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Abstract

This paper reports a simple model to describe dhedtion and reactivity of hydroxyl radicals in
the whole column of surface freshwater systems. mibdel is based on empirical irradiation data
and it is a function of the water chemical compositthe photochemically significant parameters
Non-Purgeable Organic Carbon —NPOC-, nitrate, tajtrtarbonate and bicarbonate), the water
body conformation best expressed as the averagh,dmpd the water absorption spectrum in a
simplified Lambert-Beer approach. The purpose isledve the lifetime of dissolved molecules,
due to the reaction withOH, on the basis of their second-order rate cotstaith the hydroxyl
radical. It is also proposed a simplified (and appnated) approach to simulate the absorption
spectrum of water when the latter is not availalbleased on the value of the NPOC. Such a
simulation can be useful when the model is adofuietkscribe a degradation scenario for a certain
compound, without a direct link to a definite ecsisyn. The model was applied to the lifetime of
various pesticides in surface water bodies, astiggested that the lifetime of a given compound
can be very variable in different systems, evenentban the lifetime of different compounds in the
same water body. The variations of the chemicalpmsition and of the depth of the water column
are the main reasons for the reported finding.

Keywords: photochemistry; photochemical fate; sensitised ggsis; pollutant photodegradation.



1. Introduction

The persistence in surface waters of dissolvednicgaompounds, both natural organic molecules
and man-made xenobiotics, depends among otherrgacto their transformation kinetics due to
abiotic and biological processes. Transformationmbogro-organisms can be very important for
readily biodegradable molecules, including mosthbyt the nutrients. Indeed, the latter are often
found at low concentration in the dissolved phatesuwface waters due to very fast biological
degradation [1].

Many organic pollutants such as some pesticidedycydic aromatic hydrocarbons,
pharmaceuticals and their transformation interntediare refractory to biological degradation. In
such cases the abiotic transformation processesepagsent major removal pathways from surface
waters. Abiotic transformation includes hydrolysigjdation mediated by dissolved species or by
metal oxides, such as Fe(lll) and Mn(lll,1V) (hydlogides, and light-induced reactions [2,3].

Photochemical reactions play a very important sofeong the abiotic transformation processes
[4,5]. They involve the direct photolysis of sumitgabsorbing molecules and the indirect
phototransformation sensitised by dissolved orgamatter and by photoactive compounds such as
nitrate, nitrite, and Fe(lll) [6-9]. These procesgeeld reactive species such as the radict$ and
CO; ™, singlet oxygen’(,), and the excited triplet states of Dissolved @igaMatter {DOM*).
They are all involved into transformation reactioasa variable extent depending on the chemical
composition of surface waters and on the reactofitthe molecules that are being transformed [10-
13].

The radical’OH is the most powerful oxidant in surface watédirss mainly produced by the
photolysis of nitrate and nitrite [14] and by theadiation of DOM [15]. The exact pathway '@H
photoproduction by DOM is still poorly known. It @l involve water oxidation byDOM?*, or
photo-Fenton reactions initiated by the photolgdithe complexes between Fe(lll) and DOM [16].

NO;” + v + H - "OH + 'NO; (1)
NO, + v + H - "OH + 'NO (2)
DOM + v - °DOM* (3)
DOM* + H,0 — DOM-H + "OH (4)
Fe'-DOM + hv + O - F&€" + DOM-OH + H' (5)
FE€* + H0, —» FeOH" + 'OH (6)

The quantification ofOH photogeneration by DOM is by far the most difftdask because DOM
is not a species of definite chemical compositignrather varies in different water bodies.
However, in various surface water samples it hagn#y been possible to find a correlation
between the generation rate’®H, unaccounted for by nitrate and nitrite, andaheunt of DOM,
guantified as Non-Purgeable Organic Carbon (NPQQ). [



This paper reports on the modelling of the occureeand reactivity ofOH as a function of the
chemical composition and the depth of surface waters based on the calculation of the flow of
absorbed photons and of photogenerated hydroxidaisdwithin a whole water column, and was
applied to the assessment of the lifetime, dueaotion with'OH, of different pesticides chosen to
ensure a variety of reaction rate constants wighhydroxyl radical. The results of the model were
also compared with field data obtained in the sféayer (1 m depth) of Lake Greinfensee,
Switzerland [10].

