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Formation of hydroxyl radicals by irradiated 1-nitronaphthalene (1NN):
oxidation of hydroxyl ionsand water by the INN triplet state

Babita Sur,*® Maura Rolle? Claudio Minero,? Valter Maurino,® Davide Vione®* Marcello Brigante,**
GillesMailhot *°

5

The excited triplet state of 1-nitronaphthalefENN?*) reacts with OH with a second-order
reaction rate constant of (1.66.08Y10" M™* s (u+0). The reaction yields th@©H radical and
the radical anion 1NN. In aerated solution, the radical 1NNvould react with @to finally
produce HO, upon hydroperoxide/superoxide disproportionatibine photolysis of KO, is

10 another potential source dDH, but such a pathway would be a minor one inuritaeutral (pH
6.5) or in basic solution ([OH = 0.3-0.5 M). The oxidation of }0 by *1NN*, with rate constant
3.8+0.3 M' s, could be the maifOH source at pH 6.5.

sulphonate (AQ2S) is thermodynamically unable tadise
Introduction water to ‘OH,2?° but it simulates the hydroxyl radical
ss reactivity in the presence of otherwise effecti@H probe
molecules such as benzene and terephthalic *&gid.
However, it is known that the excited triplet staté 1-
nitronaphthalene®1NN*, is able to react with OH*? Many
features of such a reaction, studied by laser flglsbtolysis
_ - ! _ ‘ e (LFP), are compatible with the formation o®H.** Recent
!atter "?VOIVES reactlon_wnh transu.ent speciesiuced upon evidence has been provided that irradiated 1NNdgieDH,
= irradiation ~  of . sunlight-absorbing ~ molecules  called )\ o oyact reaction pathway is still unknottnOxidation
photosens!t!seré. In surface. vyaters, the .maln of H,O/OH by *INN* is a possibility, but an alternative
photosensn.ls.ers qre chromophoric dissolved orgamadter pathway could involve generation of,® followed by its
(CDQM)_'lSn't,“t,e‘ mtrate and, probably to a Iessgc.tent,. Fe es photolysis (in the following reaction scheme, Saidissolved
speC|es7. Nitrite is also a well known photosensitiser irgfo substrate and ISC = inter-system crossig):
srain and dew watef®® A recent study has shown that

Photochemical reactions are important pathways tloe
s transformation of naturally occurring compounds afignan-
made xenobiotics in surface and atmospheric wat€he
photoinduced transformation of a dissolved mole@ae take
place by direct photolysis or indirect photochemyistThe

sunlight-absorbing organic compounds in rainwatawveh a INN + v [0 BF L 3NNt (1)
very low to nil photoactivity, thus behaving in ary different 3INN*+ S . INN™ + S 2
way than surface-water CDORj. INN™ + O, — INN + O~ (3)
The main transient species that are produced hy th HO, = O, + H' (4)

30 photosensitisers upon sunlight absorption are hgdre OH) HO, + O, + H' = H,0,+ O, (5)
and carbonate (CQO) radicals, singlet oxygen'®,) and the H,O, + hv - 2°OH (6)

excited triplet states of CDOMEDOM®*).1” CDOM is by far
the main photosensitiser in surface waters: ithHe obnly =~ The two alternative pathways fofOH production by
source of'0, and *CDOM* 18%° and is usually the main irradiated 1NN (HO/OH oxidation by *INN* or H,0,

ss source of OH.2%?! Despite the major role of CDOM a©H s generation and photolysis) have a very interesfiagllelism
producer in surface waters, the exact pathway$isfgrocess ~ With the processes under debate for the photoctemic
are still unknown. Several hypotheses have beemdtated, ~ generation of ‘OH by CDOM?X Therefore, 1NN under
including the "OH generationvia formation of HO, by irradiation could be a very useful model systenunalerstand
irradiated CDOM?®? Photogenerated hydrogen peroxide the pathways ofOH production by organic matter in surface

wcould take part in Fenton and Fenton-like processethe @ waters. The goal of the present study is the ehteod of the
presence of Fe speciégzs or undergo phot0|ysis to y|e|d processes involved itOH formation by irradiated 1NN. This
"OH." A recent study has shown thas® may be involved  implies a study of the reaction betwedNN* and OH, as
in the photochemical production 8®H by humic and fulvic ~ Well as the assessment of,® photoproduction by 1NN
acids under irradiation, but such a pathway wouid lne the ~ under irradiation.

