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Abstract

The vacuum-UV- (VUV-) photolysis of water is one of the advanced oxidation processes (AOP) based on the production of hydroxyl radicals
(HO?®) that can be applied to the degradation of organic pollutants in aqueous systems. The kinetics of the VUV-photolyses of aqueous solutions of
citric acid (1) or gallic acid (2) were investigated in the presence or absence of dissolved molecular oxygen (O,) and under different pH conditions.
In the case of 1, the rate of consumption of the substrate was faster at pH 3.4 than in alkaline solution (pH 11), whereas, in the case of 2, the
variation of pH (2.5-7.5) did not affect the course of the reaction. Unexpectedly, the rates of depletion of both 1 and 2 decreased in the absence
of O,, this effect being much more pronounced in the case of 2. In order to explain these results, possible reaction pathways for the degradation
of 1 and 2 are proposed, and the roles of the oxidizing (HO*) and reducing (H* and e, ™) species produced by the VUV-photolysis of water are

discussed.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Interested in exploring viable alternatives for water treat-
ment, we have investigated the oxidation and mineralization of
two model compounds, citric and gallic acids, using different
advanced oxidation processes (AOP). Citric acid (2-hydroxy-
propane-1,2,3-tricarboxylic acid, 1) is present in most of the
fruit juices and is of general use as preservative in a variety
of products of the food industry. In addition, the compound
is used in cleaning and decontamination mixtures for boil-
ers and cooling circuits of nuclear power plants. Gallic acid
(3,4,5-trihydroxybenzoic acid, 2) may be considered as one of
the simplest models for natural organic matter, i.e. of humic
and fulvic acids. The maximum contaminant level for gallic
acid established by environmental protection organizations of
Canada, USA and EEC is 2mgL~"! [1]. Gallic acid is one of
the main constituents of herbal roots and tea leaves [2,3], and is
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present in wastewaters originating from olive oil factories and
also from boiling cork [4]. Gallic and/or citric acids were pro-
posed to be used in formulations in combination with EDTA or
NTA for dissolving magnetite or hematite for the cleaning and
decontamination of cooling circuits of nuclear reactors [5,6].
Gallic acid is considered to be a good antioxidant [3].
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AOQP are abiotic methods applied to the treatment of effluents
in gaseous and condensed phases that involve the generation of
very active oxidizing species [7]. For the purpose of oxidation
and/or mineralization of organic matter in aqueous media, the
hydroxyl radical (HO®) is the main and most reactive species
generated [8—11], and is able to attack a large variety of organic
compounds.

There are only a few published examples where the oxida-
tive degradation of citric acid by AOP was investigated: TiO»
photocatalysis was used to oxidize this organic substrate [12], in
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several cases in combination with the reductive removal of heavy
metals [13-18]. Results of the oxidative degradation of cit-
ric acid by TiOy photocatalysis, the photochemically enhanced
Fenton (photo-Fenton) process and a combination of the two
methods were recently published [19].

A few articles deal with gallic acid degradation by AOP. The
compound was chosen for investigations using UV-photolysis,
the combination UV/H,03, the Fenton and photo-Fenton pro-
cesses [4,20,21], the combination of biological treatment with a
modified Fenton process [22], pyrylium salt photocatalysis [23]
and ozonation [1,24]. Investigations on the degradation of gallic
acid by TiO» photocatalysis are currently in progress (Quici and
Litter, to be published).

One of the most powerful AOP for the degradation of organic
compounds is their VUV-photolysis in the gas phase [25-27] or
the VUV-photolysis of their aqueous solutions [7,8,27,28]. Due
to the high absorption cross-section of water, VU V-radiation,
emitted by a Xe;-excimer radiation source (Aem: 172 & 14 nm),
is almost exclusively absorbed by H,O, leading primarily to the
homolysis of the O—H bond (Eq. (1)) [28]:

H,O+ hv— HO® + H* (1)

The quantum yield of reaction (1) in liquid water depends
on the wavelength of irradiation (0.42 at 172nm) [29]. HO®
radicals react primarily by hydrogen abstraction (generally from
aliphatic carbon atoms) or by electrophilic addition to w-systems
[7]. With standard redox potentials of 2.7 V in acidic solution
and of 1.8V in neutral solution [30], HO® may also oxidize
organic compounds by electron transfer reactions.

