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Abstract

Interaction between aromatic amines and TiO2 takes place preferentially through the amino group when pH > pKa(BH+) and, as a minor
but mechanistically relevant mode, via a�-interaction if pH < pKa(BH+). No significant direct photodegradation of aniline orN,N-dimethyl-
aniline is detected in acidic medium usingλ > 290 nm, but it is enhanced in alkaline medium. 2-Aminophenol and benzoquinone are the
main photoproducts of direct irradiation of aniline. The main photoproducts of photocatalytic degradation of aniline at the pH of maximum
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dsorption are 2-aminophenol and phenol. Scavenging HO• with t-BuOH shows that adsorbed aniline is oxidized by positive holes+),
ith participation of the anilinium radical cation. In the case ofN,N-dimethyl-aniline at the pH of maximum adsorption,N-methyl-aniline

s the main photoproduct, formed also via the dimethyl anilinium radical cation. Photocatalytic degradation in acid medium is inhi
o electrostatic repulsion between the positively charged surface and the protonated amines. Aniline is mainly transformed into
-aminophenol, andN,N-dimethyl-aniline into aniline, that undergoes hydroxylation to phenol. In alkaline medium the main photopro
egradation of aniline is nitrobenzene, formed with involvement of the anilinyl radical.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis has been extensively inves-
igated as a possible way for pollutants removal[1–3].
he physical basis of the method is the production of
lectron–hole (e−–h+) pairs by irradiation of a semiconduc-

or with light having an energy equal to or greater than the
and gap energy between its valence and conduction bands.

n aerated aqueous systems, the photogenerated h+ oxidize
2O or HO− at the surface of the semiconductor to produce
O• radicals, as shown in the following equations:

2Oads+ h+ → HO•
ads+ H+ (1)

O−
ads+ h+ → HO•

ads (2)
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Electrons trapped at surface sites are removed by redu
of adsorbed O2 to the superoxide radical anion, O2

•−, that
may undergo protonation to its conjugated acid, HO2

•, as in
Eqs.(3) [4] and(4) [5]:

O2 ads+ e− � O•−
2 ads, E0 = −0.33 V vs. NHE (3)

O•−
2 + H+ � HO•

2, pKa(HO•
2) = 4.8 (4)

In addition, the strong oxidant H2O2 is generated by dismut
tion of O2

•− and HO2
•, Eq.(5) [6] and may then be reduc

to HO•, as in Eq.(6) [7]:

O2
•− + HO2

• + H+ → H2O2 + O2 (5)

H2O2 + H+ + e− → HO• + H2O,

E0 = −0.870 V vs. NHE (6)

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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One of the questions often raised in photocatalysis con-
cerns the nature of the oxidizing species involved in the
photocatalytic process[8]. HO• is regarded as the major
species responsible for the degradation of organic pollutants,
a hypothesis that is supported by the experimental observa-
tion of differences of several orders of magnitude between
[HO•] and [O2

•−] upon irradiation of TiO2 suspensions
[9,10]. Indeed electronic spin resonance (ESR) spin-trapping
studies have presented HO• as the most abundant radical
species in aqueous TiO2 suspensions[11,12]. Furthermore,
a large number of hydroxylated intermediates detected dur-
ing the photocatalytic degradation of aromatic pollutants are
consistent with a major action of HO•. Conversely, compar-
ison of the quantum yield of HO• and the photogenerated
h+ points to the oxidation process taking place mainly via
h+ and not via HO• [13]. A competition h+/HO• has been
reported for the herbicides 2,4-dichlorophenoxyacetic acid
[14] and triclopyr[15]. Moreover, different regioselectivities
of HO• and h+ have been evidenced in the transformation of
4-hydroxybenzylalcohol[16].

An on-going debate is whether the initial oxidation of the
pollutant occurs on the surface of the catalyst or in the bulk
of the solution. Indeed, it has been shown that HO• can dif-
fuse several hundred angstroms away from the surface into
the bulk of the solution[17]. This statement was confirmed
in the oxidation of furfuryl alcohol by HO•, for which a
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Table 1
Relevant properties of the polymorphic phases of TiO2 used

Particle
size (nm)

Average pore
radius (nm)

Area
(m2 g−1)

pHPZC

P25 30 Non-porous 50 6.3[30]
Rutile 105 5.4 38 5.5± 0.8[31]
Anatase 93 12.1 10 6.0± 0.9[31]

ferent pHs, and the contribution of direct degradation has also
been evaluated.

