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Abstract

In this paper we show that the transformation ieaaf benzene into phenol is a more selective @ifoi

the hydroxyl radical than the transformation ofralitenzene or the generation of 4-hydroxybenzoimfro
benzoic acid. The benzene to phenol system shodeguate performance as a probe upon irradiation of
lake water samples and humic acids. We show tleausie of nitrobenzene and benzoic acid as hydroxyl
probes should be avoided because of poor selgctMibreover, all the tested probe molecules undetwe
important interference by irradiated antraquinorsiphonate, and considerably overestimated the
formation of the hydroxyl radicals.

Keywords: surface water; photochemistry; photosensitisgadirect photolysis; radical transients.

1. Introduction

The impact of organic and inorganic pollutants guaic systems is a complex function of their haimf
effects on humans and ecosystems, their inputsspicat, bioavailability, and their environmentalefaThe
fate of organic pollutants depends on both biolalgéaxd chemical processes, the latter playing atanbal
role into the transformation of biorefractory compds, including some pesticides and pharmaceuticals
Among the chemical transformation processes, phetoéstry has often an important role in defining th
fate of pollutants (Canonica et al., 2006; Fenneid.e2006).

Photochemical processes in surface waters inchiléitect photolysis of sunlight-absorbing molesule
the transformation reactions photosensitised by dkeited triplet states of dissolved organic matter



(*DOM*), and the reaction with transient species gatel by photoactive compounds such as nitrate,
nitrite, Fe, and DOM (Boule et al., 2005; Rafgahakt 2006). The described processes can induce the
degradation of harmful pollutants, but in some sgs®duce intermediates that are even more harthrdnl

the parent compounds (Brigante et al., 2005; Viehal., 2003). Among the reactive species that are
photochemically generated in surface waters thexesimglet oxygen'Q,), °DOM*, and the radical3OH

and CQ~ (Lam and Mabury, 2005). The quantification of tiages of photoproduction and scavenging of
these species and of their steady-state concemntriatiof considerable importance for assessingthential

of aquatic systems to induce the degradation oblietic compounds. Different probe molecules can be
used for this purpose: butyl chloride, nitrobenzelbenzene and benzoic acid f@H (Hoigné, 1990),
furfuryl alcohol for 'O, (Halladja et al., 2007), and phenolic compounds *@OM* (Canonica and
Freiburghaus, 2001). An important issue within ttogtext is the selectivity toward the specientdriest of

the reactions that involve the relevant probe mdisx To our knowledge few or no comparisons haenb
carried out to date between alternative probe nubdscwhen available (see the caséQifl), to understand

up to what extent they are selective toward thetiea species that they are intended to measure. Th
purpose of the present paper is to carry out sumbngarison. DOM as the main sourcé ©H in surface
waters (Minero et al., 2007) is a key player irstbdntext, but it also produces additional reacsipecies
(Halladja et al., 2007). We chose as a model theéemspluble antraquinone-2-sulphonate, because it
resembles some photoactive quinonoid moieties dbuced DOM, and because the details of its
photochemical reactivity have recently been elueidgMaurino et al., 2008). For probe testing vemalsed
humic acids, as a less characterised but nearerialab the photoactive components of DOM (Haldad

al., 2007). Finally, we compared the behavioutef OH probes by irradiation of real lake-water samples

2. Experimental

2.1. Reagents and materials

Phenol (purity grade >99%), benzoic acid (99%),ydrbxybenzoic acid (99%), furfuryl alcohol (99%),
antraquinone-2-sulfonic acid, sodium salt (97%}itBephenol (99%), 4-nitrophenol (99%), humic acid,
sodium salt, KPO, (85%) and NaN®(97.5%) were purchased from Aldrich, nitrobenz€e@.5%) from
Fluka, 2-nitrophenol (>99%), benzene (99.8%), autite (gradient grade), 2-propanol (gradient grad
H,0, (35%), NaOH (99%) and NaN@99.5%) from VWR Int. All reagents were used aseieed, without
further purification. Water used was of Milli-Q ditg. To minimise the problems caused by the chamige
pH as a function of the concentration of benzoiid &t the irradiation experiments, the stock santbf
benzoic acid/ benzoate was prepared by titratidmeokoic acid with NaOH up to pH 6.

