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Abstract

The photocatalytic degradation of oxalic acid in aqueous suspensions of TiO2 was investigated by following the formation of CO2. Based

on the data obtained the reaction mechanism was proposed. The oxidation of oxalic acid follows ®rst-order kinetics in the studied range

(0.3±4.0 mmol H2C2O4). Initial rate of disappearance ®ts a Langmuir±Hinshelwood kinetic model. As a result, reaction rate constant and

adsorption equilibrium constant were found to be 3.20 mmol minÿ1 and 0.22 mmolÿ1, respectively. # 1998 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Titanium(IV) oxide suspended in oxygenated water has

proven to be as a most active photocatalyst. The absorption

of light with an energy greater than that of the band gap

(� < 380 nm) generates electron±hole pairs and subsequent

oxidation reduction processes. Extensive work has shown

that a wide range of organic compounds, in aqueous solu-

tions containing near UV-illuminated suspensions of TiO2,

are oxidized completely to CO2 [1,2]. The formation of OH

radicals and the reduction of oxygen are thermodynamically

favorable processes in the catalyzed oxidative degradation

of organics in oxygenated aqueous solutions:

TiO2�eÿ � h�� !O2;H2O;OHÿ �Oÿ2 �
�

OH (1)

The mechanisms of OH formation have been discussed in

the literature [3,4]. The hydroxyl radical is an extremely

potent oxidizing agent capable of oxidizing almost all

organic compounds. The redox potential for OH has been

assigned a value of �2.8 V [5].

In the present work we studied the photocatalytic oxida-

tion of oxalic acid, a representative member of the dicar-

boxylic acid family, in the presence of TiO2. The mechanism

of photocatalytic degradation of this compound, to CO2, was

followed and some kinetic parameters were calculated.

Oxalic acid was chosen because its radiolysis and reac-

tivity toward OH radicals has been investigated in detail

[6,7], and also because it is a water pollutant resulting from

some industrial treatment processes (textile industry, metal-

lurgy etc.). Moreover, as indicated by the potential of the

redox couple H2C2O4 (aq)/CO2(g) ÿ0.49 V [8] it is easy to

oxidize.

2. Experimental details

The solutions were prepared from analytical grade che-

micals (BDH or Merck) without further puri®cation. Doubly

distilled water saturated with oxygen was used. The pH of

oxalic acid solutions was 3.5 and was adjusted with HClO4.

Oxalic acid concentration was determined by the spectro-

photometric method with copper benzidine [9] or by using

conventional permanganate titration. All the experiments

were carried out using 2 mg cmÿ3 suspensions of TiO2

(Degussa P-25, predominantly anatase, speci®c area of

50 m2 gÿ1, non-porous).

Photocatalytic degradation of oxalic acid was studied

using the ¯ow system of the total organic carbon analyzer

± SGE Anatoc instrument. Oxidation is carried out by

illumination with near-UV light (300±400 nm) in the pre-

sence of a photocatalyst. Oxidation occurs through photo-

catalysis during the liquid's passage through glass coils

surrounding the near-UV light sources. The lamps used

are 8 W blacklight ¯uorescent tubes. The lamps are mounted

horizontally in the center of the reaction coils to obtain

maximum ef®ciency. The carbon dioxide generated by the

degradation of organic compound is determined via mea-

surement of conductivity, and exhibits linear response over a

wide concentration range. Calibration relies on establishing
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the relation between carbon mass in the sample and con-

ductivity measurement. Benzoic acid was used as a calibra-

tion standard. Commonly, samples were measured over the

mass range of 10±100 mg of carbon. The sample pH should

be adjusted to a value of 3.5. At pH 3.5 the formation of CO2

is favored by at least 99.5% vs. 0.5% of the HCOÿ3 .

