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Physical Chemistry

Kinetic peculiarities of redox reactions sensitized by colloidal CdS
under steady-state irradiation.
The effect of adsorption-desorption processes on the reaction
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Photoreduction of Methyl Orange dye (MOr) by sodium sulfide was studied under
steady-state photolysis (A = 365 nm). The reaction was sensitized by the CdS colloid with
the characteristic ~5-nm particle size. The quantum yield of the reaction is independent of
the light intensity when the latter is less than 5 mW cm™2. The form of the dependence of
the initial quantum yield of the reaction on [MOr] coincides qualitatively with the adsorption
isotherm of the dye on the CdS surface. The reaction kinetics under steady-state irradiation
were analyzed. The kinetics in solution as a whole are shown to be adequate to those on a
single colloidal particle. On the basis of the experimental data, two types of surfaces of the
colloidal particles are suggested ("open" and "covered” with macromolecules of a colloid
stabilizer), which significantly differ in the rate at which they establish an adsorption-

desorption equilibrium with the solution.
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More than a hundred different reactions in which
dispersed semiconductors act as photocatalysts are
known, and photocatalytic methods are beginning to be
used for sewage purification.12 In the majority of cases,
the detailed mechanisms of these processes are unknown
and they are usually presented as simple chemical
schemes, which are, in fact, overall equations of the
reactions that occur in the system. Moreover, the mecha-
nism of photocatalytic processes on dispersed semicon-
ductors is usually studied by pulse methods, whereas
steady-state irradiation is suggested, as a rule, for their
practical use.

Ultradispersed semiconducting particles with
2r < 5 nm are of special interest from the viewpoint of
photocatalysis. These particles are intermediate between
bulky semiconductors and molecules or clusters of the
same chemical composition and are characterized by
specific physicochemical and photophysical properties,
which have not been adequately studied.

In the present work, the kinetics of the model reduc-
tion of Methyl Orange (MOr) dye photosensitized by an
ultradispersed CdS colloid under steady-state irradiation
at the basic adsorption band of the semiconductor are
studied in detail.

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 244—254, February, 1995.
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Experimental

Reagents and materials. Distilled water, Na,SO; (analyti-
cal grade), CdCl,, K,Cy0O4° H,0O (reagent grade), and the
MOr anionic organic dye, sodium para-(para-dimethyl-
aminophenylazo)benzene sulfonate:

Na* { ‘038—©—N=N—©-NMe2 ]

were used.

Na,S + 9H,O (high-purity grade) and industrial CdS (rea-
gent grade, TU-6-09-3750-74) were used without additional
purification. Water-soluble polymers, polyacrylamide (PAA)
with the degree of polymerization n ~ 10°, and polyvinyl
alcoho! (PVA) with # ~ 103, were used as stabilizers of col-
loids and suspensions.

Preparation of colloids and suspensions. All colloids and
suspensions were prepared by stirring solutions with a mag-
netic bar at room temperature. To prepare the CdS colloid,
two solutions were first prepared. Solution 1 was prepared by
adding 15 mL of an aqueous 1072 M solution of PAA and
then 0.25 mL of an aqueous 107! Af solution of CdCl, to
10 mL of water. Solution 2 was prepared by adding 1 mL of
an aqueous [0~! M solution of Na,S to 24 mL of water. Then
solution 2 was rapidly added to solution 1. The colloid ob-
tained was kept at least 1 day before use.

Particle size was controlled at the edge of the adsorption
spectrum of the CdS colloid (Fig. 1) using the correlation
dependence presented in a work previously published (Ref. 3).

Aqueous noncolloidal CdS suspensions were prepared ac-
cording to the following schemes. The suspension without
PAA: {31.5 mL of HyO + 2.5 mL of CdCl, (107! mol L) +
10 mL of Na,S (107! mol L7!)}; the suspension with PAA:
{31.5 mL of H,O0 + 2.5 mL of CdCi, (1071 mol L7}) +
10 mL of NaS (107! mol L1} + 1.5 mL of PAA
(1072 mol LY},
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Fig. 1. Absorption spectra of a 107 mol L~! solution of MOr
(in water) and the CdS colloid.

Both of the suspensions were kept at least 1 day before use.

Kinetic experiments. A solution (2 mL) containing all nec-
essary components ([CdS] = 0.4-1074, [PAA] = 3-1073,
[MOr] = 1074, [Na,S] = 1072, and [Na,SO3] = 1072 mol L™
was placed in a standard quartz cell {optical length 1 c¢m). Argon
was bubbled through the cell for 20 min to remove dissolved
oxygen. If necessary, the cells were thermostated at 20 °C.

The sample was irradiated with the filtered light of a
DRSh-1000 lamp. Light filters (UFS-2 + SZS-21) were used
to pick out the band at A = 365 nm from the spectrum of the
mercury lamp and to suppress the scattered light in the
irradiation channel. ZhS-16 + SZ8-22 light filters were used
in the registration channel.

The light intensity was varied by calibrated metallic grids
and neutral glass light filters of the NS series and monitored by
a LM-2 intensity gage. The kinetics of the photoreduction of
MOr were studied directly in the irradiation process by decol-
orization at A = 500 nm, which corresponds to the absorption
band of MOr and zero optical density of the colloid, using a
Shimadzu UV-300 spectrophotometer.