4s only one and not even the most importéent_ ss The formation of "OH by irradiated 1NN has been

An alternative hypothesis for CDOM-mediate@H demonstrated by use as probe reactions of bothemenand

production could be the oxidation of water and/ad Coy  terephthalic acid hydroxylation (to phenol and 2-
3CDOM?*, but limited evidence is presently availaté the  hydroxyterephthalic acid, respectivef{)Such processes can
possibility of such a process. There is more ewigeaf the  be suitable for the assessment’@fH photoproduction by

so ability of the excited triplet states to simulateet'OH 1NN at circumneutral pH, but they would not be
reactivity, by inducing the hydroxylation ofOH probe recommended to study reactions that occur in tlesgmce of
molecules?’ For instance, the triplet state of anthraquinone-2 OH™ in basic solution. Phenol hak, = 10 and, therefore,




its yield from benzene and/or its stability in aque solution
could be modified at basic pH. As far as terephthatid is
concerned, we have recently found that its yield
hydroxylation has a significant pH dependeritehat could
bias the interpretation of the experimental resufsthe
present study. The transformation of nitrobenzeéw®)(is not
selective enough as probe reaction f@H generation in
surface waterd>*® but it can satisfactorily be exploited in
simplified laboratory solutions where the probalyiliof
interfering processes is much low&r. Moreover, NB
transformation has been found to undergo interfegeoy the
AQ2S triplet state to a lesser extent than the aygdation of
benzene® For these reasons, coupled with the fact thadésd
not take part to acid-base equilibria, NB was cimoas’OH
probe molecule under basic conditions after a prelary
control of the absence of interference’hjN®*.

In contrast, the hydroxylation of benzene to pHewas
adopted as “OH probe reaction under circumneutra
conditions. Under such circumstances the productaie of
‘OH is fairly low (vide infra) and the transformation of a

3

primary compound (NB) would not be sensitive enaugh

Indeed, low"OH formation rates require a low initial NB
concentration for the detection, otherwise a tomited
fraction of NB would be transformed. However, lovB Nives
detection problems and does not ensure scavendinteo
majority of photoproduced’OH. A high initial NB
concentration would scavenge the majority"®H, but the
reaction would produce a very limited percentag
transformation of NB. The variation of NB concertioa with
time would thus be comparable to or even lower thiae
analytical reproducibility, preventing a proper raeeement of
‘OH formation. In contrast, benzene at relativelyghhi
concentration can be used to det€®@H when the formation
rate of the latter is low. Under such conditionsrghwould be
formation of low but still detectable amounts ofepiol °

Experimental

Reagents and materials

1-Nitronaphthalene (1NN, purity grade 99%), nitrobene
(>99%), methanol (gradient grade), NaOH (99%) ahdnmwl
(>99%) were purchased from Aldrich, 2-propanol (hiGsolv
gradient grade), benzene (for gas chromatograping)-aP O,
(85%) from VWR Int. All reagents were used as reedi
without further purification.

Irradiation experiments

Irradiation was carried out under a set of fiveW@hilips TL

K05 UVA lamps, with emission maximum at 365 nm. The

lamp irradiance between 300 and 400 nm was12®/ mi?,

sswas actinometrically determined using the ferriatal
method. The absorption spectrum of Fg0g)s> and the

of variation with wavelength of the quantum vyield o&*F

generation were taken into accodhtlf one knows, as a
function of the wavelength, the fraction of radiatiabsorbed
s by Fe(GO,)s>, the quantum yield of E& photoproduction
and the shape of the lamp spectrwidé infra), it is possible
to use the measured formation rate of'Re fix the value of
the incident spectral photon flux densipy(4). The photon
-5 = ; -1 1
flux pO:J‘po(/])d/] was 1.&10° Einstein L s~ The
A
es irradiation temperature was around 305 K. Figureeftorts
the emission spectrum of the adopted lamps, medswitl an
Ocean Optics SD 2000 CCD spectrophotometer
normalised to the actinometry results, as well & t
absorption spectrum of 1NN, taken with a Varian yC260
po Scan UV-Vis spectrophotometer.
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Figure 1. Spectral photon flux densiy’(4) of the adopted UVA lamp.
Molar absorption coefficiers of INN.

