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The kinetics of photooxidation to CO2 of 22 organic solutes over a UV illuminated film of 
Degussa P25 titanium dioxide have been studied over a IOO-fold concentration range for each 
solute, generally from about 1 to 100 mg liter-‘. The dependence of the photooxidation rate on 
concentration obeyed a simple two-coefficient Langmuir expression for each solute. The coefli- 
cients reflecting the degree of adsorption on the TiOZ and the limiting rate at high concentrations 
enable the prediction of photocatalytic rates in any TiOz-based photoreactor of a similar type once a 
reference rate has been determined for one of the solutes. A reaction mechanism is proposed for 
the oxidatiun of aromatic compounds involving peroxyhydroxycyclohexadienyl- and mucondialde- 
hyde-type compounds as important intermediates. The solutes studied were benzoic acid, salicylic 
acid, phenol, biphthalate, 2-chlorophenol, 4-chlorophenol, monochIorobenzene, nitrobenzene, 
methanol, ethanol, n-propanol, 2-propanol, acetone. ethvl acetate. acetic acid, formic acid. su- _ 
crose, 2-naphthol, umbelliferone, chloroform, 
Academic I’ress, Inc. 

INTRODUCTION 

The photocatalytic oxidation of organic 
compounds in aqueous suspensions of tita- 
nium dioxide is a comparatively new 
method for the removal of impurities from 
water. It has possible application in the 
treatment of both waste waters and drink- 
ing water. Many compounds have been 
shown to be oxidized to carbon dioxide by 
this method (Z-20). The photoactivating 
light required is near UV (<400 nm) or sun- 
light. The method has been found to be gen- 
erally applicable to the destruction of tri- 
h~omethanes in water (4-6, 8-10, 14). 

Usually the titanium dioxide has been 
present as a powder suspension and the de- 
struction of compounds has been studied 
using closed systems. Recently, it was re- 
ported that titanium dioxide could be read- 
ily attached to glass surfaces allowing the 
TiOz to be illuminated as a stationary phase 
with water passing over the catalyst (21, 
22). Thus open system continuous opera- 
tion is possible. 

trichloroethylene, and dichloroethane. Q 1988 

It is noted that where the concentration 
dependence has been studied, the destruc- 
tion of compounds over illuminated TiO2 
always follows a Langmuir adsorption iso- 
therm. That is, the rate of destruction is not 
directly proportional to concentration and 
meaningful comparisons of rates of destruc- 
tion between different compounds cannot 
be made at single concentrations. Thus a 
strongly adsorbed solute may undergo de- 
struction at a significant rate at parts per 
million concentrations (23) even though it 
may be comparatively resistant to oxida- 
tion at high concentrations. The estimation 
of the dest~ction rate at any particular 
concentration requires a knowledge of the 
Langmuir-Hinshelwood kinetics for the 
compound. 

In this work the oxidation to carbon diox- 
ide of 22 common organic contaminants in 
water has been studied over a range of con- 
centrations under identical photocatalytic 
oxidation conditions. As for other com- 
pounds, the rates of destruction fitted 
Langmuir-Hinshelwood kinetics and the 
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parameters were determined for each com- 
pound. Thus the destruction rate of a com- 
pound relative to another compound may 
be estimated at any particular concentra- 
tion. 

EXPERIMENTAL 

Materials 

All chemicals were at least laboratory re- 
agent grade and were obtained from reputa- 
ble suppliers. Stock solutions were pre- 
pared using water from a Millipore Waters 
Milli Q water purification system. The tita- 
nium dioxide photocatalyst was Degussa 
P25 grade, surface area 50 t 15 m2 g-l, 
shown by X-ray diffraction analysis to be 
predominantly in the anatase form. 

