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Abstract

Interaction between aromatic amines and ;Ttékes place preferentially through the amino group when pK#8H*) and, as a minor
but mechanistically relevant mode, viarainteraction if pH < [K3(BH*). No significant direct photodegradation of anilineNgiV-dimethy!-
aniline is detected in acidic medium usiag- 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
adsorption are 2-aminophenol and phenol. Scavenging Wit ~BuOH shows that adsorbed aniline is oxidized by positive holgy (h
with participation of the anilinium radical cation. In the caseVgV-dimethyl-aniline at the pH of maximum adsorptidwmethyl-aniline
is the main photoproduct, formed also via the dimethyl anilinium radical cation. Photocatalytic degradation in acid medium is inhibited due
to electrostatic repulsion between the positively charged surface and the protonated amines. Aniline is mainly transformed into phenol an
2-aminophenol, ani¥,N-dimethyl-aniline into aniline, that undergoes hydroxylation to phenol. In alkaline medium the main photoproduct of
degradation of aniline is nitrobenzene, formed with involvement of the anilinyl radical.
© 2005 Elsevier B.V. All rights reserved.
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activity; Titanium dioxide

1. Introduction Electrons trapped at surface sites are removed by reduction
of adsorbed @to the superoxide radical anion,©O, that
Heterogeneous photocatalysis has been extensively invesmay undergo protonation to its conjugated acid,®@s in
tigated as a possible way for pollutants remo{it3]. Eqgs.(3) [4] and(4) [5]:
The physical basis of the method is the production of

electron—hole (e-h*) pairs by irradiation of a semiconduc- Ozads+€ = 05 4s E® = —0.33Vvs NHE )
tor with light having an energy equal to or greater than the
band gap energy between its valence and conduction bandsQ5~ + H™ < HOS,  pKa(HOS) = 4.8 4)

In aerated aqueous systems, the photogenerdteditize
H>0 or HO™ at the surface of the semiconductor to produce Inaddition, the strong oxidant3®; is generated by dismuta-
HO* radicals, as shown in the following equations: tion of O;*~ and HG*, Eq.(5) [6] and may then be reduced
to HO®, as in Eq(6) [7]:

H2Ogads+ ht — HO® ads+ HT ()

HO ™ ags+ h™ — HO®ads 2) 05" +HO* + H™ — H05,+ 0, (5)

* Corresponding author. Tel.: +34 981 167000; fax: +34 981 167065. H>0, + HT +e — HO® + H->0,
E-mail addresses: mcanle@udc.es (M. Canle L.), arturo@udc.es
(J.A. Santaballa), vulliet@udc.es (E. Vulliet). E® = —0.870V vs NHE (6)
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One of the questions often raised in photocatalysis con- Table 1 _ _ _
cerns the nature of the oxidizing species involved in the Relevant properties of the polymorphic phases of;fiGed

photocatalytic procesf8]. HO® is regarded as the major Particle Average pore  Area pHpzc

species responsible for the degradation of organic pollutants, size (nm)  radius (nm)  (m*g™)

a hypothesis that is supported by the experimental observa-P25 30 Non-porous 50 6[30]

tion of differences of several orders of magnitude between Rutile 105 5.4 38 5.5:0.8[31]
Anatase 93 12.1 10 6:060.9[31]

[HO®] and [O*~] upon irradiation of TiQ suspensions

[9,10]. Indeed electronic spin resonance (ESR) spin-trapping

studies have presented M@s the most abundant radical ferent pHs, and the contribution of direct degradation has also

species in aqueous Tysuspensionfl1,12] Furthermore, been evaluated.

a large number of hydroxylated intermediates detected dur-

ing the photocatalytic degradation of aromatic pollutants are

consistent with a major action of HOConversely, compar- 2. Experimental

ison of the quantum yield of HDand the photogenerated

h* points to the oxidation process taking place mainly via 2.1. Materials and reagents

h* and not via HO [13]. A competition H/HO® has been

reported for the herbicides 2,4-dichlorophenoxyacetic acid A and DMA (Aldrich) were purified by distillation under

[14] and triclopyr[15]. Moreover, different regioselectivities ~ atmospheric pressure before use. All other chemicals were

of HO® and i have been evidenced in the transformation of of analytical grade and used without further purification.

