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Abstract
The effect of the presence of formic, oxalic and acetic acids on photocatalytic degradation of p-nitrophenol has been studied. Adsorption and

FTIR studies indicated that the presence of such acids modifies p-nitrophenol interaction with TiO2 surface, which is more rapidly degraded. The

higher degradation rate constants have been correlated with interaction changes and radicals generated in the degradation of carboxylic acids.

The presence of H2O2 did not affect the mechanism responsible for the faster p-nitrophenol degradation in the presence of acetic or oxalic acids.

However, formic acid seems to hamper the production of OH�radicals from H2O2 degradation.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years considerable research effort has been

devoted to the application of photocatalytic processes to the

abatement of organic pollutants in water. Many of these studies

have been focused on individual organic compounds such

as phenols, pesticides, etc. [1–5]. However, aqueous wastes

from industries, agriculture and dwellings are usually

complex mixtures of different pollutants. Thus, it is important

to determine the applicability of photocatalysis to known

mixtures of organics.

As in other heterogeneous catalytic processes, the behaviour

of photocatalysts can be modified depending on the affinity of

the studied molecules for the adsorption centres [6,7].

The effect of the presence of a second molecule on the

photocatalytic process has been investigated in studies regard-

ing the degradation of organic compounds with inorganic salts.

Catalytic changes were observed as a result of the formation of

double layers on TiO2 surface, which inhibit the adsorption of

the organic molecules to be degraded [8]. It has also been
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indicated that the inorganic ions present on the catalyst surface

can react with photogenerated holes and/or �OH radicals

resulting in the modification of catalyst activity [9,10]. Further-

more, other studies showed that some ions, such as sulphates,

can stabilise the semiconductor’s crystalline structure, thus

favouring the catalytic process [11].

Additionally, experiments with mixtures of organic com-

pounds have proved that the presence of acetates can

significantly modify the photocatalytic behaviour of phenol,

catechol or resorcinol [12,13]. Therefore, these results suggest

that the presence of another adsorbate in the reaction mixture

can affect the process, mainly by competing for adsorption

centres or modifying TiO2 surface distribution.

One of the most important features of TiO2 surface is the

existence of hydroxyl groups with different acid–base

characters, in addition to adsorbed water molecules [14,15].

The surface distribution of these groups is modified by pH

according to the following equilibria [8]:

pH < pzc : Ti�OH þ Hþ ! TiOH2
þ

pH > pzc : Ti�OH þ OH� ! TiO� þH2O

These surface hydroxyl groups participate directly in

the formation of �OH radicals and constitute reagent and
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intermediate adsorption centres as well. However, the adsorption

of organic compounds can also neutralize these surface groups,

thus modifying their distribution.

As mentioned above, the majority of aqueous wastes are

mixtures of different compounds. Accordingly, to optimize the

process it is necessary to study the effect of mixtures on their

individual degradation. In addition to this, carboxylic acids are

intermediates in the majority of photocatalytic degradation

processes and exert an important effect on the degradation of

some phenolic compounds. Therefore, to obtain a better

picture of the effect of the presence of carboxylic acids on

photodegradability, we studied the degradation of p-nitrophe-

nol at different concentrations of formic, oxalic and acetic

acids.

2. Experimental

2.1. Experimental conditions

Aqueous suspensions containing 40 ppm of p-nitrophenol

and 2 g/l catalysts (Degussa P-25 TiO2 powder, 80% anatase

and 20% rutile) in 250 ml glass vessels were continuously

stirred and air-bubbled (100 ml/min). All the experiments

were performed at pH 5 and at a constant temperature of
Fig. 1. (a) p-Nitrophenol (&, &) and formic acid (~,~) adsorption in the presence

symbols essays with H2O2 (20 mM). (b) p-Nitrophenol (&, &) and oxalic acid (~,~

essays without H2O2, empty symbols essays with H2O2 (20 mM). (c) p-Nitrophe

concentration of the acid. Solid symbols essays without H2O2, empty symbols ess
25 8C. The organics chemisorption on the catalyst surface was

favoured by air-bubbling and stirring for 45 min before

switching on the UV-lamp. The p-nitrophenol degradations by

TiO2 and without carboxylic acid have been considered as

reference reactions.