Since the initial oxidized form of MOr is the single
component of the system that absorbs light at the given
wavelength, the rate (w) of MOr reduction in the sample
studied can be easily calculated from the change in the optical
density of the solution:

_ dMOrj 1 . 4D
WE T4 T een Tdr o )

where D is the optical density of the sample at A = 500 nm,
e~ 0.6-104 L (mol em)™! is the extinction coefficient of
MOr, L = 1 cm is the optical length of the cell with the
solution studied.

The experimental quantum yield of the reaction, ¢®*P, for
the sample studied was determined as the ratio of the number
of the electrons transferred to MOr due to a photocatalyst to
the number of photons absorbed by the CdS colloid. The value
of %P was calculated by the formula:

expoe WV

Al-S (2)

where § = 1 cm? is the surface area of the cross section of the
irradiating light beam, ¥ = 2 mL is the volume of the sample,
and A/l is the intensity of the light absorbed by the CdS colloid.

Since both the CdS colloid and the MOr dye absorb at
365 nm, we can write the following expression:

D D,
- —_ _(Dc + Or) . _—_.9__..____
ar=1y (1 10 ) D+ Dyor 7 ®

where I is the intensity of the light incident on the front wall
of the cell, D, and Dygo, are the optical densities of the sample
due to the absorption by the colioidal particles and the dye,
respectively. Optical densities for a typical sample are the
following: D, = 0.65 for the colloid and Dyg, = 0.22 for
[MO1] = 107 mol L7 therefore, Al/l = 64.

Adsorption isotherms. The adsorption isotherm of MOr on
the surface of CdS was measured for a suspension of industrial
CdS dispersed in water with a UZDN-1 uitrasonic dispergator.
The size distribution of the suspension particies (Fig. 2) was
determined on a Size-Counter instrument. Two samples were
prepared (see Fig. 2): sample / contained a sampie of indus-
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Fig. 2. Size distribution of CdS particles in an aqueous
suspension of industrial CdS prepared by ultrasonic dispergation.
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Fig. 3. Adsorption isotherms of MOr on suspended CdS
particles at 20 °C in systems containing various additives:
2.00 g of CdS + 15 mL of H,0 (J); 2.00 g of CdS + 50 pL of
NaCl (0.1 M) + 15 mL of H,O (2); 2.87 g of CdS + 3.12 mL
of PAA (1072 mol L71) + 0.33 mL of Na,S (0.1 M) +
11.65 mL of H,O (3).

trial CdS, distilled water, and the corresponding additives
(Fig. 3), while sample 2 was of the same composition but
without CdS.

The specified amount of MOr was added subsequently to
each of the samples, the mixtures were carefully stirred for
5 min, and then the first sample was centrifuged for 3 min on
a T-51 centrifuge. The concentrations of MOr in solutions I
and 2 were compared by spectrophotometry. The N value (the
number of moles of MOr) adsorbed on 1 cm? of the suspen-
sion surface was calculated from the difference in optical

densities of solutions 7 and 2. The total surface area of the
suspension was calculated on the basis of the size distribution
of the particles (see Fig. 2) with the assumption that they were
spherical.

Results and Discussion
Reactions in the System

The method of steady-state photolysis was used to
study the photosensitized reduction of MOr dye, which
is able to act as an electron acceptor.4 MOr is easily
reduced without the formation of dimers. The absorption
spectrum of MOr in the pH range from 10 to 12 is nearly
unchanged. These facts considerably simplify the in-
terpretation of the experiments on MOr redox transfor-
mations.

The CdS colloid with d ~ 5 nm served as the photo-
catalyst. Sodium sulfide was used, as a rule, as an
electron donor. In an aqueous solution with pH from 10
to 12, the sulfide ion exists predominantly as the HS™
anion (see Ref. 5).

The photochemical processes in the presence of CdS
colloids occur due to the generation of nonequilibrium
holes (4) and electrons (e) in CdS:

CdsS L » h+e

In the photoinduced process, the HS™ ion is oxidized
by holes to elemental sulfur:

—» S+ HY.

HS™ + 2h

Then the sulfur formed is removed from the surface
of the CdS colloidal particle through a reaction with the
sulfite ion:®

s+80F — 5,07,

In this process, MOr is reduced by nonequilibrium
holes of CdS to the MOrH, leuco-form, which has no
absorption band at 500 nm.

MOp + 2e + 2H*

H H

MOpH,

——» MOpH,

The protonation of the reduced form of MOr is a
very fast reaction, which occurs immediately after the.
electron transfer.4 No stable one-electron reduced form
of MOr is described in the literature. Therefore, we
assume that the photocatalyst provides the transfer of a
single electron under the action of the photon, while the
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reduction of MOr and the oxidation of HS™ occur at
stages that do not determine the reaction rate.

In terms of these assumptions, the overall scheme of
the process studied can be written in the following form:

hv
e

as™ MO +s.08 . (@)

MOr + HS™ + SO2+ H*

The estimations of the molar concentration of colloi-
dal particles in the solution and the number of photons
absorbed by each colloidal particle in a unit of time are
important for the further discussion.

