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Abstract

Water bodies located in arid and semi-arid envirents undergo important fluctuations of the
water level, and in the dry season water loss ntayrothrough phenomena such as outflow and
evaporation. Water scarcity often exacerbatesrtipact of pollution, because harmful compounds
can reach very high concentration values in theeree of relatively low water volumes. Among
self-cleansing (depollution) processes of watendmdghotochemical reactions are expected to play
an important role in pollutant attenuation, althowgpmetimes they yield harmful intermediates. In
this work, the effects of water-level fluctuatioms photochemical reactions were studied by means
of a modelling approach. We investigated how watéflow and evaporation (as well as a mixed
scenario) might modify steady-state concentratiohsthe most important reactive transients
involved in photoinduced transformatiofOH, CQs~, 'O, and triplet states of chromophoric
dissolved organic mattetCDOM?*). Under the same conditions, it was also ssse the possible
phototransformation of emerging pollutants suchcadamazepine, ibuprofen, 2,4-dichloro-6-
nitrophenol and 2,4-dinitrophenol. Model resultggest that water loss processes would generally
enhance photochemical reactions, but to a variaktent depending on the particular pathway
under consideration. Outflow would favour all phdtemical reactions, and particularly those
involving "OH and CQ . Conversely, evaporation would enhance reactidgh @, and*CDOM*
while having practically no effect onOH, CQ;™ and direct photolysis. Enhancement of
photochemical self-cleansing of water bodies waquddtially reduce the pollution impact, but in
some cases sunlight-induced processes could gerenahful compounds.

Keywords. Ephemeral lakes; Environmental photochemistry; &ttwemical depollution;
Emerging organic pollutants; Photoinduced trans&irom; Environmental modelling; Water
scarcity.



| ntroduction

Water availability is becoming an increasingly imot problem in many areas of the world [1,2].
A further matter of concern is represented by der@nange, which is dangerously shifting the area
of water scarcity from traditionally arid sub-tropl and tropical zones to temperate ones. For
instance, almost all the Mediterranean area isnpialfy at risk for a possible reduction of water
availability [3-6]. Water scarcity presents the i#iddal problem of exacerbating the effects of
pollution. In fact, pollutant emission can causghhtoncentration values in the receiving water
body, if water volume is limited [7-9]. For the sameason, the environmental impact of
agricultural activities€.g. pesticides) or of urban wastewater (containingyremerging pollutants
such as pharmaceuticals) on aquatic environmentsgiser under conditions of water scarcity
[10,11]. Rainfall in arid and semi-arid regiondimited overall but it is often concentrated ineavf
major events. Therefore, a typical consequence atemscarcity is the considerable seasonal
fluctuation of the level of surface water bodiesmetimes up to complete desiccation during the
dry season [12-14].

Chemical transformation is one of the processes litmit the concentration of pollutants in
environmental waters. Photochemical reactions areerg important class of abiotic pathways
leading to pollutant degradation, thereby attemgatpollution but sometimes also producing
harmful intermediates [15]. Light-induced reactioae usually classified as direct photolysis
(where sunlight absorption by the pollutant causedransformation) and indirect or sensitised
photoreactions. In the latter case, radiation giigmr by photoactive compounds.g. nitrate,
nitrite and chromophoric dissolved organic mat€hHOM) induces the generation of reactive
transients (most notablyOH, 'O, and 3CDOM?*) that promote transformation of dissolved
compounds including organic pollutants [16,17]. Additional transient, C§, is produced by
oxidation of carbonate and/or bicarbonaté ®y and*CDOM* [18].

