

tion of the suspension. Figure 3 indicates that after an induction
period of ca. 3.3 min, the Cti concentration decreased linearly
with irradiation time. The slope of this decrease, i.e., the rates
of reduction of C&", increased with increase in flow rate and

spectra were recorded using a JEOL JES-FE1X spectrometerapproached a constant value at flow rates faster than 429 mL

operating at the X band.

Results and Discussion

A typical variation in the C&" concentration in a batch
photoreactor was depicted in Figure 2. When an aqueous TiO
suspension (0.2 wt %) containing 50 ppm?2Cy7.9 x 10~
mol dnm3 CuSQ) and 0.1 mol dm® sodium formate was

min~L. It is noted that the induction period was not dependent
on the flow rate. Thereafter, all the experiments were performed
at the flow rate above 429 mL mih

Effect of Anions and lonic StrengttWhen ionic strengthu)
of the reaction solution was adjusted with the addition of NaNO
or NaClQ, neither slope nor induction period was influenced:
the slope was 4.54 0.18 ppm min! and the induction period

illuminated under nitrogen atmosphere, the concentration of was 2.18+ 0.22 min as listed in Table 1. This finding suggests

CU2" decreased due to reductive deposition on the, idface.
This process turned the color of Ti@o purple. Then, when

that the reduction rates for €uwas not dependent on ionic
strength. However, in the presence ofPD,~ or SQ2-, the
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TABLE 1: Effect of Anions to Adjust lonic Strength & 5
u slope induction period 4l o
s . o . .
(mol dm3) additives (ppm min?) (min) < o
0.1 none 4.63 1.7 E 31
0.3 NaNQ 4.61 2.4 £
0.5 NaNQ 4.83 2.2 =3
0.3 NaClQ 4.33 2.1 g
0.5 NaClQ 4.28 2.5 » 1]
0.3 NaHPO, 0.86 16.3
0.2 NaCl 8.78 5.0 0 T T
0.3 NaCl 7.07 4.8 .001 .01 A 1
0.5 NaCl 6.35 5.9 o, -3
]
0.3 NaSO 3.04 47 [Sacrificial Donor} (mol dm™)
0.5 NaSQO, 1.21 8.6 Figure 5. Effect of concentrations of HCOON®YJ or N&C,0, (®).
A N . 5 5 Conditions: pH 3.6, 30C, 0.2 wt % TiQ. Concentration of Cu(ll)
Conditions: 9% 10° mol dn> Cu(NG;)2, 0.1 mol drm and ionic strength were 50 ppm and 0.5 mol &rfor HCOONa or
HCOONa, 0.2 wt % Ti@, pH 3.6, 30°C. 500 ppm and 0.3 mol drd for Na,C.Ox.
5 12
= 41— o o T 104
< E
£ 3] 8 8]
g & 6 AN A
g 2] s
» 5 4
14 kel
£ 2
(4] T T T T T 0 . . .
0 100 200 300 400 500 600 00 10 20 30
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Figure 4. Dependence of slopes on Cu(ll) concentrations in the E
presence of 0.1 mol dm HCOONa Q) or N&C,0, (®). Conditions: E 304
pH 3.6, = 0.3 mol dnt3, 30 °C, 0.2 wt % TiQ. e
Q
Q.
induction periods increased and the slopes decreased. This g 209
tendency was obvious with an increase in thg®@oncentra- 3
tion. On the other hand, with the addition of 0.1 moldhCI~ 1.07
(@ = 0.2 mol dn73), both the induction period and slope 0.0
increased to 5.0 min and 8.78 ppm minrespectively. The “00 10 20 3.0
@ncrea_se in t_he Cl concentration had little effect on the Weight of TiO, in suspension (/)
induction period but decreased the slope to 6.35 ppnThin  _. ' ) ) ) )
ith 0.4 mol dnT3 NaCl (« = 0.5 mol dnd) Figure 6. Effect of TiO, amounts on induction periods and slopes in
wi : : ' the presence of 0.1 mol dfhHCOONa @, O) atu = 0.1 mol dnt3