2. Experimental

2.1. Materials and reagents

A and DMA (Aldrich) were purified by distillation under
atmospheric pressure before use. All other chemicals were
of analytical grade and used without further purification.
The three TiO2 powders used were anatase and rutile from
Aldrich (99.8% and >99.9%, respectively), and Degussa P25
for which X-ray analysis indicated it was 80% anatase and
20% rutile. BET surface area and pore size distribution of
the catalysts were determined by N2 adsorption using a
Sorptomatic Fisons 1900 system. Pore size distribution were
obtained from desorption isotherm by the BJH method[29].
The particle size of rutile and P25 was obtained from the
manufacturers, while for anatase it was determined using a
Counter LS 230 granulometer. Some relevant properties of
the different forms of TiO2 used are summarised inTable 1.

2.2. Adsorption experiments

Adsorption experiments were conducted in the dark at
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omogeneous-phase process is suggested[18]. On the othe
and, ESR studies have established that HO• might migrate
nly few atomic distances from the surface, and conclu

hat HO• photooxidation is mostly a surface process[14].
Large amounts of aromatic amines can enter the aq

nvironment as a consequence of the degradation o
yes[19,20] and nitrobenzenic compounds[21] or becaus

hey are formed as byproducts in combustion-related
esses[22]. Acetanilide, phenylurea and carbamate-ba
esticides can also produce aromatic amines, either by
onmental degradation or by mammalian metabolism[23,24].
any of these aromatic amines are known or suspect
e human or animal carcinogens[22]. Aniline and N,N-
imethyl-aniline can be considered as appropriate si
odels of such compounds. Aniline is efficiently destro
y heterogeneous photocatalysis with TiO2, following a
angmuir–Hinshelwood kinetic model, both in suspens

25–27]or with the catalyst immobilized on a support[28].
ynergetic effects of H2O2 [28] and O3 [26] have bee
bserved. Some hydroxylated compounds have been i
ed as products of transformation[25,27]and the formatio
f nitrobenzene has also been reported in alkaline me

25].
To deepen our understanding of the role of adsorp

nd of the nature of the active species involved in the ph
atalytic degradation of aromatic amines, the mechanis
egradation of aniline (A) andN,N-dimethyl-aniline (DMA)
ave been studied in TiO2 suspensions. The process
dsorption on the catalyst, kinetics of disappearance and
egradation products and pathways have been studied
oom temperature. Isotherms were obtained using su
ions prepared by mixing solutions with different initial c
entration of A or DMA with 2.5 g L−1 of TiO2 powder. In
rder to remove TiO2 particles before analysis, the solutio
ere filtered through 0.45�m cellulose nitrate membra
lters. The equilibrium concentration was determined
easuring the absorption of the corresponding UV pea

olutions magnetically stirred during 1 h in the dark to at
he adsorption equilibrium. Absorption spectra were re
ered on a double beam Uvikon 941 plus spectrophotom
Kontron Instruments) in Suprasil quartz cells of 1 cm opt
ath length. The pH of the filtered solutions at the conce

ion corresponding to the adsorption equilibrium was defi
s the natural pH of the solution. The influence of pH on
dsorption was studied by adding HCl or KOH to the T2
uspensions. pH measurements were carried out with a
rly calibrated combined glass electrode.

.3. Irradiation experiments

Irradiation experiments were carried out with a 750
eraeus UV reactor system. The light source was a
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medium-pressure Hg immersion lamp TQ 150, cooled by
water flow. The temperature of the photoreactor was kept
to within 298.0± 0.1 K. The irradiation spectrum was cut-
off below 290 nm by inserting the lamp into a Duran 50 glass
tube. Using the uranyl oxalate actinometer a mean photon flux
of 1.41× 1019 photon·s−1 attaining the solution was calcu-
lated applying the quantum yieldΦ = 0.56[32]. Taking into
account the absorption of TiO2 Degussa P25, the number
of photons potentially absorbable (per second) by TiO2 was
5.8× 1018. The lamp was warmed up outside the reactor dur-
ing 10 min prior to immersion into the suspension, already at
the adsorption equilibrium.

