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This paper reports a simple model to describe the formation and reactivity of
hydroxyl radicals in the whole column of surface freshwater systems. The model is
based on empirical irradiation data and it is a function of the water chemical
composition (the photochemically significant parameters Non-Purgeable Organic
Carbon —-NPOC-, nitrate, nitrite, carbonate and bicarbonate), the water body
conformation, and the water absorption spectrum in a simplified Lambert-Beer
approach. The purpose is to derive the lifetime of dissolved molecules, due to the
reaction with *OH, on the basis of their second-order rate constants with the
hydroxyl radical. It is also proposed a simplified (and approximated) approach to
simulate the absorption spectrum of water when the latter is not available, based
on the value of the NPOC. Such a simulation can be useful when the model is
adopted to describe a degradation scenario for a certain compound, without
a direct link to a definite ecosystem. The model was applied to the lifetime of
various pesticides in surface water bodies, and it is suggested that the lifetime of
a given compound can be very variable in different systems, even more than the
lifetime of different compounds in the same water body. The variations of the
chemical composition and of the depth of the water column are the main reasons
for the reported finding.

Keywords: photochemistry; photochemical fate; sensitised photolysis; pollutant
photodegradation

Nomenclature

> i ksi[S]:  *OH scavenging rate constant due to the natural scavengers [s71.
(r}OH)SSD: half-life time of the compound P for reaction with *OH, in summer sunny days
(SSD).
Ai(r):  absorption spectrum of lake water over an optical path length »=1cm. Units
are [cm~']. In this work it is considered filtered lake water.
CDOM: Coloured Dissolved Organic Matter.
3CDOM*:  Excited triplet state of Coloured Dissolved Organic Matter.
DOC: Dissolved Organic Carbon.
kp-on: reaction rate constant of the compound P with *OH M~ 's7
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NPOC: Non-Purgeable Organic Carbon (measure of DOC in carbonate-rich waters).
p°(A):  spectral photon flux density of sunlight at the water surface S=12.6cm>
[einstein s~ nm™'].
pl(1):  spectral photon flux density absorbed by the compound i in a water column of
surface S=12.6cm? [einsteins™' nm™'].
Pi: photon flux absorbed by the compound i in a water column of surface
S=12.6cm? [einsteins~'].
q°(A):  spectral photon flux density of sunlight per unit surface area [einstein
s~ 'nm~'em ™.
Rioy: formation rate of *OH by the compound i [mols™'].
SSD:  summer sunny day (equivalent to fair-weather 15 July at 45°N).

1. Introduction

The persistence in surface waters of dissolved organic compounds, both natural
organic molecules and man-made xenobiotics, depends among other factors on their
transformation kinetics due to abiotic and biological processes. Bacterial transformation
can be very important for readily biodegradable molecules, which are often found at
low concentration in the dissolved phase of surface waters due to very fast biological
degradation [1].

Many organic pollutants such as some pesticides, polycyclic aromatic hydrocarbons,
pharmaceuticals and their transformation intermediates are refractory to biological
degradation. In such cases the abiotic transformation processes can represent major
removal pathways from surface waters. Abiotic transformation includes hydrolysis,
oxidation mediated by dissolved species or by metal oxides, such as Fe(Ill) and
Mn(III, IV) (hydr)oxides, and light-induced reactions [2,3]. Interestingly, in many cases
the photoinduced transformation of organic compounds increases their edibility for the
bacterial community [4].

Photochemical reactions play a very important role among the abiotic transformation
processes [5,6]. They involve the direct photolysis of molecules that absorb sunlight (often
in the environmental UV region) and the indirect phototransformation sensitised by
dissolved organic matter and by photoactive compounds such as nitrate, nitrite, and
Fe(III) [7-10]. These processes yield reactive species such as the radicals “OH and CO5*,
singlet oxygen ('0,), and the excited triplet states of Coloured Dissolved Organic Matter
(*CDOM?*). They are all involved into transformation reactions, at a variable extent
depending on the chemical composition of surface waters and on the reactivity of the
molecules that are being transformed [11-14].