Abdullah et al. investigated effects of inorganic anions on o N,C,0, (@) atu = 0.3 mol dn2. Conditions: 50 ppm Cu(ll), pH
rates of photocatalytic oxidation of organic compounds and 3.6, 30°C.
reported that perchlorates and nitrates have little effect while
chloride, sulfates, and phosphates reduced the oxidation'fates. represented. On the contrary, as the concentration increased,
The latter three anions adsorbed on the;la@d competed with  the induction period decreased: 6.0 min at 0.001 motdm
the adsorption of organic compounds. Therefore, the increase3.5 min at 0.002 mol dn¥; and 2.31+ 0.41 min above 0.005
in the induction periods in our system is ascribed to the mol dm3.
adsorption of these anions, which decreased the number of Effect of TiQ Amount The effect of the amount of dispersed
adsorption sites available to reduction of?Cuwe observed TiO2 on the induction periods and the reduction rates were
the reduction rates for Cti were accelerated with the addition  presented in Figure 6. The induction period of 10.2 min at 0.1
of CI~. This may come from the role of Clbridging between g L™ TiO; decreased to 2.2 min at 3.0 gk On the other
Cuw?t and Ti, which promotes inner-sphere electron transfer. hand, the reduction rates of 0.79 ppm miimat 0.1 g Lt
Although the reason the reaction occurred suddenly after anincreased with the Ti@amount to 3.99 ppm mirt at 3.0 g
induction period was not clear, hereafter the ionic strength was L.
adjusted with NaN@ and the Ce&" aqueous solutions were Effect of Reaction Temperaturéhe induction period was
prepared with Cu(Ng)>. not dependent on reaction temperature over the range of-30.0
Effect of Cu(ll) ConcentrationThe rates of reduction were ~ 50.5°C. However, the reduction rates increased gradually with
independent of initial concentrations of €was shown in Figure  temperature: 4.52, 4.90, and 6.20 ppm miat 30.0, 40.0, and
4 while the induction periods increased with an increase in the 50.5°C.

Cuw?t concentration: 2.4, 4.7, and 5.1 min at the2Cu Spin Trapping Method for Determining the Radical Inter-
concentrations of 50, 300, and 500 ppm, respectively. mediates.Convincing evidence for the generation of the OH
Effect of HCOONa ConcentratioThe dependence of the radical upon irradiation of aqueous solutions of Titas been
rates of reduction on the concentration of HCOONa were obtained from use of spin traps capable of scavenging the OH
examined over the range of 0.06Q.2 mol dnT3. The rates radicals and producing a characteristic nitroxide which can be
increased with the HCOONa concentration and reached adetected by ESRE Table 2 lists the observed ESR parameters

constant value of 3.97& 0.04 ppm min! as Figure 5 for spin adducts with DMPO with or without HCOONa. In the
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TABLE 2: ESR Parameters for Spin Adducts with DMPO

sample aV(G) a'(G)
(1) TiO2 aqueous suspension (UV) 15.0 15.0
(2) HCOONa+ (1) (UV) 16.0 19.0

60
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Time (min)
Figure 7. Effect of sacrificial donors of 0.1 mol dmMd HCOONa (),

N&C;04 (@), NaxHzedta @), or CHRCOONa (). Conditions: pH 3.6,
w = 0.3 mol dnt3, 30°C, 0.2 wt % TiQ.

10

absence of HCOONa, hyperfine coupling constants were

analyzed to be 15.0 G for bo#Y anda™, which are coincident
to the reported values for DMPGDH adducts (14.90 G On
the other hand, in the presence of HCOONa, #heand a"

values were estimated to be 16.0 and 19.0 G, respectively.

Hyperfine coupling constants for DMPECO, adducts were
reported to be 15.79 G fa" and 18.97 G foa", respectivelyt*
Therefore, addition of HCOONa produced a £@adical under
illumination, which was caused by trapping photogenerated
holes with formate.

TiO,+hw—h"+¢e (1)

h* + e  — recombination 2)
h" +HCOO —H" + CO,” ()
h* +C0,” —CO, (4)

B. Effect of Sacrificial Donor. We examined the effect of
sacrificial donors by using 0.1 mol drfiof Na,C,04, NapH2-
edta (edta: ethylenediaminetetraacetate) o§@PONa instead
of HCOONa. As shown in Figure 7, no appreciable change in
the Cu(ll) concentration was observed with £&®©OONa. It is
noted that an induction period was observed only with HCOONa.

Yamazaki et al.
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Figure 8. Cyclic voltammograms in 0.3 mol dri NaNGQ; solutions
at pH 3.6. (a) None, (b) 50 ppm &y (c) 50 ppm Cé&" and 0.1 mol
dm~3 HCOONa.

