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Abstract
of 23 compounds (benzene, haloaromatics, chloroalkenes, haloalkanes,
bis-(2_chloroethyl)ether,
1-hydroxyethane-1,
1-diphosphonate
and
ethylenediamineN,N,N’,N’-acetic
acid) in aqueous solution with titanium dioxide as the photocatalyst was
investigated. The plots of photo-oxidation rate vs. irradiation time were analysed on the
The photo-oxidation

basis of a simple kinetic model for homogeneous reactions. This model yielded formal
rate constants which serve as a general measure for the efficiency of photo-oxidation.

1. Introduction
The purification of polluted water such as waste water becomes a task of increasing
importance in environmental protection_ However, traditional technology has its limitations. A number of pollutants can be only degraded very slowly, incompletely or
not at all by conventional procedures.
Accordingly new methods must be developed. The heterogeneous photocatalysis
seems to be an attractive process for the degradation of many water pollutants. A
wide variety of organic compounds such as chloroaromatics, chloroalkenes and haloalkanes are photo-oxidized
to environmentally harmiess CO2 and HCl (for a review
see ref. 1) [2-81. Semiconductors such as TiOz and ZnO were used as photocatalysts
[l-5, 9-211 which remain unchanged during many reaction cycles [22]. Although much
evidence has been accumulated that the photomineraIization catalysed by semiconductors
is of universal importance the efficiency of these photoreactions is generally unknown.
Usually the efficiency of a photoreaction is measured as a quantum yield. However,
for heterogeneous
photoreactions,
quantum yield determinations are hampered by
several complications such as light scattering, As an alternative, kinetic measurements
can be used to evaluate the efficiency of a photoreaction. Complicated kinetic models
may be of limitedvalue since the molecular mechanism of a heterogeneous photoreaction
is not well understood (for reviews see refs. 1 and 23) [24]. In our approach we
applied a very simple kinetic model for homogeneous reactions and measured rate
orders and constants. The influence of important parameters such as substrate concentration, light intensity, sample volume, input of oxygen, amount of dispersed TiOz
and pH were studied. Under standard conditions, formal rate constants were determined
and may now be used as a scale of photo-oxidative
efficiency.
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2. Experimental details
2. I. Materials
All chemicals
were laboratory
reagent grade and were used without further
purification. The compounds were supplied by Merck (benzene, p-a.; chlorobenzene,
p.a., mixture
p-a.; l,Z-dichlorobenzene,
p-a.; bromobenzene,
p.a.; 1,2-dichloroethylene,
of cis- and tram- isomers; trichloroethylene,
p-a.; tetrachloroethylene,
p.a.; tribro97%; bis-(Z
momethane,
puriss.; 1,1,2,2-tetrachloroethane,
p-a., 1,2-dichloropropane,
chloroethyl)ether,
99%; ethylenediamine-N,N,N’,N’-acetic
acid (EDTA)
Titriplex III,
p.a.), Aldrich (pentachlorophenol
(PCP),
p.a.; -y-hexachlorocyclohexane,
(Lindane)
97%; dichloromethane,
99%; trichloromethane,
99%; tetrachloromethane,
99%), Her(FC 122); l,l-difluoro-1,2-dichloroethane
aeus-PCR
(l,l-difluoro-1,2,2-trichloroethane
(FC 132b); fluorotrichloromethane
(FC 11); 1,1,1-trifluoro-2,2,2_trichloroethane
(FC
113)), Janssen Chimica (l,l-bis(4-chlorophenylj-2,2,2_trichloroethane
(DDT), 99%) and
Henkel (I-hydroxyethane-l,l-diphosphonate
(HEDP)).
Doubly distilled water was used
as general solvent. The titanium dioxide (TiOa) photocatalyst
was Degussa P-25. This
material is mainly anatase. According
to the supplier the Brunauer-Emmett-Teller
surface is 552 15 m2 g-’ and the average particle size 30 nm.
2.2. Pho tolysis
Irradiation
of all samples was carried out in a Photon Technology International
set-up equipped with a 450 W xenon lamp (Osram). The light beam was focused on
the photolysis cell (see below) by an elliptic mirror.
The samples contained
1.0 g TiOZ 1-l. Samples were not buffered to avoid any
interference
by adsorption of buffer salts [25]. The pH of the samples was within the
range 4.5-66
during irradiation.
In order to keep TiOz suspended and to achieve a
sufficient supply of O2 to the solution, the sample was vigorously stirred at 1100 rev
min-’ (procedure
A) or 800 rev min-’ (procedure
B) (Ika Combimag RCT magnetic
stirrer) during the photolysis. All photolyses were carried out three times. For comparison,
blank solutions were kept in the dark. The photo-oxidation
rates could be reproduced
by less than 5%.
2-3. Analysis procedure A
All volatile compounds
(benzene,
chlorobenzene,
l,Zdichlorobenzene,
bromobenzene, 1,2-dichloroethylene,
trichloro ethylene, tetrachloroethylene,
dichloromethane,
trichloromethane,
tetrachloromethane,
tribromoethane,
1,1,2,2-tetrachloroethane,
1,2dichloropropane,
bis-(2-chloroethyl)ether,
l,l-difluoro-1,2,2-trichloroethane
(FC 122),
l,l-difluoro-1,2-dichloroethane
(FC 132b), fluoro-trichloromethane
(FC ll), and l,l,ltrifluoro-2,2,2_trichloroethane
(FC 113)) were analysed by head-space
gas chromatography. A Perkin-Elmer
gas chromatograph
8500 equipped with an HS-6 head-space
analyser, hot-wire detector,
a packed column (length, 4 m; diameter, & in; 4% OV17 Chromosorb
G AWDMCS;
80-100 mesh) and helium as carrier gas was used. As
photolysis cell a Perkin-Elmer
HS-6 round vessel (length, 3.7 cm; diameter, 2 cm)
was used. It could be closed gas tight with a septum. The cell glass transmitted light
above 320 nm. The photolysis cell contained the sample solution (2.0 ml) with the