The adsorption studies were performed in the dark and with

constant stirring. These experiments lasted 2 h and samples

were taken every 15 min. No adsorption changes were observed

after the first 15–30 min.

2.1.1. Equipment

A 60 W Solarium Philips HB175 equipped with four 15 W

Philips CLEO fluorescent tubes with emission spectrum from

300 to 400 nm (maximum around 365 nm) was used as UV

source. Remaining p-nitrophenol (Aldrich) concentrations at

different reaction times were HPLC-measured using a

Macherey-Nagel CC 250/4 NUCLEOSIL 100-5 PROTECT 1

and a acetonitrile–water–acetic acid (40:59.5:0.5) mobile

phase, using a UV detector (l = 270 nm). TOC (total organic

carbon), TC (total carbon) and IC (inorganic carbon) were

measured with a TOC Shimadzu 5000-A to determine

carboxylic acid adsorption.

A FTIR spectrophotometer model RS/1 (UNICAM) was

used for spectral analysis.
of different concentration of the acid. Solid symbols essays without H2O2, empty

) adsorption in the presence of different concentration of the acid. Solid symbols

nol (&, &) and acetic acid (~,~) adsorption in the presence of different

ays with H2O2 (20 mM).
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Spectra were obtained in the 2000–1000 cm�1 region,

employing a resolution of 2 cm�1 and a forward and reverse

moving mirror speed of 10 and 6.2 kHz. Catalysts were

impregnated with (1:5, w/w) p-nitrophenol–water or (1:2:5,
Fig. 2. (a) Ratio of adsorbed formic acid to free proton generated concentrations ([Form

studies of p-nitrophenol mixtures with different concentration of this acid. (A) Withou

concentrations ([Oxalic acid]/[H+]) (&) and free proton generated concentration [H+] (^
this acid. (A) Without H2O2, (B) with H2O2. (c) Ratio of adsorbed acetic acid to free pr

concentration [H+] (^) in adsorption studies of p-nitrophenol mixtures with differen
w:w:w) p-nitrophenol–carboxylic acid–water mixtures at pH 5

and placed between two CaF2 windows for FTIR measure-

ments. The spectrum from water molecule adsorbed to TiO2 is

subtracted from all the spectra shown.
ic acid]/[H+]) (&) and free proton generated concentration [H+] (^) in adsorption

t H2O2, (B) with H2O2. (b) Ratio of adsorbed oxalic acid to free proton generated

) in adsorption studies of p-nitrophenol mixtures with different concentrations of

oton generated concentrations ([Acetic acid]/[H+]) (&) and free proton generated

t concentrations of this acid. (A) Without H2O2, (B) with H2O2.



Fig. 3. Rate constant of photocatalytic degradation of p-nitrophenol in the

presence of different concentrations of formic acid &, oxalic acid &, acetic

acid and without these acids .

Fig. 4. Rate constant of photocatalytic degradation of p-nitrophenol + H2O2 in

the presence of different concentrations of formic acid &, oxalic acid &, acetic

acid and without these acids .
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3. Results

3.1. Adsorption studies

Compound photocatalytic behaviour can be directly or

partially controlled by the type and concentration of the

adsorbed molecules. This parameter is even more important

when a mixture of different compounds is studied. Conse-

quently, previous to degradation experiments, a complete

adsorption study was carried out. These adsorption studies were

carried out with a constant concentration of p-nitrophenol

(40 ppm) and different concentrations of carboxylic acid (0–

120 ppm).

As indicated in Section 2, adsorption and degradation

experiments lasted the same time (2 h) for comparison

purposes. However, after the first 15–30 min no adsorption

changes were observed. Results from 40 ppm p-nitrophenol at

different concentrations of the acids, after 2 h of interaction

time, are shown in Fig. 1(a–c).

p-Nitrophenol adsorption is considerably diminished at

20 ppm formic acid or oxalic acid concentration with respect to

the reference study (only p-nitrophenol) (Fig. 1a and b).