All photochemical processes can induce pollutarigformation, but there is evidence ti@H
is a bit less likely to yield harmful intermediatesmpared to other photoinduced transients or to
direct photolysis [19]. Photochemical reactions strengly affected by irradiance, water chemistry
and water depth. Chemistry and depth may undenganieable variations in water bodies located
in arid or semi-arid environments, because of coatimn of water drainage, seepage into the
underlying substrate, and evaporation [20-22]. Whall such processes considerably decrease
water depth, evaporation can also affect chemmaposition by concentrating the vast majority of
solutes. To our knowledge, information concernimg impact of drainage, seepage and evaporation
on photochemical reactions is hardly availableha literature. To fill in this knowledge gap, we
have applied a photochemical model that prediatsdststate concentrations of photoinduced
transients ‘OH, CQ~, 'O, and *CDOM?*) as a function of variable water chemistrydatiepth
[23,24]. The model can also predict pollutant tfamsation kinetics. Compounds to be modelled
were chosen depending on available reactivity dsajely photolysis quantum yield and second-
order reaction rate constants with photoinducedstemts. The chosen compounds in this study
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belong to the classes of pharmaceuticals (carbgmmegzeCBZ, and ibuprofen, IBU) and pesticide
metabolites (2,4-dichloro-6-nitrophenol, DCNP, prodd by transformation of phenoxy acid
herbicides [25]). Furthermore, the strongly phyxata?,4-dinitrophenol (24DNP) [26] was chosen
because it undergoes phototransformation in susaters almost exclusively by direct photolysis
[27]. Therefore, 24DNP is an excellent probe foedi photochemical reactions under the modelled
conditions. In the case of the two nitrophenolg #mionic forms were considered because they
would prevail over neutral ones in surface watpk&{“"" = 4.75,pK.>*"" = 4.08) [26].

Methods
Photochemical production of reactive species

Chromophoric dissolved organic matter (CDOM), rtérand nitrite are the main photosensitisers in
most surface waters. Their irradiation produt®#i, 'O, and *CDOM* (CDOM triplet states).
Furthermore, oxidation of carbonate and bicarbobgitéOH and carbonate oxidation BgDOM*
yields CQ™". The radicalOH is mostly produced by irradiation of CDOM, ntgand nitrite, and it

is scavenged by DOM, carbonate and bicarbonatd 7188]. In salt- or brackish waters, bromide is
an importantOH scavenger, too [29].

CDOM + v + H,O - "OH + CDOM™ + H' (1)
NOs +hv + H - "OH +'NO; (2)
NO, +hv + H - "OH +'NO (3)
‘OH + DOM - Products (4)
‘OH + HCG™ - H,O+ CGQ™ (5)
'OH +CQ¥ - OH +CQO;~ (6)
‘'OH+Br - OH +Br @)

Note that reaction (1) [30] is not the only procegswhich CDOM could produceOH [31]. The
still controversial pathway might also (or in aftative) proceed via a photo-Fenton process [32],
which could involve HO, and Fe complexes having DOM moieties as ligandsfaf as reaction
(4) is concernedOH can react with organic compounds by electroll-atom abstraction, and by
addition to double bonds and aromatic rings [33jté\that nitrate, nitrite and CDOM compete for
sunlight irradiance, and that CDOM acts as an g¥fednner filter for nitrate and nitrite in deep
water [23].

Radiation absorption by CDOM vyields excited singites that by inter-system crossing (ISC)
produce excited triplets’¢DOM®*). The latter can react with dissolved orgasmmpounds by
energy, electron or H-atom transfer [17,34]. Addhitl reactions can take place with 10 produce
0, and with carbonate to give GO[18,35].



CDOM + hv - ‘cbom* O~ 3cpom* (8)
3CDOM* + O, — CDOM +'0, (9)
3CDOM* + CO* — CDOM™ + CO;™ (10)

Reaction (9) and thermal deactivation are the ramiks of°CDOM* in surface waters and yield an
overall first-order deactivation rate constant_ .. 05010 s [36]. Singlet oxygen is produced in

reaction (9) and mainly inactivated by collisiontlwiwater molecules, with pseudo-first order
inactivation rate constar’|¢102 = 2.510° s } [37]. The radical C@" is produced by reactions (5), (6)

and (10) and mainly scavenged by DOM, with secami@orate constank 0107 L (mg

CO;",DOM
C)* s [18]. The reactions of C{J with organic compounds mainly proceed by one-sbect
abstraction [38]. In addition to the cited transsgradditional species such as Oand DOM-
derived radicals€.g. peroxy radicals RO0 could be involved in photochemical transformation
processes in surface waters. However, there isepg@ that both © and ROO-type radicals
would play a minor to negligible role in transforioa reactions, compared {€DOM* [39].

