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Abstract

We measured the formation rate and the steady-stateentration of hydroxyl radicals and of singlet
oxygen upon irradiation of lake water. There istooversy about the importance of singlet oxygerthia
environmental photochemistry, but here we show tihaisteady-state concentration'®f under irradiation
can be higher by about two orders of magnitude @satpto the hydroxyl radical. The higher occurreofice
singlet oxygen in surface waters is mainly due togher rate of formation, because the transfownatate
constants of'O, (collision with the solvent) and ofOH (reaction with dissolved compounds) are
comparable.
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Introduction

Photochemical processes play an important role tieotransformation of dissolved molecules in stefa
waters. They include direct photolysis processes iadirect phototransformation reactions induced by
transient species, such as the triplet excite@sftdissolved organic mattéDOM*), the radicalSOH and
CO; ™, singlet oxygen'(.), and to a lesser extent a variety of other reacspecies (ROQ'NO,, Cl,”,
Br,™) (Boule 1999). The cited reactions induce thesfamation of dissolved compounds including man-
made xenobiotics, limiting their persistence in #ugiatic systems. However, such processes caryialdo
harmful secondary pollutants (Fenner et al. 20@6nland Mabury 2005; Vione et al. 2004).

Among the reactive species mentioned befte,is generated in surface waters upon reaction leetwe
fundamental-state triplet oxygen and the triplatieed states of Dissolved Organic Mattdd@M*) (Boule
1999).°.DOM* is produced upon radiation absorption by DGbllowed by Inter-System Crossing (ISC).



DOM + hv - DOM* O (ISC) - *DOM* (1)
DOM* + O, ~ DOM + 'O, (2)

Singlet oxygen has perhaps the most controvermsi@lamong the reactive transients cited above,Useci
can be quickly inactivated in the aqueous solutipan collision with the solvent molecules (Hoigré9a).
The collisional deactivation can be considerabbtdathan the reaction betweld, and most substrates,
which would limit the importance of singlet oxyganthe photransformation processes (Boule 1999, and
references therein). However, it has recently &@wn that'O, could play a significant role toward the
photochemical transformation of the amino acidsidirse, methionine, tryptophan and tyrosine in aoef
waters (Boreen et al. 2008). It could thereforeiportant in inducing the removal of easily oxidise
substrates from water bodies.

The aim of the present paper was to gain furthgig into the role of singlet oxygen in surfaceteva
photochemistry. For this purpose we measured tivadition rate and the steady-state concentratid®of
and of OH upon irradiation of several lake water samp¥és.then compared the expected reactivityQaf
and "OH toward molecules of known reaction kinetics witte two transients. We could also find a
statistically significant correlation of the fornat rate of singlet oxygen with DOM-related quaest such
as the Non-Purgeable Organic Carbon (NPOC) angdhbton flux absorbed by DOM ).

Experimental

Surface water was sampled from the top layer (depth5 m) of freshwater lakes (Avigliana Grande,
Avigliana Piccolo, Viverone, Meugliano, Soprano,tt&no, Laghetto, Blu), all located in NW Italy. The
choice of the lakes was made to ensure a widetyasfeconditions, in particular as far as the DObdhtent

of water is concerned. Samples were transportéidetéaboratory under refrigeration, vacuum filtergzbn
arrival (0.45um pore diameter HA filters, Millipore), and storedder refrigeration.

Phenol (purity grade >99%), furfuryl alcohol (FF#9%), NaHPQ,[H,0 (>98%) and KPO, (85%) were
purchased from Aldrich, C}¥N (gradient grade) and benzene (>99.8%) from VWR 1Zero grade” (high
purity) air from SIAD (Bergamo, Italy). All reagentvere used as received without further purifigatio

Irradiation (up to 30 h) was carried out in magradty stirred, cylindrical Pyrex glass cells (3.61¢
diameter, 2 cm height), containing 14 mL aqueousti®m. The radiation source was a set of 5 Philips
K05 UVA lamps, with emission maximum at 365 nm. Tiradiance on top of the solutions was 57 \W,m
measured with a CO.FO.ME.GRA. (Milan, Italy) poweeter and corresponding to a volumetric photon
flux of 1.6x107 einstein L* s*. By comparison, the UV irradiance of sunlight abn in a sunny summer
day at mid latitude (15 July, 45°N) is around 30nWW (Minero et al. 2007). Figure 1 reports the emissio
spectrum of the lamps {@)), measured with an Ocean Optics SD2000 CCD spalottometer, and the
absorption spectra of the lake water samplegAl\ measured with a Varian Cary 100 Scan UV-Vis
spectrophotometer over an optical path length@ahl
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Figure 1. Emission spectrum of the adopted UVA lamps XP)°(Absorption spectra of the lake water sampledeun

study (A(A), measured over an optical path length of 1 cm).