2. Modelling the generation and reactivity of OH in surface waters
2.1. Modelling the absorption spectrum of surfacgen

A major issue in the context of surface-water pbbémistry is represented by the absorption
spectrum of water, which influences the intensitly radiation absorption of the different
photoactive species. Indeed all the photosenstisampete with one another for radiation
absorption, with different results that depend loa teatures of the water body, such as chemical
composition and average depth. As a consequere@porption spectrum of water is a necessary
input datum for a model that describes photocheyiSuch a spectrum is usually expressed as the
water absorbance over an optical path length oh {rereafter AQ\), the units of which are c).

The most significant spectrum is that of water mmKeom the surface layer: it is the most
illuminated compartment and therefore the one wihiaeehighest intensity of radiation absorption
and the highest rate of the photochemical reactoa®bserved.

The use of the spectrum of water sampled from thievant water body is certainly
recommended as input datum for the model. Howamesome cases it would be interesting to
foresee the possible photochemical fate of a poilluindependently of the particular water body,
with the purpose of assessing the general degrpbaiblability of the compound as a function of
the ecosystem variables (e.g. chemical composttiomater and water column depth). Under these
circumstances the variables need not to be linkeal particular case, but should only represent a
plausible set of values for actual ecosystems. &hpsiori approach can work if it is possible to
simulate the water spectrum from the chemical catipm, even with an unavoidable loss of
accuracy. In contrast the measurement of the sprabf a surface water sample would only allow
an a posterioriapproach, in which one has to decide first whictew body to consider, obtain
water composition data and the absorption spectamnd,finally apply the model to the particular
system. In such a case the results will be morarate, but it would not be possible to break the
link between the model and the particular watenybhawtler consideration.

This section will be dedicated to the modelling Af(A), based on the water chemical
composition. Considering that most of the absormptbsunlight in surface waters is carried out by
DOM [19], the most significant parameter upon whibk spectrum should be based is the Non-
Purgeable Organic Carbon (NPOC). The NPOC is thst suitable way to measure the amount of



DOM in waters rich of carbonate and bicarbonateckvivould interfere with the measurement of
Total Organic Carbon (TOC). In the case of NPOCwiager sample is acidified, and the inorganic
carbon eliminated as gas-phase,@® purging with a gentle flow of C&ree air. It follows the
measurement of total carbon [20]. Some volatileanig compounds can be lost in this procedure:
on average in lake water it is TGCL.3 NPOC [21].

The approach based on NPOC is justified by thetfaattthere is a good correlation between the
water absorbance in the UV (254 and 285 nm) and\iR®C value of surface waters [22,23].
Additionally, the absorption spectra of DOM (andsofrface waters as a consequence) follow an
exponential-like trend with wavelength [24,25]. Sheconsiderations prompt for the fitting of the
experimental absorption spectra with a general eogpiequation of the form:

A (A) d
A g
NPOC 0

Figure 1 reports the absorption spectra()A NPOC™ vs. \) of different samples taken from the
surface layer of freshwater lakes (n = 9, [17,2]),ZBhe fitting of each spectrum with equation (7)
yields different values of B and k. On average fimgs that B = 0.4%0.04 L (mg C)* cm™®, and k
= 0.0150.002 nm* (1 + o). Note that the units of A\) are [cm']. Interestingly the value of k is
comparable to that reported by Blough and Del Viec[2b], referred to coastal seawater DOM.
Figure 1 also reports equation (8) (obtained frqm7eby substituting the fitting values of B and
k) with its error bounds (bold curves), superposethe experimental absorption spectra. The use
of equation (8) enables the modelling of the aklsampspectrum of water when the latter is not
available. In this way the spectrum(A) might be obtained approximately from the value of
NPOC.

A, (] _ (0.0150.
i %\lpoc_(o.45i 0.04) [g(001200032 (8)

2.2. Mass vs. concentration approach in photocheynmodels

It was previously indicated that DOM, nitrate anitrite are the main species involved in the
photoinduced production 6OH in surface waters. The assessment of theirinokurface-water
photochemistry requires the calculation of thensity of radiation absorption by each compound
in the whole column of the aquatic systems.