Beside homolysis, VUV-irradiation (172nm) of H;O also
produces solvated electrons with a quantum yield of 0.05 (Eq.
(2)) [27], the e4q~ being converted to H® by H30t (reaction (3))
[30]:

HyO +hv— HO® + HY +e5q™ )
eaq” +H30T — H* + H,0 3)

Hydrogen atoms may be involved in the reduction of organic
substrates, but are quantitatively trapped by molecular oxygen
(O») in aerated solutions (reaction (4)). O, may also be reduced
by eyq~ (reaction leading to the formation of the superoxide
anion) (O,°~, reaction (5)). The disproportionation of O,*~ and
its conjugated acid HO,* (reaction (6)) yields hydrogen peroxide
(reaction (7)) [31]. Production of HoO; during VUV-photolysis
of water has been demonstrated [32]:

0, +H®* — HO»®, ks= 2.1x10"M s [28] )

Orteaq — 027, ks= 1.9x10"°M 1571 (28] (5)

02" +H,O = HO* + HO™, pK,= 4.8[33] 6)

0,*~ +HO,* + H3;0" — 0, +H,0, +H,0 (7)

In strongly alkaline solutions, O® ™ is generated by the depro-
tonation of HO® (reaction (8)). O® ™ reacts more slowly than HO®
in electron transfer reactions and attacks preferentially C(sp°)
centers of aryl compounds by hydrogen abstraction, while HO®

adds preferentially to the aromatic system [30]:

HO*®* + HO™ &= O*” +H,O, pKy= 11.9[30] ®)

The VUV-photolysis of water or aqueous systems may be
used for ultrapure water production and for the degradation
of pollutants dissolved in water and known to be mineralized
only in reaction systems combining reductive and oxidative
steps, such as perchlorinated hydrocarbons [34] or atrazine [35].
Parallel reduction and oxidation cycles were also found in VU V-
photolyses of aqueous solutions of nitrate and nitrite, of ferri-
and ferrocyanate as well as of model pollutants in the presence
of nitrate and nitrite [36-39].

The high absorption cross-section of water and the present
state of technology for generating high potentials at high fre-
quencies prevent the development of the VU V-photolysis to the
level of large-scale units. However, the high quantum efficiency
of HO® generation without addition of any oxidant other than O,
favors this process for production and treatment units of limited
photonic fluxes.

In this work, results of the VUV-photolysis of aqueous solu-
tions of 1 and 2 are reported and the effects of the concentration
of dissolved O; and of the initial pH of the solutions discussed.

2. Experimental
2.1. Chemicals

Citric acid (C¢HgO7-H>O, 1, Fluka, 99.5%), gallic acid
(C7HOs5-H,0, 2, Riedel-De Haén, 99%) and 3-oxoglutaric acid
(acetonedicarboxylic acid, propanone-1,3-dicarboxylic acid,
Cs5HgOs, 3, Aldrich, technical grade) were used as supplied.
Pure water was provided by a PURELAB PLUS System (USA).
NaH; PO, and phosphoric acid (Merck) were used for the prepa-
ration of the HPLC eluent.

2.2. Photochemical reactor and excimer radiation source

Irradiations were carried out in a loop-type photochemi-
cal reactor already described [29]. The reactor (400 mL) was
equipped with a cylindrical Xe;-excimer radiation source emit-
ting at 172 (14 nm) and positioned in the central axis of the
photoreactor. The radiation source consisted of two concentric
Suprasil® quartz tubes (length: 25 cm, outer diameter: 3.0 cm)
with an inner electrode (phase) made of an aluminum foil, cooled
with distilled water. An additional Suprasil® tube was positioned
between the outer wall of the light source and the reaction solu-
tion, providing a gap for the outer electrode. This outer electrode
was made of an extensible net of stainless steel (wire diameter:
0.1 mm) and was connected to the ground. The gap between the
two Suprasil® tubes was purged with N to avoid filter effects by
0O;. The Xe,-excimer radiation source was driven by a high volt-
age power supply (ENI Model HPG-2) with an electrical power
of 110 W at 185-190 kHz. The radiant efficiency of the radiation
source was approximately 8%. The reactor was immersed into
a water bath kept at 20 °C.
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2.3. Irradiation experiments

Experiments were performed with 370 mL of aqueous solu-
tions of 0.5-2.0 mM of compound 1 or 2, and the initial pH was
adjusted with 0.1 M HCl or 0.5 M NaOH solutions. The solutions
were introduced into the reactor and purged with synthetic air
(30 min) or with N7 (2 h) before irradiation. Continuous purging
and magnetic stirring ensured good mixing of the solutions dur-
ing the entire period of irradiation. Samples (1 mL) were taken
periodically for analysis.