After irradiation the solutions were analysed bygtiPerformance Liquid Chromatography coupled with
UV-Vis detection (HPLC-UV). The VWR-Hitachi HPLC-UWas equipped with an AS2000A autosampler,
L-6200 and L-6000 pumps for high-pressure gradjen#t®200 UV-Vis detector, and a RP-C18 LichroCART
column (VWR, length 125 mm, diameter 4 mm) packeth viChrospher 100 RP-18 (fm particle
diameter). Isocratic elution was carried out witmixture of acetonitrile and aqueousPy/NaH,PO;, (5
mM total phosphate, pH 2.8) at 1.0 mL miflow rate. Phenol and benzene were eluted with G%CN,
furfuryl alcohol (FFA) with 10% CECN. The detection wavelength in all the cases wais rim, and the
retention times under the reported conditions w2180 min for phenol, 8.40 for benzene, and 3.T@~fA.

The time evolution of benzene and FFA (degradatwwa} fitted with pseudo-first order exponential
functions of the form C= G, exp €k t), where ¢ is the concentration at the time t, @e initial
concentration, and k the pseudo-first order dedralaate constant. The initial degradation ratB s k G.
The time trend of phenol formation from benzenewstth a monotonic increase. The time evolution of
phenol was fitted with &= G, [1 — exp €k’ t)], where Ris the concentration of phenol at the time ¢t
initial concentration of benzene, and k’ the psefiddd order formation rate constant of phenol. Tihigal
formation rate of phenol is R’ = k'{CThe variability of repeated runs was around 1915

The quantification of DOM in the lake water sampless carried out as Non-Purgeable Organic Carbon
(NPOC) with a Shimadzu TOC 5000 Analyser. The sasplere acidified with HCIQand sparged with
high-purity air for 20 minutes to drive out the fganic carbon as GOIt followed the catalytic combustion
for the measurement of total carbon, coupled wah-dispersive infra-red detection.



Results and discussion
Kinetic models for the quantification of ‘OH and o,

We assessed the formation and consumptiotOéf in the studied samples under the adopted irtiadia
conditions by adding benzene, and by monitoring tihee evolution of phenol as the main reaction
intermediate with the hydroxyl radical (95% yieleister et al. 1990). We have demonstrated in ptevi
work that such a reaction is selective enough femitable quantification 6fOH upon irradiation of surface
waters (Vione et al. in press). The following réacs were included in the model:

Sources + W —» ‘OH [R.oH] (3)
‘OH + Benzene- Products K 4)
‘OH + Benzene- Phenol [k=0.95 k] (5)
‘OH + S - Products [k] (6)

R.on is the initial formation rate 6©OH produced by the different sources=k7.8&10° Mt s? (Deister et al.

1990), and Sis a generic scavenger 6®H naturally present in the sample (e.g. DOM camstits,

carbonate, bicarbonate, or nitrite) (Boule 1999dnfthe irradiation experiments it is possible ébedmine

the initial formation rate of phenol from benze®p, The application of the steady-state approximat@n
"OH yields the following expression forRvhere [Benzeng]s the initial concentration of benzene:

k, [Benzene}
k, [Benzene} + > kg [S]

R, =0.95R., 7

The fit of the experimental data {Rs. [Benzeng) with equation (7) yields By andZ; ks; [S] as fitting
parameters, from which it is possible to deri@H] = Ron {Z ks [S]} . The value of [OH] thus obtained
represents the steady-state concentration of tleokyl radical in the irradiated natural sample,tlie
absence of benzene. Note that no formation of gHemrm benzene was observed in lake water in thik, da
without irradiation.