organic substrate (cO= 1.0 mM), 2.0 mg of Ti02 and a small stirrer (length, 1.4 cm;
diameter, 0.3 cm).
2-4. Analysis procedure B

Organic substrates which were not volatile (PCP, DDT, yhexachlorocyclohexane
(I-indane), HEDP and EDTA) could not be analysed by head-space gas chromatography.
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In order

to maintain a sufficient analytical sensitivity, a larger sample volume was
employed for the photolysis. A Pyrex round tube (length, 20 cm; diameter, 3 cm)
contained 30 ml of a solution with a substrate concentration co of 1.0 mM, 30 mg of
Ti02 and a stirrer (length, 5 cm; diameter, 0.7 cm). Owing to the limited analytical
sensitivity (see below) the concentration of HEDP was 5.0 mM. After irradiation the
suspension was centrifuged. The disappearence of EDTA was determined by titration
with Ca’+ [26]. Chloride as a photolysis product of PCP, DDT and Lindane was
analysed by an Ingold ion-selective electrode. The irradiation of HEDP
led to the
formation of H3P04 which was determined spectrophotometrically
(Kontron Uvikon
860 spectrophotometer)
as a heteropolyacid
[27].
For a comparison of the results of procedures A and B, chlorobenzene
and 1,2dichlorobenzene were photolysed by both methods. Kinetic analysis yielded a conversion
factor. Chlorobenzene
and 1,2-dichlorobenzene
were degraded 3.1 f 0.2 times faster
by procedure A than by procedure B. The data in Table 1 were normalized to procedure
A by applying this conversion factor.