2.2. Irradiation experiments

All the solutions (5 mL volume unless otherwisetestiy were irradiated inside cylindrical Pyrex glasds
(4.0 cm diameter, 2.5 cm height), under magnetioirgy. The irradiation of solutions containing
anthraquinone-2-sulphonate (AQ2S), humic acids (kHUnitrite, and the lake water samples was cawigd



under a Philips TL KO5 UVA lamp. It emits radiatibetween 300 and 500 nm, with emission maximum at
365 nm. The UV irradiance in solution was 22 W’,nmeasured with a CO.FO.ME.GRA. (Milan, Italy)
power meter between 290 and 400 nm. It corresptmds3x10°? einstein §'. In the case of nitrate and
hydrogen peroxide that only absorb UVB radiatiarestive excitation was obtained under a PhilipsOLL
UVB lamp. It emits radiation between 300 and 450, mith emission maximum at 313 nm. The UV
irradiance was 5.2 W ™ corresponding to 1x10° einstein §'. Figure 1a/b reports the emission spectra of
the two lamps, measured with an Ocean Optics S 200-Vis spectrophotometer, and the absorption
spectra of the relevant compounds in aqueous ealutaken with a Varian Cary 100 Scan UV-Vis
spectrophotometer, using Hellma quartz cuvetteso@mpath length 1.000 cm).

2.3. Analytical determinations

The irradiated systems were analysed with a MeriteHi High Performance Liquid Chromatograph,
equipped with AS2000A Autosampler (injection voluogeto 100uL), L-6200 and L-6000 pumps for high-
pressure gradients, and L-4200 UV-Vis Detector. Theimn used was a RP-C18 LichroCART (Merck,
length 125 mm, diameter 4 mm), packed with LiChhespl00 RP-18 (fim diameter). The isocratic eluent
was a mixture of acetonitrile and aqueou$®, (0.5 mM, pH 2.8), at 1.0 mL mihflow rate. Table 1
reports the eluent composition, retention time, gudntification wavelength for the different compds
under study. The detection wavelength was choseratdmise sensitivity.

Table 1. Chromatographic data of the studied compounds.

Compound CH:CN : aqueousH;PO, Retention time (min) Wavelength (nm)
Benzene 40:60 7.70 210
Phenol 40:60 2.50 210
Benzoic acid 20:80 7.70 210
4-Hydroxybenzoic acid 20:80 2.60 210
Nitrobenzene 40:60 5.90 210
2-Nitrophenol 40:60 4.80 210
3-Nitrophenol 40:60 3.20 210
4-Nitrophenol 40:60 2.95 210
Furfuryl alcohol 10:90 3.70 215
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Figure 1. Emission spectra of the adopted UV lamps (UVA: TOSK UVB: TLO1). Absorption spectra of AQ2S,
HUm, nitrite, nitrate, and hydrogen peroxide. Urite M™* cri* for &, and cm’ for the absorbance of HUm;

p(A)/puax (A) is a ratio between homogeneous quantities.

2.4. Kinetic modelling

The time evolution data of the substrates wereditiith pseudo-first order curves of the foy= Cy e*
where Gis the substrate concentration at the time, tif<initial concentration, and k the pseudo-foster
degradation rate constant. The initial degradat@te of the substrate is ko.CFor the transformation
intermediates the adopted equation was K| Co (K - k) [exp(—k t) — expk? t)], where | is the
concentration of the intermediate | at the tim&tand k as for the previous equation, ahahd K are the
pseudo-first order formation and degradation ratestants of |, respectively. The initial formaticate of
the intermediate is'kC,. The error barspéa) were derived from the goodness of the numeritaiffthe
theoretical curves to the experimental data (iseaes variability).



