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Quantum yields of chloride ions exceeding unity are observed upon illumination of TiO,
layers in aqueous solutions containing CCl, and methanol. The layers were produced by
spin coating of TiO, (prepared by hydrolysis of the propoxide) from concentrated colloid
solutions. Absorbed light intensities ranged from 7X10~'' to 3X10"* ein cm™?s '. No
effect of alcohol concentration on the yield is observed in the range 0.01-12M. A
negligible yield of chloride ion is obtained in the absence of methanol. Pre-equilibration
of the layer with the CCl, solution proved necessary for maximization of the yields of
photo-dechlorination. The rate of build up of the chloride ions increases nearly linearly
with the square root of the light intensity at the lowest intensities which were employed.
At the lowest intensity, the quantum yield ¢ (corrected for dark reaction) increases from
=1 in the pH range 2—6 to ¢ > 6 at pH 12.2. There is no observable effect of CCl,
concentration above 1 mM.

The high quantum yields and the roughly square root dependence on light intensity
(at very low intensities) indicate that a chain reaction takes place.

Introduction

Interest in the detailed mechanism of illuminated TiO, reactions arises from
the intensive use of aqueous TiO, in photocatalytic organic reactions and
its application for detoxification of pollutants from waste waters [1—19].
The primary step in the reaction mechanism is the photo-generation of pairs
of electrons and holes according to reaction 1. Trapping of the electrons
(reaction 2) and holes (reaction 3) occurs within less than 30 ps [20—25].

TiO, — h{s + ecy 1
€cs — € 2
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héy — h 3

In the absence of scavengers, recombination of electrons and holes takes
place (reactions 4—6).

CCB + h;B b— TiOZ (4)
e, + hyg — TiO, 5)
e" + h‘: b TiOZ (6)

The trapped positive hole, h;!, has been assumed to be a surface bound OH’
radical, produced by oxidation of surface water or OH ~ ions (reaction 7a
or 7b respectively).

hys+Ti"-O 2-TiVOH, — {Ti™-O >-Ti"V}—OH" (OH.s) + H' (7a)
hig+Ti"-O"%-Ti"VOH~ — OH,,, (7b)

Considerable amount of work has been recently focused on photocatalytic
removal of chlorinated methane and other hydrocarbons, both in gas phase
[26—28] and in solution [29—39]. Thermal catalysis of organic halogens in
gas [40] as well as liquid [30] phase has also been reported. The present
manuscript concerns mechanistic studies on dechlorination of CCl, induced
by photolysis of TiO, layers in the absence of oxygen.

Experimental

Formaldehyde was analyzed by its reaction with dinitrophenylhydrazine
(DNPH). Chloride was measured by a chloride sensitive electrode (ORION
9617BN), connected to an ORION A720 monitor. TiO, colloidal solution
was prepared by hydrolysis of titanium isopropoxide (Aldrich) according to
the reported procedure [41]. Preparation of thin layers on ITO was carried
out by successive spin coatings, yielding TiO, layers with optical absorption
0.3 at 355 nm and thickness (1+0.15) pm.

Illumination

The excitation light source was a 75 W Xe lamp. The light was filtered by
Pyrex glass (2 mm thick, cutting off below 300 nm) and an ORIEL 59800
cut-off filter (transmitting below 400 nm). The light intensity was adjusted
by appropriate neutral density filters. Heating by the IR irradiation was
minimized by a water filter (9.5 cm). The illumination area was 1.2 cm®.
0.2 M methanol was used as an OH" scavenger. During photolysis, as well
as within 20 minutes prior to photolysis the solution was stirred by a mag-
netic stirrer. Fe** oxalate was used for actinometry [42].
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Table 1. Rates and quantum yields of HCOH and Cl formation at pH 12.2. 3.2 cm®
solutions. Results corrected for dark formation.

¢ (Cl) ¢ (HCOH)' Cl- x10%* HCHO x 10" I1X10*
mol s ' mol s™' ein cm 257!
- - 3.8 0.008 0 (blank)
0.06 0.007 12.2 1.5 2.2
0.185 0.017 12.2 1.1 0.67
0.34 0.016 7.2 0.31 0.21
0.04 0.02 1.6 0.36 0.212
1.6 0.05 6.1 0.19 0.038
6.7 0.17 4.7 0.12 0.007

' Initial yields (in the range where [HCHO] increases linearly with illumination
time).
2 3X107* M H,PO;/HPO; buffer, pH 7.

Results and discussion

Illumination of the TiO, layer in the presence of air free solution containing
typically 5X107* M CCl, and 0.2 M methanol induces formation of chlo-
ride ions and formaldehyde. The quantum yields are independent on [meth-
anol] (>0.2 M) and [CCL] (7.5X 107%*—5X 10~* M), although the rates of
building up depend on light intensity as shown in Table 1. Chloride ions,
and to lesser extent formaldehyde are produced also in the dark. Although
the mechanism of the dark reactions has not been studied, the results of
Table 1 have been corrected for the dark reaction by subtraction, the magni-
tude of which is shown in the first line of Table 1. A remarkable increase
in the rate of chloride build up is observed at pH > 9: at 2X 107° ein cm ?
s, the rate of chloride ion formation (mol s™') increases from 1X 107° at
pH 7 to 3X 107" (pH 8.8), 7.5X 107" (pH 12.2) and 2.2 X 10~° (pH 13).
The rate of formaldehyde formation is always much lower than the re-
spective rate of chloride. Both rates show deviations from linear depen-
dency on I'”, approaching constant values at relatively high intensities.

Mechanism

We suggest that chloride ions are produced by a chain reaction mechanism.
Reaction (8) removes adsorbed OH" radicals, OH,,, and leaves electrons
available for the slow reduction of CCl, (reaction 9). This reduction initiates
a chain process, propagated by reaction (11) and terminated by (12). Reac-
tions (13) and (14) produce additional chloride ions. Reaction (11) accounts
for the large difference between chloride and formaldehyde yields, because
this propagation reaction does not involve methanol. This reaction qualita-
tively explains also the strong pH effect on C1~ build up. The “saturation”
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of CI~ formation rate at elevated intensities is attributed to the slow rate of
reaction (9), resulting with build up of electrons which compete for the TiO,
holes. This competition is expected to affect the yield of HCHO too. The
nearly linear increase of the rate of formaldehyde build up with I'? at low
intensities may suggest that formaldehyde is also produced by a chain pro-
cess. If this is so, the large difference between the yields of chloride and
formaldehyde would indicate that the two chain processes take place in
parallel, e.g. reaction (10) and (15) account for the propagation of form-
aldehyde formation, producing equivalent concentrations of chloride ions,
formaldehyde and chloroform. Such chain process cannot be a major path
for Cl - formation since the experiments show that ¢ucuo < ¢ . However,
competition between reaction (4), (5) and (7) may also account for the
observation in view of the relatively high steady state concentration of the
electrons.

OH,,,+CH,OH — CH,OH +H,0 k=1X10°M""'s"'[43] (8)
O +CH,OH — CH, O™ "+H,0 k=7X10* M~ s™' [44]

€m0, +CCl, — CCL,+Cl- Initiation )
CH,OH +TiO, — edp Doubling electron yield  (10)
CCl;+TiO,+OH,, — ecs+CCl,OH Propagation (11)
2 CCl, — C.Cl, Termination (12)
CCL,OH+OH~ — CCL,0+H,0+CI- Thermal hydrolysis 13)
CCL,O+3 OH™ — HCO7;+2 Cl"+H,0 Thermal hydrolysis (14)
CCl; + CH.OH — CHCI,; + CH,OH’ 15)
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