4-hydroxybenzylalcohdll 6]. The three TiQ powders used were anatase and rutile from
An on-going debate is whether the initial oxidation of the Aldrich (99.8% and >99.9%, respectively), and Degussa P25

pollutant occurs on the surface of the catalyst or in the bulk for which X-ray analysis indicated it was 80% anatase and

of the solution. Indeed, it has been shown that*H@n dif- 20% rutile. BET surface area and pore size distribution of

fuse several hundred angstroms away from the surface intothe catalysts were determined by Mdsorption using a

the bulk of the solutiori17]. This statement was confirmed Sorptomatic Fisons 1900 system. Pore size distribution were

in the oxidation of furfuryl alcohol by HQ for which a obtained from desorption isotherm by the BJH met[2].

homogeneous-phase process is suggg¢$&jdOn the other ~ The particle size of rutile and P25 was obtained from the

hand, ESR studies have established that IH@yht migrate manufacturers, while for anatase it was determined using a

only few atomic distances from the surface, and concluded Counter LS 230 granulometer. Some relevant properties of

that HO photooxidation is mostly a surface proc¢s4). the different forms of Ti@ used are summarised Table 1
Large amounts of aromatic amines can enter the aquatic

environment as a consequence of the degradation of aza2.2. Adsorption experiments

dyes[19,20] and nitrobenzenic compoun@&l] or because

they are formed as byproducts in combustion-related pro- Adsorption experiments were conducted in the dark at

cesseg22]. Acetanilide, phenylurea and carbamate-based room temperature. Isotherms were obtained using suspen-

pesticides can also produce aromatic amines, either by envi-sions prepared by mixing solutions with different initial con-

ronmental degradation or by mammalian metabo[B8n24] centration of A or DMA with 2.5g L of TiO, powder. In
Many of these aromatic amines are known or suspected toorder to remove Ti@particles before analysis, the solutions
be human or animal carcinogef@2]. Aniline and N,N- were filtered through 0.4pm cellulose nitrate membrane

dimethyl-aniline can be considered as appropriate simplefilters. The equilibrium concentration was determined by

models of such compounds. Aniline is efficiently destroyed measuring the absorption of the corresponding UV peaks in

by heterogeneous photocatalysis with Zjdollowing a solutions magnetically stirred during 1 h in the dark to attain

Langmuir—Hinshelwood kinetic model, both in suspensions the adsorption equilibrium. Absorption spectra were regis-

[25—-27] or with the catalyst immobilized on a supp{28]. tered on a double beam Uvikon 941 plus spectrophotometer

Synergetic effects of yD, [28] and & [26] have been (Kontron Instruments) in Suprasil quartz cells of 1 cm optical

observed. Some hydroxylated compounds have been identipath length. The pH of the filtered solutions at the concentra-

fied as products of transformati¢®5,27]and the formation  tion corresponding to the adsorption equilibrium was defined

of nitrobenzene has also been reported in alkaline mediumas the natural pH of the solution. The influence of pH on the

[25]. adsorption was studied by adding HCI or KOH to the 7iO
To deepen our understanding of the role of adsorption suspensions. pH measurements were carried out with a prop-

and of the nature of the active species involved in the photo- erly calibrated combined glass electrode.

catalytic degradation of aromatic amines, the mechanism of

degradation of aniline (A) and,N-dimethyl-aniline (DMA) 2.3. Irradiation experiments

have been studied in TigOsuspensions. The process of

adsorption on the catalyst, kinetics of disappearance and main Irradiation experiments were carried out with a 750 mL

degradation products and pathways have been studied at difHeraeus UV reactor system. The light source was a UV
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medium-pressure Hg immersion lamp TQ 150, cooled by 351
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 1.41x 10'° photons™! attaining the solution was calcu-
lated applying the quantum yietl = 0.56[32]. Taking into
account the absorption of TiODegussa P25, the number
of photons potentially absorbable (per second) by, Ti@s 51
5.8 x 108, The lamp was warmed up outside the reactor dur- 0 : . ‘
ing 10 min prior to immersion into the suspension, already at 0 50 100 150 200
the adsorption equilibrium. Ceq (umollL)