However, at higher formic concentrations, p-nitrophenol

adsorption is increased. This is not the case for oxalic acid,

since almost no effect on the adsorption of aromatic is observed

(Fig. 1b). Nevertheless, acetic acid exerts a different effect on p-

nitrophenol adsorption, which is slightly lower at 20 ppm than

that of reference study and progressively reduced at higher

concentrations (Fig. 1c). Also, the adsorption of the acids in

presence of p-nitrophenol (40 ppm) was analysed (Fig. 1a–c).

Contrary to that of p-nitrophenol, adsorption of formic acid

decreased when the acid concentration was augmented.

Nonetheless, adsorptions of acetic and oxalic acids progres-

sively increased when their concentrations were higher. In

addition to this, pH evolution was also monitored during

adsorption studies. In the reference study, we noticed a proton

concentration increment (ffi2.52 � 10�5) after p-nitrophenol

interaction with TiO2 surface. However, this acidity increment

is considerably reduced in presence of the carboxylic acids.

Fig. 2(a–c) show the ratio of adsorbed acid to free proton

generated concentrations ([Acid]/[H+]) and proton concentra-

tion increment for each reaction mixture.

As can be observed, this ratio increases at higher formic acid

concentrations. Yet, for oxalic acid, the [A]/[H+] ratio is much

higher than that of formic acid, becoming reduced when oxalic

concentration is incremented. In the case of acetic, the ratio is

also higher than that of formic acid; however it is progressively

increased at higher concentrations of the acid.

3.2. p-Nitrophenol degradation studies

Degradation experiments lasted 2 h, but the mixture was

kept in darkness for 45 min to favour adsorption. Degradation

rate constants were calculated according to the Langmuir–

Hinshelwood model [16] which provided high regression

coefficients (0.989–0.999). In Fig. 3, these constants are

compared for the different conditions tested.
The obtained constant in the presence of 20 ppm of the

acid studied is significantly higher than the one from the

reference study (without acids). However, at higher con-

centrations of the formic acid the constant becomes

progressively lower while at higher concentrations of oxalic

or acetic acid it is increased.

These adsorption and degradation experiments were

repeated in presence of H2O2 (20 mM). Results are shown in

Figs. 1, 2 and 4.

As can be observed, p-nitrophenol adsorption in the

presence of the oxidant and without the acids is considerably

lower (Fig. 1a–c). When any of the acids is added, adsorption is

even lower, being progressively incremented at higher

concentrations of the acid. Additionally, it must be underlined

that formic acid adsorption is much higher than that observed

without H2O2, being diminished at higher concentrations of the

acid (Fig. 1a). Oxalic adsorption is also much higher than that

observed in presence of H2O2, but increases slightly at higher

concentrations. On the contrary, acetic adsorption is lower than
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that obtained without the oxidant and increases with the

concentration of the acid.

The p-nitrophenol rate constants in presence of H2O2 and in

absence of the acids are four times faster. In the experiments

with oxalic and acetic acids, in the presence of H2O2, the

obtained rate constant increment is similar to that obtained

without this oxidant Thus, if the reference studies rate constant

is subtracted from that obtained from the experiments in

presence of oxalic or acetic, and added to the constant from

those with p-nitrophenol and H2O2, a similar value to the

constant from experiments with the carboxylic acids and the

oxidant is obtained.

Nevertheless, rate constants from experiments with formic

acid + H2O2, at higher concentrations of the acid, become

progressively smaller.

The photocatalytic degradation of p-nitrophenol with H2O2

and without the catalyst was also studied to determine the effect

of the oxidiser alone. The obtained degradation rate constant

(0.45 � 10�4) is much lower than those obtained in the

presence of the catalyst. In fact, reaction (1a) occurs at

wavelengths lower than 300 nm, where H2O2 absorbs more

strongly. Therefore, under the experimental conditions

employed, the effect of this oxidiser alone must be negligible

[17].