The reactions introduced so far can be taken iotount in a photochemical model that predicts
steady-state concentrations'6fH, CQ;, 'O, and*CDOM* as a function of water chemistry and
depth [23]. The model considers penetration of ighhlat different wavelengths in the water
column by means of a Lambert-Beer approach foryesiegleA value (included in the 300-800 nm
range). This is followed by numerical integratiomepoA to obtain the photon fluxes absorbed by
photoactive species (CDOM, nitrate and nitrite) #mel formation rates of the relevant transients.

Competition for irradiance between CDOM, nitratérite and dissolved pollutants is taken into
account in a Lambert-Beer approach. Water absorgp@ctrumA (A) (cm* units) was modelled

by the exponential equatiom,(A) =(0.45+0.04DOCE %003 [40], where DOC is the
dissolved organic carbon ask 0.0130.002 nm' is the spectral slope. Values $fn the 0.013-
0.017 nm* range can be found in a variety of water envirommeén different locations (inland,
both highland and lowland, and near-coastal zamgading brackish waters [40-42]).

The optical path length of sunlight into the wétedy depends on depth, solar zenith angle and
water refraction, while reflection of sunlight dtet air-water interface can be neglected as a first
approximation [43]. Combination of zenith angle aaftaction produces an optical path length that
is a bit longer than water depth. Note, howeveat thany ephemeral and fluctuating water bodies
would be located in arid zones that are quite comaround 30° latitude (the so-called subtropical
ridge). Correction for solar zenith angle and refcn under such conditions [43,44], within 4 h
from noon (when photoreactions are most active)inqusummer months (when water loss
processes are most likely) gives an optical patigtle that is within 1.15 times the water column
depth. Neglecting such a variation greatly simgsifmodel handling and does not add much to the
overall uncertainty. Even at temperate latitudeg.(45°) within 4 h from noon in summer, the
optical path length would be at most 1.15-1.20 sinlee water depth. By comparison, model
uncertainty £0) on"OH formation rate is 5% from nitrate, 10% from iérand 15% from CDOM,
to which a further 15% uncertainty should be addsdfar as’OH scavenging is concerned.
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Uncertainty on'O, and *CDOM* formation rates from CDOM is in the 25-30%nge, and it
increases to 30-35% as far as the secondary patlovayO;~ formation from *CDOM* is
concerned [28,40,45].

The model calculates steady-state concentration®Obf, CQ;~", 'O, and *CDOM* for a
sunlight irradiance of 400 W T™(290-800 nm, of which 22 W Thin the UV region, 290-400 nm)
[23]. It would correspond for instance to 9.50 amctoudless 15 July at 30° latitude, and to 10 am
on cloudless 15 July at 45° latitude [28,44]. Ipssible to model the transformation kinetics of
pollutants from concentration values of transieptsyided that the relevant second-order reaction
rate constants are known [45]. Indeed, pseudodnd¢r degradation rate constants are obtained as
the product between second-order rate constantstaady-state concentrations of transients, and
one has to know the average transient concentgtiothe whole water column. For this reason,
the model returns column-averagé®H], [COs '], ['O.] and FCDOM*] rather than their trend
with depth. The model also predicts transformakimetics by direct photolysis, based on pollutant
(and water) absorption spectrum and on photolysatym yields [46].