Qads (pMoOl/gTiO2)

Fig. 1. Adsorption isotherms of A on: rutile$}, anatase £), P25 (),
a mixture of 80% anatase +20% rutile Y, and of DMA on P25 W), all

. . . . at natural pH. Tendency lines, shown only for the sake of clarity, are not
The products were identified by comparison of their mathematical fits.

HPLC retention time and UV-spectrum with authentic stan-
dards, when available. Otherwise, LC—ES—MS was used. Aninline with the explanation offered for the increase in the pho-
HPLC Spectra System UV6000LP was used, with a Inertsil tocatalytic activity due to structural coupling of anatase and
ODS-2 column (5um, 250 mmx 4.6 mm + precolumn). The  rutile in a bilayer form[33]. In the range of concentrations
mobile phase was a mixture GEO,H/CH3CO,NH,4 buffer studied the adsorption on rutile is almost negligible, while
(10mM, pH 4.5)/MeCN in a ratio 60:40, with a flow rate of the adsorption on anatase is very low until concentrations of
1 mLmin~1. LC—-ES-MS identification was carried outusing ca. 100.M are attained, and then increases progressively. In
an HP 1100-MSD system with ES and APCI sources. The contrast, the amount adsorbed on P25 is much higher, with an
ES mode was used under the following conditions: nebulizer isotherm that suggests a progressive coverage of the surface.
pressure 50 psig, drying-gas {\flow 13 L min1, drying- Inthe case of DMA the adsorption is also favoured for P25, as
gas temperature 623 K, capillary voltagid000 V, fragment ~ compared to anatase and rutile, the isotherm on PRp ()
voltage 60V. The APCI was used applying a4 corona suggesting a complete coverage of the surface at an adsorbed
discharge. concentratiomags~ 30 umol (g TiOz) L. The differences in
adsorption between A and DMA are due to the structural
and electronic differences between both compounds, but a

2.4. Product analysis

3. Results and discussion detailed explanation of these is out of the scope of this paper.
The adsorption is not proportional to the specific area
3.1. Adsorption on TiO; of the catalystTable 1 but related to the particle size of
the three TiQ powders. The stronger adsorption on P25
3.1.1. Isotherms at natural pH may be attributed to its acidity, that makes the F&brface

The widely used photocatalyst Degussa P25 is predomi- slightly positive, and therefore more prone to interaction with
nantly in the polymorphic phase anatase. A series of exper-the non-bonding & of the nitrogen atoms of A and DMA
iments were carried out at natural pH and in the dark, in (PKa(BH")=4.65 for A, 5.07 for DMA) under conditions of
order to investigate the adsorption of A and DMA on anatase, nNatural pH (vide supra, Secti@ [34].
rutile and P25 surfaces, with initial concentrations of amines ~ Since the most favourable adsorption process was, by
varying from 3 to 25uM. Changes in the pH of the sus- far, observed for P25 with both A and DMA, we decided
pension due to varying amine concentration were negligible to use this catalyst in the rest of this study. The high pho-
with pH ca. 5.6 in P25 suspensions, and ca. 6.0 in rutile and tocatalytic activity of P25 is attributed to the increase in
anatase. Consequently, given the isoelectric pointg£p)of charge-separation efficiency resulting from interfacialt e
the different polymorphic forms of Tigused are statistically ~ transfer from anatase to rutile, that are coupled in a bilayer
compatible with a value ppyc ca. 6 [Table 1 [30,31] and form [33].
pH < pHpzc, the surface of P25 bears slightly more positive
charge than for rutile or anatase. The adsorption equilibrium 3.1.2. Influence of the pH on the adsorption
was attained in less than 1 h. The isotherms representing the The influence of the pH on the adsorption has been inves-
amount of adsorbed A per gram of photocatalyis as a tigated, considering that piic (TiO2) ca. 6.3[30]. Fig. 2
function of the concentration in the solution at the equilib- shows the pH of the medium is critical for the adsorption of
rium (Ceg) are shown irFig. 1 Noteworthy, althoughP25isa  both A and DMA. The bell-shaped dependences observed
mixture of rutile and anatase, the adsorption process is muchshow the combined influences of the protonation of the
more efficient for P25 than for a mixture of 80% anatase and aromatic amines and of TiOsurface. The observed max-
20% rutile in the same proportions. This may be understood ima correspond to the arithmetic mean @& (BH") of the
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Fig. 2. Amount of (a) A Co=49.5mg 1), and (b) DMA (Co = 73.6 mg L=1) adsorbed per gram of TiP25 as a function of the pH. Tendency lines, shown
only for the sake of clarity, are not mathematical fits.