2.4. Analytical techniques

The evolution of the concentrations of 1 and 2 with irradiation
time was followed by HPLC analysis [19]. The Hewlett-Packard
liquid chromatograph model 1100 with diode array detec-
tor (detection wavelength for 1: 210nm, for 2: 271 nm) was
equipped with a LiChrosphere 100 RP C18 column (5 pm,
250 mm x 4 mm). The eluent consisted of 97% of 25mM
KHPOy4 at pH 2.3 (H3PO4) and 3% acetonitrile for 1, and of
97% of 5 mM KH,PO4 at pH 2.3 (H3PO4) and 3% acetonitrile
for 2 (flow rate: 1 mL min~!; temperature: 20 °C). 3-Oxoglutaric
acid (3) was identified by co-injection. Total organic carbon
(TOC) was measured with a Shimadzu 5000-A TOC analyzer
in the NPOC (non-purgeable organic carbon) mode.

Experimental errors have been estimated to be 4% for the
quantitative analysis of citric acid and 3% for that of gallic acid.

3. Results and discussion
3.1. Citric acid

Preliminary VUV-photolyses were performed at three initial
concentrations (0.5, 1.0 and 2.0 mM), at acidic pH (3.4) and
under air bubbling. Profiles of the normalized concentration of
1 ([1)/[1]p) versus time of VUV-photolysis are shown in Fig. 1.
The rate of consumption of 1 increased with decreasing initial
concentration ([1]p). The pH of the reaction varied less than one
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Fig. 1. Consumption of citric acid (1) in air-equilibrated aqueous solution upon
VUV-photolysis. Profiles of [1]/[1]y vs. time of irradiation at different initial
concentrations of 1 ([1]o); pH 3.4, 20°C.
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Fig. 2. Depletion of citric acid (1) in aqueous solution upon VUV-photolysis.
Profiles of In([1]/[1]o) vs. time of irradiation, for [1]p =0.5 mM in the presence
or absence of O, and at pH 3.4 and 11.0 (20°C).

Table 1
Apparent first-order rate constants (kpp ) of the depletion of 1in aqueous solution
under VUV-photolysis

Conditions kapp (x10%s71)
Citric acid (1)

pH 3.4-air 545

pH 3.4-N, 4.55

pH 11.0-air 432

pH 11.0-N, 3.25

unit during irradiation. TOC was found to decrease to 50% and
40% of TOC after 180 min of irradiation time, in the cases of
[1]p = 1.0 and 2.0 mM, respectively.

The effects of the presence or absence of O; and of pH varia-
tion were investigated with solutions of [1]o = 0.5 mM, where the
highest rate of depletion was found. The corresponding profiles
of In([1]/[1]p) versus time of irradiation are shown in Fig. 2.
Within experimental error, the depletion of 1 followed in all
cases apparent first-order kinetics, and the corresponding rate
constants (kapp) are listed in Table 1.

The diminution of [1] was faster at pH 3.4 than at pH 11.0,
both under air and under N;. The protonation/deprotonation
equilibria of 1 with the corresponding pK, values of 3.13, 4.77,
5.19 and 11 [40] are depicted in Scheme 1. At pH 3.4, the most
abundant species is the monoanion of 1, whereas at pH 11, the
tri- and the tetraanions are mostly present. It might therefore be
concluded that the polyanionic forms of 1 are less reactive. At

o pKay=4.77 pKaz=5.19

OH OH
(o] o] o] o] (o) (o]
OH OH o- OH 0- o-

o] O- o] O- o O-
1L pKa;=3.13 pKay=11 1}

OH

o} (0]

Scheme 1. Protonation/deprotonation equilibria of citric acid (1).
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both pH values, the reaction was slightly faster in the presence
of Oy (Fig. 2 and Table 1).

Under acidic conditions, depletion of 1 is mainly due
to the reaction with HO® (bimolecular rate constant kygo:
5.0 x 10 M~! s~1[30]). The corresponding apparent first-order
kinetics (Table 1) are given by Eq. (9):

%1] = kuo[HO®][1] = [1] = [1]o exp(—kapp?) ©))
with kygo: rate constant of the reaction of 1 with HO®, and
kapp = kno[HO*®], where [HO®] is the pseudo-stationary concen-
tration of the short-lived HO®.