Apparatus 

The TiOz photocatalyst (75 mg) was 
coated on the inside of a 7-m-long 65-turn 
spiral of borosilicate glass tubing with 6-mm 
o.d., a l-mm wall thickness, and a spiral 
volume of 90 cm3 as previously described 
(22, 39). A 32.5-mm-diameter NEC 20-W 
black light blue fluorescent tube fitted 
snugly down the center of the spiral and 
was mounted in a standard 20-W fluores- 
cent tube domestic lamp holder. The solu- 
tion (40 ml) of the given organic solute be- 
ing studied was circulated through the 
spiral and around a loop by means of a 
Cole-Parmer Model 7554-00 peristaltic 
pump. Viton flexible tubing was used in the 
pump and for connections to the various 
components. The solution was added at a 
loading port. Air was pumped around the 
loop and became entrained in the liquid at a 
tee junction, the bubbles passing up the spi- 
ral in serried ranks and separating from the 
liquid at the loading port before passing 
through a conductivity cell and returning to 
the loop. Because of the rapid intermingling 
of the gas and liquid phases in the spiral, 
carbon dioxide equilibration between the 
phases was rapidly established and the con- 
ductivity of the water in the cell increased 
with carbon dioxide concentration. The 

conductivity was measured with an Alpha 
800 conductivity meter. The apparatus was 
calibrated by additions of measured vol- 
umes of carbon dioxide under conditions 
identical to those used in the experiments. 

Procedure 

As the analysis for carbon dioxide relies 
on a distribution between gas and liquid 
phases and the total volume of the closed 
system was constant, the same volume of 
solution was used in each run. Different 
concentrations of the same solute were ob- 
tained by varying the volume of water ini- 
tially present in the photooxidation spiral 
loop so that when the required volume of 
organic stock solution was added, the total 
volume became 40 ml. The water in the spi- 
ral was also acidified with perchloric acid 
so that after the addition of the organic sol- 
ute, the pH was approximately 3.6. In a 
typical run, 39 ml of acidified water was 
circulated through the spiral with the light 
on and the loading port open until the equi- 
librium conductivity was obtained and the 
water temperature reached 40°C. 

The lamp was then switched off, 1 .O ml of 
the organic solution added, the loading port 
closed, and the light switched on. Simulta- 
neously the stop watch was started and the 
progress of the reaction recorded at I-min 
intervals for 10 min. This procedure was 
followed at eight different concentrations 
for each compound. Periodically, a benzoic 
acid solution was used to test for changes in 
the photocatalytic performance of the spi- 
ral. No significant change in the photooxi- 
dation rate was observed at any stage. 

Actinometry 

Potassium ferrioxalate solution and the 
analytical method of Hatchard and Parker 
(24) were used to measure the photon flux 
in the spiral before it was coated with TiOz. 
Since the maximum emission of the lamp 
occurred at approximately 350 nm the 
quantum yield for ferrous ion formation in 
the ferrioxalate solution was taken to be 
1.28 (25). 
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FIG. 1. Calibration curve using measured volumes of carbon dioxide. Conductivity versus weight of 
carbon in COz. 

RESULTS 

The addition of measured amounts of 
carbon dioxide to the apparatus gave the 
equilibrium specific conductance readings 
shown in Fig. 1. When the logarithm of the 
specific conductance expressed in micro- 
siemens per centimeter was plotted against 
the logarithm of the amount of carbon ex- 
pressed in microgr~s, a smooth curve was 
obtained which became linear for amounts 
of carbon greater than 100 pg. 

liter per minute were calculated and listed 
against the corresponding initial phenol 
concentration in Table 1. The other solutes 
were treated similarly. The oxidation rates 
for phenol are plotted against the initial 
phenol concentrations in Fig. 3 together 
with similar plots for some of the other sol- 
utes. As the plots for all the solutes were 

TABLE 1 

In the runs with various organic solutes Oxidation Rates for Phenol Obtained by 
added to the apparatus, the carbon oxidized Least-Squares Analysis of Data in Fig. 2 

to CO*, indicated by the meter reading, was 
obtained from the calibration curve (Fig. I) Initial Oxidation rate 

and plotted against the illumination time. A 
[phenol] 