In the case of lake water, the competition betwberadded probe P and the natural scavengess,for
the photogeneraté®H radicals was accounted for by the following mode

Sources (DOM, nitrate, nitrite) +vh— "OH [R.oH] D
‘OH + P - Products 1] (2)
'OH + P > | N kel (3)
‘OH + S - Products K] 4)

R.on is the total formation rate of the hydroxyl radgcan the irradiated sample (our target in this kyot is
the monitored transformation intermediate, anthe formation yield of | from the probe P ar@H (e.g.
phenol from benzeng, = 0.95). In some cases (e.g. nitrobenzene) onsuresthe transformation rate of P,
Re. In other cases (e.g. benzene phenol) one measures the formation rate of, I=R Re. From the
equations reported above one gets:
RP - kP [P] I:{OH
ke [P1+2 ks [S]

By plotting R vs. [PT* {or R (= [n R] ™) vs. [P]"} one should obtain a straight line, from the it
of which one derives Bg.

(5)

3. Resultsand Discussion

3.1. Irradiation of AQ2S

Figure 2a reports the initial degradation ratetudiryl alcohol (Furf), phenol (Ph) and nitrobenee(NBz)
upon UVA irradiation of M AQ2S, as a function of the concentration of thbsdrate (Furf, Ph, or NBz).
The degradation of phenol and NBz upon irradiatigihout AQ2S was negligible, while in the case offF
some transformation (photolysis and thermal dedialawas detected, accounting for around 10% af th
in the presence of AQ2S. For this reason the Fatid deported in Figure 2a are corrected by suliigatie
degradation rate without AQ2S. This procedure iswad by the fact that 4M AQ2S absorbs a very
limited fraction (around 0.5%) of the radiation ¢bing the solution. Also note that nitrobenzenabke to
compete with AQ2S for radiation absorption. Theseffwould be negligible up to TOM nitrobenzene, and
would decrease AQ2S absorption by at most 25%edhitihest adopted NBz levels.

The irradiation of AQ2S yields the excited tripktate,>AQ2S* by inter-system crossing (ISC). The
triplet state could directly react with the substsaor producéO, from dissolved @ (Boule et al., 2005;
Halladja et al., 2007). Production @H might take place upon oxidation of water’B2S*.

AQ2S + v ~ AQ2S* O (ISC)- *AQ2S* (6)

3AQ2S* + O -~ AQ2S +'O, (7)

The degradation of phenol in the presence of AQA&eu irradiation has been shown to occur almost
exclusively upon reaction with the excited trip&tates’AQ2S* (Maurino et al., 2008). This fact makes
phenol a suitable probe molecule 180Q2S*.
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Figure 2. @) Initial degradation rates of nitrobenzent,(NBz), phenol M, Ph) and furfuryl alcohol¥, Furf) upon
UVA irradiation of 4uM AQ2S. Note the logarithmic scale on both axes.
b) Use of the probe molecules for the possible quaatibn of°OH generation: nitrobenzene ( NBz),
formation of phenol from benzen&l( B- Ph, 95% vyield), and formation of 4-hydroxybenzoionf
benzoic acid®, HBz- 40HBz, 17% yield). The rate order is HBz > Benzer¢Bz. Note the logarithmic

scale on both axes. The NBz data are reportedtmgiots to facilitate the comparison.

The continuous increase with concentration of pheegradation rate suggests that at low phe#@2S*
would mainly undergo thermal deactivation. Thisqass is in competition with the reaction betweesanath
and®AQ2S* (Maurino et al., 2008), which prevails atweted phenol concentration.