H2O2 ! 2�OH (1a)

3.3. FTIR studies

The interaction of p-nitrophenol with TiO2 surface was

studied in presence and absence of the acids, under the

experimental conditions indicated above. Fig. 5 shows the

obtained spectra in the region between 1800 and 1000 cm�1

and the p-nitrophenol reference spectrum. In the p-nitrophenol–

TiO2 interaction spectrum, the band at 1326 cm�1, attributed to

dOH vibration disappears and the band at 1285 cm�1 (nCO

vibration) is shifted towards higher wavenumbers (1298 cm�1).
Fig. 5. FTIR spectra from p-nitrophenol interactions with TiO2 (b), TiO2 +

formic acid (c), TiO2 + oxalic acid (d) and TiO2 + acetic acid (e). Also, the

p-nitrophenol reference spectrum is shown (a).
Also, the absence of the band at 1217 cm�1, attributed to ‘‘out-

of-plane O–H wag’’ [18] must be underlined.

The disappearance of the bands attributed to dOH and ‘‘out-

of-plane O–H wag’’ vibrations, clearly indicates the formation

of a phenoxide, as observed in other studies [13,19,20].

Additionally, the shift of the aromatic ring nC C vibration

band in the region between 1500 and 1400 cm�1, is a sign of

electrodonation changes of the phenolic substituent [21]. In this

case, the band at 1510 cm�1 was notably shifted towards lower

wavenumbers and its intensity reduced.

These changes suggest the formation of p-nitrophenoxides

[22] such as:

Similarly to the observations in the absence of the acids, in

the spectra from p-nitrofenol–TiO2 interaction in their

presence, nCO and ‘‘out-of-plane O–H wag vibrations bands

become shifted. In addition to this, the presence of the acids

resulted in:
- T
he appearance of a new band at 1396 cm�1.
- T
ransformation of the bands attributed to ns(NO2) and dOH

vibrations (1346 and 1326 cm�1, respectively) into one

smaller band at 1336 cm�1. Nevertheless, as stated above, in

the absence of the acids only the disappearance of the band

attributed to dOH vibration was noticed.
- S
hift of aromatic ring bands (1589 and 1497 cm�1) towards

lower wavenumbers (1585 and 1493 cm�1),
- M
odification of the bands attributed to nCH vibration in the

1200–1000 cm�1 region.

Changes of ns(NO2) vibration band relative intensity and

wavenumber suggest an interaction by means of the nitro

group, as in the following:

Moreover, the fact that nCO and ‘‘out-of-plane O–H wag’’

vibration bands show the same shift could indicate the existence

of p-nitrophenol molecules adsorbed by means of structures I

and II. The simultaneous modifications of ns(NO2) and dOH

vibrations bands suggest, as claimed by other authors [23], the
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horizontal adsorption of p-nitrophenol (structure IV). This

interaction would also explain the observed nCH and nC C

vibration changes in the 1200–1000 cm�1 region.

This sort of interaction usually occurs in Bronsted acid centres

and could be favoured by the presence of the studied acids.

In addition to this, the band observed in these spectra at

1396 cm�1 is characteristic of phenolic compounds with meta

substitutions, such as resorcinol. In the aromatic ring, the nitro

group is electrophilic and yields electronic deficiency in ortho

positions:

These structures can be stabilised the through hydroxyl

groups present on TiO2 surface generating the observed band at

1396 cm�1.

Moreover, FTIR studies on the interaction of the acids with

TiO2 surface have been carried out (Fig. 6).

In the formic acid-TiO2 interaction spectrum, bands at 1585

and 1362 cm�1 attributed to nas(COO�) and ns(COO�)

vibrations respectively, were observed revealing the presence

of bidentate formate [24].

The interaction of the acetic acid with TiO2 surface produces

bands at 1552 and 1439 cm�1, attributed to acetate nas and ns

vibrations respectively. Different authors have indicated that

[25,26] a separation between nas and ns vibration bands,
Fig. 6. FTIR spectra of formic, acetic and oxalic acid interaction with TiO2

surface.
(Dn = 107 cm�1), as the observed in the experiments with

TiO2-acetic acid, is due to the presence of a mixtures of

bidentate acetates.