An important issue is that the model takes welladisurface water into account. In the case of
sufficiently shallow lakes, mixing can be relevaatthe whole column. In the case of deep and
stratified lakes, it is relevant to the epilimniorhe present work does not consider depth values
higher than 10 m, thus thorough mixing can be neasly assumed. Mixing has an important
consequence on pollutant phototransformation becéusaintains constant concentration values of
pollutants within the column. In contrast, the dieatate concentrations of photoinduced transients
are considerably higher at the water surface thathe deeper layers, because of higher sunlight
irradiance at the surface. Phototransformation @aumlostly take place at the surface but the
development of a pollutant concentration gradieith wdepth is prevented by mixing, which is
usually faster than photochemical reactions. Amasequence, the transformation kinetics of a
pollutant bye.g.”OH in a well-mixed water column depends on the méaml] within the whole
column, which averages the elevated surface coratemts and the much lower ones at the bottom
[47]. The same issue holds for other photoinducaaisients. In our model, the reported steady-state
concentrations of transients are averages witlwatar column of deptt.

The time unit adopted by our model is the time makg sunlight in cloudless sky to deliver
7.5010° J m? UV energy to the grounc(g, 9.5 hours of light at an average UV irradianc@dw
m?) [23,24]. Hereafter, this will be the meaning bétterm “day” as far as the model output is
concerned (note that modelled pseudo-first orderatition rate constants have units of tay
Such a time unit corresponds for instance to faather 15 July at 45° latitude or to 25 August at
30° latitude [28,44]. A more complete descriptidriree model, including all the model equations is
reported as Supplementary Online Material (SOM).



Model application to fluctuating water environments

Water bodies in arid and semi-arid regions arenoftearacterised by very large fluctuations of the
water level, sometimes up to complete desiccatiothe dry season because water loss is not
compensated for by inflow or precipitation [12-1¥Yater loss may occur by several phenomena
including surface drainage, seepage or evaporatiennost likely scenario being a combination of
the three processes. Both drainage and seepagel woadify water depth (taken here as the
average depth of the water body), with limited efffen water chemistry. Therefore, they will be
considered together under the term “outflow” andfuxher differentiated. Three scenarios were
taken into account in this work: the two extremaditons of pure outflow and pure evaporation,
basically to get insight into the effect of suclogesses on photochemistry, and a mixed case where
half of the water is lost by outflow and the othaif by evaporation. In the pure outflow scenario,
concentration values of solutes would be constana &irst approximation when the water level
decreases. We assume an initial condition withlddpt= 10 m and solute concentration We
also assume < d, as the column depth value resulting from wates,logith f = d d, * as the
fraction of initial depth. In the absence of otbbenomena, the concentration of a given soluté for
< 1 would bec = ¢,. In the evaporation scenario, as a first approkonathe mass of solutes is
preserved and concentration values increase as/dhune decreases. Abiotic or biochemical
processes can be operational and further modifyctmeentration of inorganic ions or of DOC.
However, such events are expected to be quitereiffen different water bodies and they were not
considered here, but a caveat concerning Ga@@cipitation is commented where relevant.
Because of evaporation, the concentratioh a given solute at a fractidr 1 of the initial depth is

c = ¢, f*, wherec, is the concentration & = 10 m. In the mixed scenario, half of the waselost

by outflow and half by evaporation. In such a cabe following equation holds for solute
concentration at the usual fractiba 1 of the initial depth:

_c( f+1
c_g( : j (1)

In the above discussion it is hypothesised thaewet thoroughly mixed. This is obviously an
approximation, which is nevertheless justified ihallow waters. In all three scenarios the
photochemical model was used to determine varigtioh the column-averaged steady-state
concentrations of photoinduced transientOH, CQ~, 'O, and *CDOM*), and of the
photodegradation kinetics of model pollutants. Asds the latter are concerned, compounds were
chosen for which reaction rate constants with tekevant transients are available. Selected
compounds were(i) the anti-epileptic drug carbamazepine (CBZ), whictdergoes degradation
mostly by direct photolysis andOH reaction [48]; (i) anti-inflammatory ibuprofen (IBU),
transformed by direct photolysi€QH and*CDOM* [49]; (iii) 2,4-dichloro-6-nitrophenol (DCNP),

a toxic secondary pollutant [50] that derives frpimenoxyacetic acid herbicides [25] (DCNP is