2.4. Product analysis

The products were identified by comparison of their
HPLC retention time and UV-spectrum with authentic stan-
dards, when available. Otherwise, LC–ES–MS was used. An
HPLC Spectra System UV6000LP was used, with a Inertsil
ODS-2 column (5�m, 250 mm× 4.6 mm + precolumn). The
mobile phase was a mixture CH3CO2H/CH3CO2NH4 buffer
(10 mM, pH 4.5)/MeCN in a ratio 60:40, with a flow rate of
1 mL min−1. LC–ES–MS identification was carried out using
an HP 1100-MSD system with ES and APCI sources. The
ES mode was used under the following conditions: nebulizer
pressure 50 psig, drying-gas (N) flow 13 L min−1, drying-
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Fig. 1. Adsorption isotherms of A on: rutile (�), anatase (�), P25 ( ),
a mixture of 80% anatase + 20% rutile (×), and of DMA on P25 (�), all
at natural pH. Tendency lines, shown only for the sake of clarity, are not
mathematical fits.

in line with the explanation offered for the increase in the pho-
tocatalytic activity due to structural coupling of anatase and
rutile in a bilayer form[33]. In the range of concentrations
studied the adsorption on rutile is almost negligible, while
the adsorption on anatase is very low until concentrations of
ca. 100�M are attained, and then increases progressively. In
contrast, the amount adsorbed on P25 is much higher, with an
isotherm that suggests a progressive coverage of the surface.
In the case of DMA the adsorption is also favoured for P25, as
compared to anatase and rutile, the isotherm on P25 (Fig. 1)
suggesting a complete coverage of the surface at an adsorbed
concentrationQads≈ 30�mol (g TiO2)−1. The differences in
adsorption between A and DMA are due to the structural
and electronic differences between both compounds, but a
detailed explanation of these is out of the scope of this paper.

The adsorption is not proportional to the specific area
of the catalystTable 1, but related to the particle size of
the three TiO2 powders. The stronger adsorption on P25
may be attributed to its acidity, that makes the TiO2 surface
slightly positive, and therefore more prone to interaction with
the non-bonding e− of the nitrogen atoms of A and DMA
(pKa(BH+) = 4.65 for A, 5.07 for DMA) under conditions of
natural pH (vide supra, Section2) [34].

Since the most favourable adsorption process was, by
far, observed for P25 with both A and DMA, we decided
to use this catalyst in the rest of this study. The high pho-
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as temperature 623 K, capillary voltage±4000 V, fragmen
oltage 60 V. The APCI was used applying a 4�A corona
ischarge.

. Results and discussion

.1. Adsorption on TiO2

.1.1. Isotherms at natural pH
The widely used photocatalyst Degussa P25 is pred

antly in the polymorphic phase anatase. A series of e
ments were carried out at natural pH and in the dark
rder to investigate the adsorption of A and DMA on anat
utile and P25 surfaces, with initial concentrations of am
arying from 3 to 250�M. Changes in the pH of the su
ension due to varying amine concentration were negli
ith pH ca. 5.6 in P25 suspensions, and ca. 6.0 in rutile
natase. Consequently, given the isoelectric points (pHPZC) of

he different polymorphic forms of TiO2 used are statistical
ompatible with a value pHPZC ca. 6 (Table 1) [30,31] and
H < pHPZC, the surface of P25 bears slightly more posi
harge than for rutile or anatase. The adsorption equilib
as attained in less than 1 h. The isotherms representin
mount of adsorbed A per gram of photocatalyst (Qads) as a

unction of the concentration in the solution at the equ
ium (Ceq) are shown inFig. 1. Noteworthy, although P25 is
ixture of rutile and anatase, the adsorption process is
ore efficient for P25 than for a mixture of 80% anatase
0% rutile in the same proportions. This may be unders
ocatalytic activity of P25 is attributed to the increase
harge-separation efficiency resulting from interfacial−-
ransfer from anatase to rutile, that are coupled in a bil
orm [33].