Acid 1 reacts relatively slowly with H atoms and eaq~
(rate constants of 4 x 10° M~ s~! and lower than 100 M~ s~!,
respectively [30]). Moreover, in the presence of O, these
reducing species are efficiently trapped (reactions (4) and (5)),
producing HO»* and O,°~ radicals that have a much lower
reactivity towards organic compounds than HO® and mainly
disproportionate (reaction (7)).

Although hydroxyl radicals may react with 1 by hydrogen
abstraction from the methylene groups and from the different OH
groups, according to earlier findings [41], electron transfer from
carboxylate anions to HO® should be faster than the hydrogen
abstraction, leading in the case of the monoanion of 1 to the car-
boxylradical A (Scheme 2). The latter may easily decarboxylate
yielding the ketyl radical B. In the presence of O, 3-oxoglutaric
acid (3) is readily produced from radical B, through O, trapping
to form the peroxyl radical C followed by HO,* elimination
(Scheme 2). In fact, 3 was the main intermediate product of the
oxidative degradation identified by HPLC analysis. The prac-
tically exclusive formation of 3 found in this work is difficult
to explain by another pathway than through initial formation of
radical A, and may be due to the high specificity of the reaction
of 1 with HO® (electron transfer from carboxylate group). In the
recently published paper on the TiO, photocatalytic degrada-
tion of citric acid in aqueous solution in the presence of oxygen

HQ coo(HY
+HO* —h- +CO»
COOH COOH

COOH COOH COOH COOH
1 /
Ny
N2 x2 o
CooH COCH HO

P
?\

COCH COOH

mineralization <— «——

CooH COCH

Scheme 2. Main pathways proposed for the oxidative degradation of citric acid
(1) initiated by VUV-photolysis in acidic aqueous solution.

[19], a similar mechanism to the one depicted in Scheme 2 was
proposed.

Since the reaction of 1 with HO® (yielding radical A) does
not depend on O3, the rate of depletion of 1 should be the same,
within experimental error, in the presence and in the absence
of O,. However, Fig. 2 shows that this was not the case, the
depletion of 1 being significantly slower in the absence of O; at
both pH values investigated. This result may be explained by the
reduction of radical A by H® (and e,q ™) produced by the VUV-
photolysis of water (reactions (1) and (2)). In the absence of
O; to trap efficiently these reducing species, the reduction of A
competes with its decarboxylation and regenerates 1 (Scheme 2),
leading to an apparent slower reaction of 1 with HO®. The deple-
tion of 1 should still follow apparent first-order kinetics (Egs.
(10) and (11)), but with k‘lpp < kapp (Eq. (9)):

—d[1] . .

BT kno[HO®][1] — ku[H*][A] (10)
with kp: rate constant of the reaction of 1 with H®; apply-
ing the pseudo-stationary hypothesis to radical A leads to
[A]=kgo[HO®[1]/(ky[H®] +ka) with ka: rate constant of
decarboxylation of A, and then to Eq. (11):

%1] = kno[HO®][1]
with k' = (kgo[HO®Jkg[H*1)/(kg[H®*] + ka) and kgpp
K.

This finding may be specific for VUV-photolysis, where
reducing and oxidizing species are produced simultaneously in a
very small reaction volume [28]. In the absence of O, the ketyl
radical B disproportionates to product 3 and the corresponding
alcohol 4 (Scheme 2). Since the alcohol may be readily reoxi-
dized to B by HO?®, it was not detected by HPLC analysis, and
only 3 was found as an intermediate product, as in the presence
of O5.

It is noteworthy that, in the case of the UVC-photolysis of 1
in aqueous solution [42], the ketyl radical B was formed as one
of several radicals, as shown by EPR measurements. Generation
of B could be explained by a photochemical decarboxylation
of 1 [43].

Under alkaline conditions (pH 11), consumption of 1 was
slower (Table 1 and Fig. 2). At this pH, the formation of O®~
must be taken into account, hence the steady-state concentration
of HO® is smaller. Moreover, O®~ is less reactive and more
selective than HO®, and its reaction with the tri- and the
tetraanions of 1 (mostly present at pH 11) is disfavored due to
coulombic repulsion.