amines and phlzc. For 3.5 < pH only a very low adsorption is 10000 100
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 8000
A and DMA, respectively. These pH values are referred to as
pHagsin 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 viamainteraction
with the aromatic ring, that constitutes a minor, but relevant,
mode of interaction (vide infra, Sectidh3.1). Indeed, in
acidic medium the non-bonding electron pair of the nitrogen ; »
atom is not available to establish this coordinative interac- Or0 285 o 0
tion, resulting in low adsorption. The adsorbed quantity is
maximum when Ea(BH") (=4.65 for A, 5.07 for DMA)
[34] < pH < pHpzc (TiO2). Under these conditions, the inter-  Fig. 3. Absorption spectra of A and DMA at different pHE A, pH=2.9;
actions between the slightly positively charged surface of 4 A, pH=5.5;x A, pH=10.9;4 DMA, pH=5.7), reflectance spectra of
TiO, and the non-bonding electron pair of the nitrogen are TiO2 (*) and % of transmittance of the Duran glass filter (+).
optimal. In this pH interval, 50% of A in the solution is
adsorbed, and 75% of DMA. When pH > ppt (TiO2) the and DMA are expected to be less stable than the correspond-
adsorbed quantities decrease rapidly. In this case the surfacég conjugate bas€g86].
of TiO; is slightly negatively charged, and the coordinative ~ Photodegradation processes observed in mildly acidic and
interactions with the amino groups are reduced. On the otherbasic medium followed pseudo-first order kinetics according
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hand, the potential competition betweern @hd A/DMA for to C = Coe *a0, whereC is the concentration of amine in
the active sites on the surface contribute to lower the adsorp-solution,Co the initial concentration of amine, artgpp the
tion at low pH value$35]. apparentrate constants, collectedale 2for A (obHags= 5.5
and pH=10.9) and DMA (pkks=5.7). From the measured
3.2. Direct degradation rate constants, direct degradation is almost negligible as com-
pared with photocatalyzed photodegradation (vide infra).
A and DMA show significant absorption far< 320 nm, This should be attributed to the low absorption of aniline

with maxima at. =230 and 282 nm for A anbinay= 244 nm under the experimental conditions (as stated above, the irra-
and a shoulder at=282 nm for DMA, therefore direct pho- diation spectrum was cut-off below 290 nm by inserting the
todegradation may take place despite the fact that the Duran

50 glass tube used cuts-off essentially all light below 290 nm Taple 2

(Fig. 3), Apparent rate constants for direct and photocatalyzed photodegradation of
No significant degradation has been detected in acid A 2and DMA at different pH values
medium where A and DMA are fully protonated. This kapp (Min~—)
?s partly because the absorption of the protqnated forms Direct degradation Photocatalysis
is low as compared to their respective conjugate bases - - -
(¢ (»=282nm, pH=10.9)=1600Lmotcm 1, while ¢ PHeds  pH=109 PH=3  PHis pH=116
(»=282nm, pH=3.0)=200Lmof cm™? for A). On the A 0002 0.086 0.034  0.069  0.098
MA  0.007 0.012 0.044