Calculated 
typical result for phenol is shown in Fig. 2. 

cmg titer-l) Experimental 
(mg fiter-’ min-r) (mg liter-’ min-‘) 

Although the plots were generally S shaped 
they were reasonably linear over 60-70% of 
the range of carbon oxidized with maxi- 
mum linearity occurring closest to the 50% 
oxidation mark. The dashed lines in Fig. 2 
were obtained by linear least-squares analy- 
sis of the experimental points lying within 
the range indicated by the dashed lines. 
From the slopes of these lines the oxidation 
rates expressed as milligrams of phenol per 

0.58 0.17 + 0.02 0.14 
I.46 0.44 2 0.07 0.34 
2.91 0.81 4 0.04 0.66 
5.83 1.46 ” 0.01 1.25 

14.6 2.32 rt 0.07 2.63 
29.1 4.24 k 0.08 4.18 
43.7 5.28 -t 0.09 5.20 
58.3 5.88 2 0.12 5.92 

Note. Conditions: 20-W lamp, solution temp. 40°C, 
circulation at 300 ml min-I. 
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that calculated by substitution of these pa- 
rameters in expression (1). The oxidation 
rates listed in Table 1, column 3, were also 
calculated with these values. Similar treat- 
ments of the data from the other solutes 
gave the parameters listed in Table 2. 

A ferrous ion formation rate of 833 PM 
min-i was found when 500 ml of 0.006 M 
potassium ferrioxalate was circulated 
through the photoreactor without TiOz. A 
concentration change of 8.14 n-&f min-’ 
was therefore calculated for 40 ml of solu- 
tion in which the quantum yield for the pro- 
cess is 1.0. 

DISCUSSION 

Reactioa Mechff~ism 

0 2 4 6 8 IO 

ILLUMINATION TIME (mid 

FIG. 2. Weight of carbon oxidized to CO! versus 
illumination time, 40 ml phenol solution each data set. 
lamp, 20 W; 300 ml min+ circulation rate; 40°C; con- 
centrations in milligrams per liter. (0) 0.58; (0) 1.46; 
(8) 2.91; (Q) 5.83; (a, 14.6; (8)29.1; (0) 43.7; (6) 
58.3. 

closely approximated by curves having the 
shape of Langmuir adsorption isotherms, 
the data sets for each solute were treated by 
the method of least squares assuming that 
the data were described by the expression 

KWl* 
R = 1 + k,[S]*’ (1) 

0 10 20 30 40 50 60 70 

where R is the rate of oxidation of the sol- 
ute to COz, K, kl are proportionality con- 
stants for the solute, and [$I* is the initial 
concentration of the solute. In the case of 
phenol, the numerical parameters obtained 
by this analysis were 0.024 + 0.004 mg-l 
liter and 10.2 -t- 0.9 mg liter-’ min-’ for kl 
and K, respectively, and the line drawn 
through the experimental points in Fig. 3 is chloroform. 

FIG. 3. Rates of oxidation to CO? versus initial sol- 
ute concentrations. (@) 2-Propanol; (0) acetic acid; 
(0) phenol: (0) 4-chlorophenol; (8) methanol; (0) 

Published reaction mechanisms for the 
oxidation of aromatic hydrocarbons over ti- 
tanium dioxide suspended in aerated aque- 

0 40 80 120 160 200 240 280 

[SOLUTE] (m&-T) 
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TABLE 2 

Langmuir Parameters and Calculated Rates for Solutes at Different Concentrations 

s h K 
(mg-r liter) (mg literr’ min-‘) 