The radical *OH is the most powerful oxidant in surface waters. It is mainly produced
by the photolysis of nitrate and nitrite [15] and by the irradiation of CDOM [16-19]. The
exact pathway of “OH photoproduction by CDOM is still poorly known. It could involve
water oxidation by *\CDOM?*, or photo-Fenton reactions initiated by the photolysis of the
complexes between Fe(Ill) and CDOM [20].

NOj + v + HT — "OH + *NO; ()

NO; + hv+H' — "OH + 'NO )
CDOM + hy — *CDOM* (3)
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3CDOM* + H,O — CDOM—H" + *OH 4
Fe''~CDOM + hv + H,0 — Fe** + CDOM—OH"+ H* ®)
Fe’* + H,0, — FeOH>" + 'OH (©)

The quantification of *“OH photogeneration by CDOM is by far the most difficult task
because the CDOM is not a species of definite chemical composition: it rather varies in
different water bodies. However, in various filtered surface water samples it has recently
been possible to find a correlation between the generation rate of *OH, unaccounted for by
nitrate and nitrite, and the amount of Dissolved Organic Matter (DOM), quantified as
dissolved Non-Purgeable Organic Carbon (NPOC) [21].

This paper reports on the modelling of the occurrence and reactivity of *“OH as
a function of the chemical composition and the depth of surface waters (mixing depth for
stratified lakes and average depth for thoroughly mixed lakes). The model is based on the
calculation of the flow of absorbed photons and of photogenerated hydroxyl radicals
within a whole water column, and it was applied to the assessment of the lifetime, due to
reaction with *“OH, of different pesticides chosen to ensure a variety of reaction rate
constants with the hydroxyl radical. The results of the model were also compared with
field data obtained for the surface layer of Lake Greinfensee, Switzerland. The
photochemistry of Lake Greinfensee was thoroughly studied in the first meter of the
water column [11,22].

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

A major issue in the context of surface-water photochemistry is the absorption of sunlight
by the different components, which influences the intensity of radiation absorption of the
various photoactive species. Indeed all the photosensitisers compete with one another for
irradiance, with different results that depend on the features of the water body, such as
chemical composition and depth. For the purpose of photochemical modelling it is
advisable to adopt the mixing depth for stratified lakes, and the average depth for
thoroughly mixed lakes (vide infra).

The absorption spectrum of water is a necessary input datum for a model that describes
photochemistry. In this work the spectrum of filtered water will be used as a simplified
approximation. Note, however, that little difference has been observed between the
absorption spectra of filtered and unfiltered lake water in the wavelength interval of 300 to
500 nm, which is most significant for sun-driven processes [21].

The absorption spectrum will be expressed as the water absorbance over an optical
path length of 1cm (hereafter A (%), the units of which are cm™'). Note that the highest
absorbed photon flux density by the absorbing species within the water column is observed
in the surface layer, which is the most illuminated compartment. It is also the site where the
highest rate of the photochemical reactions is observed: for instance in the case of Lake
Greifensee, the steady-state [*OH] at the very surface (few mm) is about five times higher
than the average [*OH] in the first metre of the water column [11]. As a consequence, the
most significant absorption spectrum is that of water sampled from the surface layer.
In this work it will be used the spectrum of filtered water as an approximated, simplified
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approach. Note that the composition of water in the surface layer can be representative of
the whole column in thoroughly mixed lakes, and of the mixing layer in stratified lakes.

The use of the spectrum of water sampled from the relevant water body is certainly
recommended as input datum for the model. However, in some cases it would be
interesting to foresee the possible photochemical fate of a pollutant independently of the
particular water body, with the purpose of assessing the general degree of photolability of
the compound as a function of the ecosystem variables (e.g. chemical composition of water
and water column depth). Under these circumstances the variables need not to be linked to
a particular case, but should only represent a plausible set of values for actual ecosystems.
This a priori approach can work if it is possible to simulate the water spectrum from the
chemical composition, even with an unavoidable loss of accuracy. In contrast the
measurement of the spectrum of a surface water sample would only allow an a posteriori
approach, in which one has to decide first which water body to consider, obtain water
composition data and the absorption spectrum, and finally apply the model to the
particular system. In such a case the results will be more accurate, but it would not be
possible to break the link between the model and the particular water body under
consideration.