Analytical determinations

75 After irradiation the solutions were allowed to tder 10-15
min under refrigeration, to minimise the volatilicm of 1NN
and, when applicable, that of benzene. Analysis wen
carried out by High Performance Liquid Chromatodnap
coupled with UV-Vis detection (HPLC-UV). The adogdte

so Merck-Hitachi instrument was equipped with AS2000A
autosampler (10QuL sample volume), L-6200 and L-6000
pumps for high-pressure gradients, Merck LiChro€dptC18
column packed with LiChrospher 100 RP-18 (125 mm.6
mm x 5 pm), and L-4200 UV-Vis detector (detection

ss wavelength 220 nm). In the case of 1NN alone antiN¥l +

NB, isocratic elution was carried out with 60:40

CH3;OH:aqueous kPO, (pH 2.8) at 1.0 mL mift flow rate. In

measured with a CO.FO.ME.GRA. (Milan, ltaly) power ha case of 1NN + benzene, the eluent was a 50iStura of

meter. The samples (5 mL total volume) were plaged
cylindrical Pyrex glass cells (4.0 cm diameter, 203 height)
closed with a lateral screw cap, and were magnigtistirred
during irradiation. The incident radiation reachew cells
mainly from the top, and the optical path length tbe
solution wasb = 0.4 cm. The incident photon flux in solution

the already cited components. The retention timeewmin):
9 phenol (2.9), benzene (8.9), NB (4.0), 1NN (11.124r7).
The column dead time was 0.90 min.

and
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Kinetic treatment of the data

The time evolution data of NB were fitted with psedfirst
order equations of the for@, = C, exp (-k t), whereC, is the
concentration of NB at the tinte C, its initial concentration,
and k the pseudo-first order degradation rate const@he
initial transformation rate of NB iRateg = k C,. The time
evolution of phenol (formed from benzen€ @H) was fitted
with C'y = Kp Co (K'» = K's)™ [exp(k’s 1) — expks 1)],
whereC’, is the concentration of phenol at the tim&, the
initial concentration of benzend's and k% the pseudo-first
order formation and transformation rate constaritph®nol,

respectively, an#t’; the pseudo-first order transformation rate

constant of benzene. The initial formation ratepbinol is

Rate = k' C,. The reported errors on the rates were derived

from the scattering of the experimental data arowath
fitting curve and represenitc. The reproducibility of
repeated runs was around 10-15%.

Laser flash photolysis experiments

A Nd:YAG laser system instrument (Quanta Ray GCR-13
01) operated at 355 nm (third harmonic) with typieaergies
of 60 mJ (the single pulse was ~9 ns in duratioa} wsed to
study the reactions involving the excited state IMN
((INN%). Individual cuvette samples (3 mL volume) wer
used for a maximum of two consecutive laser shdtse
transient absorbance at the pre-selected wavelength
monitored by a detection system consisting of a@dixenon
lamp (150 W), monochromator and a photomultiplieP28).
A spectrometer control unit was used for synchrimgisthe
pulsed light source and programmable shutters thighlaser
output. The signal from the photomultiplier wasitged by a
programmable digital oscilloscope (HP54522A). A Bis
RISC-processor kinetic spectrometer workstation wsed to
analyse the digitised signal.

Solutions of 1NN and, when relevant, NaOH, 2-proga
and NB were prepared in Milli-Q water and theirkslidy was
regularly checked by means of UV spectroscopy. dheay
of the triplet state of INN3{NN*) and the formation of the

radical anion (LNN) were monitored at 620 and 380 nm,
decay and ginow

respectively. The pseudo-first order
constants were obtained by fitting the absorbarscéme data
with single or double exponential equations. Theoemwas
calculated from the fit of the experimental datal #e
experiments were performed at ambient temperat2®8 ¢ 2
K) in aerated solution.

Results and discussion

Laser flash photolysis experiments

In a first series of experiments it was studied thactivity
between31NN*, monitored at 620 nm, and the OHon.
Figure 2 shows the time evolution of tH&NN* spectral
traces as a function of the concentration of addiedDH,
while the pseudo-first order rate constantd1MN* vs. NaOH
concentration are reported in Figure 3.