Assuming that the volume of a colloidal particle
(d ~ 5 nm) is equal to 100 nm? and taking into account
that the density of CdS is 4.8 g cm™3, the molar mass of
CdS is 144.4 g mol~!, and [CdS] = 0.4+ 10™* mol L7},
the concentration of colloidal particles can be estimated
as [C] = 2.2- 1077 mol L1

It is easy to calculate that the number of photons (v)
absorbed by a colloidal particle in 1 s is equal to

0.641,
[C]-L

o ALS
*1Cl-SL

~ 25 quantum s~!

when the irradiation intensity Iy ~ 3 mW cm™2 =
0.8-107% E(Einstein) s™! cm™2. Here Al S is the
number of photons absorbed by the CdS colloid and
[C] S L is the number of colloidal particles that fall to
the light beam.

Experimental peculiarities of the photocatalytic action
of ultradispersed CdS colloids
v under steady-state irradiation

The typical experimental kinetic curve of MOr de-
colorization consists of three regions (Fig. 4): AB, a
rapid initial decrease in [MOr]; BC, a linear region
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Fig. 4. Kinetics of the photoreduction of MOr in the presence
of the CdS colloid in the system containing Na,S as the
electron donor. [CdS] = 0.4-1073, [PAA] = 2.4-1073,
[Na,S]y = 1072, [Na,S04]g = 1072, [MOr]y = 1074 mol L1,
I, =08-108 E s~ L72
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Fig. 5. Dependence of the initial quantum yield (¢¢°*P) on the
initial concentration ({MOr]y) (dotted line) and typical kinetic
curves (solid lines) obtained for different values of [MOr], in
the system with Na,S as the donor. For conditions see Fig. 4.

(observed nearly until the complete consumption of
MOr); and CH, a fast retardation of the reaction rate.
This kinetic dependence becomes more obvious, taking a
characteristic stepped form, if the "quantum yield
g—current concentration of MOr" coordinates are used
(by formulas (1)—(3)) instead of the "optical den-
sity D ([MOr])—time #’ coordinates. The kinetic curve
for the initial [MOr], = 10™* mol L™! is presented in
Fig. 5 as an example. In these coordinates, the change
in [MOr] (from the initial [MOr]; = 107 mol L™! to
[MOr] = 0.6-107* mol L) is accompanied by a two-
fold change in the quantum yield of the reaction system
(from the initial ¢y = 0.03 to the steady-state o@g =»
0.015), the stabilization of the quantum yield at the level
of ¢y ~ 0.015 (from 0.6 - 107 t0 0.1+ 10™* mol L~ for
[MOr]}, and finally, a sharp decrease in ¢ to 0 as [MOr]
decreases from 0.1+ 107* mof L~! to 0.

We found that the experimental initial reaction rate
(wy) is proportional to Jy (Fig. 6), i.e., the initial quan-
tum vield of the reaction (¢®*®) is independent of I, for
all light intensities used (E s™! cm™2): 0.2-1078 < J;
< 1.6-1078

The comparison of the experimental dependence of
¢p™*P on [MOr] (see Fig. 5) and the adsorption isotherm
of MOr in the aqueous suspension of CdS with the
corresponding additives (see Fig. 3) shows a qualitative
analogy in the shapes of these curves. The characteristic
increase in of @y°*P after the horizontal region is more
pronounced when K,C,0, is used as an electron donor
instead of sulfide ions (Fig. 7). This coincidence indi-
cates that adsorbed MOr particles react first.

It is noteworthy that all of the kinetic curves reach
the same value of ¢, independently of the initial MOr
concentration ([MOr]y) (see Fig. 5). The ¢y /¢, ratio
depends on the nature of the polymeric surfactant used
to stabilize the CdS colloid. For example, this ratio is
equal to' ~0.5 in the case of PAA and 0.6 in the case of
PVA.
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Fig. 6. Dependence of the initial rate (wg) of the overall
reaction (4) on the light intensity (Jp) at A = 365 nm.
(IMOr]y = 1074 mol L71).
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Fig. 7. Dependence of the initial quantum yield (¢¢*P) on
[MOr], in the system with K,C,04 as the electron donor. For
conditions see Fig. 4.

It is also interesting to note that some slow relaxation
processes are occur in the reaction studied. When the
irradiation of the sample is stopped, ¢ reaches a steady-
state value (for example, point 7 in Fig. 8). Then, if the
irradiation is started again after ~1 h, ¢ immediately
becomes higher than ¢ and again tends to ¢g with time.

The experiments with "rough” noncolloidal CdS sus-
pensions show that this peculiarity of the behavior of the
systems studied and the establishment of ¢ are observed

P5T(%)
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{MOp] -104/mol L}

Fig. 8. Effect of interrupting the irradiation on the change in
the quantum yield of the overall reaction (¢®*P): I, interrupting
the irradiation; 2, renewal of the irradiation after 1 h. For
conditions see Fig. 4.

only in the presence of the macromolecular surfactant
stabilizer (PAA). In fact, one can assurmne that slow
conformational transformations in macromolecules of
the surfactant can significantly affect the adsorption-
desorption equilibria on the surface of the semiconduct-
ing particles studied and thus influence the course of the
redox processes that are photogenerated by these parti-
cles.

We attempted to semiquantitatively describe the proc-
esses observed in the system studied.