mainly degraded by direct photolysi©H and’O, [51]); and(iv) 2,4-dinitrophenol (24DNP), used

in several industrial applications or formed asoseary pollutant [52]. 24DNP is mostly
transformed by direct photolysis [27]. Photolysepdnds on competition for irradiance between
substrate and other water components [40], bt imdependent of the steady-state concentrations
of photoinduced transients. This issue accountstHerchoice of 24DNP in this work. Table 1
reports available data for reaction rate constantsquantum yields of the studied compounds. The
photolysis quantum yield of IBU is particularly higbut it is largely offset by the very limited
ability of this compound to absorb sunlight [49). ¢ontrast, the much lower quantum yield of
24DNP is largely compensated for by the substraii@yato absorb sunlight between 300 and 500
nm [53]. In the case of CBZ, IBU and DCNP, the nidudes been validated for its ability to predict
substrate transformation kinetics under field cbads [48,49,51].

In the case of outflow, where concentration valoiesolutes would not vary, it was possible to
extend the model to near-zero depth. In the otbemarios, water evaporation might increase solute
concentration values beyond the levels where thdembas the support of experimental data
[28,40,45]. Under such circumstances, scavenging®iyl of *CDOM* and 'O, could for instance
become significant [54]. Moreover, phenolic antdaats present in DOM could substantially
inhibit *CDOM*-sensitised transformation of organic pollugif55]. To prevent the model from
producing questionable data, in the evaporative muixed scenarios the simulation was only
performed down td = 0.1, which corresponds to 1 m depth and (inetvegporative scenario) 10-
fold solute concentration compared fte= 1. Lowerf values (shallower water, implying higher
solute concentrations if evaporation takes plac@pwot taken into account.

As far as water chemical composition is concerrea, cases were considered: in case A,
nitrate (0.1 mM) and nitrite (1 uM) would be impamt*OH sources, in case B they would play a
minor role (concentration values of 1 uM and 10 nigpectively). Other chemical parameters
were in both cases as follows: 1 mg € DOC, 0.5 mM bicarbonate, 10 pM carbonate. The mode
results would best apply to lakes with a fluctugtivater level, but some conclusions can be
extended to rivers as well. To highlight water lassthe different scenarios, model results are
plotted as a function of the fractidrof the initial depth, taken a% = 10 m. The lower i$, the
higher is the water loss and the shallower is taeencolumn.

Results and Discussion
Effects on photoinduced transients

Figure 1 reports the trends wittof column-averaged QH], [COs~'], [*O,] and FCDOM*] in case
A (0.1 mM nitrate, 1 uM nitrite), in the three difent scenarios of outflow (1a), evaporation (1b)
and the mixed process (1c). Itds= 10 m and data are plotted as a function of desongf, thus in
the direction of increasing water loss. Note th&;C was the transient occurring at the highest
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concentration, whiléOH often had the lowest concentration values. Taegmmeason for'DH] <
[COs™] is that"OH is much more reactive than g0towards DOM. This reactivity difference is
usually maintained in the case of dissolved patitgd56,57], and it can compensate for the lower
steady-state concentration '@H. To allow all concentration values to be ploteeghinst the same
Y-axis and to maintain plot readability, [GQ was divided by a factor of 10 or even 100 and
['OH] was often multiplied by 10. In such cases, ¢gatibns are reported on the plots.

Figure 1a shows that all concentrations increas® wecreasing. Remembering that the
reported concentration values are averages ovewlioée column, their increase is a consequence
of the fact that the bottom layers of a deep wately are poorly illuminated by sunlight. Transient
concentrations in the deeper zone are very low,Guse a decrease of column-averaged values
whenf is high. In contrast, a shallow water body is meficiently illuminated and, with fewer
dark zones, the average steady-state concentratigutoinduced transients are higher at fow