.1.2. Influence of the pH on the adsorption
The influence of the pH on the adsorption has been in

igated, considering that pHPZC (TiO2) ca. 6.3[30]. Fig. 2
hows the pH of the medium is critical for the adsorptio
oth A and DMA. The bell-shaped dependences obse
how the combined influences of the protonation of
romatic amines and of TiO2 surface. The observed ma

ma correspond to the arithmetic mean of pKa(BH+) of the
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Fig. 2. Amount of (a) A (C0 = 49.5 mg L−1), and (b) DMA (C0 = 73.6 mg L−1) adsorbed per gram of TiO2 P25 as a function of the pH. Tendency lines, shown
only for the sake of clarity, are not mathematical fits.

amines and pHPZC. For 3.5 < pH only a very low adsorption is
detected. When 3.5 < pH < 5.5 the adsorption increases with
pH to reach a maximum at pH values of ca. 5.5 and 5.7 for
A and DMA, respectively. These pH values are referred to as
pHadsin what follows.

These results indicate that the main interaction between
A and DMA and the surface of the catalyst takes place
through the amino group, rather than via a�-interaction
with the aromatic ring, that constitutes a minor, but relevant,
mode of interaction (vide infra, Section3.3.1). Indeed, in
acidic medium the non-bonding electron pair of the nitrogen
atom is not available to establish this coordinative interac-
tion, resulting in low adsorption. The adsorbed quantity is
maximum when pKa(BH+) (=4.65 for A, 5.07 for DMA)
[34] < pH < pHPZC (TiO2). Under these conditions, the inter-
actions between the slightly positively charged surface of
TiO2 and the non-bonding electron pair of the nitrogen are
optimal. In this pH interval, 50% of A in the solution is
adsorbed, and 75% of DMA. When pH > pHPZC (TiO2) the
adsorbed quantities decrease rapidly. In this case the surface
of TiO2 is slightly negatively charged, and the coordinative
interactions with the amino groups are reduced. On the other
hand, the potential competition between Cl− and A/DMA for
the active sites on the surface contribute to lower the adsorp-
tion at low pH values[35].
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Fig. 3. Absorption spectra of A and DMA at different pHs (� A, pH = 2.9;
� A, pH = 5.5;× A, pH = 10.9;� DMA, pH = 5.7), reflectance spectra of
TiO2 (*) and % of transmittance of the Duran glass filter (+).

and DMA are expected to be less stable than the correspond-
ing conjugate bases[36].

Photodegradation processes observed in mildly acidic and
basic medium followed pseudo-first order kinetics according
to C = C0 e−kappt , whereC is the concentration of amine in
solution,C0 the initial concentration of amine, andkapp the
apparent rate constants, collected inTable 2for A (pHads= 5.5
and pH = 10.9) and DMA (pHads= 5.7). From the measured
rate constants, direct degradation is almost negligible as com-
pared with photocatalyzed photodegradation (vide infra).
This should be attributed to the low absorption of aniline
under the experimental conditions (as stated above, the irra-
diation spectrum was cut-off below 290 nm by inserting the

Table 2
Apparent rate constants for direct and photocatalyzed photodegradation of
A and DMA at different pH values

kapp (min−1)

Direct degradation Photocatalysis

pHads pH = 10.9 pH = 3 pHads pH = 11.6

A 0.002 0.086 0.034 0.069 0.098
DMA 0.007 0.012 0.044
.2. Direct degradation

A and DMA show significant absorption forλ < 320 nm
ith maxima atλ = 230 and 282 nm for A andλmax= 244 nm
nd a shoulder atλ = 282 nm for DMA, therefore direct ph

odegradation may take place despite the fact that the D
0 glass tube used cuts-off essentially all light below 290
Fig. 3).

No significant degradation has been detected in
edium where A and DMA are fully protonated. T

s partly because the absorption of the protonated fo
s low as compared to their respective conjugate b
ε (λ = 282 nm, pH = 10.9) = 1600 L mol−1 cm−1, while ε

λ = 282 nm, pH = 3.0) = 200 L mol−1 cm−1 for A). On the
ther hand, short-lived species formed from protonate



196 M. Canle L. et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 192–200

lamp into a Duran 50 glass tube). The increased photoreactiv-
ity in alkaline medium may have its origin on the differences
of absorption spectra in alkaline medium and at pHads. On
the other hand, when pH = pHads, the photodegradation takes
place to a lower extent: less than 25% of the initial A is
degraded after 2 h, and about 55% in the case of DMA.