Semiquantitative description
of the photocatalytic action of CdS colloids
taking in to account adsorption-desorption processes

It is convenient to distinguish three states of the
photocatalyst particle to describe the photocatalytic ac-
tion of semiconducting particles in the transfer of an
electron from a donor to an acceptor: /, the semicon-
ducting particle does not contain excess photogenerated
electrons or holes; 2, the semiconducting particle simul-
taneously contains one excess electron and one excess
hole; and 3, excess charge carriers reach the semiconduc-
tor—electrolyte interface to be "captured” by the surface
levels of the semiconductor.

It is important for further discussion ta estimate the
characteristic time scales for the transitions of the ~5-nm
CdS colloidal particles from one state to another.

The transition from state 7 to state 2 occurs with
probability close to unity each time a colloidal particle
absorbs a photon, i.e., with the frequency v ~ 25 s7L
In other words, the transition from state I to state 2
occurs every 1; , ~0.04 s.

The transition from state 2 to state 3 occurs via the
transfer of the excess charge carriers generated to the
surface of the colloidal particle. The characteristic time
of this transfer (r; 3) can be estimated on the basis of the



Redox reactions sensitized by colloidal CdS

Russ.Chem. Bull., Vol. 44, No. 2, February, 1995 241

concepts of the diffusion motion of nonequilibrium
charge carriers:

ty3x rix~ 10785, (5)

where ¥ ~0.4 cm? s72 is the diffusion coefficient for the
charges in CdS 7 and r ~ 2.5 nm is the radius of the
colloidal particle. The internal quantum yield (o;,) is
determined as the ratio of the excess electrons (holes)
escaped to the surface of the colloidal particles to the
number of excess electrons (holes) formed in the volume
of the colloidal particle. It is likely that o;, for the
colloidal particles of the size discussed is close to unity.

The transition from state 3 to state / corresponds to
the recombination of excess charge carriers on the sur-
face of the semiconducting particle or to their transfer
through the interface. This transition is completed in
13, < 107® s (see Refs. 8 and 10).

Note that the quantum yield of the reactions that
require the simultaneous presence of two excess elec-
trons (holes) in the colloidal particle is extremely low
(for the light intensities used, /, < 1.8 1078 Es™! cm™2,
and the characteristic size of the colloid, 2r » 5 nm).
Indeed, this value cannot exceed the probability of the
absorption of a photon by the colloidal particle in the
presence of an excess electron (hole). Under the condi-
tions of the experiment performed, this probability is
equal to 107, which is considerably lower than the
typical quantum vyield (0.03) of the reaction studied.
Then the photocatalytic reduction of MOr can be con-
sidered as a monoquantum process. In the process of the
photocatalytic action, the colloidal particle continuously
passes through the following stages:

[— 2—3

!

Reaction (4) occurs in the 3—17 transition, and its
probability is given by the quantum yield ¢. Changing
the light intensity causes a proportional change in the
number of cycles that each colloidal particle performs in
a unit of time; however, it does not affect (for the
specified composition of the particle surface) the quan-
tum vyield of the reaction on a separate colloidal particle
and, hence, in the whole reaction mixture.

Effect of the adsorption of an electron acceptor on the
reaction quantum yield. Let us consider probable ways for
the transition from state 3 to state 7 to occur in order to
determine the dependence of ¢ on the concentration of
ions of the A,y acceptor (in our case, MOr,y) or the D4
donor (in our case, HS™) on the surface of the colloidal
particle. Let us consider that the transition from state 3
to state 7 can be performed via three channels (Fig. 9):
first, by the recombination of the excess electron and the
excess hole, with the effective first-order rate constant &,
(hereinafter effective rate constants are measured in s71);
second, by the initial oxidation of the donor by the
excess hole, with rate constant kp, followed by the

D,

T 7

Fig. 9. Scheme of possible channels for the transition of the
photocatalyst particle from state 3 to state 1.

N

reduction of the MOr molecule by the excess electron
(the rate constant kg,) or that of the secondary accep-
tor (e.g., Oy, H,0), with rate constant k;; third, by the
initial reduction of MOr and the secondary acceptor with
the characteristic rate constants kyo, and k, respective-
ly, followed by the oxidation of the electron donor by the
hole (the rate constant £p).

In this case, the time evolution of the transition of
the colloidal particle from state 3 to state 7 is described
by the following system of differential equations:

dA h—e

dt =P kg

dp,
dr =Ph—e'(kMOr+ks)_Ph‘kyD;

dP,
T = Pekp = Por (kior KD ;
dPMOr
dr =Ph‘e'kMOr+Pe'kMOr;
dPp
dr = Ph—e'kD + Ph'k’D‘ (6)

Here P,_., P, and P, are the probabilities of finding an
electron-hole pair, a single hole, and a single electron,
respectively, in the semiconducting particle at time #
Pyor and Ppy are the probabilities of finding a reduced
ion of the acceptor and an oxidized ion of the donor,
respectively, on the surface of the colloidal particle at
the same moment; ks = &, + kp + kyor + 4.

One can assume that P, = | and P, Py, Pyor
and Pp equal 0 at the initial moment f = 0. When
the process generated by one photon ceases, i.e.,
at + > 107% s, one can observe: P,_,, P., P, equal 0,
PMOr = APMOr’ and PD = APD.
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The theoretical surface quantum yield ¢' determined
as the ratio of the probability of finding a reduced ion of
MOr to the initial number of electron-hole pairs on the
surface of the semiconducting particle is given by the
expression:

kmor kp

t = +
! & ks |1+ L 7
x k'mor

The first term of the sum gives the probability of
MOr reduction via the second channel of the process
(see above), and the second term describes the probabil-
ity of the reduction of MOr via the third channel.