This section will be dedicated to the modelling of 4,()), based on the water chemical
composition. Considering that most of the absorption of the highly photoactive
environmental UV radiation in surface waters is carried out by CDOM [23], the most
significant parameter upon which the spectrum should be based is the dissolved, Non-
Purgeable Organic Carbon (NPOC). The NPOC is the most suitable way to measure the
amount of DOM in waters rich of carbonate and bicarbonate, which would interfere with
the measurement of Dissolved Organic Carbon (DOC). In the case of NPOC the water
sample is acidified, and the inorganic carbon eliminated as gas-phase CO, by purging with
a gentle flow of CO»-free air. It follows the measurement of total carbon [24]. Some
volatile organic compounds can be lost in this procedure: on average in lake water it is
DOC~ 1.3 NPOC [25].

The approach based on NPOC is justified by the fact that there is a good correlation
between the absorbance of filtered water in the UV (254 and 285 nm) and its NPOC value
[26,27]. Additionally, the absorption spectra of both CDOM and filtered surface waters
follow an exponential-like trend in the wavelength interval 300-500 nm [28,29]. These
considerations prompt for the fitting of the experimental absorption spectra with a general
empirical equation that has an exponential form [29-32]:

A1()) —ka
NPOC B-e (7

Figure 1 reports the absorption spectra (4;(1) NPOC™' vs. 1) of different samples taken
from the surface layer of freshwater lakes (n=9,[21,25,33]). The fitting of each spectrum
with Equation (7) in the wavelength interval 300-500 nm yields different values of B and k.
On average one finds that B=0.454+0.04L (mgC) 'em™", and £k=0.015+0.002nm™".
The error bounds on B and k represent the goodness of the fitting procedure (u &= o). Note
that the units of 4,() are [em™'].

Figure 1 also reports Equation (8) (obtained from Equation (7) by substituting the
fitting values of B and k) with its error bounds (bold curves), superposed to the
experimental absorption spectra. The use of Equation (8) enables the modelling of the
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Figure 1. Absorption spectra A4;(A) of nine lake water samples (Avigliana Grande, Avigliana
Piccolo, Meugliano, Mucrone, Rosset, Candia, Orta, Soprano, Sottano, all located in northwest
Italy) [21,25,33]. The fitting Equation (8) is also reported as the central bold curve, together with its
error bounds (u =+ o, the two bold curves surrounding the central one). The elevated noise in the
measurements is due to the low values of the absorbance (poorly absorbing water and optical path
length b=1cm).

absorption spectrum of water when the latter is not available. In this way the spectrum
A1()) might be obtained approximately from the value of NPOC.

Al()u)/NPOC = (0.45£0.04) - o~ (0.0150.002)-% (8)

2.2 Mass vs. concentration approach in photochemistry models

It was previously indicated that CDOM, nitrate and nitrite are the main species involved
in the photoinduced production of *OH in surface waters. The assessment of their role in
surface-water photochemistry requires the calculation of the intensity of radiation
absorption by each compound in the whole column of the aquatic systems.

A problem is represented by the fact that the intensity of sunlight decreases with depth,
and its spectrum is also modified [11]. It would therefore be necessary to consider the
absorption of the dissolved compounds over the whole water column [34,35]. Also the
knowledge of the concentration profile of the species along the whole column of the water
body would be required. However, most of the photochemical activity would actually take
place in the surface layer [11,36], which is usually thoroughly mixed and has therefore
constant chemical composition [37]. The rate of the photochemical reactions, for which
the UV radiation is a major driving force, is expected to follow an exponential decay with
depth. Even for very clear waters, a substantial decrease of the reaction rates would be
observed within the first metres of the water column [38]. As a consequence, a detailed
knowledge of the absorption profile of deep water might not be necessary to predict the
rate of the photochemical processes. The absorption spectrum of water sampled from
the surface could therefore be sufficient to predict photochemistry with sufficient detail.