3. Results and discussion

Photocatalytic degradation of oxalic acid in the presence

of O2 over TiO2 powder dispersed in aqueous solution was

investigated by measuring CO2 formation as a function of

the illumination time at pH � 3.5, and at constant tempera-

ture of 228C. Oxalic acid is present in ionic form in the

solution of pH 3.5. The reason for this is the dissociation of

oxalic acid, which occurs with pK1 � 1.25 and pK2 � 4.28

[7]. At pH 3.5 the fraction of oxalic acid present as HC2Oÿ4
exceeds 85%.

Results obtained show that the photocatalytic decomposi-

tion of oxalic acid gives only carbon dioxide. The evolution

of CO2 as the ®nal product of the photodegradation was

investigated in the 0.3±4.0 mmol range of oxalic acid. Fig. 1

shows the typical curves of the evolution of CO2. The

maximum amount of CO2 evolved increases with the

increase of oxalic acid concentration. Dashed lines show

the carbon mass corresponding to complete conversion of

oxalic acid to CO2. This may also be concluded from the

data in Table 1, where the correlation between the initial

concentration of oxalic acid, determined spectrophotome-

tricaly, and the maximum of CO2 evolved is presented. It is

noteworthy that in all cases, the amount of CO2 evolved

re¯ects that there is a one-to-two correspondence between

the moles of oxalate and CO2 evolved as measured by the

TOC analyzer. The observed reaction time for complete

disappearance became less with the decrease of the initial

amount (from about 4 min to about 9 min in the studied

range of oxalic acid amounts).

Published reaction mechanisms for the oxidation of

organic compounds over titanium dioxide suspended in

oxygenated aqueous solution involve reaction with OH

radicals produced by the reaction of photogenerated holes

with adsorbed water molecules or hydroxyl ions [3,10]. It is

known that OH radicals react rapidly with most organic

solutes. It is also known that oxygen reacts ef®ciently with

the photoelectrons forming Oÿ2 (or HO2) radicals, and should

inhibit the electron±hole recombination.

According to these considerations and the obtained

results, the following reaction mechanism may be proposed

for the photooxidation of oxalic acid at the surface of TiO2

catalyst: oxalic acid reacts with OH radicals

HC2Oÿ4 �
�

OH! OHÿ �� COOH� CO2 (2)

Free radicals formed in reaction Eq. (2) disappear by reac-

tion with oxygen
�
COOH� O2 !�

HO2 � CO2 (3)

Recombination of HO2 radicals leads to H2O2 formation,
�
HO2 �� HO2 ! H2O2 � O2 (4)

but hydrogen peroxide was not found as a ®nal product of

photocatalytic degradation. The consumption of H2O2 dur-

ing the photooxidation resulted from the reaction with

electrons and OH radicals [11,12].

Postulated mechanism of the photocatalytic degradation

of oxalic acid closely corresponds to the published data

concerning the radiolysis of oxalic acid solution [6]. Herr-

mann et al. [8] predicted the mechanism involving the

reaction of the photoactivated species Oads
� with adsorbed

HC2Oÿ4 ions. They suggest that degradation occurs by an

attack of the C±C bond with the production of an inter-

mediate leading to the formation of an unstable bicarbonate

ion. We assume that the OH radical attacks C±C bond

leading to the formation of COOH radical, which disappears

by reaction with oxygen. This conclusion is in accordance

with the observation of Muthu et al. for the photodegradation

of oxalic acid by fullerenes [13].

The release of CO2 was found to follow ®rst-order kinetic

law up to about 75±80% decomposition of oxalic acid. It

occurs during the ®rst 2 min of illumination (Fig. 2). The

Fig. 1. Effect of irradiation time on the CO2 evolution for five different

initial amounts of oxalic acid. Dashed lines show yield corresponding to

total oxidation of oxalic acid.