0.14

0.12 A

0.10 A

0.08 -

0.06

Absorbance at 620 nm

T T T
5.0x107 10 1.5x10%  2.0x10%  2.5x10° 3.0x10°

t/s

Figure 2. Decay off INN* (monitored at 620 nm) as a function of NaOH

55 concentration. The traces were obtained upon LBB (8n) excitation of
INN (0.1 mM) (full circles), with addition of 0.1 Mh NaOH (open
circles) or 0.3 mM NaOH (full triangles).
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Figure 3. Pseudo-first order degradation rate constant®ldfiN*,
60 produced upon irradiation of 0.1 mM 1NN, as a fimctof the
concentration of added NaOH. Laser pulse: 60 m%, 3%, aerated
solution. Error bars derived at the Bvel simply from the scattering of
the experimental data. Regression line is dashe¥%, €nfidence bands
are dotted.

es The slope of the regression line shown in Figurgiv&s the
second-order reaction rate constant betwddiN* and OH,
which is kginneon- = (1.66:0.08Y10° Mt st (uxo).
Considering thaf1NN* usually behaves as a single-electron
oxidant® it is likely that its reaction with OHyields"OH and

70 the radical anion of 1NN, 1NN The formation of 1NN is
supported by the detection of a signal at 380 nhickvis the
well-known absorption maximum of the radical anfni?
However, demonstrating the actual formation ‘@H by
SINN* + OH requires more direct evidence, which was

75 obtained from steady irradiation experiment&l ¢ infra).

The reactivity betweeINN* and 2-propanol was also
studied, considering that the alcohol can be auisé&H
scavenger in steady irradiation experiments. Figureports
the pseudo-first order degradation rate constaitRN* as a

g0 function of 2-propanol concentration. From the Ifite one

4



gets a second-order rate

constarkhnns 2-propanol =

The 1NN rate data have a double trend, with a wveayked

(4.2+2.2)10° Mt s1. 2-Propanol up to 1.0 M concentration is initial decrease of the rate for relatively low ahol

not able to behave as an effective scavenger1dfN*.
Therefore, the addition of the alcohol to an iregdd system
s would cause significant scavenging’&fH but not of1NN*.
Lack of significant reactivity was found betwe&hNN*
and NB, the latter adopted up to 0.6 mM initial centration.
This means that NB is not expected to undergo foanstion
upon reaction witlPLNN*, which would allow the use of NB
10 as a selectiveOH probe in the presence of irradiated 1NN.
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Figure 4. Pseudo-first order degradation rate constantldiN* as a
function of the concentration of 2-propanol. Lagelse: 60 mJ, 355 nm,
pH 6.5, aerated solution. Error bars derived at3héevel simply from
15 the scattering of the experimental data. Regredsamenis dashed, 95%

confidence bands are dotted.

Steady irradiation experiments

0.8

Effect of 2-propanol on the direct photodegradation of 1NN

Figure 5 reports the initial transformation ratefsOol mM
20 INN upon UVA irradiation at the natural pH (6.5)s a

function of the concentration of added 2-propanol.
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Figure 5. Initial transformation rates of 0.1 mM 1NN as adtion of the
concentration of 2-propanol. UVA irradiation, pHo6aerated solution.
25 The insert shows the rate trend for 2-propanol eotration values up to
0.3 mM. The dashed curve is the fit of the expenitakdata withRatgny

= Ruwn.on (€Quation 7) + ¢

30 concentrations, followed by a further but less ptdecrease
above 0.1 M 2-propanol. Considering that the al¢abcan
effective’OH scavenger but that it does not react WitNN*,
as is shown by laser flash photolysis data, ayilkeiplanation
is that the transformation of 1NN upon UVA irradaat

35 follows two pathways:

(i) A minor pathway (< 15%) could be the reaction bestw
1NN and"OH, photogenerated BYL NN*. In such a case there
would be competition between 2-propanol and 1NN for
reaction with "OH. Although the reaction rate constant

10 between 1NN andOH in aqueous solution is not known, it is
reasonable that 2-propanol at mM levels is ableffectively
inhibit reaction between 0.1 mM 1NN and®H. If this
hypothesis is correct, the data reported in therinsf Figure
5 allow the determination of the reaction rate ¢ant

ss between 1NN andOH, K.op 1w ASSUMEK. o 2-prop = 1.910°
M™ s as the second-order reaction rate constant bet@een
propanol andOH,* andR.qy as the formation rate 6DH.
The rate of 1NN transformation because of reactich "OH,
Rinnson IS given byR.qy times the fraction ofOH that reacts

sowith INN, in competition with 2-propanol. Thereforene
obtains:

[INN]
[2- propano]

(7

R OH k OH,INN

[INN] +k.