For the reasons reported above it might be convenient to adopt an approximated but
simple approach. It is based on the calculation of the intensity of radiation absorption and
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of the rate of production of the reactive species in the whole volume V=S x d. Here d is
the water column depth (mixing depth for stratified lakes and average depth for
thoroughly mixed lakes), and S is a standard surface area. We have assumed S=12.6 cm?
to allow a direct comparison with the results of laboratory irradiation experiments of
surface water samples [21]. Both the photon flux absorbed by the compound i, P!, and the
rate of production of the transient species j, R;, should therefore be expressed within the
volume V. This means that P/ will be in units of einsteins™' (I einstein =1 mole of
photons) and R; in mol s~!, instead of the more common units of einstein L~'s™' and
mol L™'s™!. The actual value of Pﬁ, will depend on the concentration of 7, and in this case it
will be used the concentration found in the surface water layer. The reason behind this
choice is that the majority of the photochemical reactivity is concentrated in the surface
layer where most of the absorption of radiation takes place [11,22]. The model results will
be best applicable to waters of constant chemical composition, thus to the whole water
body for thoroughly mixed lakes and to the mixing layer for stratified lakes.

To achieve the goal of relating all the important quantities to the volume V=S x d,
consider that the sunlight radiation density reaching the ground (¢°(})) is usually expressed
in units of einsteincm s~ 'nm ™' [39]. For the present purposes it will be sufficient to
multiply such a value for the standard surface area S=12.6cm”. The integration over
wavelength of p°(A) =S ¢°(1) will give units of einsteins™' as required.

2.3 Radiation absorption by photoactive water components

A major issue into the calculation of the intensity of radiation absorption by a molecule O
in a mixture is that the absorbance Ay(A) is the same (at equal concentration of Q) in the
mixture and when Q is alone in solution. In contrast the absorbed photon flux density
P2()) and the related fraction of radiation absorption ( Jfo(A)) are lower in the mixture,
because of competition for irradiance between Q and other species. Moreover for two
species Q and R at the wavelength A, the ratio of the absorbance values is equal to the ratio
of the absorbed photon flux densities [40]: Ap(r) Az(M)~' =P2M[PR(M)]'. CDOM,
nitrite and nitrate are the main photochemical sources of *OH in surface waters [20,21].
For a water column depth d (expressed in cm) at the wavelength A, the absorbance of
nitrate, nitrite and CDOM and the total absorbance of the water column (A,
adimensional) can be expressed as follows (note that CDOM is usually the main radiation
absorber between 300 and 500 nm [23]):

Awor(A) = A1(V)d ©)

Ano; (A) = eno; (Md[NO5] (10)

Ano, (1) =gno, (A)d[NO; ] (1n

Acpom(A) = Aior(A) — Ano; (A) — Ano; () = Aior(1) (12)

Aq()) is the absorbance of filtered water over an optical path length of 1cm, and ¢
represents a molar absorption coefficient. Note that 4;(A) could be the actual measured
absorption spectrum of water (as done in this work, vide infra), or could be obtained from
the value of NPOC (Equation (8)). Let p°(A) be the incident photon flux density of sunlight
(in einsteins ' nm ™" over the surface S=12.6cm?). In the Lambert-Beer approach (valid
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Figure 2. Absorption spectra of the water samples to which the model was applied. The relevant
data of water composition are reported in Table 1. The lakes are all located in northwest Italy, the
Rhone delta lagoon is in southern France [6,21,25,33]. The figure also reports the spectrum of
sunlight (summer conditions, 22 W m~2 UV irradiance [39]).

for filtered waters and a simplified approximation for actual ecosystems) the total photon
flux density absorbed by water is:

PR = ph) - (1= 1074 (13)

For the photon flux density absorbed by CDOM, nitrate and nitrite at the wavelength A,
one has to consider that the photon flux densities are proportional to the values of the
absorbance ratios [40]:

PEPOMG) = P () Acoom (M Aw(W] ™ = p (1) (14
NOS (1) = Pl (R) Anos (W Aot (W)]”! (15)
NO% (1) = (1) Ao (A (] 10