Since @;, ~ 1 (see Eq. (7)) describes the total theo-
retical quantum yield of the process studied on a single
semiconducting particle, ¢t should be averaged over all
colloidal particles to determine the theoretical quantum
yield of the process for the whole sample studied. As-
suming that this averaging does not significantly change
the form of function (7) and that in place of the effective
rate constants (k) their average over all colloidal parti-
cles can be used, we find:

1. KpD.g
o= KmorMOryy + v . (8
I+
KMOrMorad

where "Kyor, "Kps "K'mor are the heterogeneous rate
constants of the corresponding reactions. In Eq. (8) the
observed quantum yield of the reaction (¢*P) is consid-
ered to be fairly small (=~ 0.03), suggesting that ks ~ k.

Equation (8) describes qualitatively the dependence
of g™ on [MOr] observed in the experiment.

In fact, the number (concentration) of ions of MOr4
dye adsorbed on the surface of one colloidal particle
before the irradiation of the system is a function of
[MOr] in the solution and is similar to the MOr adsorp-
tion isotherm on the same surface.* Since MOr,, in-
creases as [MOr} increases, the £5/("Kyor * MOryg) ra-
tio can be significantly lower than 1 when some [MOTr]’
concentration is exceeded. If the D,4 value is constant,
the second term of the sum in (8) becomes constant,
resulting in the following expression:

oly= -llc__ ["KMO,MOrad + const:]. &)
T

For [MOr], > [MOr]’, @' really copies the adsorp-
tion isotherm of MOr on the CdS colloid with the

* Unfortunately, since the surfaces of suspended particles of
industrial CdS can considerably differ from those of colloidal
particles (for example, due to different methods of preparation
and/or the prehistory of CdS samples studied), only qualitative
similarity of MOr adsorption isotherms should be expected for
CdS colloids and an aqueous suspension of industrial CdS in
the presence of the corresponding additives.

accuracy of an additive constant and a numerical factor.
This point satisfactorily explains the parallelism between
the @¢®*P vs. [MOr] dependence after its horizontal re-
gion and the adsorption isotherm of MOr on the CdS
suspension when [MOr] > 0.6+ 107% mol L™ (it is likely
that the latter value corresponds to the [MOr]” value).

Let us mention, without a detailed analysis of the ¢
vs. [MOr] dependence for [MOr] < [MOr]’, that g
also equals to zero when [MOr] = 0. Therefore, the
dependences of @y**P, @', and MOr,4 on [MOr], must
be qualitatively similar over the whole [MOr] range.

Analysis of the kinetic regularities of the system studied.
Let us try to correlate the concentration dependence of
the observed quantum yield for the whole reaction sys-
tem with the analogous dependence for a single colloidal
particle.

We assume in the calculation of the initial quantum
yield that before the reaction, the surface composition is
nearly the same for all colloidal particles of the sample.
However, distinctions in the surface composition can
considerably increase in the course of the reaction. In
fact, nonuniform irradiation across the cell results in
faster consumption of reagents to form more reaction
products on the surface of strongly irradiated colloidal
particles than those on the surface of weakly irradiated
colloidal particles. In addition, possible distinctions in
rate constants may also result in faster consumption of
reagents and the formation of reaction products on the
surface of more active colloidal particles than on those
of less active particles.

Let us show that the composition of the surface of a
colloidal particle is not significantly changed during its
stay within a light spot (~5 s) at the velocity used for
stirring the solution. In fact, based on the adsorption
isotherms (see the adsorption isotherm of MOr with
additives of PAA and sodium sulfide in Fig. 3 and the
adsorption isotherm of Na,S on the CdS surface),8 the
total numbers of MOr ions and hydrosulfide anions
adsorbed on a colloidal CdS particle with the character-
istic size (d ~ 5 nm) can be estimated as MOr,y ~100
and HS™,, ~300. Thus, the composition of the surface of
the colloidal particle is changed by < 4 % if ¢ ~0.03 and
the number of photons absorbed by the colloidal particle
in one second averages ~25 quantum s~! during its stay
within the light spot. Note that dynamic adsorption-
desorption processes on the surface of the CdS particle
give additional inertia to the processes that change the
composition of the surface of colloidal particles due to
the capacity of the surrounding solution to decrease the
given numerical value.

All of the above means that the movement of colloi-
dal particles from strongly irradiated places to weakly
irradiated or nonirradiated places and the opposite move-
ment, which occur as the solution is being stirred, are
fairly fast. Therefore, spatial nonuniformity of irradiation
within the cell cannot be a reason for the substantial
distinction in the compositions of the surfaces of differ-
ent colloidal CdS particles. :

Considering the different reactivities of colloidal par-
ticles, it is quite correct to assume that the rate constants
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of the electron transfer through the colloidal particle—
electrolyte interface are approximately the same for all
colloidal particles and their scattering in the course of
the reaction cannot result in any significant variation of
the surface composition of the photocatalyst particles.
Note that we can speak confidently about the approxi-
mate equality of rate constants only for CdS particles
with 2r > 5 nm, i.e., in the case when the properties of
the colloidal particles are close to those of a large
semiconductor. At the same time, a substantial depend-
ence of the rate constants on particle size is quite
probable for CdS particles with 27 < 5 nm; this can
result in complex "polychromatic” kinetics.14

Thus, in the course of the reaction all of the photo-
catalyst particles in the sample are assumed to have the
same surface composition and to be characterized by
equal rate constants of the reactions discussed. Since the
reaction quantum yield on a single colloidal particle is
independent of the light intensity, all colloidal particles
in the sample "work" with equal quantum yields despite
the nonuniform irradiation within the cell. In this case,
the quantum vyield calculated by formula (2) for the
whole sample corresponds to the quantum yield of the
reaction occurring on any of the colloidal particles in the
sample. In particular, the kinetic dependences of
o([MOr]) obtained by Eq. (2) copy the ¢([MOr]) de-
pendences for each single arbitrarily chosen colloidal
CdS particle.