Benzoic acid 0.0383 + 0.007 8.1 k 0.5 
Salicyclic acid 0.036 + 0.008 11.3 f 1.1 
Phenol 0.024 Ifr 0.004 10.2 k 0.9 
Biphthalate 0.023 2 0.003 11.0 f 0.7 
2Xhlorophenol 0.010 f 0.003 18.4 t 4.1 
4Chlorophenol 0.038 f 0.003 10.2 2 0.3 
Chlorobenzene 0.038 f 0.007 6.4 f 0.5 
Nitrobenzene 0.062 2 0.012 4.7 + 0.3 
Methanol 0.014 f 0.002 11.5 f 0.8 
Ethanol 0.021 f 0.003 10.1 f 0.6 
n-Propanol 0.020 f 0.003 10.2 f 0.6 
2-Propanol 0.0350 * 0.007 4.3 -+ 0.4 
Acetone 0.0165 + 0.004 5.6 +- 0.6 
Ethyl acetate 0.0158 + 0.002 9.1 ? 0.6 
Acetic acid 0.0265 + 0.005 7.9 t 0.5 
Formic acid 0.0166 + 0.003 21.4 5 1.7 
Sucrose 0.0270 f 0.002 8.5 f 0.3 
2-Naphthol 0.044 t 0.006 5.1 f 0.4 
Umbelliferone 0.0327 f 0.006 6.5 f 0.6 
Chloroform 0.0090 f 0.003 16.5 + 0.2 
Trichloroethylene 0.0091 f 0.001 17.8 f 0.8 
Dichloroethane 0.0118 + 0.002 7.9 f 0.5 

(1 Calculated from the expression R = Kk,[SlV(l + k,[Sl”). 
b Initial concentration in milligrams per liter. 

Rate” (mg liter-’ min-I) 

lb lob 506 1OOb 

0.30 2.24 5.33 6.43 
0.39 2.99 7.26 8.84 
0.24 1.97 5.56 7.20 
0.24 2.06 5.88 7.67 
0.18 1.67 6.13 9.20 
0.37 2.81 6.68 8.10 
0.23 1.77 4.21 5.10 
0.27 1.79 3.55 4.00 
0.16 1.41 4.73 6.70 
0.21 1.75 5.17 6.80 
0.20 1.70 5.10 6.80 
0.14 1.11 2.74 3.34 
0.09 0.79 2.53 3.50 
0.14 1.24 4.02 5.60 
0.20 1.65 4.50 5.70 
0.35 3.05 9.70 13.3 
0.22 1.81 4.88 6.20 
0.21 1.55 3.48 4.10 
0.20 1.59 4.01 5.00 
0.15 1.36 5.12 7.80 
0.16 1.48 5.56 8.50 
0.09 0.84 2.94 4.30 

ous solutions involve *OH radicals (2, 26, of whether hydroxycyclohexadienyl radi- 
27) produced by the reaction of photo- cals are formed via *OH radical addition to 
generated holes with adsorbed water or hy- the aromatic ring or via direct oxidation by 
droxyl ions and also superoxide, -02, or the photogenerated holes, they react rap- 
perhydroxyl, H02*, radicals produced by idly with oxygen to give peroxyhydroxycy- 
reactions of the photoelectron with ad- clohexadienyl radicals leading to the simul- 
sorbed oxygen (2, 26-30). More recently, taneous formation of phenol and the ring 
Hashimoto et al. (31) have proposed that opened compound, mucondialdehyde (33- 
the direct oxidation of benzene of photo- 37). Similar reactions have been proposed 
generated holes also proceeds in competi- by Getoff (38) for the radiation-induced de- 
tion with *OH radical addition to the ben- composition of phenol in water. The mu- 
zene ring, both reactions yielding the condialdehyde is then further degraded to 
hydroxycyclohexadienyl radical (32). If carbon dioxide and water. If the compound 
this reaction is significant for benzene then is a substituted aromatic, the mineral acid 
it might also be significant for other aromat- arising from the substituent will also be 
ics. Okamoto et al. (17), however, consider formed. These considerations lead to the 
that there is no significant direct oxidation following postulated reaction mechanism 
pathway involving the photogenerated for the photooxidation of aromatics at the 
holes when phenol is the solute. Regardless surface of TiOz catalyst, 
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TiOz 2 h+ + e- 

h+ + e- --, A 

e- + 02 + *Oy 5 HOz* 

h+ + 2H20 + -OH + H30+ 

h’ + OH- + *OH 

X X 

*OH+@ +‘qH 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

.OH 1 "02. 