— K1) = [1] = [1]p exp(—kjppt) (11)

= kapp —

3.2. Gallic acid

Air- or Np-saturated aqueous solutions containing 0.5 mM of
gallic acid were irradiated at 20 °C and at two different pH val-
ues (2.5 and 7.5). The protonation/deprotonation equilibria and
the corresponding four pK, of 2 (4.44, 8.45, 10.05 and 11.30
[44]) are shown in Scheme 3. At pH 2.5, the main species
in aqueous solution is the totally protonated form, but minor
amounts of the carboxylate are also present. At pH 7.5, the car-
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Scheme 3. Protonation/deprotonation equilibria of 2.

Table 2
Apparent first-order rate constants (kpp ) of the depletion of 2 in aqueous solution
under VUV-photolysis

Conditions kapp (x10%s71)

Gallic acid (2)

pH 2.5-air 8.98
pH 2.5-N, 2.02
pH 7.5-air 8.75
pH 7.5-N, 2.88

boxylate is the dominant species, together with small amounts
of the dianion. Since 2 is quickly oxidized in aerated alka-
line solutions [3,24,45], no experiments were made at higher
pH.

Profiles of In([2]/[2])o versus time of irradiation in the pres-
ence and absence of dissolved O, and at pH 2.5 and 7.5 are
shown in Fig. 3. Within experimental error, the depletion of 2
followed in all cases apparent first-order kinetics and the cor-
responding rate constants (kapp) are listed in Table 2. The pH
of the reaction systems did not change significantly during the
reaction time investigated.

The rate of diminution of [2] was found to be almost inde-
pendent of pH (slight increase at pH 7.5 compared to 2.5). This
is in agreement with the small pH effect observed on the rate
constants of the reaction of HO® with 2 determined by pulse
radiolysis (e.g. 1.1 x 10'% and 6.4 x 10° M~! s~! at pH 6.8 and
0, respectively) [3].

In contrast, the rate of consumption of 2 depended strongly
on the presence of dissolved O;. In fact, depletion of 2 was
approximately four times faster in air-equilibrated than in N»-

Time (min)
0 2 4 6 8 10
-0.14
-0.24
-0.3 1
=
o, -0.4 4
& 051
£ m pH=2,5, Air
-0.6 4 .
@ pH=7,5,Air
074 o pH=25N2
-0.8 o pH=7,5, N2
09

Fig. 3. Depletion of gallic acid (2) in aqueous solution upon VUV-photolysis.
Profiles of In([2]/[2]p) vs. time of irradiation, for [2]p =0.5 mM in the presence
or absence of Oy and at pH 2.5 and 7.5 (20 °C).

saturated solutions (Fig. 3 and Table 2). Moreover, under the
latter conditions, no mineralization was observed during the time
of irradiation, whereas in air-equilibrated solutions at both pH
about 5% decrease of TOC was measured after 10 min of irradi-
ation, when [2]/[2]p was close to 0.6 (40% consumption of 2).
In addition, in the presence of O, the reaction system exhibits
a yellow color (320400 nm) from approximately 4—10 min of
irradiation time, which is probably due to the formation of
quinoid intermediates. Chromatograms of samples taken from
reaction systems under Nj or in the presence of O, show dif-
ferent intermediates indicating that different reaction pathways
are involved depending on the experimental conditions (data not
shown). However, these intermediate products could not yet be
identified due to the lack of reference compounds.

From our experimental results and similarly to the case of 1,
the following mechanism could be proposed for the oxidative
degradation of 2 initiated by VUV-photolysis of the aqueous
system. The electron transfer from the carboxylate group of 2
to HO® would yield radical D and would be followed by decar-
boxylation to the trihydroxyphenyl radical E (Scheme 4). The
experimentally measured decrease of the TOC value (about 5%)
at 40% conversion of 2 (vide supra) corresponds stoichiomet-
rically to the loss of one carbon by the decarboxylation of the
substrate and would agree with the proposed reaction pathway.
The addition of O; to radical E would then lead to quinoid inter-
mediates (explaining the yellow color observed experimentally),
then to aliphatic carboxylic acids and eventually to complete
mineralization.