TABLE

1

First-order rate constants and half-lives for the cataiytic photo-oxidation
in the presence of TiOl under standard conditions

of organic substrates

Organic substrate

k
(x 10-3 s-l)

71r2
(min)

Benzene
Chlorobenzene
1,2-dichlorobenzene
Bromobenzene
PCP”
DDF
b
1,2-dichloroethylene
Trichloroethylene
Tetrachloroethylene
Lindanea
Dichloromethane
Trichloromethane
Tetrachloromethane
Tribromomethane
1,1,2,Ztetrachloroethane
1,2-dichloropropane
Bis-(2-chloroethyl)ether
EDTAn
FC 122
FC 132b
FC 11’
FC 113’

2.4
2.1
3.5
0.3
5.5
2.8
2.0
2.3
2.0
1.2
1.9
0.6

4.8
5.5
3.3
37.5
2.1
43
5.8
5.1
5.8
9.4
6.0
18.0
S 350
280
8.0
5.8
4.0
2.6
24.7
17.3

0.04
1.5
2.0
3.2
4.6
0.48
0.67

aData were collected by procedure B and normalized to procedure A by applying the conversion
factor.
bOwing to the low solubility in water a H,O-CH,CN
mixture (H,O: CH&N,
1:l) was employed
as solvent.
%o degradation was measured after an irradiation time of 300 min.
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3. Results and discussion
The photo-oxidation
of a wide variety of organic compounds in aqueous solutions
catalysed by Ti02 has been reported. It is assumed that the electronically
excited
semiconductor reacts with adsorbed water, hydroxyl ions and oxygen. Thus the water
or hydroxyl ions are oxidized to hydroxyl radicals OH’ by the valence band holes
whereas the oxygen behaves as a trap for the conduction band electrons. In the first
step of the reduction, superoxide ions Oz- are formed. The final product of the
reduction may also be hydroxyl radicals OH’. The hydroxyl radicals can oxidize the
compounds adsorbed onto the semiconductor surface [lo, 13,24, 28--301. In accordance
with this mechanism the degradation of substrates takes place only in the presence
of light, oxygen and TiOz_ We confirmed these observations. In some cases it has
been shown that the photo-oxidation
led to complete mineralization
of the organic
substrate. For example, halocarbons are photo-oxidized
according to the overall stochiometry [l, 5-7, 31-331:
GHXl,,

+x0*

nCOz +yHCl -t-wH,O

Y&+

However, an important aspect of these photo-oxidations has been largely neglected.
For the purpose of comparison the relative efficiencies of the photolyses is mostly
unknown. In the present work the relative efficiencies were determined by comparing
the photo-oxidation
rates of 23 organic compounds under equivalent conditions. The
degradation rates as a function of irradiation time were recorded. Typical plots are
shown in Figs. 1 and 2. All plots were then analysed in terms of formal kinetics.
The differential rate law for homogeneous reactions is

(1)
where c is the concentration of the organic substrate at irradiation time t, k the reaction
rate constant and n the formal reaction order.
The transformation of the rate law yielded it. The analysis of the data revealed
two limiting cases. As shown in Fig. 3, the photolyses of chlorobenzene
proceeds
according to zero-order
kinetics (slope corresponding
to n =0) at high substrate

0

20

40

60

irradiation

time (min)

Fig. 1. Photo-oxidation rates of 1,2-dichloropropane (0)
functions of irradiation time (procedure A).

and bis-(2-chloroethyl)ether (I)

as
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irradiation time (min)
Fig. 2. Photo-oxidation rates of HEDP
(procedure B; HEDP c,=5.0 mM).
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Fig. 3. Photo-oxidized chlorobenzene as a function of initial concentration of chlorobenzene
solution (procedure A, irradiation time, 5 min).