A problem is represented by the fact that the sitgrof sunlight decreases with depth, and its
spectrum is also modified [10]. It would therefdre necessary to consider the absorption of the
dissolved compounds over the whole water column,2@7 Also the knowledge of the
concentration profile of the species along the whmlumn of the water body would be required.
However, most of the photochemical activity woutdually take place in the surface layer (up to



around 1 m depth) [5,29], which is usually thordygiixed and has therefore constant chemical
composition [30].

For the reasons reported above it might be conmenge adopt a different, approximated but
much simpler approach. It is based on the calaraif the intensity of radiation absorption and of
the rate of production of the reactive specieshim whole volume V = S d. Here d is the water
column depth (best expressed as the average defik water body), and S is a standard surface
area. We have assumed S = 12.6 emallow a direct comparison with the results médiation
experiments of surface water samples [17]. Bothpiineton flux absorbed by the compoundd, P
and the rate of production of the transient spegi€$, should therefore be expressed within the
volume V. This means thatRvill be in units of einstein’s (1 einstein = 1 mole of photons) and R
in mol s?, instead of the more common units of einstéthd and mol L* s™*. The actual value of
P, will depend on the concentration of i, and in ttése it will be used the concentration found in
the surface water layer. The reason behind thiscehis that the majority of the photochemical
reactivity is concentrated in the surface layer mehmost of the absorption of radiation takes place
[10,18]. The model results will be best applicatdethe mixing layer of the water bodies. In the
case of large, stratified lakes, the water coluraptid d should be the average depth of the mixing
layer.

To achieve the goal of relating all the importanautities to the volume V = S d, consider that
the sunlight radiation density reaching the grogtA)) is usually expressed in units of einstein
cm? st nm™ [31]. For the present purposes it will be suffitiéo multiply such a value for the
standard surface area S = 12.6°cfthe integration over wavelength of pP(= S g°d) will give
units of einstein ¢ as required.

2.3. Radiation absorption by photoactive water congnts

A major issue into the calculation of the intensifyradiation absorption by a molecule Q in a
mixture is that the absorbance & the same (at equal concentration of Q) in theure and when

Q is alone in solution. In contrast the absorbedtqh flux density g° and the related fraction of
radiation absorption ) are lower in the mixture, because of competifmmabsorption between Q
and other species. Moreover for two species Q andt Rhe wavelength\, the ratio of the
absorbance values is equal to the ratio of therbbdophoton flux densities [32]:of\) Ar(N)7! =
P2(A\) [paX(A)] 1. DOM, nitrite and nitrate are the main photochexhisources ofOH in surface
waters [16,17]. For a water column depth d (exm@ss cm) at the wavelengi) the absorbance
of nitrate, nitrite and DOM and the total absorl&an€ the water column 4 can be expressed as
follows (note that DOM is usually the main radiat@bsorber above 300 nm [19]):

Atwt(A) = A (A) d 9
Anoz-(A) =&noz-(A) d [NOsT] (10)
Ano2-(A) = &no2-(A) d [NOy ] (11)



Acpom(A) = Aw(A) = Anoz-(A) = Anoz-(A) O Aw(A) (12)

Ai(N) is the absorbance of water over an optical patiyth of 1 cm, and represents a molar
absorption coefficient. Note thatiA) could be the actually measured absorption sp&ctoii
water, or could be obtained from the value of NF@@uation 8). Be pA() the incident photon flux
density of sunlight (in einstein'snm™ over the surface S = 12.6 &nlin the Lambert-Beer
approximation the total photon flux density absdrbg water is:

P (N)=p°(A) L-10"=) (13)

For the photon flux density absorbed by DOM, nérahd nitrite at the wavelengiy one has to
consider that the photon flux densities are propoal to the values of the absorbance [32]:

Pa ") = () Abon() [AM)] ™ Dpa®(2) (14)
Pa o> (A) = pa”(A) Anoa-(A) [Aw)] ™ (15)
Pa 02 (A) = Pa®(N) Anoz-(A) [Aw)] ™ (16)

Finally the total photon flux absorbed by the spedi(R!, with i = DOM, NQs", NO,"), expressed
in einstein §, is the integral over wavelength of(p).