In this context, the large effect of O, on the depletion of 2
(Fig. 3) may be explained, similarly to the case of 1 (Section 3.1),
by the role of the reducing species H®* (and e,q ™). In the absence
of O, to trap these species, the carboxyl radical D would be
efficiently reduced, regenerating 2. This reduction would com-
pete with decarboxylation and should be more efficient than in
the case of 1 due to the higher stability of radical D compared
to radical A (Scheme 2). In fact, the rate of consumption of 2
was four times slower in the absence of O3 than in its presence.
The reduction of radical D being faster than its decarboxylation
would also explain the fact that, within limits of error, no TOC
decrease could be observed under N; during the same irradiation
time. In the absence of Oy, radical E, resulting from decarboyla-
tion of D, is formed in much lower amount, and can subsequently
react by hydrogen abstraction, dimerization or disproportiona-
tion, hence leading to various intermediate products that could
be observed at very low concentrations by HPLC.

Electrophilic addition of HO® to the aromatic system could
compete with the electron transfer reaction described above.
This addition would yield cyclohexadienyl (CHD) radicals as
initial transient species. A variety of reaction pathways may be
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Scheme 4. Main pathways proposed for the oxidative degradation of gallic acid (2) initiated by VUV-photolysis in aqueous solution.

formally proposed for further reactions of these species, depend-
ing on the site of initial HO® addition and on the presence of O;.
Two examples are presented in Scheme 4, for the addition of
HO® to the positions 1 and 4 of the aromatic ring, leading to
the formation of the cyclohexadienyl radicals F and G, respec-
tively. In the presence of O, CHD radicals may be trapped
by O3 and lead to decarboxylated and/or quinoid intermediate
products, and the observed decrease of TOC could be due to
oxidative degradation of the aromatic ring, besides decarboxy-
lation. Based on the assumption of formation of CHD radicals,
two mechanistic hypotheses may be formulated for explaining
the much lower rate of consumption of 2 under reductive exper-
imental conditions (N;-saturated solutions): (i) the reversibility
of the addition of HO® to 2; (ii) the formation of phenoxyl rad-
icals that could be reduced back to 2 by recombination with
H atoms (or e,q~) (Scheme 4). In the absence of O, addition
of HO® to position 1 or 2 cannot lead to such phenoxyl rad-
icals. However, CHD radicals formed by addition of HO® to
position 3 or 4 may be dehydrated to phenoxyl radical inter-
mediates that, in the absence of O,, could recombine with H®
giving 2 (as shown in Scheme 4 for addition to position 4). In
this case, the phenoxyl radicals are not the initial intermediates
formed by the reaction of 2 with HO®, and apparent first-order
kinetics for the disappearance of 2 is not expected. The latter
type of kinetics was actually observed experimentally (Fig. 3).
However the conversion rate under Ny is lower than 15% and
the contribution of an oxidation/reduction cycle involving phe-
noxyl radicals cannot be totally discarded. It should be noted
that the formation of phenoxyl radicals has been observed by
pulse radiolysis in the absence of O, [3]. The authors propose
that phenoxyl radicals could result from the reaction of a pri-
mary transient adduct (of unspecified nature) with a second
molecule of 2 at neutral pH, or from the acid- and base-catalysed

dehydration of initially formed CHD in acidic and alkaline
solutions.

4. Conclusions

VUV-photolyses of aqueous solutions of citric acid (1) and
gallic acid (2) led to the oxidation of both substrates. The rate
of depletion of 1 was found to be dependent on the pH of the
reaction system. At acidic pH (3.4), depletion was faster than
under alkaline conditions (pH 11). This effect may be explained
by the smaller steady-state concentration of HO® radicals at pH
11 due to their deprotonation and by a diminished reactivity
of O°~ because of coulombic repulsion. In the case of 2, the
variation of pH in the range investigated (2.5-7.5) did not affect
the rate of the reaction, in agreement with the small effect of
the pH on the rate constant of the reaction of HO® with 2. The
depletion of both substrates was slower in the absence of O;, and
the effect was much more pronounced for 2 than for 1. These
results may be explained assuming that the oxidative degradation
of 1 and 2isinitiated in both cases by an electron transfer reaction
to HO®, yielding the intermediate carboxyl radical A (Scheme 2)
or D (Scheme 4), respectively. The lower rates observed in the
absence of O, would then be due to an efficient reduction of
radical A or D by H® (and e,q~) produced together with HO®
during the VUV-photolysis of water. This reduction competes
with the radical decarboxylation, and regenerates the substrate,
leading to an apparent slower reaction rate with HO®. The higher
stability of the intermediate radical D compared to A could be
responsible for the larger effect of O, observed in the case of
2. However, at this stage of the investigation, a contribution of
the electrophilic addition of HO® to the aromatic system of 2
generating phenoxyl radicals cannot be discarded.
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