R.NN,' OH = k

“ OH,INN OH,2-prop

In addition to reaction witiOH, 1NN also undergoes other
transformation processes (possibly linked witlNN*

ss evolution) that would account for the plateau restiby
Ratany, as reported in the insert of Figure 5. One thbtsims
Ratann = Rinn.on + C. The fit of the experimental data with
the latter equation (witlR;yn.on described by equation 7)
yieldedk.op 1ny = (8.25:0.38)Y10° M~ s,

eo (i) The main pathway of 1NN transformation would
involve *1NN*, which coulde.g. be able to oxidise ground-
state 1NN, in analogy with results concerning the
photochemistry of anthraquinone-2-sulphorterigure 4
suggests that 2-propanol at the studied conceatratalues is

es Not expected to scavend&NN* to a significant extent, but
some secondary reactivity could involve the radispécies
that are formed upon reaction between 2-propandl @i. A
possibility could be the recombination between ted 2-
propanol and 1NN, which would yield back 2-propanol and

720 1NN and decrease the rate of 1NN transformation. An
additional possibility could be the oxidation ofp2epanol
radical species by oxidised 1NN, which would prolyapeld
back 1NN (thereby lowering its transformation rateyether
with acetoné® The latter compound was actually detected

75 upon irradiation of 1NN and 2-propanol (data nodwh), by
adopting a pre-column derivatisation reaction wigh-
dinitrophenylhydrazine followed by HPLC-UV analyéfs

Photodegradation of NB induced by 1NN under irradiation in
the presence of NaOH

so NB was used asOH probe in basic solution. Absence of
direct NB photolysis under the adopted irradiatcmmditions




was preliminary checked and confirmed. Table 1 repthe
initial transformation rate of 0.01 mM NBR(g) upon UVA
irradiation, in the presence of 0.1 mM 1NN and wdifferent
concentration values of NaOH. The increase Rpg with
s increasing NaOH is consistent with the generatibhQH by
irradiated 1NN under basic conditions.
Table 1. Initial transformation rates of 0.01 mM NBR\g) upon UVA
irradiation of 0.1 mM 1NN, for different concentiat values of NaOH.
Irradiation took place in aerated solution.

Cnaon, M Ryg, M st 45
0 (3.3%2.05Y1071°
0.3 (2.48:0.73Y10°
0.5 (2.890.41Y10°°

10 Note that NB degradation is extremely unlikely todergo
interference by*1NN*, which showed negligible reactivity
toward NB itself. Together with the data reportedFigure 3
(reactivity betweerINN* and OH), such findings suggest
that the following reaction takes place in the pree of 1NN

15 and NaOH under irradiation:
3INN* + OH™ - 1NN~ +°OH

The formation of 1NN postulated
consistent with the LFP signal detected at 380 nm.

(8)

reaction (8) is

in

Generation of H,0, by INN under irradiation and its possible
20 rolein “OH photoproduction
Figure 6 reports the time trend ob®, generated upon UVA

irradiation of 0.1 mM 1NN and 0.01 mM NB in aerated

solution, in the absence of NaOH and in the presei®.3 M

NaOH.
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Figure 6. Time trend of HO, upon UVA irradiation of 0.1 mM 1NN and
0.01 mM NB in aerated solution, without NaOH andwv@d.3 M NaOH.

3s production.