Finally, the interaction of oxalic acid generated a band at

1409 cm�1, which it was attributed to n(C–O) + n(C–C)

vibrations corresponding to oxalate [27].

4. Discussion

As has been indicated by different studies [28,29], water

molecule splitting on TiO2 surface requires the presence of a

pair of centres, one with acidic character (low Ti cations

coordination) to initially bond water molecule:

and another, with basic character (exposed bridging oxygen

atoms) to accept the proton. These centres should be located at an

adequate distance to favour water adsorption and a sufficient

interaction among the generated hydroxyl groups. During water

interaction with TiO2, proton concentration is increased, reveal-

ing water molecule splitting, adsorption of hydroxyl groups and

proton repulsion, probably due to the proximity of centres.

In the study of p-nitrophenol-TiO2 interaction, the observed

proton concentration is higher than that of water-TiO2.

Additionally, FTIR analyses indicated the formation of a

p-nitrophenoxo. p-Nitrophenol’s hydroxyl group can interact

with an adsorbed water molecule in centres located far from

basic enough centres to extract the proton and give the reaction:

In fact, the ratio of adsorbed p-nitrophenol to free protons

generated concentrations is 1.7. This means that more than half

of the organic molecules could be adsorbed by means of

structure II and the rest by structure I.

In addition to this, we have observed that during

p-nitrophenol interaction in the presence of the carboxylic

acids, the concentration of generated protons is considerably

reduced. This can be explained by the dissociation inhibition of

adsorbed water molecules or by the retention of generated

protons on the surface. Also, FTIR analyses have shown that in

the presence of these acids, the interaction of phenolic organic

is different (structures III and IV). This last structure would be

favoured by the presence of Bronsted acid centres. These

centres could be generated by protons produced by water

splitting which were not desorbed or from the adsorption of the

acids. TiO2 surface interaction with these acids can occur,

among others, through the following reactions:

These reactions can generate free protons (1), proton TiO2

surface (2) or neutralise a surface hydroxyl group to give water

(3).

Results from different studies [13–15,30–32] suggest a

possible distribution of hydroxyl groups and water coordinated

to the surface that can be illustrated by Scheme 1. In this surface

distribution, the following centres can be found, among others:
- ‘‘
Centres a’’, where Ti4+ ions are coordinated with a hydroxyl

group, a water molecule, a hydroxyl group with acidic
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character (OH)a and different O2� lattice atoms to complete

the coordination number.
- ‘‘
Centres b’’ in which Ti4+ ions are coordinated to hydroxyl

groups and different O2� lattice atoms to complete the

coordination number.
- ‘‘
Centres c’’ similar to centres a, but surrounded by several

centres b.
Scheme

Scheme
Reactions illustrated in Scheme 2 could imply modifications

of this distribution of hydroxyl group and adsorbed water

molecules, which can affect photocatalytic degradation,

similarly to the neutralization processes when pH is modified,

as indicated by other authors [8].

In the experiments with p-nitrophenol in the presence of

formic acid, the ratio of formic acid to generated free

proton concentration increases from 5.2 to 7.2, when the acid

concentration is incremented. This means that at low

concentrations, a proton is generated for every 5.2 formic

molecules adsorbed. That is, for every 5.2 molecules adsorbed,

one may occur through reaction (1) and the others by reactions

(2) and (3). Yet, at higher concentrations of the acid, fewer

molecules interact by means of reaction (1). Additionally, we

have observed that at low formic concentrations (20 ppm), p-

nitrophenol adsorption is considerably reduced with respect to

the reference study (Fig. 1a), while if the acid concentration is

incremented, p-nitrophenol adsorption is progressively

increased. It has been indicated [33] that formic acid can

displace Ti4+-adsorbed water molecules which can be located

on p-nitrophenol adsorption centres (Scheme 3). This effect

will be more pronounced when more molecules of the acid are

ay 129 (2007) 185–193 191
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2.
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adsorbed, hence at low formic concentrations. Moreover, at

higher formic concentrations, more centres with Bronsted acid

features can be generated on the TiO2 surface, since under these

conditions reaction (1a) (Fig. 4) ratio is increased. This would

favour p-nitrophenol adsorption by structure IV. Also at higher

formic concentrations, the acid adsorption is lower, and that of

adsorbed water is increased and consequently, p-nitrophenol

adsorption probably occurs by structures I and/or II.