Finally the total photon flux absorbed by the species i (P!, with i= CDOM, NO3, NO;),
expressed in einstein s, is the integral over wavelength of Pl (2).

i — i d
P /A PG (17)

Figure 2 reports the absorption spectra A;(1) of different surface water samples, and in
particular four lakes (Avigliana Grande, Avigliana Piccolo, Candia, Rouen, all located in
NW Italy) and one lagoon (Rhone river delta, S France) [6,21,25,33]. In these water bodies
the DOM is mainly aquagenic [27]. Figure 2 also reports the sunlight spectrum adopted for
the calculations (p°(%), with 22 Wm ™2 irradiance between 300 and 400 nm [39]), which
corresponds to summertime irradiation conditions. Table 1 reports the values of PPOM,
PaNO* nd P % for the cited water samples, based on the absorption spectrum, the
chemical composition of the surface layer, and the water column depth d [6,21,25,33], for
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a sunlight UV irradiance of 22Wm™2 (see Figure 2). These values will allow the
calculation of the formation rate of *OH by DOM, nitrate and nitrite (vide infra). Note
that d is the depth of the mixing layer for the lakes Avigliana Grande, Avigliana Piccolo
and Candia, which are stratified during the summer season, and the average depth for the
other two water bodies that are always thoroughly mixed. Equation (17) for nitrate, nitrite
and DOM was calculated by numerical integration between 300 and 500 nm.

2.4 Generation and reactivity of * OH upon irradiation of DOM, nitrate and nitrite

The generation of *OH by the relevant photosensitisers in surface waters is initiated by the
absorption of radiation. It is therefore reasonable that the generation rate of *OH by the
compound i, Ry, is proportional to P’

The previous sub-section showed how to calculate the absorbed photon fluxes of
DOM, nitrate and nitrite from 4;(1), [ NO3 ], [NO;] and 4, for a N%iyen sunlight irradiance.
It is then necessary to derive the relationships of RESY, R.o), and Rl\](?ﬁ with the
corresponding absorbed photon fluxes. Figure 3 reports the trend of R.oy vs. P, for
nitrate and nitrite under simulated sunlight, based on previously published data [33]. The
formation rate of *OH has been measured with the reaction Benzene +°OH— Phenol
(95% vyield, [41]). Irradiation took place under a solar simulator (22Wm™2 UV
irradiance), inside cylindrical Pyrex cells with surface area S = 12.6 cm? [33]. This explains
the adoption of S=12.6cm” as standard in our model. Note that P, is expressed in
einsteins~! and R.op in mols™'. The calculation of P, for nitrate and nitrite was based on
the already reported Equations (9)—(17), adopting as p°(A) the emission spectrum of the
used lamp (which simulates summertime sunlight). The adopted irradiation time was up to
30h [33].

The derivation of REQM vs. PPOM is more complicated because DOM is not a species of
definite chemical composition. Nevertheless, for various surface water samples it has been
possible to find a statistically significant correlation between the values of NPOC
(correlated in turn with DOC, which measures DOM) and the formation rates of *OH

T‘ﬂ
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Figure 3. Initial formation rates of *OH by nitrate and nitrite (RFS&,R?J(%) as a function of

the respective absorbed photon fluxes (PE]O; ,ng OZ7), based on experimental data from Ref. [33].

UV irradiance: 22 W m™2. The dashed line represents the linear regression to the experimental data,
the dotted ones are the 95% confidence bounds.
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Figure 4. Initial formation rates of *OH attributable to DOM (RPOM = R, — RIo: — Rign) as

a function of the absorbed photon flux (PPM) based on experlmental data from Ref. [21]. UV
irradiance: 22 W m~2. The dashed line represents the linear regression to the experimental data, the
dotted ones are the 95% confidence bounds.

unaccounted for by nitrate and nitrite (RIQ}; — quooé Fgﬁ) [21]. Such a quantity would

measure the generation rate of *OH by DOM, RPSM. Note that RI%,; has been determined
with the formation rate of phenol, upon irradiation of the lake water samples spiked
with benzene [21]. The correlation that has been found suggests that the production of
*OH by DOM, nitrate and nitrite are independent phenomena, apart from the competition
for irradiance that is taken into account into the calculation of P!.