[*CDOM?*] and ['O,] show a parallel increase with decreadingecause they are both produced
by the same species (CDOM)OH] and [CQ™'] increase more steeply thafCDOM*] and ['O.]
with decreasind, thus a further effect should be operational iditwh to better illumination of
shallowvs.deep water. Considering that concentration vatdiestrate, nitrite, DOC, carbonate and
bicarbonate do not vary in the outflow scenarie thain issue here would be competition for
irradiance between nitrate, nitrite and CDOM. Nibtat'OH would be produced by nitrate, nitrite
and CDOM, C@" mostly by reaction betweei®H and carbonate/bicarbonate, whit®, and
3cDOM* would be produced by CDOM alone. CDOM its@fthe main radiation absorber in
surface waters between 300 and 500 nm [58]. It astsa filter that decreases the radiation
absorption by nitrate and nitrite to an extent thepends on wavelength and depth. The screening
effect of CDOM is higher in the UVB than in the UVigion, thus it affects UVB-absorbing
nitrate more than nitrite, which has an absorptitaximum in the UVA [59,60]. If is very low
(very shallow water), the three species absorbatadi almost independently and radiation
absorption by nitrate and nitrite is not decreasgdCDOM. With increasind, the filter effect by
CDOM becomes more important and decreases the miosoof radiation by nitrate and nitrite.
Therefore, at high most*OH would be produced by CDOM. At lofvnitrate and nitrite would
contribute more t6OH generation, adding to the CDOM contribution aadsing higher'DH] to
be reached. That would in turn produce higher{CQbecause of enhanced oxidation of carbonate
and bicarbonate (reactions 5, 6).

Figure 1b reports steady-state concentrations &metion of f in the evaporation scenario
(evaporative solute concentration). Note tR&@JOM*] and ['O,] increase with decreasirfigwhile
[FOH] and [CQ] are constant. Assuming as done here that sol@ssns conserved during
evaporation, concentration values would e ¢, f*. According to the Lambert-Beer law, the
absorbance of a given solute at the wavelehgthA, = 100¢; d c= 100¢, f d, ¢, whereg, (units
of M cm™) is a molar absorption coefficient ade: f d,. The factor of 100 is introduced because
depth is expressed in metres and not in centimetrésc f = ¢,, thus the absorbance of solutes
(including CDOM, nitrate and nitrite) would &, = 100 ¢, d, ¢, independent of. Becausd



variation does not modify absorbance values, itld/owt affect competition for irradiance between
CDOM, nitrate and nitrite (differently from the @asf outflow). The reported trends of steady-state
concentrations of transients can be explained bgnpmena that follow radiation absorption.
Constant absorbance of water witmeans that the number of absorbed phobténs always the
same in the whole volume while evaporation proce@tle number of absorbed photons per unit
volumeV (ne = Np V) is inversely proportional t§ becausd/ O f. In other wordsne increases
with decreasing because sunlight-absorbing solutes are concedtbgtevater evaporation. For the
same reason, the absorbed photon fluxes per uhimeo(P'*, P'%:, PP ared f. The
relevant formation rates of photoinduced transieémt_so " Rlo2 and R3CD0M*) are the product of

absorbed photon fluxes times depth-independenttgmayields [23,24], and they afef™* as well.

Steady-state concentrations of transients are radaaas the ratio between formation rates and
scavenging (or deactivation) rate constants. Fgtairce, [102]:Rlo Elk{é . In this case, the

deactivation rate constamo depends ohO, collisions with solvent molecules and is indeperide

of the concentration of solutes (at least if DO®@as$ too high, for which reason the modelling was
not extended t6 < 0.1) [37]. Becaus®,_ [ f*and k,, isindependent df it is also to] Of?