2-Aminophenol (2APh) and benzoquinone (BQ) were
unambiguously identified as photoproducts of A by com-
parison with authentic samples. A third photoproduct with
retention time corresponding to 4-aminophenol (4APh) was
also observed. In the absence of photocatalytically generated
HO• radicals, 2APh and 4APh must arise from hydrolysis
(preferentially at position C2) of a sufficiently long-lived
excited state generated upon direct irradiation. The presence
of BQ points to a direct photoionization process leading to
the anilinium radical cation[37] that then reacts with water
to yield phenol (Ph) and, eventually, BQ. Under the irra-
diation conditions, photoionization is a multiphotonic pro-
cess[38,39] which provides additional support to neglect
direct photodegradation as compared to photocatalyzed pho-
todegradation.

During the direct photodegradation of A in alkaline
medium the solution passed rapidly from colourless to brown,
and the HPLC analysis evidenced the formation of five prod-
ucts, for which the retention times were twice to eight times
longer than that of A, pointing to a polymerization process.
O th the
s -
z ducts
a o the
a e
a n
t

3

on
r ood
k ac-
t the

solution[17]. At low concentration of substrate the reac-
tion rate approximates a first-order kinetic law, according to
−dCeq/dt = kappCeq, wherekapp is the apparent degradation
constant, including the reaction rate constant and the adsorp-
tion equilibrium and/or diffusion coefficients. The influence
of pH on the photocatalytic degradation was studied by com-
parison of the differentkappobtained under different initial pH
conditions (Table 2). A and DMA were preliminary adsorbed
in the dark during 1 h to reach the equilibrium concentration,
Ceq. The presence of NaCl 10 mM has been reported to induce
no modification in the photocatalytic degradation of A[14]
which led us to assume that the addition of low salt concentra-
tions does not affect the photocatalytic process. Considering
the concentration of TiO2 in suspension (2.5 g L−1), all the
available photons are presumed to be absorbed by the cat-
alyst. The rates of photodegradation of A and DMA have
been measured in strong acidic solution and for pH = pHads
(5.5 and 5.7 for A and DMA, respectively). A has also been
irradiated in an alkaline suspension of TiO2.

3.3.1. Photocatalytic degradation at pHads
The time evolution of A and DMA (right ordinate axis)

and of the main photoproducts (left ordinate axis) formed
under irradiation at pHadsis shown inFig. 4.

The main photoproducts found for A are 2APh and Ph.
Unexpectedly, 4APh is not detected. Hydroxylation takes
p o
2
p idine
( ca.
0 to
a oxy-
h alytic
a r
H 2,4-
t

a ed
b tely
i rma-

F of (a) A�, A
D ines, sh
ne of these products exhibited a mass in agreement wi
tructure of azobenzene (AB,m/z = 182). Traces of nitroben
ene (NB) were also found as photoproduct. These pro
re in agreement with a direct photoionization process t
nilinium radical cation[37] followed by deprotonation to th
nilinyl radical and N–N coupling to yield AB, or oxidatio

o NB.

.3. Photocatalytic degradation

In a suspension of TiO2, the photocatalytic decompositi
ate can be written according to the Langmuir–Hinshelw
inetic model independently of the location of the re
ants on the surface of the catalyst or in the bulk of

ig. 4. Time evolution of the products formed during the degradation
MA; , MA; �, A; +, 3-HO-MA; �, 4-HO-MA), pH = 5.7. Tendency l
lace inortho- with respect to the –NH2 group, leading t
APh, in spite of the lower steric hindrance of thepara-
osition. BQ and NB are also detected. Traces of benz
BZ) have been identified with maximum concentration
.05�M. A sixth product withm/z = 124, corresponding
trihydroxybenzene is detected. The formation of hydr
ydroquinone has been reported during the photocat
nd electrochemical degradation of A[21] and, from ou
PLC and LC–ES–MS results, we identify this as 1,

rihydroxybenzene (HHQ).
When irradiated in the presence of 100 mMt-BuOH, used

s HO• quencher[40] the degradation rate of A was reduc
y 85%. In this case the formation of 2APh was comple

nhibited, and no trace of NB detected. Besides, the fo

(; �, 2APh; , BQ;♦, Ph;�, HHQ; , NB), pH = 5.5, and (b) DMA (�,
own only for the sake of clarity, are not mathematical fits.
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Scheme 1. Mechanism of generation of the main photoproducts found during the photocatalytic degradation of A at pHadsand acidic pH.

tion of Ph was favoured and BQ also observed. These results
show the involvement of different oxidizing species in the
degradation, according toScheme 1.