(3.99 £ 0.09 ppm minY) were larger by a factor of 1.2 than
the maximum rate observed with p&O,.

The slopes obtained with 500 ppm Cu(ll) solutions containing
0.05, 0.1, and 0.15 mol dm Na,C,O, were shown in Figure
5. The mean value for the slopes was 3#48.05 ppm min?
which was smaller by a factor of 1.1 than the maximum rates
observed with HCOONa. If formate and oxalate act as sacrificial
donors for consuming the photogenerated holes, the maximum
rates should be the same. However, these data suggest that the
presence of oxalate retarded the photoreduction of Cu(ll). Figure
6 also represented that the slopes increased with theafiount
and reached a plateau of 1.620.02 ppm min! which was
smaller than that with HCOONa.

Cyclic Voltammetry.Cyclic voltammogram using glassy
carbon as a working electrode was measured in 50 ppm Cu(ll)
aqueous solutions in the absence or presence of sacrificial
donors. As shown in Figure 8, addition of 0.1 mol
HCOONa did not affect the redox potential of Cu(ll) ion,

0.02 V vs SCE, which was calculated from potentials at anodic
and cathodic peak currents, although the reason an anodic peak
without HCOONa was not as sharp as the cathodic peak was
unclear. On the other hand, in the presence of(¥a, and

The reduction rates of Cu(ll), i.e., the slopes, were estimated N&Hedta, reduction of Cu(ll) was not observed in the potential

to be 4.69, 1.60, and 0.40 ppm mirfor HCOONa, NaC,O,,
and NaH.edta, respectively, indicating that HCOONa was the
best donor for the Cu(ll) photodeposition. On the other hand,
from the viewpoint of the standard redox potentials, the
reactivity with holes decreases as the following order;Hja
edta> NaC,0, > HCOONa. These findings suggest that these

region up to—0.2 V. This finding indicates that it is more
difficult to reduce Cu(ll) ions in the presence of XtaO, and
NaH-edta.

ESR Measurementshe ESR measurements were performed
at room temperature since they often give us information about
microscopic structures around the paramagnetic center. The

donors do not act only for consuming the photogenerated holes.addition of NaC,0, to a Cu(NQ), solution gave a spectrum

The oxidation process of Md,edta was very complicated while
both HCOONa and N&,;0, were simply oxidized to C®
Thus, the kinetic data for HCOONa and #aO, were
compared in details.

Effect of Reactants’ Concentrations in the Case of048,
as a Sacrificial DonorDependence of the reduction rates on
the initial concentration of Cu(ll) was presented in Figure 4.

which consisted of four hyperfine lines corresponding to the
Cu nuclear spin of 3/2 as shown in Figure 9c. Such hyperfine
structures were clearly observed for various>Caomplexes
produced by replacing the coordinated water with nitrogen-
containing ligands or various carboxylaté©n the other hand,
as shown in Figure 9a, the [CufBl)s]®" yielded a broad
spectrum due to spin-exchange interaction. In Figure 9b, a

The slope increased with an increase in the Cu(ll) concentration similar spectrum was obtained with HCOONa, indicating that

and reached a limiting value of 3.26 0.02 ppm min! at
concentration more than 300 ppm. It is worthy to note that no

its addition did not affect the environments around thé'Cu
ions. Therefore, the Cti exists as [Cu(kD)g]2" in the presence

such dependence was observed for HCOONa and the slope®f HCOONa while as [Cu(&D,),]%~ with Na,C,O,4. The data
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(a) Q4=2.0055

(b)

©

65G

Figure 9. ESR spectra of 500 ppm €uaqueous solutions at pH 3.6.
(a) No sacrificial donors, (b) 0.1 mol difiHCOONa, (c) 0.1 mol dr?
N&C,04. The vertical line indicates a line position of Fremy saj (
= 2.0055).