Table 1

Correlation between amounts of oxalic acid, carbon dioxide and initial

oxidation rates

H2C2O4/mmol CO2/mmol CO2/mmol minÿ1

0.30 0.65 0.445

0.45 0.88 0.542

0.50 1.07 0.643

0.55 1.17 0.819

0.75 1.46 0.897

0.85 1.52 0.903

1.35 2.87 1.667

1.95 3.99 1.833

2.90 5.81 2.583

3.85 7.78 3.333
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numerical values of the points in Fig. 2 were calculated from

expression

ln
�CO2�1
�CO2� � k�t (5)

in which [CO2]1 is the measured amount of CO2 for the

complete destruction of oxalic acid and [CO2] is actual

amount. Each point represents the mean value obtained

upon substitution of the values of [CO2]1 and [CO2] mea-

sured for 10 different initial amounts of oxalic acid. The

obtained values are independent on the initial amount of

oxalic acid within experimental accuracy. A linear relation-

ship between ln[CO2]1/[CO2] and illumination time

demonstrates a good approximation for the data of degrada-

tion of oxalic acid in the studied range. From the slope of the

plot in Fig. 2, obtained by the method of linear regression

(r � 0.999), reaction rate constant k* was calculated as

0.78 minÿ1 (t1/2 � 53.3 s). Under the present conditions

obtained value is independent of the initial concentration,

but the overall rate of reaction increases as the oxalic acid

concentration increases (from 0.25 to 3.03 mmol

H2C2O4 minÿ1 in the studied range of concentrations). This

effect can be explained by assuming that at low substrate

concentrations the number of catalytic sites is not a limiting

factor of the degradation rate which is proportional to the

substrate concentration, as well as that the competition

between reaction intermediate and substrate for active sites

does not exist [14,15].

The photodegradation kinetics of many organic com-

pounds in TiO2 dispersions under UV illumination has often

been modeled to the simple Langmuir±Hinshelwood equa-

tion [3,10,16]

R � ÿ dC

dt
� k K C

1� K C
(6)

a linear transform of which gives:

1

R
� 1

k
� 1

kK

� �
� 1

C

� �
(7)

where R denotes initial rate of disappearance of organic

substrate, C is its initial concentration, k is the rate constant

and K is adsorption constant of the reactant concentration C.

The linearity of a plot of 1/R vs. 1/C indicates that the

Langmuir±Hinshelwood model is valid.

The rate of disappearance of oxalic acid was assumed

to be proportional to the rate of CO2 formation for the

examination of the effect of the initial amount of oxalic

acid to the initial oxidation rates. The initial rates of

formation of CO2 at different oxalic acid amounts were

obtained from the straight lines of the curves in Fig. 1. From

the slopes of these lines initial oxidation rates, expressed as

mmol of CO2 formed per minute, were determined and

the initial oxidation rates of oxalic acid against the initial

amount of oxalic acid were calculated (Table 1, columns 2

and 3).

Fig. 3 shows the plot of the reciprocal initial rates vs.

reciprocal initial amount of oxalic acid. The plot based on

Eq. (7) ®tted satisfactory. The correlation coef®cient

obtained is 0.993. The values corresponding to k and K,

obtained from the intercept and the slope of the plot in

Fig. 3, are 3.20 mmol minÿ1 and 0.22 mmolÿ1, respectively.

The k value represents the limiting oxidation rate for the

oxalic acid, and K value re¯ects the tendency for the oxalic

acid to be adsorbed by TiO2.

The obtained data con®rm that the Langmuir±Hinshel-

wood kinetic model is appropriate for the interpretation of

the CO2 photogeneration rate during the oxalic acid and

similar organic compounds' degradation at low concentra-

tions [8,17±20]. Further experiments with higher oxalic acid

concentrations are in progress.
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Fig. 2. Plot of ln [CO2]1/[CO2] vs. irradiation time for 10 different initial

amounts of oxalic acid in the range of 0.3±4.0 mmol.

Fig. 3. Reciprocal initial degradation rate vs. reciprocal initial amount of

oxalic acid.
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