P, =[pL(4) dA (17)

Figure 2 reports the absorption spectr@\\ of different surface water samples, and in palic
four lakes (Avigliana Grande, Avigliana Piccolo,r@&, Rouen, all located in NW Italy) and one
lagoon (Rhoéne river delta, S France) [5,17,21,26lso reports the sunlight spectrum adopted for
the calculations (pA), with 22 W m? irradiance in the UV, [31]), which corresponds to
summertime irradiation conditions. Table 1 repdhis values of P°M, PN°% and RY°% for the
cited water samples, based on the absorption specthe chemical composition of the surface
layer, and the water column depth d [5,17,21,26],& sunlight UV irradiance of 22 W (see
Figure 2). Equation (17) for nitrate, nitrite an@® was calculated by numerical integration.

2.4. Generation and reactivity @H upon irradiation of DOM, nitrate and nitrite

The generation ofOH by the relevant photosensitisers in surface msaig initiated by the
absorption of radiation. It is therefore reasondbéa the generation rate @H by the compound i,
R.od, is proportional to P

The previous paragraph showed how to calculateabis®rbed photon fluxes of DOM, nitrate
and nitrite from A(A), [NOs], [NO2] and d, for a given sunlight irradiance. It ishgecessary to
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derive the relationships of .&"°M, Roy"°%, and Ron with the corresponding absorbed
photon fluxes. Figure 3 reports the trend obRvs. R for nitrate and nitrite under simulated
sunlight, based on previously published data [d8le formation rate ofOH has been measured
with the reaction Benzene ®H - Phenol (95% vyield, [33]). Irradiation took placeder a solar
simulator (22 W rif UV irradiance), inside cylindrical Pyrex cells tvisurface area S = 12.6 tm
[26]. This explains the adoption of S = 12.6%as standard in our model. Note thaisPexpressed

in einstein §" and Roy in mol s*. The calculation of Pfor nitrate and nitrite was based on the
already reported equations (9-17), adopting as)fghe emission spectrum of the used lamp (which
simulates summertime sunlight).

The derivation of Ry"M is more complicated because DOM is not a spedies o
definite chemical composition. Nevertheless, faios surface water samples it has been possible
to find a statistically significant correlation leten the value of NPOC (that measures DOM) and
the formation rate ofOH unaccounted for by nitrate and nitrite. B — Rion 2> = Reon °%)
[17]. Such a quantity would measure the generatitm of OH by DOM, Ro°°M. The correlation
that has been found also suggests that the producfi’OH by DOM, nitrate and nitrite are
independent phenomena, apart from the competionrddiation absorption that is taken into
account into the calculation of P

Figure 4 reports Ri°™ = Roi™ - Ron 2% = Roy ©% as a function of £°M, calculated as
for the previous paragraph (equations 9-17). Frioeal least-square fitting of the data reported in
Figures 3 and 4 one gets the following expressfonghe generation rates 6®H from DOM,
nitrate and nitrite:

vs. pPOM

Roon”™™ = (3.2:0.4)10° PYOM (18)
Roon' % = (4.330.17)10° P* (19)
R.on % = (1.16:0.03Y10* RN (20)
R.OHtot — R-OHDOM + ROHNOS— + ROHNOZ— (21)

The error bounds represent one standard deviatioh (Table 1 reports By for the different
surface water samples, calculated on the bastseatdrresponding values of With equations (18-
21). Note that Pwas determined assuming a sunlight spectrum)psifaracterised by 22 W
UV irradiance (see Figure 2), thus the values.gfyRre referred to the same irradiance.

Once generated, tH®H radicals react quickly with many dissolved compds. A steady state
is promptly reached, where the rate of consumpafoil®H is equal to its rate of production. BeaS
generic scavenger molecule anglits second-order rate constant for the reactidh W@H. At the
steady state the following relationship holds:

R.on® = 2 ksi [[OH] [S] = [[OH] 2 ksi [S] (22)



The main scavengers of hydroxyl radicals in surfaeshwaters are DOM, HGQ CO:*", and
NO, [10]. From the literature rate constants for rieactvith *OH [34], and empirically derived
relationships in the case of DOM [17,35], it is pibte to express the scavenging rate constant for
'OH in freshwater as follows:

2. ksi [S] = 5%10" NPOC + 8.510° [HCOs] + 3.9x10° [COs”] + 1.0x10° [NO, ] (23)