Since the strongly oxidizing radical HO• typically reacts
by addition[41,42] in its presence the oxidation of A leads
mainly to the corresponding hydroxycyclohexadienyl radi-
cals[37]. The HO•-adduct may either be rapidly transformed
into 2APh or produce the anilinium radical cation by a sub-
sequent elimination of HO−.

In the absence of HO•, the degradation may result from
a reaction with h+ or HO2

•/O2
•−. However, as the reaction

of A with HO2
• has been shown to produce NB[43] Ph

must result from the oxidation of A by h+, leading to the
anilinium radical cation/anilinyl radical. Hydrolysis on the C
adjacent to the nitrogen (C1), with subsequent elimination of
the amino group and formation of ammonia or nitrate ions
[28] leads to Ph. Formation of Ph has been previously reported
during the degradation of A by photocatalytic[24] electro-
Fenton or photoelectro-Fenton processes[26] but not during
the classical Fenton reaction[39].

Our adsorption studies point (vide supra, Section3.1.2) to
a preferential interaction between the amino group of A and
DMA and the surface of the catalyst when pH > pKa(BH+).
However, the mechanism of direct oxidation by h+ just
described requires preliminary adsorption of the molecule
on the surface of the catalyst and seems more favourable
when the adsorption on the surface of the catalyst takes place
via a�-interaction with the aromatic ring (vide supra, Section
3.1.2). This becomes necessarily the mode of interaction with
the surface of the photocatalyst as pH approaches pKa(BH+)
and the amino group gets protonated. Under such conditions
Ph is the main photoproduct (Scheme 1). It has been proposed
that the electronic properties of TiO2 surface change upon
irradiation, altering the adsorption sites[44]. We can there-
fore hypothesize that minute light-induced modifications of
the orientation of the molecule with respect to the surface are
possible. Thus, a more vertical orientation of the adsorbed
molecules, with C4 pointing to the surface and the amino
group slightly upwards, may be supported by the fact that
hydroxylation of the ring is detected only inortho- position.

produc
Scheme 2. Mechanism of generation of the main photo
 ts found during the photocatalytic degradation of DMA at pHads.
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Fig. 5. Time evolution of the products formed during the degradation of (a) A (�, A; �, 2APh; , BQ;♦, Ph;�, HHQ) and (b) DMA (�, DMA; , MA; �,
A; ♦, Ph;�, HHQ), both at pH = 3. Tendency lines, shown only for the sake of clarity, are not mathematical fits.

The presence of BZ as a photoproduct indicates also a
bimolecular reaction between the anilinium/anilinyl radicals
[37] supporting the hypothesis of a change in the orientation
of the molecule.

When irradiated at pHads DMA undergoes demethyla-
tion, leading toN-methylaniline (MA) as main photoproduct
(Fig. 4). HO• is known to react with DMA by addition to the
aromatic ring leading to the hydroxycyclohexadienyl radical
and, by hydrogen abstraction from one methyl group, to the
corresponding C-centered radical[45] as shown inScheme 2.

In the first case the HO•-adduct is rapidly transformed into
a radical cation, leading to demethylation. Only a low signal
in HPLC–MS analyses corresponding to a product with the
m/z = (DMA + 16) has been detected, suggesting ring hydrox-
ylation is a minor route. MA may subsequently demethylate
to A, or undergo hydroxylation, as proved by the pres-
ence of three hydroxy-N-methyl-aniline isomers, only two
of which have been quantified: 3-hydroxy-N-methylaniline
(3-HO-MA) and 4-hydroxy-N-methylaniline (4-HO-MA), as
shown inFig. 4.

3.3.2. Photocatalytic degradation in acid medium
Both for A and DMA the rate of photocatalytic decompo-

sition decreases at low pH values (Table 2), as the electrostatic
repulsion between the positively charged surface and the pro-
t on of
t t
b Nev-
e uced
( the
p h the
p
t
a di-
n axis)
f

lso
f ears

after 60 min of irradiation. Small quantities of BD are also
detected. As above, 2APh is the single isomer detected, 4APh
not being found.

Under acid conditions DMA is directly transformed into
A, and only small quantities of MA are observed (Fig. 5). Ph
is also produced, presumably from subsequent degradation
of A, from which HHQ is also derived (vide supra, Section
3.3.1).