In addition to this, at higher acetic acid concentrations, the

adsorption of p-nitrophenol is progressively reduced and that of

the acid is increased. In this case, acid concentration to proton

ratio is increased (Fig. 5), and the predominance of reactions (2)

and (3) is higher than that of formic acid studies. Under these

conditions, new Bronsted acid-like centres can be generated by

reaction (2) which favour p-nitrophenol adsorption by

structures III and/or IV and inhibit interaction by structures I

and/or II.

In experiments with oxalic acid, the generated free proton

ratio was always lower than that of the adsorbed acid. This

would imply a large concentration of Bronsted acid-like centres

by reaction (2) which would be responsible for p-nitrophenol

adsorption reduction.

In the presence of H2O2 and without the carboxylic acids,

p-nitrophenol adsorption is significantly reduced when

compared to experiments without the oxidiser. It has been

suggested that H2O2 and water molecules adsorb at the same

centres, resulting in displacement of the latter. As p-nitro-

phenol interacts at these same centres (Scheme 3), its lower

adsorption can be explained by competition for adsorption

centres. Experiments including H2O2 and the acids showed that

the reduction of p-nitrophenol adsorbed was even more

pronounced at the lowest concentrations. Nevertheless, at

increasing concentrations, p-nitrophenol adsorption increases,

probably due to the higher presence of Bronsted acid-like

centres. In addition to this, in the presence of H2O2, the ratio of

generated free proton ratio is highly dependant on the acid

studied, indicating competition for adsorption centres. The

observed difference in acid adsorption in the absence of

the oxidising agent can thus be attributed to competition for the

same adsorption centres.

In addition to this, results from experiments with H2O2

showed that carboxylic acid adsorption and degradation rate of

p-nitrophenol are positively correlated. The degradation rate of

p-nitrophenol in the presence of H2O2 and absence of the acids

is considerably higher than that obtained in the absence of the

peroxide. In presence of acetic and oxalic acids, a similar

increment to experiment without the oxidant in addition to the

increment observed in experiments without H2O2.

These results suggest that the mechanism and centres

responsible for improved p-nitrophenol degradation rate are not

affected by H2O2.

Adsorption experiments have shown that the presence of the

acids significantly reduces p-nitrophenol adsorption on TiO2

surface resulting in a different interaction. Many molecules

adsorbed by structures I and/or II may not be photocatalytically

degradable, thus even at lower adsorption degradation is not

altered.
Nonetheless, new molecules adsorbed by structures III or IV

can be responsible for the higher degradation rate observed in

the presence of the acids.

In addition to this, p-nitrophenol photocatalytic degradation

rate without H2O2 was never impeded by the presence of the

studied acids. The majority of the degradation mechanisms

proposed for this class of phenolic compound consider

carboxylic acids as intermediates. Consequently, a similar

effect to the one observed in this study could be expected, i.e.,

the alteration of the photocatalytic behaviour of the parental

compound. However, previous studies carried out by our

research group have revealed that the adsorption centres of

these acids are not the same when they act as reagents or

intermediates [33].

The photocatalytic degradation of carboxylic acids has been

described to happen by means of their reaction with �OH

radicals or holes (photo-Kolbe reaction) [34,35]:

ðR-CH2-COOHÞads þ �OH!R-ĊH-COOHþ H2O (2)

ðR-CH2-COOHÞadsþ hþ ! R�CH2
� þ CO2 (3)

The photogenerated electrons can react with adsorbed

oxygen to yield H2O2:

e� þO2 ! O2
�� (4)

O2
�� þH2O ! HO2

� þ OH� (5)

2HO2
� ! H2O2þO2 (6)

Other study has indicated [30] that Ti4+ ions present on

catalyst surface must be completely coordinated by hydroxyl

groups and water molecules in an approximate ratio of 50%,

without voids or vacancies for oxygen adsorption. Hence,

reaction between photogenerated electrons and oxygen has been

considered to occur only after water desorption (Scheme 4):

Our results suggest that the acids tend to displace adsorbed

water molecules from TiO2 surface, favouring this reaction.