(coherently with data of Figure 1b). A similar isstolds for {CDOM#], becauseR%DOM* Of* but

3CDOM* deactivation would not be significantly moeidl with decreasind, at least at the
investigated values.
The case of OH is different, because it is scavenged by com@gsuiDOM, carbonate and

bicarbonate [28]) that would undergo evaporativecentration. Assuminds. . ., K., Hoos and
k

respectively, ank. |

- OH CO as the second-order reaction rate constantsOsf with DOC, HCQ and CQ?,

. as the pseudo-first order scavenging rate conefaH, one has:

Ko =K on poc POC+ k.OH’HCOg [HCO ] + k.Ochog, [COT] (12)

Because of evaporative concentration, DOC, [H¢@nd [CQ?] O f* and one getk. on U flas
well. The'OH formation rate ROH) is inversely proportional tb(R_OH 017 as explained above.
Therefore, [OH] = R, k™ . would be independent &f

"OH

A similar issue (independence ®fholds for CQ ", because it is mainly produced 9H and
scavenged by DOM. Note, however, that evaporatimgcentration might cause precipitation of
CaCQ in Ca-rich water [61]. This phenomenon would depl@organic carbon forms and would
decrease both GO formation rate and steady-state [CQ The same issue would be less
important in Mg-rich and Ca-poor water, because Kg more soluble than CaG{52].

Figure 1c reports the trends withof [[OH], [COs”'], ['O,] and FCDOM*] in the mixed
scenario, where half of water is lost by evaporatamd half by outflow. Intermediate conditions
between previous cases account for the similadsei'OH and CQ@™ and of'O, and*CDOM*.
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Interestingly, fO,] and FCDOM?*] undergo a more marked increase with decreglscompared to
['OH] and [CQ"].

Figure 2 compares the impact of the three diffesmanarios of outflow, evaporation and the
mixed one, in case A (0.1 mM nitrate and 1 uM tajrion the column-averaged steady-state
concentrations ofOH (2a), CQ™ (2b), 'O, (2c) and*CDOM* (2d). To allow easier comparison,
data are plotted in the range=T > 0.1 for all the scenarios. It clearly appears friva figure that
[[OH] and [CQ™] are highly enhanced by outflow, while the largéstrease of 0, and
[*CDOM?] is observed in the case of evaporation. ¥stficonclusion that can be drawn is that
outflow would favour processes induced yH and CQ@, while evaporation would enhance
reactions involvindO, and®*CDOM?*. In the mixed case, the increase ®j and PCDOM*] with
decreasind would be more important compared ¥®@H] and [CQ™].

Figure 3 reports the trends 60H], [COs~'], [*0,] and FCDOM?*] as a function of, in case B
(low nitrate and nitrite: 1uM and 10 nM, respediyydor the scenarios of outflow (3a), evaporation
(3b) and mixed (3c). Differently from previous casehere nitrate and nitrite would play a minor
role as’OH sources. CDOM would account for the majority®H photoproduction, in addition to
generatindO, and®*CDOM*. Figure 3a shows that all transients undeggite similar increase with
decreasind, differently from Figure 1a (case A) wher®©H] and [CQ ] increased much more
than fO,] and FCDOM®*]. Such a difference can be accounted for iy prevalence of CDOM
photochemistry in case B. Here competition fordiaace between nitrate, nitrite and CDOM is still
operational and decreases at lgwbut enhanced nitrate and nitrite photochemistrg hmited
impact on’OH photoproduction that is dominated by CDOM. TH&s;C trend largely follows the
"OH one, because GO mainly arises upon HGOand CQ? oxidation by OH.

Figure 3b reports the trend of steady-state coraons in the evaporation scenario.
[*CDOM?*] and ['O,] increase with decreasirfgor the same reasons already discussed in case A,
while [[OH] keeps constant. In case B the steady-st@el][is considerably lower than in case A
(compare Figures 1b and 3b), thus carbonate ogiuldty*CDOM* would play a more important
role as CQ@" source. This issue accounts for the limited but-negligible increase of [C{] with
decreasing. The caveat formulated above for CaQfdecipitation would also apply in this case,
and precipitation of CaC{xould offset the predicted increase of [CD

Figure 3c reports the trends in the mixed scendf@DOM?*] and [‘O,] undergo higher
increase with decreasifighan [OH] and [CQ ], in analogy with case A already reported.