The transformation of furfuryl alcohol (FFA) is aitble way to quantify the formation rate ‘6,
(Halladja et al. 2007). In the kinetic model we siolered the production &0, by the water constituents, the
deactivation reaction (9) d0, upon collision with the solvent molecules, thectam (10) betweerO, and
FFA, and additional transformation processes of Ffe&ause of reaction witlOH (reaction 11), direct
photolysis, and thermal degradation. The last traz@sses are taken into account together in reaiR).

Sources + W - 'O, [Riod] (8)
'0, - O [kl 9)
0, + FFA - Products k] (10)
"OH + FFA - Products k] (11)



FFA - Products [kl (12)

R.02is the rate of formation of singlet oxygen, anis ik, = 2.5¢10° s, k;o = 1.2x10° M~* s (Halladja et al.
2007, and references therein), and* 1.5<10'° M™* s* (Buxton et al. 1988). From the degradation rate
obtained upon irradiation of FFA alone in Milli-Quajity water we also derivedik= 2.6<10" s*, valid
under the irradiation conditions we adopted.

The reaction betweelD, and naturally occurring dissolved molecules waglewed because literature
data indicate that it is minor compared to react{®h (Hoigné 1990). Furthermore, we confirmed the
literature results in the course of preliminanadiation experiments. Also the possible reactiotwben
FFA and the triplet excited states of Dissolvedadig Matter {DOM*) was not considered on the basis of
literature data (Halladja et al. 2007). Upon apgilien of the steady-state approximatiori@+ and t0'O,

we obtained the following equation to describeittigal degradation rate of FFA,Rx:

ko [FFAl, Ky [FFA],

R =
TR Ky + ko [FFAL, 7" D kg [S]+ Ky [FFA],

+ky, [FFA], (13)

[FFA], is the initial concentration of FFA. We obtainegRandZ; ks; [S] by means of the experiments with
benzene, and,kby the irradiation experiments of FFA in pure wate described before. As a consequence,
when using equation (13) to fit the experimentdbd#®&:ra vs. [FFA}L), the only fitting variable was ..

We obtained the steady-state concentration of sirmlygen in the irradiated samples %3] = Rio (ko) ™
Note that fO,] thus derived is referred to the irradiated ndtsaample, without FFA.

Results of lake water irradiation

A comparison of the reactivity 0f0, and "OH is interesting because the hydroxyl radical péay a
significant role toward the degradation of refragtoompounds in surface waters (Boule 1999). Tdble
reports the data that we obtained for the lake mesdenples under study. The datum of the NPOC is the
result of three independent measurements. The véhae are referred {®H and to'O, were obtained by
fitting the experimental data with equations (73 4h3), respectively. Also see the previous sediorthe
calculation of JOH] and of fO,]. The Table shows that the initial formation rafé0;, is two-three orders of
magnitude higher compared tocgR Considering the steady-state concentration vainesiost cases it is
['O,] > [OH] by about two orders of magnitude. The highetuoeence of‘O, compared t6OH in the
samples can mainly be ascribed to faster formatimateed the reaction rate constant@H with the natural
scavengersy kg; [S]) is in the 10 - 10° s range, and it is therefore not too far frogfde *O,.

The higher steady-state concentration'@f would be compensated to a variable extent byoitget
reactivity compared ttOH. Let k.on be the reaction rate constant of a generic congh&uwith’OH, and
kr 102 the corresponding rate constant wi@y. Note that it is K.on > ke 102 fOr practically all compounds,
thus the key issue is the ratio of the two constafiie half-life time t¥2(P,X) of a compound P feaction
with the transient species X under a pseudo-fid¢iokinetics is:



In2 _ 0.693

Ko X Ko IX] (1)

t%(P,X) =

where [X] is a steady-state concentratic®H] or ['O,] in our case). Because for many samples itGs] [0
107 ['OH], 'O, is very likely to be more important th4BH toward the degradation of compounds, for which
Kp.on (Ke109 ™" < 1C°. The comparison of t¥4(®H) and t¥(PQ,) for a certain compound P requires the
knowledge of both ko and k 102 Such values are reported in Table 2 for tyro§ine), histidine (His), 4-
chlorophenol (4CP), and 4-chlorophenolate (4GBuxton et al. 1988; Czaplicka 2006; Boreen e2a08).
Table 1 reports the half-life times t¥2(P,X) of t@mpounds under consideration, calculated for iffierdnt
lake water samples under study by means of equéti®n with P = Tyr, His, 4CP or 4CPand X ="OH or
'0,. The values of t¥%(P,X) are referred to steadydiation under the adopted device. In general Ty an
4CP would undergo faster reaction witbH, while His and 4CPwould mainly react withO,. There are
some exceptions because in the samples from tke Blk and Sottano the reactions©@H are particularly
favoured (it is {O,]/['OH] = 50-70), and the same happens Wi for Viverone (fO,)/[ OH] = 1400).



Table 1. Parameters of photochemical significance concgrthe lake water samples under investigation. latenyms: AvG = Avigliana Grande (sampling
site 45°04’13"N, 7°23'00"E), AvP = Avigliana Picaml(45°03'13"N, 7°23'51"E), Blu = Lago Blu (45°03'38, 7°11'18"E), Viv = Viverone (45°24'27"N,
8°01'57"E), Meu = Meugliano (45°28'38"N, 7°47'23"Epop = Soprano (45°02’15"N, 7°10'28"E), Sot = @oih (45°02'17"N, 7°10'53"E), Lag = Laghetto
(45°02'18"N, 7°11'16"E). The reported steady-statncentrations are referred to steady irradiatiodeu the adopted device. The half-life times tlmahes
compounds would show in the samples because ofisaawith ‘OH and with'O, are also reported (see Table 2 for rate constmisabbreviations). To
simplify Table reading, the cases in which singbetgen would be a more important reactive spetias"OH are highlighted by grey shadowing. The opposite

cases are on white background. The photochemisaifyficant quantities have an incertitude of 18415

&\\\\\\\\\\\\%

&\\\\\\\\\\\\\§

&\\\\\\\\\\\\§

AvG AvP Blu Viv Meu Sop Sot Lag
NPOC, mgC L™ | 3.950.05 3.830.05 0.68:0.03 6.580.08 7.080.06 0.990.02 0.780.02 2.060.02
R.on, M s™ 2.4x10 1.3x10™ 5.4x10™"2 4.7x10 " 4,010 1.2x10™ 3.2x10" 7.9%10"2
% ksi[S], s 6.4x10" 5.7x10" 7.5¢10° 2.5¢10° 4.1x10° 1.6x10° 2.6x10" 9.9x10"
[FOH], M 3.8x10*° 2.3x10'° 7.2x10°" 1.9x10™" 9.8x10™"’ 7.5¢10°Y 1.2x107° 8.0x10°Y
Riop M s™ 1.4x10°® 1.8x10°® 1.2x10°° 6.8x10° 5.9¢10° 2.9x10° 1.5x10°° 4.2x10°
['0,], M 5.7x10™ 7.2¢10™ 4,810 2,710 2.4x107 1.2x10* 5.8<10 " 1.7%x10"

&\\\\\\\\\\\\§

tl2(Tyr, "OH), h 39 64 210 780 150 200 120 190
t2(Tyr, '0,), h 380 300 4500 790 890 1800 3700 1300
tl2(His, "OH), h 100 170 530 2000 390 510 320 480
ti2(His, 0,), h 50 41 610 110 120 240 500 170
t2(4CP,"OH), h 67 110 350 1300 260 340 210 320
t2(4CP,'0,), h 560 450 6700 1200 1300 2700 5500 1900
t2(4CP, "OH), h 120 200 650 2500 480 630 390 590
t5(4CP, '0,), h 18 14 210 38 42 84 170 60




Table 2. Reaction rate constants witbH (ks.on) and with'O, (kp,109 Of a number of organic compounds.
The abbreviations adopted in the text and thedlitee references are also reported.