As already mentioned, elemental sulfur is formed on
the surface of a colloidal particle in the oxidation of the
hydrosulfide anion:

HSq +2h —» Ht 4 g .

Some part of the sulfur atoms are easily accessible to
sulfite anions from the solution and are rapidly removed
from the surface in the course of the reaction

Sug + S0 — S0 .

followed by rapid adsorption of the new hydrodulfide
anion. However, others of the sulfur atoms can be
"blocked" by a unit or several units of the polymeric
molecule of the stabilizer, for example, PAA. It is possi-
ble that the process of "blocking” the sulfur is actually
the adsorption of the surfactant above the sulfur atoms of
the near-surface layer of the colloidal particle. The latter
gives rise to steric hindrances to the approach of the
SO, anion to the S,q particle. In fact, this means the
passivation of the "working" (active) surface of the colloi-
dal particle, which eventually may decrease the quantum
yield of the reaction.

If the number of PAA units that "block” the sulfur
formed from SO3%~ ions is limited and the surface area
"blocked” by these units is less than the working surface
of the colloidal particle at the beginning of the reaction,
a decrease in ¢ in the initial region of the kinetic curve
occurs up to the value of ¢y. This value is due to some

stationary state of the working surface not blocked with
PAA, which agrees with the experimental data. The
fraction of the surface blocked by the polymeric sur-
factant and, hence, the /¢ value must depend on the
nature of the surfactant used.

The slow "dark” relaxation process can be reasonably
explained in terms of the model suggested by blocking
out the sulfur atoms shut off from interaction with
SO,%~ in the course of some dark process followed by
the removal of the sulfur from the surface of the colloi-
dal particle in the form of the thiosulfate anion and the
adsorption of the new hydrosulfide anion.

The large size of the surfactant polymeric molecules
and the interaction of separate units of these macromole-
cules considerably decrease the conformational mobility
of both the whole molecule and the discrete parts of its
chain. Due to this effect, the times of adsorption-desorp-
tion of sulfur atoms and other particles can increase to
1 h and more, ie., to times characteristic of the dark
relaxation process observed.

Finally, the mentioned relationship between some of
the kinetic peculiarities discussed and the presence of
macromolecular stabilizers gives direct evidence for the
fact that the decrease in ¢ within the initial region of the
kinetic curve and the dark relaxation process are caused
by the presence of surfactant macromolecules in the
reaction system.

To semiquantitatively describe the initial region of
the experimental kinetic curve, let us consider the data
presented in Fig. 10. It can be seen that the kinetic
dependences in the "rate (w)—current MOr concentra-
tion" coordinates determined for different light intensi-
ties (/) at constant initial concentrations of reagents are

w-10"/mol L' s}

/

1 1 1 H .

0 0.2 0.6 1.0

[MOp]-10/mol L'
Fig. 10. Kinetics of MOr reduction ({MOr], = 10™% mol L™1)
in the system with Na,S as the electron donor for - 108,
Es™!l em™2: 0.2 (I); 0.6 (2); and 1.6 (3). For conditions see
Fig. 4.

A
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similar; i.e., any curve can be transformed into another
by multiplying it by a numerical coefficient. Since the
similarity factor is equal to I, the reaction quantum
yield calculated by formulas (2) and (3) and, hence, the
composition of the adsorption layer on the surface of the
colloidal particle are functions of [MOr] in the sample
and explicitly independent of the time required for
achieving a given [MOr].

For a specified light intensity within the range stud-
ied (Lo < Iy < I, at constant initial concentrations
of the reagents ([reag]y), the composition of the adsorp-
tion layer on the surface of the colloidal particle during
the reduction of MOr can be determined by its current
concentration in two limiting cases. First, in the event of
fast (compared to the rate of the overall reaction) des-
orption of the reaction products from the surface of the
colloidal particle and fast adsorption of the reagents on
its surface when a further decrease in the characteristic
time of establishing the adsorption-desorption equilibri-
um exerts no effect on the ¢®P([reagly, [MOr]) depend-
ence. Second, in the event of slow (compared to the rate
of the overall reaction) desorption of reaction products
or slow adsorption of reagents when a further increase in
the time of the adsorption-desorption process also does
not affect the ¢%*P([reag]y, [MOr]) dependence.

In the first case, the chemical reaction virtually does
not disturb the adsorption-desorption equilibrium of the
adsorption layer of the colloidal particle with the solu-
tion. The composition of the adsorption layer in the
course of MOr reduction can be expressed by the initial
concentrations of reagents and the current value of
[MOr]. In the second case, the reaction volume of the
colloidal particle is restricted by its adsorption layer,
whose composition in the course of the reduction of
MOr can be also found from [reagly and [MOr]. In the
intermediate case, the current composition of the ad-
sorption layer of the surface of the colloidal particle and,
hence, the value of ¢®*P([reag],, [MOr}) depend on I;.