Furfuryl alcohol is a possible probe molecule'0s. Negligible reactivity of Furf with the excitedptet
states of humic acids has been reported (Halladjal.22007), but no data exist for the reactiorthwi
®AQ2S*. Considering that the reaction betwé®nand Furf (rate constant X20° M™ s™) is in competition
with the thermal deactivation 00, (2.5x10° s™) (Halladja et al., 2007), one would expect therddgtion



rate of Furf to reach a plateau above 2 mM Furfdéfnsuch circumstances Furf would scavenge the
majority of photogenerate'®,. In Figure 2a we show that, in contrast, the déapian rate of Furf continues
increasing above 2 mM Furf. This indicates thaaction between Furf af8Q2S* cannot be excluded.
The sustained production #Q2S* and possiblyO, from irradiated AQ2S, reflected by the phenol and
Furf data, could interfere with the measuremenOd by using nitrobenzene, benzene, and benzoic kcid
Figure 2b we compare the degradation rate of rétmabne with the formation rates of phenol from keaez
and of 4-hydroxybenzoic from benzoic acid. To eaghke comparison, the rates are divided by thel yél
the reaction that involve®©H: 95% for phenol from benzene (Minero et al., 208nd references therein),
and 17% for 4-hydroxybenzoic from benzoic acid (sey and Tarr, 2000). We confirmed the literature
yield of 4-hydroxybenzoic acid upon UVB irradiatiohbenzoic acid and nitrate. The probe molecutesvs
very different reaction rates, which excludes thay all measure selectively the generation"©H.
Additionally, considering thatOH in the studied systems could only react with ghbstrates or with the
very little concentrated AQ2S, the reaction ratieBigure 2b would quickly reach a plateau if thegasured
the generation ofOH. The fact that the plateau was still not reacfoedl0? M substrate indicates that
interfering reactions are operational. This is Hart proven by the use of 2-propanol, which inhilite
processes induced B®H but not those mediated b@, or the excited triplet states (Vialaton and Richar
2002). We found that excess 2-propanol was not @blahibit significantly the reactions of the adeg
probe molecules, which strongly suggests interfezdny *AQ2S* and/or*O,. Additionally, the interfering
reactions would be much more important than theti@a with "OH. From Figure 2b one gets that the
reactivity of the different probes withQ2S* and/or'O, is benzoic acid > benzene > nitrobenzene.

3.2. Irradiation of HUm

Figure 3 reports the degradation rates of Furfnphand nitrobenzene upon UVA irradiation of 0.2¢
humic acids (HUm). We also report the formatioresabf phenol from benzene and of 4-hydroxybenzoic
from benzoic acid, corrected for the yield of tieaation with"OH. The trends of Furf and phenol suggest
that'0, and®HUm* are produced in high amount. For fi@&H probe molecules the rates are benzoic acid >
nitrobenzene > benzene. The lower rate for benzenkl mean better selectivity fabH. We found that 10
mM 2-propanol decreased by about 8 times the foomaiite of phenol from 0.2 mM benzene. When alone,
0.2 mM benzene would scavenge around half of tleogfeneratetiOH, the remainder being consumed by
HUm. The reaction rate constant betw&®hl and benzene is 4.2 times higher than for 2-prop@oigné,
1990). If all phenol in our system were formed frtime reaction between benzene a@iH, 2-propanol
would reduce the rate of phenol by a factor of & Méasured a similar, 8-time reduction. By compari2-
propanol under comparable conditions decreaseddfedation rate of nitrobenzene by a factor ofil.o
These results are compatible with previous finditiggt "OH is not the only species involved in the
degradation of nitrobenzene by irradiated HUm (&tiah and Richard, 2002).
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For HUm, blank runs were carried out with similangedures and results as for AQ2S. Benzene and
nitrobenzene asOH probes were also compared in the presence riteninder UVA and nitrate or 4@,
under UVB irradiation, all yieldingOH (Hoigné, 1990). With 0.13 mM benzene or nitramare, the ratio
Rate(NBz)/ [(0.95) Rate(B- Ph)] was around 0:®.4 for HO,, 6+4 for nitrate, and 1 for nitrite. Note
that the 15% difference of the rate constants nkzbee and nitrobenzene withH (Hoigné, 1990) would be
largely unable to account for the results. Inténgbg, the 3 nitrophenol isomers and phenol wertected as
transformation intermediates of nitrobenzene. Thesapounds are likely formed by nitrobenzene ‘®id:
nitrophenols upon ring hydroxylation, and phenallably byipso substitution of OH at the NQ position.
The overall yield of phenol and nitrophenols wasuad 86% of transformed nitrobenzene foOH 27%