CO2 + Hz0 + HX 
(12) 

Reaction (10) leading to the corresponding 
phenol from the parent compound appears 
to be a minor reaction path (39), but this 
will also be eventually degraded to CO2 
since it will also be attacked by *OH radi- 
cals or positive holes at the surface to form 
a series of reactions parallel to reactions (7- 
12). 

Kinetics 

It is postulated that both oxygen and the 
organic solutes are adsorbed at different 

sites on the surface of the TiOz. It is known 
that *OH radicals react rapidly with most 
organic solutes (40) and it seems likely that 
the positive holes would show similar reac- 
tivity. It is also known that oxygen reacts 
with the photoelectrons and should inhibit 
the electron-hole recombination reaction 
(3). The photodecomposition reaction of or- 
ganic solutes should therefore be favored 
by high solute and oxygen concentrations. 
It is assumed that the rate-determining step 
is the reaction between the primary oxidiz- 
ing species and the organic solute, S [reac- 
tions (7) and (S)]. In terms of Langmuir- 
Hinshelwood kinetics (41) the second-order 
decomposition rate at the surface forming 
CO2 may be expressed as 

R = k’8&, (13) 

where 002 and 0s are the fractions of the 
sites covered by oxygen and the organic 
solute, respectively. 

Because in this work the initial oxygen 
pressure was the ambient air-equilibrated 
value, 80, may be regarded as constant and 
expression (13) can be rewritten as 

R = k”8 S. (14) 

The fraction of sites covered by organic sol- 
ute, Bs, can be expressed as (42) 

8s = k,[Sl 
1 + kl[S] + C ki[Zi] ’ 

(15) 
I 

where k, and ki are equilibrium adsorption 
constants and S and Z are the equilibrium 
solute and intermediate decomposition 
products. After the manner of Augugliaro 
et al. (42) the simplifying assumption is 
made that 

k,[S] + C ki[Zi] = k,[S]O. (16) I 

That is, it is assumed that the adsorption 
constants for the decomposition intermedi- 
ates are the same as those for the original 
solute. This assumption is made solely as a 
simplifying step and without substantiation 
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from independent evidence. Substitution of 
expression (16) into (15) gives 

and hence 

R = k” kdS1 
1 + k,[S]O’ (18) 

The values of R were estimated at 50% de- 
composition, that is, when [S] = O.S[S]O. 
Therefore 

where K = 0.5k”. The data for the rates of 
oxidation to CO:! of all solutes were well 
described by expression (1). 

From the shape of the curves in Fig. 2 it 
is apparent that there is an induction period 
to the reaction. Since the equilibrium be- 
tween the CO2 released in the photoreactor 
and that absorbed in the conductivity cell 
was not instantaneously established, some 
apparent induction period was expected. 
However, if the time for equilibration was 
the only factor involved a constant induc- 
tion period should have been observed. 
This was not the case; in general, the period 
increased with increasing solute concentra- 
tion, suggesting that the intermediate de- 
composition products compete with the 
original solute for the photogenerated radi- 
cal oxidizing species. 

The data in Table 3 show a comparison 
between measured times for 50% decompo- 
sition of phenol solutions at different initial 
concentrations and times calcuIated in two 
different ways. In the first (column 3), the 
time was calculated by dividing 0.5 times 
the initial phenol concentration by the rate 
obtained from expression (1) and the k, and 
K values for phenol from Table 2. In the 
second (column 5), the integrated form of 
expression (1) was used (39), 

0.5[Sl” + 0.693 
to.5 = - - 

K klK ’ (19) 

TABLE 3 

Comparison between Experimental and Calculated 
Times for Conversion of 50% of Phenol to CO2 

Initial R ta t tb 
[phenol] (mg liter-’ min-1) talc. exp. talc. 