obtained by the voltammetry indicate that the coordination with
C,042 or edtd™ makes the Cti more difficult to be reduced.
C. Mechanistic AspectsThe following reaction mechanism

can be postulated to account for the obtained experimental data

k
(site)+ Cu'L % cu'L(ads)— Cu'L(ads)—k2> Cu’L(ads)
©)

wherek,, kg, ki, andk; represent rate constants for adsorption

and desorption of ClL and for reduction of Cli(ads) and

CuL(ads), respectively. The &l corresponds to [Cu(kD)s]%"

or [Cu(G04),]%~ with the addition of HCOONa or N&,O,,

respectively, and (ads) indicates species adsorbed osn TiO
Assuming the steady-state concentrations fotlGads), the

following equations are obtained:

rate= —d[CU'L)/dt = k.S, [Cu'L] — kS' =k,S' =
kKS[CU'L] (6)

whereS, andS' mean the number of vacant sites and the sites
adsorbed by ClL, respectively, andKs denotesky/(ky + ki).
Introducing the total number of the adsorbed sidswhich is
the sum ofS, 9', S, and S and assuming the steady-state
conditions for ClL(ads), eq 6 is converted to eq 7
rate= k,KNJCu'L}/(1 + aKJCu"L]) 7)
where a. presents K; + kp)/k; and the value ofNs — &) is
assumed to approximately equdl. The rate constank; is

J. Phys. Chem. A, Vol. 105, No. 50, 20011289

hole pairs which are separated into conduction band electrons
and valence band holes. The fractional coverafgsos IS a
function of concentrations of sacrificial donors according to
Langmuir-Hinshelwood kinetic model¥ Finally, the rate law

is expressed as follows:

rate={ k, KNJCu"L]I . ®/(1 + aKJCu"L])} x {K[Donor]/
(1 + K[Donor])} (8)

Here we assume that the oxidation with holes and the reduction
with electrons occur on the different surface sites on the catalyst.

The second term in eq 8, the adsorption isotherm expression
for the sacrificial donor, is responsible to the effect of
concentrations of formate on the reduction rate of copper(ll) as
in Figure 5. The dependence of the rates on the, Bi@ount is
explained in terms of the absorbed light intensity which is given
by eq 9:

l,=1,{1— exp(~yC)} 9)

wherel, is the intensity of incident lighty is a constant relating
to the length of the light path and absorptivity of Hi@ndC
is the amount of Ti@ Clearly, more TiQ yields more light-
absorption and, approaches a limiting value where all the
incident light is absorbed.

The reaction rate was not dependent on the Cu(ll) concentra-
tion in the presence of formate as shown in Figure 4. This
finding suggests the relation,< aKs [Cu'L], in the denomina-
tor of the first term in eq 8. Thus, the rate is constant to be
(ka'Nsl 2®/t) OgonorWhich can explain the behavior that the Cu(ll)
concentration decreased linearly with the irradiation time.

According to the manufacturer, the pH of the isoelectric point
of Degussa P-25 is 6.6, and thus the Ti@s positive charge
at pH 3.6 and attracts negatively charged species. Since the
Cu(ll) ions exist as [Cu(€D4)7]2~ or [Cu(H:0)e)%t, respectively,
in the presence of oxalate or formate, we would expect in the
oxalate system that tHg is higher andky is smaller than in the
formate system. Besides the cyclic voltammetry measurements
suggest that th&; value in the oxalate system is smaller than
that in the formate system. Therefor&g)oxaiate > (Ks)formate
On the other hand, tHe value in the oxalate system is expected
to be much higher than that in the formate system because of
a rapid intermolecular electron transfer as shown in eq 10:

[CU(C,0,),]° — [Cu%C,0)]* + CO,+ CO, (10)

Thus, ()oxalate<< (W)formate AS a result, the relation obfs)oxalate
< (oKs)rormate h0lds and we observed in the oxalate system the
region where the rate depended on the Cu(ll) concentration.
The difference in the maximum rate meakg/{)oxalate X Goxalate
< (Ki'l)tormate X Oformate

The induction period observed with formate decreased
drastically with an increase in the Ti@mount and increased
with the addition of PGF~, SO;?~, and CI~ which are adsorbed
on the TiQ surface. No induction periods were observed in
the oxalate system where the [Cu(%),]2~ adsorbed easily on

proportional to the amounts of electrons which have escapedthe catalyst. These findings suggest that induction period relates

from recombination with holes.

to the number of adsorption sites occupied with Cu(ll) species.

The more holes are consumed by the reaction with sacrificial However, an increase in the Cu(ll) concentration increased the
donors, the more electrons are available for reduction of copperinduction period. This behavior may indicate the disproportion-

(see eqs 14). Thus, the value ok; is proportional tol®-
B4onor Where I, and @ indicate, respectively, the intensity of
absorbed light and quantum yield for generation of electron/

ation between the Cu(l) species adsorbed on adjacent sites.

2CdL(ads)— Cu'L(ads)+ Cu’L(ads) (11)
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