Figure 4 reports ROGM = Rit, — RIS: — RIS as a function of PPOM, calculated as for
the previous paragraph (Equations (9)—(17)). From linear least-square fitting of the data
reported in Figures 3 and 4 one gets the following expressions for the generation rates of
*OH from DOM, nitrate and nitrite:

RSV = (3.0 4+ 0.4)- 1075 pPOM (18)
RS, =(43402)-1072PNO (19)
RS: = (1.240.1)- 107! PNO: (20)
RSy = RO + RO + RIGH 1)

The error bounds represent one standard deviation (u=+0). The slopes of Riqy vs. Pl
represent the quantum yields of *OH photogeneration under simulated sunlight. Table 1
reports Rig, for the different surface water samples, calculated on the basis of the
corresponding values of P/ with Equations (18)~(21). Note that P, was determined
assuming a sunlight spectrum p°(A) characterised by 22Wm™2 UV irradiance (see
Figure 2), thus the values of R.y, are referred to the same irradiance. Interestingly, P'" is
higher for the deeper water bodies. The same is less true for R}, because of the variable
concentration of nitrate and most notably of nitrite, which contributes very little to P!
but much more to RiYy

Once generated, the “OH radicals react quickly with many dissolved compounds.
A steady state is promptly reached, where the rate of consumption of *OH is equal to

its rate of production. Be S; a generic scavenger molecule and kg; its second-order
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rate constant for the reaction with “OH. At the steady state the following relationship
holds:

RO = Zk& [*OH][S,] = [OH] ZkSi[Si]~ (22)

The main scavengers of hydroxyl radicals in surface freshwaters are DOM, HCO;,CO%‘,
and NO; [11]. From the literature rate constants for reaction with *OH [42], and
empirically derived relationships in the case of DOM [21,43], it is possible to express the
scavenging rate constant for *OH in freshwater as follows:

> ksiS] = (5£2) x 10°NPOC + 8.5 x 10°[HCO5]
0 (23)
+3.9 x 108[CO37] + 1.0 x 10'°[NO; .

Here NPOC is expressed in mg C L', and the concentration values are in molarity. > iksi
[S;] has units of [s~']. Consider a generic pollutant molecule P, with second-order reaction
rate constant kp.opn With *OH. In the very vast majority of the environmental cases it will
be kp-on [P] «>_ks: [S;]. The rate of P degradation for reaction with *OH (R OH) is given
by the fraction of R OH to that is involved in the degradation of P, namely:

kpson - [P]
ROH = R,
OH Z kSI S]

Equation (24) describes a first-order decay kinetics, with rate constant ksz;OH v~!
[PI'=RY kpeon (VY iksi [S)™'. V=Sxd is the volume of solution contained
in a cylinder of surface S=12. 6cm2 and height d (mixing depth for stratified lakes
and average depth for thoroughly mixed lakes). Note that if [P] is expressed in molarity, V'
in litres, and R;,OH in mols™!, the units of k» will be [s~']. The volume ¥ has to be included
in the expression of kp, to obtain compatibility between the mass approach (adopted to
simplify the absorbed light calculations) and the kinetic treatment of the results.

For a first-order kinetics it is possible to calculate the half-life time of P, (t;,OH)% =In2
(kp)~ ' If Ry is expressed in mol s™' and referred to a 22 W m™? sunlight UV irradiance,
if Y ksi[S]isins™', and if kp 1s in M~'s™!, then the units of (Z}OH)% will be seconds of
steady irradiation under 22W m % sunlight UV. A major issue is that the outdoor sunlight
intensity is not constant. Further issues involve the geometry of the irradiance and the
possible changes of CDOM optical properties during the day [44], but these latter
problems will not be considered here for simplicity. It has been shown that the integrated
UV irradiance over a whole sunny summer day (15 July, 45°N latitude) corresponds to
10h irradiation at 22Wm™2 UV [21]. It is therefore possible to convert (¢ OH)1 in units
of summer sunny days (SSD, taking 15 July at 45°N latitude as reference), by dividing
for I0h=3.6 x 10*s. The resulting half-life time for reaction with *OH, (rP OHyoop, will
therefore be expressed as follows:

In2- V.Y ksi-[Si] —19.10-5. V- iksi- [Si]
3.6- 104 R -kpeon Ry - kpeon

24)

(7" Mssp = (25)
Table 1 reports the values of (t;°!)ssp for a number of pesticides (the herbicides diuron,
fenuron, atrazine, molinate and acetochlor, and the insecticide terbufos). The values of
kp-ou for each substrate are reported in Table 2 [45-49]. Note that the higher is (rP LTI
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Table 2. Reaction rate constants with "OH of the selected pesticides.

Compound ko, M~ 's™! Reference
Diuron Herbicide 5% 10° [45]
Fenuron Herbicide 7% 10° [46]
Atrazine Herbicide 3% 10° [47]
Molinate Herbicide 6.9 x 10° [48]
Acetochlor Herbicide 7.5 % 10° [49]
Terbufos Insecticide 1.1 x 10" [48]

the lower is the probability that the reaction with *OH is an important removal pathway
for the compound P.

In Table 1 it can be observed that there is both variability of (r;OH)SSD for the same
substrate in different water bodies, and variability among different substrates in the same
water body. The degradation kinetics for the reaction with *OH can be expected to depend
on the ecosystem variables, even more than it depends on the intrinsic reactivity of
the substrate. Note that in Equation (25) the ecosystem-related quantities (ability to
produce and consume *OH, depth of the water column) are expressed by the product
(RE‘SH)’1 V > ks [S], while the reactivity of the substrate is expressed by kp,-on.
Interestingly, as far as the ecosystem variables are concerned, an important difference can
be noticed between the Lakes Avigliana Grande, Avigliana Piccolo and Candia on the one
side, and the shallower water bodies (Lake Rouen, the lagoon in the Rhone delta) on the
other side. It is apparent from Table 1 that the lifetimes are considerably longer for the
deeper compared to the shallower systems, which suggests that the depth d of the water
column could play a comparable or even a more important role than the chemical
composition in the determination of the importance of the photochemical reactions. The
main issue is that the intensity of radiation absorption is not linearly proportional to d,
because the bottom layers of the deeper water bodies are almost in the dark. They
contribute negligibly to photochemistry but constitute a reservoir of degradable
compounds, which is quantified by the term V in Equation (25).

2.5 Comparison with field data

The model described in the present paper was compared with the experimental data of
[*OH] measured in the top layer (1 m column depth) of Lake Greifensee, Switzerland [22].
Because the mass approach of our model does not give a direct estimate of [*OH], the
comparison was carried out on the lifetimes of the selected pesticides. In the case of the
Lake Greifensee it has been measured ["OH] 224 x 10~'" M in the first metre of the water
column, under irradiation conditions corresponding to the summer solstice at noon [11].
The irradiation intensity would be around 1.4 times higher than the standard we adopted
[39]. With 22Wm™2 UV irradiance it would be ["OH]=3 x 10~'"M. Under steady
irradiation conditions the pseudo-first order degradation rate constant of a molecule P for
reaction with *OH would be kp=kp.on [FOH], and the corresponding half-life time in
SSD would be:

(T-OH)' B In2 19107
P JSSDT3.6.10% - kpeon - [f'OH]  kpeon - [*OH]’

(26)
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Table 3. Comparison between our model, applied to the top Im of the Lake Greifensee
(Switzerland), and the field data derived from Refs. [11,22]. The half-life time of the pesticides
was calculated by means of Equation (25) in the case of the model, and with Equation (26) and the
value of [*OH] (Ref. [11], corrected for a UV irradiance of 22 W m~>) for the field data. The input
data of Equation (25) are reported in the Table, and were calculated as described in the text. The
values of P, and R.oy are referred to a sunlight UV irradiance of 22Wm™> (see Figure 2).
SSD = summer sunny days corresponding to 15 July at 45°N latitude. Error bounds: u +o.