Here NPOC is expressed in mg C-Land the concentration values are in molaﬁykSi [Si] has
units of [$Y]. Consider a generic pollutant molecule P, witkosel-order reaction rate constant

kp.on With *OH. In the very vast majority of the environmentakes it will bekp .oy [P] «Zi ks;i
[Si]. The rate of P degradation for reaction wifiH (R> °" is given by the fraction of B4 that
is involved in the degradation of P, namely:

kP,-OH[DD

R'OH = RtOt 24
P -OHE‘W (24)

Equation (24) describes a first-order decay kisetidth rate constanipks Re %" V™ [P]™ = R o™
kp.on (V Zi ksi [S]) 7% V = S d is the volume of solution contained iaylinder of surface S = 12.6
cm’ and height d, which is the average depth of theemiody. Note that if [P] is expressed in
molarity, V in litres, and R°" in mol s, the units of k will be [s*]. The volume V has to be
included in the expression of,kto obtain compatibility between the mass approaciopted to
simplify the absorbed light calculations) and tireekic treatment of the results.

For a first-order kinetics it is possible to cakel the half-life time of P,{C™),, = In 2 ()™ If

R.oi® is expressed in molsand referred to a 22 W fasunlight UV irradiance2; ks [S] is in

st and lp,.on is in M s, then the units of &°"),, will be seconds of steady irradiation under 22
W m™ sunlight UV. A major issue is that the outdoor lgght intensity is not constant, and it has
been shown that the integrated UV intensity ovewhmle sunny summer day (15 July, 45°N
latitude) corresponds to 10 h irradiation at 22 W bV irradiance [17]. It is therefore possible to
convert (5°")., in units of summer sunny days (SSD, taking 15 auk5°N latitude as reference),
by dividing for 10 h = 3.6 10* s. The resulting half-life time for reaction witBH, (T °)ssp, will
therefore be expressed as follows:

( ) |n2ﬂ/[£k3i[ﬂ3i] V@kSimSi]
Tl ! =1900° —F—— 25
PSSP 360" (R, K. o R:5HKp. on 29

Table 1 reports the values ab(™)ssp for a number of pesticides (the herbicides diufenpron,
atrazine, molinate and acetochlor, and the ingdetiterbufos). The values ofrky for each



substrate are reported in Table 2 [36-40]. Note tha higher is 1 °™)ssp the lower is the
probability that the reaction wiflOH is an important removal pathway for the compoind

In Table 1 it can be observed that there is botfabiity of (1, °™)ssp for the same substrate in
different water bodies, and variability among di#iet substrates in the same water body. The
degradation kinetics for the reaction witbH can be expected to depend on the ecosystem
variables, even more than it depends on the imtrnesctivity of the substrate. Note that in eqomati
(25) the ecosystem-related quantities (ability todpce and consuméH, depth of the water

column) are expressed by the producb®) ™ V 2 ks [S], while the reactivity of the substrate is
expressed by&Kon. Interestingly, as far as the ecosystem variahtesconcerned, an important
difference can be noticed between the Lakes Awngli&rande, Avigliana Piccolo and Candia on
the one side, and the shallower water bodies (IRdaen, the lagoon in the Rhéne delta) on the
other side. It is apparent from Table 1 that thetifines are considerably longer for the deeper
compared to the shallower systems, which suggleatdhe depth d of the water column could play
a comparable or even a more important role tharchleenical composition in the determination of
the importance of the photochemical reactions. an issue is that the intensity of radiation
absorption is not linearly proportional to d, besathe bottom layers of the deeper water bodies are
in the dark. They do not contribute to photocheryiftut constitute a reservoir of degradable
compounds, which is quantified by the term V ina&un (25).

2.5. Comparison with field data

The model described in the present paper was caupaith the experimental data ofOH]
measured in the top layer (1 m column depth) ofelL&keifensee, Switzerland [18]. Because the
mass approach of our model does not give a distthate of J[OH], the comparison was carried
out on the lifetimes of the selected pesticidesthi@ case of the Lake Greifensee it has been
measured'PH] 0 4x10*" M in the first metre of the water column, undegdtiation conditions
corresponding to the summer solstice at noon [IB¢ irradiation intensity would be around 1.4
times higher than the standard we adopted [31]eu@d W m? UV irradiance it would be’DH] O
3x10™'" M. Under steady irradiation conditions the psefitsi-order degradation rate constant of a
molecule P for reaction wittOH would be k = kp.on [TOH], and the corresponding half-life time
in SSD would be:

( con) In2 19010°
Tp )SSD= 7 = "
3.6M0° (K, oy [T OH]  Kp. o7 OH]

(26)

The half-life times calculated by equation (26) aeported in Table 3, and compared with the
corresponding values derived from the model (equa25). The input data for the model were the
chemical composition of the top water layer and depth d = 1 m. The absorption spectrum of
water was unfortunately not available; it was tfenee modelled by means of equation (8), based on
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the reported value of NPOC (3.5 mg C)L[10]. This is the reason of the error bars asgedi to
the values of Pin Table 3. The half-life times obtained from tinedel and from the field data are
not very far, which indicates that the model caralmuitable description of surface water systems.
The model lifetimes are some 30% shorter compavethe field ones, and the reasons for the
difference can be the following) it was adopted equation (8) to model the absanmmectrum of
water, but this is just an approximation. Figurehbws that the actual spectrum could be different
from the modelled on€ii) The behaviour of Dissolved Organic Matter (DOMin dze different in
different ecosystems, not only as far as the wabeorption spectrum is concerned, but also
regarding the production 6®H. Accordingly, it is possible that DOM in Lake éifiensee produces
less’OH compared to the average behaviour of Figure 4.

3. Conclusions

A model was developed to foresee the lifetime given compound in surface water, as far as the
reaction with the hydroxyl radical is concerned.eTieeded inputs for the calculations are the
photochemically relevant composition data (NPOCCE ], [COs%], [NO3], [NO,]), the water
column depth (e.g. the average depth of the watey)band, if available, the water absorption
spectrum. As a reasonable approximation the chérpmameters and the absorption spectrum
should be referred to the surface water layer, ehiie photochemical reactions are most
significant. Indeed, in the majority of the waterdies the rate of the photochemical reactions is
considerably decreased below the first meter ofmter column [29].

If the absorption spectrum of water is not avagaiblis possible to approximately estimate it,
albeit with some limitations, on the basis of theQLC value (equation 8). The modelling of the
water spectrum would be useful if one aims at theessment of the general photodegradation
kinetics of a molecule as a function of water cosipan. In this case it could be interesting toyar
the chemical parameters and the column depth ovange of reasonable values, without direct
reference to a particular case.

The application of the model to some real casewstidhat the lifetime of the same pesticide in
different water bodies can be very variable, are\hriability is comparable or even much higher
than for different pesticides in the same waterybothese findings suggest that as far as the
reactivity with*OH is concerned, the concepts of photolability leotpstability referred to a certain
molecule are not absolute ones. They are rathencibn of the molecule, which contributes with
its value of kop, and of the surrounding ecosystem that definesvahees of V, Ron™®, andZ; ks;

[Si] (see equation 25). The model lifetimes were paldrly low for the shallower water bodies
(Lake Rouen, Rhone delta lagoon), which suggeststhie depth of the water column can be a very
important parameter.

The model lifetimes were in reasonable agreemeorisidering the adopted approximations,
with field data from the top layer (1 m depth) @lde Greifensee (Switzerland) [10].
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Table 1. Parameters of photochemical significance in theéewaamples under consideration
[5,17,21,26]. Note that d is the average deptthefwater body, and V = 1000 S d is the
volume of the water column with surface S = k26> m?. The data in the lower section
of the Table were calculated based on those ofipiper one. The values of Bnd Ron
are referred to a sunlight UV irradiance of 22 W ifsee Figure 2). The four lakes are
located in Piedmont, NW Italy, the Rhone deltansSi France. SSD = summer sunny

days corresponding to 15 July at 45°N latitudeoEloundsu+o.