The much higher transformation rate of,(4 in the

presence of NaOH, which yields a time evolution hwi
maximum after 3-5 hour irradiation, could be accteaifor by
an enhanced production of reactive species, inogdOH,
20 under basic conditions. Moreover, witlpKa of 11.6% H,0,
would be fully deprotonated to HOin the presence of 0.3 M

NaOH. The conjugated base KQvould be less stable than
H,0,. For instance, the reaction rate constant betw¢®p
and'OH is 7.510° M™* s, to be compared with 200" M™*
s for H,0,.%

Figure 6 shows that the concentration gOhlis lower than
0.1 mM for irradiation times up to 15 h. Figure éports the
time evolution of 0.01 mM NB upon UVA irradiatiorf 6.1
mM 1NN + 0.3 M NaOH, and of 0.1 mM &, + 0.3 M

so NaOH. It is apparent that 0.1 mM,8, does not induce

significant degradation of NB, despite the presewfcd,O, in
the system right from the start.
H,O, could be able to induce NB transformation upon
production of OH by photolysis (reaction 6}.The negligible
ss transformation of NB upon UVA irradiation of 0.1 mM,0,
+ 0.3 M NaOH suggests that the formation’6H by H,0O,
was negligible under the adopted irradiation coindi. This
means that irradiated 1NN in basic solution is etpé to
induce NB transformation by producin®H via reaction (8)
eo (OH™ oxidation), rather than upon formation of,®}
(reactions 1-5) followed by photolysis (reaction 6)

No NaOH
1.0 f=zz------ B-------------- B-------------- 3]
-,_\o\§
°© T
O o Tte-l L
~ S--3
O 0.3 M NaOH
o i
= 0.8
0.6 T T T T
2 4 6 8

Irradiation time / h

Figure 7. Time evolution of 0.01 mM NB upon UVA irradiatiasf 0.1
s MM 1NN + 0.3 M NaOH, and of 0.1 mM B, + 0.3 M NaOH.
Irradiation was carried out in aerated solution.

Benzene hydroxylation to phenol induced by irradiated 1NN in
circumneutral solution

on Figure 8 reports the time evolution of phenol fochfeom 0.5
mM H,0O, at the natural pH of the solution (6.5). The ialiti

Interestingly, both the initial formation and tlratsformati | .

rate of HO, are higher in the presence of NaOH. The high& MM benzene, upon UVA irradiation of 0.1 mM 1NN dr(l
0 formation rate is probably linked with the reactid8)

between®LNN* and OH, which enhances the transformation '€vel of hydrogen peroxide was chosen to be highen the
of NB (Table 1) and yields 1NN In aerated solution the H,O, concentration formed upon UVA irradiation of 1NN
without NaOH (Figure 6). It has been shown previgubat

radical anion is expected to yield,®, via reactions (3-5), ) i
and an enhanced 1NNgeneration would lead to highep®, 7 phenol formation from benzene in the presence dfl Lidder
irradiation is mostly caused by the photoproducténOH .3

6




Therefore, the much higher phenol formation upeadiation  hypothesis thaR.o;**"V""2° = R.oy, one obtaings; s zo =
of INN compared to p0, suggests that }0, generation and  R.o, [INN*]™? [H,0]™ = 3.8:0.3 M s . Note that the

photolysis gives a minor to negligible contributioo "OH reaction with HO would give a first-order degradation rate
photoproduction by 1NN under circumneutral condisoAn constantk’ sy = Ksinne 2o [H20] = 2.10% st that would

s alternative pathway is the oxidation of Obr H,0 by*INN*.  ,just be a small fraction of the deactivation ratmstant of
31NN* at pH 6.5 ksynn+ = 6.400° s1), which is reasonable.
Kinetic considerations suggest that the oxidabbi,O by
i INN + Benzene [ ®INN* to produce’OH is a reasonable process, but the
4.0 1 JPtaas thermodynamic point of view is to be consideredvai. The
so reduction potential of INN i€°(ANN/INN™) = - 0.40 V¢
3.0 J .-4 and the triplet statdINN* is about 2.4 eV above the ground
] one? It is thus suggested that the potenB3(Z1NN*/1NN™")
20 ] 02 V, coherently with the ability ofINN* to oxidise the
R o’ halogenide anions to the corresponding radi¢alSuch a