3.3.3. Photocatalytic degradation in alkaline medium
The transformation of A in alkaline medium is the fastest

(Table 2). Indeed, under this pH conditions the formation of
HO• by oxidation of HO− by the photogenerated h+ becomes
favoured[5]. The time evolution of A (right ordinate axis)
and of the main photoproducts formed (left ordinate axis) is
shown inFig. 6.

No trace of 2APh is detected, and the formation of Ph
is only a very minor route. Noteworthy, under these condi-

F of A
i )
a not
m

onated molecules, as well as the competitive adsorpti
he acid counter-anion (Cl−) limit the possibilities of contac
etween A and DMA and the adsorbed active species.
rtheless, the photocatalytic rates are only partially red
50 and 75% for A and DMA respectively) with respect to
H conditions described above. This is in agreement wit
revious suggestion (vide supra, Sections3.1.2 and 3.3.1)

hat A interacts with the surface through its�-system in
cid medium. The time evolution of A and DMA (right or
ate axis) and of the main photoproducts (left ordinate

ormed upon irradiation in acid medium is shown inFig. 5.
A is rapidly transformed into Ph and 2APh. BQ is a

ormed in a significant concentration and HHQ app
ig. 6. Time evolution of the products formed during the degradation
n alkaline medium (�, A; , NB; ♦, Ph; , BQ; , 3-NPh; *, 4-NPh
t pH = 11.6. Tendency lines, shown only for the sake of clarity, are
athematical fits.
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Scheme 3. Mechanism of generation of nitrobenzene (NB) during the photocatalytic degradation of A in alkaline medium.

tions only traces of one of the coloured compounds produced
during the non-catalyzed direct degradation are detected,
confirming that TiO2 behaves as an internal filter for the
direct degradation. Formation of the main observed photo-
product, NB, has been reported during the electro-Fenton
and photoelectro-Fenton degradation of A[27]. It was pro-
posed that the process was initiated by H• abstraction from
the deprotonated amino group, followed by oxidation of the
resulting radical by HO2•, in contrast with the selective attack
of HO2

• on the amino group during the electrochemical
degradation of A[43]. However, in photocatalytic processes
HO• has suggested to be the main oxidizing species in alka-
line medium[9,46] and no NB is found at pHads in the
presence oft-BuOH. Moreover, HO• is known to react mainly
by addition and not by abstraction of H• from aniline[37,42].
Consequently, NB must arise from addition of HO• to the
aromatic ring, followed by elimination of HO− from the
HO•-adduct and deprotonation of the radical cation to form
the anilinyl radical, that is further oxidized to NB (Scheme 3)
[43].

3-Nitrophenol (3-NPh) and 4-nitrophenol (4-NPh), that
are also found as minor photoproducts, must arise by HO•
addition to NB. Ph and BQ, also observed as minor photo-
products, are generated via oxidation by the photogenerated
h+, as inScheme 1.

4

ch
m e of
b spe-
c and
a rp-
t e
a
b o take
p roup
w lly
r
w

ted
i n is
e en-
t B,

NB and different unidentified polymerization products were
found as minor photoproducts of direct irradiation.

The main photoproducts found upon photocatalytic degra-
dation of A at pHads are 2-APh and Ph, with BQ, NB, BD
and HHQ as minor photoproducts. Scavenging of HO• with
t-BuOH led to a strong reduction of the reaction rate and to
the disappearance of 2-APh and NB as photoproducts, show-
ing that adsorbed A is oxidized by h+ to yield the anilinium
radical cation. In the case of DMA at pHads, MA is the main
photoproduct, evidencing the involvement of the anilinium
radical cation, that undergoes C–N fragmentation. MA under-
goes further demethylation to A or hydroxylation, leading to
3-HO-MA and 4-HO-MA.

Photocatalytic degradation in acidic medium is inhibited
due to electrostatic repulsion between the positively charged
surface and the protonated amines. A is transformed into Ph
and 2-APh, with BQ and HHQ as minor photoproducts. DMA
is transformed into A, that undergoes hydroxylation to Ph,
MA being also observed.

Photocatalytic degradation in alkaline medium is fast. The
main photoproduct of A is NB, indicating the involvement
of the anilinyl radical. Accordingly, only traces of Ph are
observed.
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