other hand, short-lived species formed from protonated A D
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lamp into a Duran 50 glass tube). The increased photoreactiv-solutior{17]. At low concentration of substrate the reac-
ity in alkaline medium may have its origin on the differences tion rate approximates a first-order kinetic law, according to
of absorption spectra in alkaline medium and ag@HON —dCeq/dt = kappCeq Wherekapp is the apparent degradation
the other hand, when pH =gk}, the photodegradation takes constant, including the reaction rate constant and the adsorp-
place to a lower extent: less than 25% of the initial A is tion equilibrium and/or diffusion coefficients. The influence
degraded after 2 h, and about 55% in the case of DMA. of pH on the photocatalytic degradation was studied by com-
2-Aminophenol (2APh) and benzoquinone (BQ) were parison ofthe differeritzppobtained under differentinitial pH
unambiguously identified as photoproducts of A by com- conditions Table 3. A and DMA were preliminary adsorbed
parison with authentic samples. A third photoproduct with inthe dark during 1 h to reach the equilibrium concentration,
retention time corresponding to 4-aminophenol (4APh) was Ceq. The presence of NaCl 10 mM has beenreportedto induce
also observed. In the absence of photocatalytically generatecho modification in the photocatalytic degradation of14l]
HO* radicals, 2APh and 4APh must arise from hydrolysis which led usto assume that the addition of low salt concentra-
(preferentially at position & of a sufficiently long-lived tions does not affect the photocatalytic process. Considering
excited state generated upon direct irradiation. The presencehe concentration of Ti@in suspension (2.5g1!), all the
of BQ points to a direct photoionization process leading to available photons are presumed to be absorbed by the cat-
the anilinium radical catiof37] that then reacts with water  alyst. The rates of photodegradation of A and DMA have
to yield phenol (Ph) and, eventually, BQ. Under the irra- been measured in strong acidic solution and for pH zgH
diation conditions, photoionization is a multiphotonic pro- (5.5 and 5.7 for A and DMA, respectively). A has also been
cess[38,39] which provides additional support to neglect irradiated in an alkaline suspension of iO
direct photodegradation as compared to photocatalyzed pho-
todegradation. 3.3.1. Photocatalytic degradation at pH 4
During the direct photodegradation of A in alkaline The time evolution of A and DMA (right ordinate axis)
medium the solution passed rapidly from colourless to brown, and of the main photoproducts (left ordinate axis) formed
and the HPLC analysis evidenced the formation of five prod- under irradiation at pklsis shown inFig. 4.
ucts, for which the retention times were twice to eighttimes ~ The main photoproducts found for A are 2APh and Ph.
longer than that of A, pointing to a polymerization process. Unexpectedly, 4APh is not detected. Hydroxylation takes
One of these products exhibited a mass in agreement with theplace inortho- with respect to the —Npigroup, leading to
structure of azobenzene (AB/z=182). Traces of nitroben-  2APh, in spite of the lower steric hindrance of thera-
zene (NB) were also found as photoproduct. These productsposition. BQ and NB are also detected. Traces of benzidine
are in agreement with a direct photoionization process to the (BZ) have been identified with maximum concentration ca.
anilinium radical catiofi37] followed by deprotonationtothe  0.05uM. A sixth product withm/z =124, corresponding to
anilinyl radical and N-N coupling to yield AB, or oxidation  a trinydroxybenzene is detected. The formation of hydroxy-

to NB. hydroquinone has been reported during the photocatalytic
and electrochemical degradation of [&1] and, from our
3.3. Photocatalytic degradation HPLC and LC-ES-MS results, we identify this as 1,2,4-
trinydroxybenzene (HHQ).
In a suspension of Tig) the photocatalytic decomposition When irradiated in the presence of 100 m&uOH, used

rate can be written according to the Langmuir—Hinshelwood as HO quenchef40] the degradation rate of A was reduced
kinetic model independently of the location of the reac- by 85%. In this case the formation of 2APh was completely
tants on the surface of the catalyst or in the bulk of the inhibited, and no trace of NB detected. Besides, the forma-
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NH2 NH2