Moreover, O2
�� and HO2

� radicals can also be generated

from oxalic acid degradation [36]:

HC2O4
� þ hþ ! HCOO-COO� (7)

HCOO-COO� ! �CO2
� þCO2þHþ (8)

�CO2
� þO2 ! CO2þO2

�� (9)

HCOO-COO� þ O2 ! HO2
� þ 2CO2 (10)
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These radicals can increment H2O2 yield (reaction (5) and

(6)) and the consequent degradation of p-nitrophenol. In this

way, the high concentration of this radical may explain

why degradation rate constants were not modified at oxalic

concentrations about 80 ppm.

It must also be stressed that in the presence of H2O2 and

increasing formic acid concentrations, p-nitrophenol degrada-

tion rate constant becomes progressively lower. The photo-

catalytic degradation of formic acid by Photo-Kolbe would be:

HCOO� þ hþ ! CO2þH� (11)

H� radicals could react with H2O2 by:

H� þ H2O2 ! H2O þ HO� (12)

HO� þ H2O2 ! H2O HO2
� (13)

In this way, p-nitrophenol degradation rate reduction in

presence of H2O2 and formic acid can be explained.

Moreover, it has also been indicated that O2
�� participates in

the regeneration of hydroxyl groups responsible for photo-

generated radicals, thus increasing degradation rate [31]:

5. Conclusions

The photocatalytic degradation of p-Nitrophenol is signifi-

cantly increased in presence of formic, acetic and oxalic acids.

FTIR studies indicate that p-nitrophenol interacts with water

molecules adsorbed on TiO2 surface to give a p-nitrophenoxide.

However, the acids generate a higher concentration of Bronsted

acid-like centres which modify p-nitrophenol interaction. The

presence of these new species in conjunction with O2
�� radicals

generated by the degradation of acids or catalyst surface re-

structuration would be responsible for the faster p-nitrophenol

degradation.

Experiments with H2O2 indicate that the mechanism

responsible for the degradation of p-nitrophenol improvement

in presence of acetic and oxalic acids is not affected by the

peroxide. In addition to this, formic acid hampers H2O2

degradation.

Acknowledgements

We are grateful to the Spanish Ministry of Science and

Technology (CTQ2004-05734-CO2-01), Ramón and Cajal

Program (2003) and Education Council of the Canarian

Regional Government (Consejerı́a de Educación del Gobierno

Autónomo de Canarias) (PI2003/050) for providing research

funding and grant. Also, we acknowledge the helpful assistance
of Ángela Peña Alonso in the lab and Colm Sullivan for his

translation and editorial assistance.

References

[1] G. Colón, J.M. Sánchez-España, M.C. Hidalgo, J.A. Navı́o, J. Photochem.

Photobiol. A: Chem. 179 (2006) 20.

[2] D. Vione, C. Minero, V. Maurino, M. Eugenia Carlotti, Tatiana Picatonotto

and Ezio Pelizzetti, Appl. Catal. B: Environ. I 58 (2005) 79.

[3] J. Grzechulska, A.W. Morawski, Appl. Catal. B: Environ. 46 (2003) 415.

[4] M. Muneer, M. Qamar, D. Bahnemann, J. Mol. Catal. A: Chem. 234

(2005) 151.

[5] P. Pichat, S. Vannier, J. Dussaud, J.-P. Rubis, Solar Energy 77 (2004) 533.

[6] G. Martra, F. Arena, S. Coluccia, F. Frusteri, A. Parmalia, Catal. Today 63

(2000) 197.

[7] C. Hu, Y. Tang, J.C. Yu, P.K. Wong, Appl. Catal. B: Environ. 40 (2003) 131.

[8] C. Guillard, H. Lachheb, A. Houas, M. Ksibi, E. Elaloui, J.-M. Herrman, J.

Photochem. Photobiol. A: Chem. 158 (2003) 27.
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