in

concentrations (c > 3 mM) while pseudo-first-order
kinetics (slope corresponding
to
n = 1) are observed at low concentrations (c < 1.4 mM).
In terms of the Langmuir-Hinshelwood
model [2, 5, 6, 311 this means that at
high substrate concentrations all catalytic sites of the semiconductor surface are occupied.
A further increase in substrate concentration
does not effect the efficiency of the
photo-oxidation.
On the contrary, at low concentrations the number of catalytic sites
is not the limiting factor of the degradation rate which is now proportional
to the
substrate concentration in accordance with apparent first-order kinetics. Similar results
were obtained for trichloromethane.
With the exception of HEDP the concentrations of all other substrates could be
kept low enough to ensure first-order kinetics. In the case of I-IEDP (Fig. 2) the
analytical limit of product detection required a higher concentration which yielded
zeroth-order
kinetics (n = 0).
At low substrate concentrations the integral rate law for n= 1 is
c=co

e-&

(2)

where co is the concentration of the solution at irradiation time t= 0. By transforming
eqn. (2) the first-order rate constant k and half-life 71n could be derived.
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Fig. 4. Photo-oxidation rate of chlorobenzene
time, 10 min; buffered solutions).

12

14
PH
as a function of pH (procedure

A, irradiation

The first-order
rate constants and half-lives are summarized
in Table 1. These
rate constants
may be used as relative efficiencies of photo-oxidation.
Although the
limited data set does not allow any generalization,
some trends are apparent.
The
photolysis of chlorinated
alkanes seems to be less efficient than that of chlorinated
alkenes and aromatic
compounds.
Similar results were reported by other workers [2,
7, 34, 351.
In accordance
with our results, Ollis et al. [7] and Tanaka
and workers [34]
reported also a decreased
degradation
rate if C-H bonds are replaced by C-Cl bonds
in methane.
If the substitution
is complete,
the decline in photo-oxidation
efficiency
is most striking. The photo-oxidation
of haloalkenes
and haloaromatics
seems to be
influenced less by the number of C-Cl bonds. This is demonstrated
by the observation
that there is little variation
in the half-lives of benzene,
chlorobenzene
and 1,2dichlorobenzene,
1,2-dichloroethylene,
trichloroethylene
and tetrachloroethylene
(Table
I)-

A further decrease
of photo-oxidation
efficiency was observed for fluorinated
alkanes (Table 1). In contrast with previous results the compounds
FC 11 and FC
113 were not photo-oxidized
at all [33].
In contrast with previous studies [333 we observed a large decrease in the photooxidation efficiency when chlorinated halocarbons (chlorobenzene
and trichloromethane)
are compared
with the respective
brominated
halocarbons
(bromobenzene
and tribromomethane).
This observation
is surprising because the G-Br bonds are weaker
than C-Cl bonds (280 vs. 397 kl mol-‘)
[36]. As a possible explanation the adsorption
of brominated
compounds
onto the surface of TiOz may be slower or weaker than
that of the chlorinated
compound.
Finally it was of interest to study the influence of pH on the photo-oxidation
since the photolysis is accompanied
by the release of protons (see above). The photooxidation efficiency may then change because of a reversible protonation
of the TiOZ
surface. [8, 17,31,32].
As an example the degradation
rate of chlorobenzene
in buffered
[37] solutions was studied (Fig. 4). At a pH range from 6 to 11 the degradation
rate
remains constant. At pH < 6 the degradation rate decreases strikingly whereas at pH > 11
the reaction is accelerated.
Similar effects were also observed by other groups [4, 121.
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4. Conclusions
The photo-oxidation
of 23 organic compounds including four fluorochloroalkanes
in aqueous TiOz suspensions was studied. On the basis of a simple kinetic model the
relative efficiency of photo-oxidation
of the various compounds
could be determined_
The totally halogenated
FC 113 and FC 11 could not be degraded
at all. Benzene,
chloroaromatics,
chloroalkenes,
chloroalkanes
and EDTA had half-lives from 3 to 9
min. Bromobenzene,
tribromomethane,
trichloromethane,
tetrachloromethane,
FC 122
and FC 132b were photo-oxidized
strikingly slower with half-lives from 18 to 350 min.
At low concentrations
of the organic compound (co < 1.4 mM) pseudo-first-order kinetics
were observed. At high concentrations
(co>3 mM), photo-oxidation
obeyed zero-order
kinetics_
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