The aforesaid can be schematically displayed as a
hierarchic temporal scale in which the characteristic
times of the overall reactions (t,) and those of establish-
ing adsorption-desorption equilibria (1,q_4s) ar¢ marked.
Let us estimate these times for the reaction system
studied.

Let us define 7, as the time necessary to basically
change the composition of the adsorption layer in the
absence of adsorption-desorption processes. The value of
t can be easily found by dividing the total number of
reagent ions (MOr,,, HS™,4) adsorbed on the surface of
the colloidal particle by the total rate of the photoin-
duced process (w = ¢ v). Taking into account that
9P ~ 0.03 and the value of v, ie, the number of
quanta absorbed by one colloidal particle in one second,
is within the range of 6 < v < 45 (quantum s™') for I,
~0.2°1078 < Iy < I~ 1.6- 1078 (E s71), we obtain
that 7, ~ MOr,4/oe v is within the range from 70 to
500 s.

The characteristic time for establishing the adsorp-
tion-desorption equilibrium of PAA is given by the fol-
lowing equality: tPA% ;. ~ 4000 s (~1 h).

Let us also estimate the time of establishing the
adsorption-desorption equilibrium for low-molecular
components of the MOr—HS™—S0327 system (7'%%_ges)-
The collision frequency (v.) of an arbitrary colloidal
particle with ions of the low-molecular component, e.g.,
MOr ions, is given by the known formula:

ve = 4n(R. + Rvor)(xe + xMor) [MOT],

where R, and Ry, are the sizes and . and o, are the
diffusion coefficients of the colloidal particle and MOr
ions, respectively. Assuming that R, + Ryjo, = ¥~ 2 nm,
Xe T Amor ® Amor & 0.3-1073 cm? 57!, and [MOr] =
107 mol L™!, we find that each particle of the colloid
undergoes more than 103 collisions with MOr ions in
1 s. Assuming that the adhesion coefficient in the colli-
sion is equal to unity and considering that ~100 MOr
anions are adsorbed on the surface of the colloidal
particle in the stationary state, we obtain the characteris-
tic time of the change in the composition of the adsorp-
tion layer of the surface of the colloidal particle as a
result of adsorption: 1,4 ~ 100/10° ~ 1073 s

It follows from the experimental data (see, e.g.,
Fig. 5) that the steady-state value of the quantum yield
(ps™*P) is only half as much as the initial value (@y**P).
Since the rates of adsorption and desorption are the
same for the stationary state, the characteristic time of
the change in the composition of the surface of a colloi-
dal particle due to desorption of low-molecular compo-
nents is of the same order of magnitude as the time of
adsorption, i.e., Tges ~ Tyq ~ 1073 5.

Thus, we obtain the following hierarchic scale of
characteristic times in the system studied: tPA%y 4. =
4000 s > 7,maX = 500 s > 7,0t = 70 5 > 1% 40 =
1073 s.

Based on these data, one can propose that the ad-
sorption layer on the surface of the colloidal particle is
represented by regions of at least two types, which differ
drastically in the time of establishing adsorption-desorp-
tion equilibria with respect to the characteristic times of
the overall photocatalytic reaction. For the part of the
surface that is free of PAA molecules, Tog.ges = T des <
t,min. This part should be assigned to case I described
above. The other part of the adsorption layer of the
surface is established in the course of the reaction as the
result of blockage of the elemental sulfur formed by PAA
units. For this part of the surface, T,q.ges & T M-des >
1, (case 2). The composition of the adsorption layer
on the regions of different types in the 1, interval studied
(1% ges K 1p K TPAL 4es) I8 still determined by the
initial concentration of the reagents ({reag]y) and the
current [MOr}, but it is explicitly independent of the
time of establishing the specified {MOr]. Thus, the de-
pendence of ¢®™P on [MOr] remains unchanged for any
light intensities (/) in the range of I, < Iy < L.,
which is confirmed by the similarity of the kinetic curves
in Fig. 10.

One can quantitatively desecribe the initial region of
the kinetic curves in terms of the model of a semicon-
ducting particle with regions of different ("active” and
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"inactive") types of adsorption layers. Let us denote the
total surface area of the colloidal particle as Q and the
surface area of the colloidal particle covered with PAA as
Qpaa- Let us call the surface area of the colloidal
particle that is free of PAA the "working" surface, denot-
ing it as Q,: Q,, = Q — Qpaa. Let the surface area of the
"working" surface before irradiation be denoted as Q7.