5.0

Phenol / uM

i L ss potential has to be compared wkR = 2.59 V for the reaction
1.0 'OH + H" + € - H,0.** One obtains that at pH 6.5 the
S e A oxidation reaction of kD to OH by*1NN* hasE =- 0.2 V,
0 By b T which corresponds to an equilibrium rate constégt= 0.03.
0 50 100 150 200 250 It is thus suggested that som®H can be formed starting
Irradiation time / min s from *INN* and HO, with no initial "OH, but the actual
) . . position of the equilibrium will likely depend moren the
Figure 8. Time evolution of phenol, formed from 0.5 mM bemzeupon . . .
UVA irradiation of 0.1 mM 1NN or of 0.1 mM 0, at pH 6.5. concomitant decay/scavenging processes1dfN* and "OH
Irradiation was carried out in aerated solution. than on the value dfc
It is possible to derive an upper limit for theacgion rate
es constant ksjnn+pzo from  the  Arrhenius  equation,

10 Considering that the reaction between benzen€ @htyields
phenol with 95% yield* and that the initial rate of phenol

_Eq
formation with10 1NN 1+ benzene (Figure 8) 1inheno| = k=Ale /RT, with E, = 0.2 eV = 20 kJ mat (assuming
(4.96£0.37Y10"" M s, one getsR.on = (0.95)" Renenol = no additional energy barrier for the reaction) #nd 10'°° M™

(5.22+0.39Y20° M s By knowing the reaction rate
isconstant  between 3INN* and OH (Ksinnton- =
(1.66+0.08)10" M™* s, the photon flux absorbed by 1NN,
and the quantum yield ofINN* formation upon 1NN
irradiation (@;yn+ = 0.63)% one can obtain the contribution
of the reactior®INN* + OH™ to "OH photogeneration at pH
20 6.5.
The photon flux absorbed by 1NN is

PN :'fp°()l)[1—10'£“)b[1NN]] da» Wherep°(}) is the lamp
A

s ! (diffusive control in aqueous solution). One getin« H20
< 10 M7* s, which is perfectly compatible with the rate
7oconstant value derived from kinetic considerations.
Furthermore, withks;nns 2o = 3.8:0.3 M s one gets E=
54 kJ mot?, corresponding to an activation energy barrier of
34 kJ mot! in addition to the 20 kJ mdifor the reaction to
take place. Therefore, the hypothesised oxidateaction of
75 H,0 to "OH by *1NN*, with the low rate constant obtained in
this study and that would be sufficient to accodmt the
experimental data, appears to be reasonable froth bho

volumetric spectral photon flux density in solutjafA) is the thermodynamic and a kinetic point of view.

molar absorption coefficient of 1NN (Figure B,= 0.4 cm
sand [INN] = 0.1 mM. One get3,!"N = 2.510°° Einstein L*
s, and the rate o¥INN* formation isRginne = @z Pai ™
=1.610°% M st At pH 6.5 ([OH] = 31078 M) the reaction s 1NN under UVA irradiation in basic solution is abte
with OH™ is a minor®1NN* sink and the pseudo-first order Produce’OH radicals following reaction (8) betweéhNN*
rate constant foPINN* deactivation isksyyy: = 6.410° s+ and OH. Such a reaction has a rate constagitn on- =
« (see the laser flash photolysis data of Figure Gje gets (1.66£0.08Y10" M* s™, measured by laser flash photolysis.
[PINN*] = Ropnye Keznne ™ = 2.510722 M. The formation rate pespitg the production pf sub-0.1 mM levels .ojOj upon
of "OH upon reaction (8) betweédNN* and OH would be |rrad|§lt|on of 1NN (reactlons 1-5), tr_1e photolyslfshydr?gen
RoopPINNNOH- = e o [PINN] [OHT] = 1210712 M sL, peroxide (rgactlon 6) is a m|n(_)r pathwa)_/ taOH
: photogeneration under both basic and circumneutral
conditions. Oxidation of D and OH by *1NN* would be
the main sources ofOH, with the former process strongly
9 prevailing under circumneutral conditions. The o$&NB as
‘OH probe in basic solution and of 2-propanol &@H
scavenger is appropriate in the studied systemusecaf the
lack of reactivity of either NB or 2-propanol tovaailNN*,

Conclusions

The value ofR o™V thus estimated is over two orders

s of magnitude lower thaR.oy = (5.22£0.39Y10'° M s™. This
means that reaction (8) cannot be a significante®of OH
under circumneutral conditions.

An alternative hypothesis is tha®OH is generated upon
oxidation of HO by *1NN*. One would havdR. o, FtNN"H20 =

40 K31nN# H20 [®1NN*] [H,0] (with [H,0] 055 M) and, under the
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