Lake Greifensee Present model Field data [11,22]
NPOC (mgCL™" 3.5

NO; (M) 1.107*

HCO; (M) 2:1073

CO3~(M) 1.10°°

d (m) 1

V(L) 1.3

P! (einsteins ') (1.4+0.4)1077

PPOM(einsteins ) (1.4%0.4)-1077

P, (einsteins™) (1.740.5)-1071°

RESH (mols™") (4.2+1.5)-10""2

Rugp (mols™) (7.4+2.5).10"2

Ry (mols™) (1.240.4).10™"

Y i ksi[S] (S_l) 2:10°

[OH]. M 3.107"
Turon(SSD) 85433 130
T;:(e)rrlllron(SSD) 61 + 24 90
Taorarine (SSD) 140 + 60 210
iotinae(SSD) 62424 %
T/.\(Zc]—t]ochlor(SSD) 57422 85
T:f(e)rll—olufos(SSD) 39415 60

The half-life times calculated by Equation (26) are reported in Table 3, and compared
with the corresponding values derived from the model (Equation (25)). The input data
for the model were the chemical composition of the top water layer and the depth
d=1m. The absorption spectrum of water was unfortunately not available; it was
therefore modelled by means of Equation (8), based on the reported value of NPOC
(3.5mgCL™") [11]. This is the reason of the error bars associated to the values of P, in
Table 3. The half-life times obtained from the model and from the field data are not
very far, which indicates that the model can be a suitable description of surface water
systems. The model lifetimes are some 30% shorter compared to the field ones, and the
reasons for the difference can be the following: (i) it was adopted Equation (8) to
model the absorption spectrum of water, but this is just an approximation. Figure 1
shows that the actual spectrum could be different from the modelled one. (ii) The
behaviour of Dissolved Organic Matter (DOM) can be different in different ecosystems,
not only as far as the water absorption spectrum is concerned, but also regarding the
production of *OH. Accordingly, it is possible that DOM in Lake Greifensee produces
less *OH compared to the average behaviour of Figure 4. (iii) The model does not take
into account irradiation geometry effects [44], and could therefore overestimate
somewhat the importance of the photochemical reactions.
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3. Conclusions

A model was developed to foresee the lifetime of a given compound in surface water, as
far as the reaction with the hydroxyl radical is concerned. The needed inputs for the
calculations are the photochemically relevant composition data (NPOC,
[HCO5],[CO35],[NO5],[NO;]), the water column depth (mixing depth for stratified
lakes and average depth for thoroughly mixed lakes) and, if available, the water
absorption spectrum. As a reasonable approximation the chemical parameters and the
absorption spectrum should be referred to the surface water layer, where the
photochemical reactions are most significant. Indeed, in the majority of the water
bodies the rate of the photochemical reactions is considerably decreased below the first
meter of the water column [36].

If the absorption spectrum of water is not available it is possible to approximately
estimate it, albeit with some limitations, on the basis of the NPOC value (Equation (8)).
The modelling of the water spectrum would be useful if one aims at the assessment of the
general photodegradation kinetics of a molecule as a function of water composition.
In this case it could be interesting to vary the chemical parameters and the column depth
over a range of reasonable values, without direct reference to a particular case.

The application of the model to some real cases showed that the lifetime of the same
pesticide in different water bodies can be very variable, and the variability is comparable
or even much higher than for different pesticides in the same water body. These findings
suggest that as far as the reactivity with *OH is concerned, the concepts of photolability
or photostability referred to a certain molecule are not absolute ones. They are rather
a function of the molecule, which contributes with its value of k.oy, and of the
surrounding ecosystem that defines the values of V, RQy, and )Y, ks; [S] (see Equation
(25)). The model lifetimes were particularly low for the shallower water bodies (Lake
Rouen, Rhone delta lagoon), which suggests that the depth of the water column can be
a very important parameter.

The model lifetimes were in reasonable agreement, considering the adopted
approximations, with field data from the top layer (Im depth) of Lake Greifensee
(Switzerland) [11].
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