Av. Piccolo Candia Av. Grande Rouen L?gOOﬂ,
Rhoéne delta
NPOC (mg C L™ 5.1 5.4 5.0 0.63 4.5
NO3™ (M) 1.9x10° 1.6x10° 9.6x10°° 1.9x107 5.1x10°°
NO2™ (M) 1.2x10° 1.5x10”’ 1.4x10°° 3.7x10”’ 3.2x10°°
HCO3™ (M) 4,010 1.1x107° 3.6x10°° 2.4x107° 2.1x10°°
O5”™ (M) 1.1x10°° 6.1x10°° 4.8<107° 2.4x107° 2.6x10°
d (m) 7.7 5.9 19.5 2.0 1.0
V(L) 9.7 7.4 24.6 2.5 1.3
P.” (einstein §Y) 3.2x10°’ 2.5¢107’ 3.2x10”’ 1.9x107’ 1.7%1077
P."M (einstein §1) | 3.2x10”’ 2.5¢107’ 3.2x10”7 1.9x107’ 1.7%1077
P."%" (einstein §%) | 1.1x107! 1.9x10™? 1.3x107* 9.1x10 | 6.9x10°M
P."%?" (einstein §Y) | 6.3x107! 2.0<10° 2.3x107%° 1.1x10° | 3.6x107%°
R.OHDOM (mol s) | (9.6:1.3x10™ | (7.5:1.0x107%2 | (9.6:1.3107%2 | (5.760.8x107% | (5.1+0.7x10™2
Roon 2% (mol s | (4.8:0.2x10™ | (8.260.3)x107% | (5.6:0.2x107%2 | (3.9:0.2x107% | (3.0:0.1x10™2
Roon 0% (mol s | (7.3:0.2x10™2 | (2.3:0.1x1072 | (2.760.1)x10™ | (1.3:0.1x10" | (4.2:0.1x10™
Roon™ (Mol §%) | (1.7+0.2x10% | (9.9:1.1x10%2 | (3.76:0.2x10™ | (2.260.2x10™ | (5.060.2)x10°
z. ks. [S] (s 2.7x10° 2.8x10° 3.2x10° 3.5¢10" 2.8x10°
T *"biwron (SSD) 60Qt70 813:100 83@100 152 283
T° Fenuron (SSD) 430+50 58@70 59@70 111 202
T° Atraz.ne (SSD) | 100Q:100 1408200 1408200 26:3 AT6
r " volinate (SSD) 430+50 59@70 60@70 111 202
T° Acetochlor (SSD) | 40Q%50 54360 55@60 101 19+2
T erutos (SSD) 27030 37@40 38@40 7.3:0.8 132
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Table 2. Reaction rate constants withH of the selected pesticides.

Compound k.o, MEs? | Reference
Diuron Herbicide 5x10° [36]
Fenuron Herbicide 7x10° [37]
Atrazine Herbicide 3x10° [38]
Molinate Herbicide 6.9x10° [39]
Acetochlor Herbicide 7.5x10° [40]
Terbufos Insecticide 1.1x10" [39]
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Table 3. Comparison between our model, applied to the tom lof the Lake Greifensee
(Switzerland), and the field data derived from REf0]. The half-life time of the
pesticides was calculated by means of equationi(Rf)e case of the model, and with
equation (26) and the value 6H] (Ref. [10], corrected for a UV irradiance of 22
m ) for the field data. The input data of equatioB)(@re reported in the Table, and were
calculated as described in the text. The valueB,@nd Roy are referred to a sunlight
UV irradiance of 22 W iif (see Figure 2). SSD = summer sunny days corresppal
15 July at 45°N latitude. Error boungegto.

Lake Greifensee | Present model Field data [18]

NPOC (mg C L™ 35 35
NOs™ (M) 110 110
HCO3 (M) 201073 201073
CO5* (M) 1107 1107
d (m) 1 1
V (L) 1.3

(1.4+0.4)Y10’
(einstein §Y) (1.4+0.4)Y10’
PN~ (einstein §%) | (1.7+0.5)10 ™
DOM (ol §1) | (4.2+1.5)10
NO3- (o) 51y | (7.4£2.5)10 "2

P.” (einstein 5%
PaDOM

R.oH

R.oH
R.on'®  (mol Y (1.2+0.4Y10

T ksi[S] (s 2010

["OH], M 310

T biuron (SSD) 85+33 130
T M enuron (SSD) 61+24 90
1M pvazine (SSD) 14060 210
T vglinate (SSD) 62+24 90
T scetochior (SSD) 57422 85

T M rerbutos (SSD) 39+15 60
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Figure 2. Absorption spectra of the water samples to whi@hrttodel was applied. The lakes are
all located in NW ltaly, the Rhdéne delta lagoonnsS France [5,17,21,26]. The figure
also reports the spectrum of sunlight (summer d@mdi, 22 W m? UV irradiance [31]).
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) as a function of
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