(mg liter-‘) (min) (min) (min) 

0.58 0.140 2.07 1.80 2.86 
1.46 0.345 2.12 2.05 2.90 
2.91 0.664 2.18 2.30 2.99 
5.83 1.25 2.33 2.65 3.13 

14.6 2.64 2.76 3.80 3.55 
29.1 4.19 3.47 4.55 4.26 
43.7 5.21 4.19 5.70 4.98 
58.3 5.94 4.91 6.60 5.70 

4 Calculated using expression (1). 
b Calculated using expression (19). 

The increasing induction period at higher 
concentrations is reflected by the increas- 
ing deviation between experimental and 
calculated times as the concentration in- 
creases. Exceptions to this general behav- 
ior were formic acid and the chlorinated 
aliphatic hydrocarbons. These showed no 
evidence of significant increase in induction 
times with increasing concentration. This 
may be a consequence of a more direct con- 
version to CO1 for these compounds than 
for the aromatics and other solutes. 

Predicting Solute Oxidation Rates 

The shapes of the rate of oxidation 
curves versus initial solute concentrations 
(Fig. 3) show a regime in which R is approx- 
imately proportional to [S] when k,K[S]O 6 
1 and a regime in which R is approximately 
equal to K when kl[Slo & 1. The K values of 
Table 2 therefore represent the limiting oxi- 
dation rates for the solutes at high con- 
centration. It is seen that the highest rate 
occurs with formic acid followed by 2-chIo- 
rophenol and trichloroethylene. The com- 
pounds most resistant to total oxidation 
were nitrobenzene and 2-propanol. The k, 
values reflect the tendency for the solutes 
to be adsorbed by the TiO2, the higher val- 
ues indicating a more rapid rate of oxida- 
tion at low concentrations. The highest 
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value for kr was obtained for nitrobenzene 
and the lowest for trichloroethylene and 
chloroform. Hence, although nitrobenzene 
was one of the most resistant to oxidation, 
its measured rate at low concentrations was 
not the lowest rate; the lowest rates at 1 mg 
liter-’ concentrations (column 4) were ob- 
tained for acetone and dichloroethane and 
the highest rate was for salicyclic acid. 

Since the oxidation rates in Table 2 were 
calculated from data obtained under identi- 
cal conditions, it should be possible to pre- 
dict photooxidation rates over thin layers of 
Degussa P25 Ti02 illuminated in any other 
experimental arrangement once a reference 
rate is established for one of the solutes 
listed. 

Quantum Yield 

The maximum rate of oxidation to CO* of 
the solutes listed in Table 2 was for formic 
acid. Under the experimental conditions 
(20-W lamp, 40°C 300 ml mind1 circulation 
rate) the limiting rate was 21.4 mg liter-’ 
min-’ or 0.465 mM min-I. Assuming that all 
the light is absorbed by the TiOz this corre- 
sponds to a quantum yield of 0.06 mole- 
cules of CO2 per photon. 

CONCLUSION 

An apparatus has been built which facili- 
tates the accumulation of data on the photo- 
catalytic oxidation to carbon dioxide of 
organic solutes in aqueous solutions in con- 
tact with an illuminated layer of TiOz. A 
reaction mechanism for the oxidation of ar- 
omatic compounds has been proposed and 
the reaction kinetics studied for each sol- 
ute. Simplifying assumptions made are that 
intermediate decomposition products have 
the same adsorption equilibrium properties 
at the surface as the parent compound and 
that they are totally oxidized to COZ. Reac- 
tion rates, estimated by regression analysis 
centered around data at 50% conversion 
of each solute, are well described by 
Langmuir-Hinsheiwood kinetics. The 
Langmuir parameters for each solute, ob- 
tained under identical conditions, have 

been tabulated. The data provide a means 
of estimating photocatalytic oxidation rates 
to CO2 for any of the 22 solutes at any con- 
centration in other illuminated TiOz photo- 
reactors of similar type once a reference 
rate for one of the compounds has been ob- 
tained. 
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