If it is assumed that the reaction products formed
(MOrH, and S,0;27) weakly affect the composition of
the adsorption layer that is free of PAA the number of
ions of the reagents adsorbed on the surface of the
colloidal particle and the effective rate constant £ (ne-
glecting the consumption of the secondary acceptors of
nonequilibrium charges, H,0 and O,) are proportional
to Q,, and are determined by the current concentrations
of the reagents ([reag]). Thus,

MOl‘ad Dad k; Qy
Mork™ T DE T k™ T ol 10
a 5

where MOr,4kin (D, 4kim) corresponds to the number of
MOr,, ions (D,y) adsorbed on the surface of the colloi-
dal particle (kX" corresponds to the rate of this process)
for the working surface area equal to Q9 and the current
reagent concentration in the solution. Replacing
MOrkin DXn and k7kin in Eq. (10), we obtain:

Q,([reag])

t = i S —
¢'([reag]) = g/([reag]) D ([reag]) - (11)

It can be seen that the decrease in the quantum yield
in the course of the catalytic reaction is caused by two
cofactors: the first is a decrease in the quantum yield due
to a decrease in the total concentration of reagents
(predominantly, MOr) in the sample, while the second
cofactor is the decrease in the working surface area of
the colloidal particle due to blockage of part of the
surface by PAA macromolecules. The dependence of the
initial quantum yield of the overall reaction on the MOr
concentration is experimentally measured (see Fig. 5)
and can be used as a function of ¢y in Eq. (11).

Let us consider the change in Q,, during the reaction.
Elemental sulfur is formed in the course of the reaction
on the surface of the colloidal particle. Let us denote the
fraction of newly formed sulfur atoms that are "blocked”
by the surfactant as Py;. The P, value can be determined
by the expression:

kpaa(PAA)’
Pbl = N 02_
kpaa(PAA)" + kg[SO5] >

where kpsa(PAA)‘ is the rate at which the sulfur atoms
formed are blocked, kg[SO327] is the rate of the reaction
of sulfur with the SO;2~ anion. Here (PAA)’ is the
average (calculated per colloidal particle) current number
of PAA units that are capable of blocking the sulfur
formed, and kpy, is the rate constant of the blocking.
When SO;%~ concentrations are sufficiently high, it
can turn out that the rate at which the formed sulfur is

blocked by PAA molecules is significantly lower than the
rate of the reaction with SO,;2~. In this case, the fraction
of the blocked sulfur atoms is small and is proportional
to (PAA)":

kpaa * (PAA)’ ) Kpaa
Py = ———=n"(PAA)’, whereq = —
kp[SO3 ] kp[SO3 ]

The number of sulfur atoms formed in the reaction is
equal to the number of reduced MOr molecules:

C-dS,q = C+(~dMOr,,) = —dMOr.
From here it follows:
dS,3 = —dMOr/C = d[MOr}/[C], (12)

where MOr and C are the numbers of MOr molecules
and colloidal particles in the system, respectively, [MOr]
and [C] are average volume concentrations of MOr and
colloidal particles, and the differentially small values of
dS,4 and dMOr,4 are the changes in the numbers of
sulfur atoms and MOr ions adsorbed on average by one
particle of the colloid.

Assuming that the surface area blocked by PAA when
one adsorbed sulfur atom is covered is equal to o, it is
easy to find that when dS,4 sulfur atoms are formed, the
working surface area of the colloidal particle (Q,,) is
decreased by the value:

d[MOr]
dQy = —0PydS,y = ofy B

d[MOr] _ Aty GIMOr] g3

= on(PAA)’

Here Q, is some stationary value of the working
surface area of the colloid. Integrating Eq. (13), we find:

[MOr], — [MOr}
Q=0+ @) - o) epn T ) . (14)

Thus, the working surface area of the colloidal parti-
cle exponentially decreases as the current concentration
of MOr decreases from QC, to Q5.

The result obtained agrees with the experiment. Let
us consider as an example the kinetic dependence of the
quantum vyield for the system with [MOr]; = 107 and
[Na,S]y = 1072, [Na,SOs], =1072 mol LI (see Fig. 5).
Since ¢%*P; weakly depends on the concentration of
MOr (mol L7!) in the range of 0.5-104 < [MOrx] <
1074, according to Eq. (11) the change in the quantum
yield for this region follows the change in the working
surface area of the colloidal particle and, according to
Eq. (14), depends exponentially on the [MOr}, — [MOr]
difference. This conclusion is confirmed by the analysis
of the shape of the initial region of the curve presented
in Fig. 5.

The results obtained in the present work attest to the
considerable effect of adsorption-desorption processes,
including their dynamic parameters, on the course of
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photocatalytic redox reactions that occur during steady-
state irradiation of the reaction mixture in the presence
of colloidal semiconductors stabilized by surfactant mole-
cules. The observed linear dependence of the rate of the
model catalytic reaction studied on the light intensity
testifies that photocatalytic processes sensitized by colloi-
dal semiconductors are efficient monoquantum process-
es. The fact that the dependence of the initial quantum
yield of the reaction on the concentration of MOr in the
solution is identical to the isotherm of MOr adsorption
on the aqueous CdS suspension demonstrates the
participation of adsorbed MOr molecules in the reaction.
The regularities of the process observed under continu-
ous irradiation of the system suggest that at least two
regions coexist on the surface of the colloidal particle: a
region of the surface free of stabilizing surfactant mole-
cules, which is characterized by a small (<1073 5) time
for establishing an adsorption-desorption equilibrium with
the solution, and a region of the surfactant-blocked
surface, which is characterized by the large (~1 h) time
of establishing adsorption-desorption equilibria. In the
course of the photocatalytic reaction the surfactant mole-
cules are likely to reversibly block a part of the photo-
catalyst surface, which significantly decreases the steady-
state quantum yield of the process due to photoinduced
inhibition.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 93-03-
4816).
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