COH main product
Ha+ NH, OH at pH=pH, s
HO®
. @ < HO (2APh)
Ty
h* NH
(A) ¢ P

@ i i (HHQ)
| BY

main productm\A
H2 NH, acidic medium

(BZ)

Scheme 1. Mechanism of generation of the main photoproducts found during the photocatalytic degradation gffaaipktidic pH.

tion of Ph was favoured and BQ also observed. These results  Our adsorption studies point (vide supra, Sec8dn2 to
show the involvement of different oxidizing species in the a preferential interaction between the amino group of A and
degradation, according ®&cheme 1 DMA and the surface of the catalyst when pHEBH™).
Since the strongly oxidizing radical HQypically reacts However, the mechanism of direct oxidation by fust
by addition[41,42]in its presence the oxidation of A leads described requires preliminary adsorption of the molecule
mainly to the corresponding hydroxycyclohexadienyl radi- on the surface of the catalyst and seems more favourable
cals[37]. The HC-adduct may either be rapidly transformed when the adsorption on the surface of the catalyst takes place
into 2APh or produce the anilinium radical cation by a sub- via am-interaction with the aromatic ring (vide supra, Section
sequent elimination of HO. 3.1.2. This becomes necessarily the mode of interaction with
In the absence of HO the degradation may result from the surface of the photocatalyst as pH approacligéaiH™)
a reaction with i or HO,*/O,*~. However, as the reaction  and the amino group gets protonated. Under such conditions
of A with HO»* has been shown to produce NB3] Ph Phis the main photoprodu&@¢heme ). It has been proposed
must result from the oxidation of A by*hleading to the that the electronic properties of TiGurface change upon
anilinium radical cation/anilinyl radical. Hydrolysis on the C irradiation, altering the adsorption sitgsl]. We can there-
adjacent to the nitrogen (g with subsequent elimination of  fore hypothesize that minute light-induced modifications of
the amino group and formation of ammonia or nitrate ions the orientation of the molecule with respect to the surface are
[28]leadsto Ph. Formation of Ph has been previously reportedpossible. Thus, a more vertical orientation of the adsorbed

during the degradation of A by photocatalyfi24] electro- molecules, with @ pointing to the surface and the amino

Fenton or photoelectro-Fenton proceq&€§ but not during group slightly upwards, may be supported by the fact that

the classical Fenton reactido]. hydroxylation of the ring is detected only imrho- position.
H3C\ ,CHs sc\ ~CHs ch\ ,CHs  Hg

S S ‘©

(DMA) \

L ]
HgC, ,CH HsC\
N NH [
O~
(MA) HSC\NH
main product
OH
(HO-MA)

Scheme 2. Mechanism of generation of the main photoproducts found during the photocatalytic degradation of Dpé at pH
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The presence of BZ as a photoproduct indicates also aafter 60 min of irradiation. Small quantities of BD are also
bimolecular reaction between the anilinium/anilinyl radicals detected. As above, 2APhis the single isomer detected, 4APh
[37] supporting the hypothesis of a change in the orientation not being found.
of the molecule. Under acid conditions DMA is directly transformed into
When irradiated at pkls DMA undergoes demethyla- A, and only small quantities of MA are observddd. 5). Ph
tion, leading tav-methylaniline (MA) as main photoproduct is also produced, presumably from subsequent degradation
(Fig. 4). HO® is known to react with DMA by addition to the  of A, from which HHQ is also derived (vide supra, Section
aromatic ring leading to the hydroxycyclohexadienyl radical 3.3.1).
and, by hydrogen abstraction from one methyl group, to the
corresponding C-centered radifg#h] as shown irscheme 2
Inthe first case the HBadduct is rapidly transformed into
a radical cation, leading to demethylation. Only a low signal
in HPLC-MS analyses corresponding to a product with the
mlz=(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+methyl-aniline isomers, only two
of which have been quantified: 3-hydro®methylaniline
(3-HO-MA) and 4-hydroxyN-methylaniline (4-HO-MA), as
shown inFig. 4.