Compound Abbr. [Kp.on, M7's™ | Reference k100 M7's™ | Reference EP"OH/
P,102
Tyrosine Tyr 1.310° | Buxton et al. 1988 9:10° |Boreen et al. 2008 1400
Histidine His 5.10° | Buxton et al. 1988 6:6.0° |Boreen et al. 2008 76
4-Chlorophenol | 4CP 740 | Buxton et al. 1988 6:10° | Czaplicka 2006 1300
4-Chlorophenolate 4CP| 4.1x10° | Czaplicka 2006 1010° | Czaplicka 2006 | 22

Among other compounds for which.ky and k 10, are both available (Boreen et al. 2008; Buxtomlet
1988; Czaplicka 2006), methionines(ky / ke 10, = 380) and 2-chlorophenol {lon / K 10, = 1300) would
mainly react with'OH; tryptophan (K.on / ke 102= 72) and 2-chlorophenolatep(ky / kp.10. = 100) would
react faster with'O,. For photodegradable aminoacids it has been mgattiat the role ofO, in
photochemical degradation is significant in all deses, and the order of importance is histidins) (M
tyrosine (Tyr) > methionine (Met) > tryptophan (Ti{Boreen et al. 2008). By comparison of our dait w
those of Boreen et al., it is possible to infert i@, would be the main reactive species for His in axef
waters. Tyr and Met would react faster withH, and the relevant reaction could be the mainoken
pathway for the two compounds. Trp reacts wih faster than witiOH, but in surface waters it would
mainly undergo direct reaction withOM* (Boreen et al. 2008).

Note that in the actual water bodies the absolteérhes would be quite higher than those reponted
Table 1, because the irradiation intensity is lawthee bottom of the water column. However, because
irradiated DOM would be the main source bothi@H (on average) and o0, (Hoigné 1990; Minero et al.
2007), the relative role of the two transient speaould not change much with depth. The ratio ‘o)
[tv2(PO,)] ™ would therefore be similar in the irradiated sagspnd in the real water bodies.

Finally, considering that the irradiation of DOM wd be the main source 80, via the reaction (2)
betweerfDOM* and O, it is reasonable to look for a linear correlati®tween Ry, (in M s‘l) and NPOC
(in mg C LY, which measures the amount of DOM. By linear tsagiare regression we found tiRag, =
[(2.2#0.7)x10°] NPOC (the error bounds represemo). It is also interesting to test the correlati@ivieen
Ri02 and the photon flux absorbed by DOMP®'. Because DOM is by far the main radiation absoiter
surface waters above 300 nm (Del Vecchio and Bl®@f), the calculation of #" (in einstein L' s™)
can be based on the sample absorption specti@) &nd the lamp emission spectrumX)®(see Figure 1).
It would be (Braslavsky 2007)P"°" =j p°(A) @-10""N®) dA, with b = 1.6 cm as the optical path

A

length. The linear least-square regression;gf &. R°°" yieldedR,o, = [(1.120.3)x107] P,.°°.



Conclusions

We measured the formation ‘@H and'O, upon irradiation of lake water samples, usingrab@ reactions
the transformation of benzene into phenol and #ggratation of FFA, respectively. The data show that
steady-state concentrations at®,] » [TOH], with a ratio fO,] [ OH]™ ranging from about 50 to around
1400. The higher occurrence '@, would mainly be accounted for by its higher forimatrate compared to
the hydroxyl radical (R, » Ron), because the transformation rate constants ofvibespecies; ks; [S]
and k) are not much different. By comparison, also thebonate radical C{O is a transient species that
reaches a much higher steady-state concentratam’@H in surface waters. However, g€Ois mainly
produced in surface waters by the minority of hygt@adicals that react with carbonate or bicarttenas

a consequence, the formation rate of;C@ just a fraction of that ofOH. The apparent contradiction
(Rcos- < Ron and [CQ] » [[OH] at the same time) is explained by the fact tb@ " is scavenged by
DOM to a much lesser extent thaDH (Canonica et al. 2005). In contra%d, is more concentrated than
"OH because of faster formation and not becauskwes transformation.

The higher occurrence &0, would be compensated to a variable extent by itjeeh reactivity of OH
toward the solutes, and the outcome would depeng mech on the substrate. We show th@t is very
likely to be more important tha@H toward the degradation of compounds, for whighyk (ke 109 ™ < 100.
However, note that the values af.& are available for many more compounds thagpk In many cases
the unavailability of k;0,would imply that it is very low. In contrast, theailability of k ;0,might indicate
a higher than average reactivity wi®,. For randomly chosen compounds, the reaction Y@t could be
more important in the majority of the cases.
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