for nitrate, 33% for nitrite, and 16% for HUm. Warcthus conclude that irradiated® is the system
affording the most selective reaction between higreene antOH. It also yielded Rate(NBZ) [(0.95)*
Rate(B- Ph)]. In the other systems the lower yieldS@H-derived intermediates suggest that nitrobenzene
underwent additional reactions. In these systemait Rate(NBz) > [(0.95) Rate(B- Ph)], indicating that
benzene would be a bett€@H probe than nitrobenzene in the presence of Hutmate, and nitrite.

3.3. Irradiation of lake water samples

We also used benzene and nitrobenzene as prob#sefgeneration 0fOH upon UVA irradiation of lake
water samples. The samples were taken from thacthyer of the lakes Rouen, Avigliana Grande and
Avigliana Piccolo, all located in Piedmont (NW ital For further data see Vione et al. (2006).

Benzoic acid was not used as a probe because pbtireselectivity shown with the model systemsvas at
least four times more reactive than benzene witddiated HUm, and it was also the most reactivdgro
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toward irradiated AQ2S. The calculation ofoR from the transformation rate of nitrobenzene amel t
formation rate of phenol from benzene was carrigidas described in Section 2.4. Table 2 reportstbg
values obtained with benzene and nitrobenzendéolake water samples under study. With the exoeuti
Lake Avigliana Piccolo, for which the two measunemlues of Roy coincide, we have obtained higher
values by use of nitrobenzene as a probe. Theseagatconsistent with the results reported in 8e@i2,
and suggest again a higher selectivity of the foamstion reaction benzene phenol as a probe f6OH.
Our conclusion is supported by the fact that 2-prmb was able to quench the formation of phenahfro
benzene upon irradiation of the lake water samples.

Table 2. Initial formation rates ofOH, measured by use of benzenes(RB - Ph)) and nitrobenzene (&, (NBz)) as
probes, in the lake water samples under study (1%rmadiated solution). The standard deviationts# tata
is in the 20-30% range.

Lake R.on (B-Ph),M s R.ou (NB2), M s™
Rouen (45°01’' N, 7°10’ E, 18 Jun 06) g10 ™ 2.9<10 ™
Avigliana Grande (45°04’ N, 7°23' E, 19 Oct 07) 162 2.4x10M
Avigliana Piccolo (45°03’ N, 7°24’ E, 19 Oct 07) 310" 2.3x10™

4. Conclusions

5.

In this paper we show that the transformation ieaadf benzene into phenol is a more selective @rfol
the photochemical generation’@H, compared to the transformation of nitrobenzamiae generation of 4-
hydroxybenzoic from benzoic acid. Benzene woulddfure be a better choice @@H probe for natural
water systems. The results of the irradiation &€ levater samples, humic acids, hydrogen peroxideta
and nitrite show that nitrobenzene can be degrageidterfering species different frof®H. In contrast,
none of the probe molecules was suitable for tlagattierisation of the photochemistry of irradiaf€2S.
The selectivity of nitrobenzene &H probe could be increased upon consideratiomeftiansformation
intermediates that are generated via reaction th@ghydroxyl radical, namely the three nitrophesomers
and phenol. However, the presence of at least feaction pathways between nitrobenzene ‘@id is
problematic because the intermediates could nathe to reach the detection limit when the ratéQH
generation is low. In contrast, benzene has thargdge that its reaction witbH yields phenol as the only
high-yield intermediate.
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