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 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-

3.3.2. Photocatalytic degradation in acid medium

Both for A and DMA the rate of photocatalytic decompo-
sition decreases atlow pH valu@sble 2, as the electrostatic
repulsion between the positively charged surface and the pro-
tonated molecules, as well as the competitive adsorption of
the acid counter-anion (C) limit the possibilities of contact
between A and DMA and the adsorbed active species. Nev-
ertheless, the photocatalytic rates are only partially reduced
(50 and 75% for A and DMA respectively) with respect to the
pH conditions described above. This is in agreement with the
previous suggestion (vide supra, Secti@$.2 and 3.3.)L
that A interacts with the surface through issystem in
acid medium. The time evolution of A and DMA (right ordi-
nate axis) and of the main photoproducts (left ordinate axis) o6 i ution of the Broducts formed during the dearadation of A
formed upon irradiation in acid medium is showrFig. 5 in'geilké”n';"fn:\é?u‘;n'o-'j Z; ’e, ":\Ig; ‘(‘; ;h?:n‘eB Q;“””?s_ﬁphf%r,a 4_"”1\"82)0

Als r§p|dly _tran_Sformed into Ph _and 2APh. BQ is also at pH=11.6. Tendency lines, shown only for the sake of clarity, are not
formed in a significant concentration and HHQ appears mathematical fits.

[Prod] (pmolL-1)
(1-11owrl) [auuy]
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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 producedNB and different unidentified polymerization products were
during the non-catalyzed direct degradation are detected,found as minor photoproducts of direct irradiation.
confirming that TiQ behaves as an internal filter for the The main photoproducts found upon photocatalytic degra-
direct degradation. Formation of the main observed photo- dation of A at pHg4sare 2-APh and Ph, with BQ, NB, BD
product, NB, has been reported during the electro-Fentonand HHQ as minor photoproducts. Scavenging of*hiith
and photoelectro-Fenton degradation of2X]. It was pro- t-BUOH led to a strong reduction of the reaction rate and to
posed that the process was initiated byadbstraction from the disappearance of 2-APh and NB as photoproducts, show-
the deprotonated amino group, followed by oxidation of the ing that adsorbed A is oxidized by tio yield the anilinium
resulting radical by H@?, in contrast with the selective attack radical cation. In the case of DMA at gk MA is the main
of HO,* on the amino group during the electrochemical photoproduct, evidencing the involvement of the anilinium
degradation of A43]. However, in photocatalytic processes radical cation, thatundergoes C—N fragmentation. MA under-
HO* has suggested to be the main oxidizing species in alka-goes further demethylation to A or hydroxylation, leading to
line medium[9,46] and no NB is found at pklsin the 3-HO-MA and 4-HO-MA.
presence afBuOH. Moreover, HOis known to react mainly Photocatalytic degradation in acidic medium is inhibited
by addition and not by abstraction of ffom aniline[37,42] due to electrostatic repulsion between the positively charged
Consequently, NB must arise from addition of H® the surface and the protonated amines. A is transformed into Ph
aromatic ring, followed by elimination of HO from the and 2-APh, with BQ and HHQ as minor photoproducts. DMA
HO*-adduct and deprotonation of the radical cation to form is transformed into A, that undergoes hydroxylation to Ph,
the anilinyl radical, that is further oxidized to NB¢heme B MA being also observed.
[43]. Photocatalytic degradation in alkaline mediumis fast. The

3-Nitrophenol (3-NPh) and 4-nitrophenol (4-NPh), that main photoproduct of A is NB, indicating the involvement
are also found as minor photoproducts, must arise by HO of the anilinyl radical. Accordingly, only traces of Ph are
addition to NB. Ph and BQ, also observed as minor photo- observed.
products, are generated via oxidation by the photogenerated
h*, as inScheme 1
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