When considering the overall results shown in Fegui-3, one sees that a decreasing water
depth would be generally favourable to photochehpeoacesses. This may happen either because
the water body is better illuminated, or becaugesidime processes take place in a smaller volume.
These issues would influence the various photoctemeactions to a different extent. Outflow is
expected to enhance all processes, but those ingdl®H and C@~ more tharfCDOM* and'O,,
particularly if nitrate and nitrite are significaf®H sources. Conversely, evaporative concentration
would enhancECDOM* and'O..
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Effects on pollutant phototransformation

Figure 4 reports the overall first-order transfotiom rate constants of CBZ, IBU, DCNP and
24DNP, as a function df As usual, relevant scenarios are outflow (4agpevation (4b) and the
mixed one (4c). Data were computed for case A, hamgh nitrate and nitrite (0.1 mM and 1 pM,
respectively). There is a general increase of #te constant values with decreasindecause
photochemistry would proceed faster as water besashallower. However, details are different
depending on substrate and scenario. In the casatfbdw (4a), reaction rate constants of CBZ and
IBU undergo higher increase with decreadimgmpared to DCNP and 24DNP. While no selected
compound reacts significantly with GO (see Table 1), the role 6OH in phototransformation
decreases in the order CBZ (over 80%) > IBU (25-3@8pending orf) > DCNP (15-30%) >
24DNP (5-10%). Therefore, CBZ and IBU are more @&ffid than other substrates by the very
significant increase ofOH as water becomes shallower (see Figure 1a). thate24DNP would
mainly be transformed by direct photolysis, anditiegease of its transformation rate constant has
similar explanation as for CDOM photolysis: theatdan is faster in shallow water because the
bottom layers of a deeper water body are poouynihated by sunlight.

Figure 4b reports rate constant valwssf in the evaporation scenario, showing that the rate
constants of IBU and DCNP undergo a more impoitarease with decreasifigompared to CBZ
and 24DNP. In the case of CBZ 60-85% of transfoimnatvould be accounted for BYDH, the
steady-state concentration of which would not vduying evaporative concentration (see Figure
1b). The relative importance of th@H reaction is lower at lo; which accounts for the fact that
CBZ rate constant increases under such circumstameestly due t6CDOM?* having increased
concentration). 24DNP would be transformed ©¥ ((5%) and most notably by direct photolysis
((B5%). The photolysis rate constant of 24DNP is igted not to change with changirigTo
understand this, one should consider the competibo sunlight irradiance, as a function f
between 24DNP and the other water components. Atedavant wavelength, the dependence of
the photon flux density absorbed by 24DNE*"" (1)) on the absorbance values of 24DNP and
water is described by equation (13) [63]. Note tAgtA) = 100 A;(A) d = 100 Ay(A) f dy and
AzspnA(A) = 100 &£4pnHA) [24DNP]f do, see SOM, where 100 is the conversion factor betveen
and m,A;()) is the water absorption spectrum in"¢nj24DNP] has M unitsgaon(A) is in M
cm™, d, = 10 m,p°()) is the incident photon flux density of sunlight,’ (A) is the photon flux

density absorbed by water, angiAe(A) « Aw(A).

200np 1y — Posone(A) gy — Esaonp(4) [24DNP] ~100A (1) f d,
A) = 24P 7 A) = A@A-10 13
g () = Pl ) = Eeone ISR ) @

Evaporative concentration would increase both [28Pahd DOC, thus it would be [24DNP]f*
and A(\) O 7, the latter because;@) O DOC (see SOM, equation 1). If [24DNRInd A°(A )
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are the values referred th = 10 m, one obtains [24DNP] = [24DNH]" and A(A) = A°(A) .
On this basis, equation (13) is transformed agt

524DNP (/1 ) [24DN P] o

24DNP/1 =
pa o (A) A )

p°(A) (L1070 D ey (14)

Note that p>***(1) andp°(A) are independent df(equation 14) and have units of Einstein tm

st nm™* (see Figure SOM1). The photon flux absorbed byNRDn the water volume (units of
Einstein L' s*) can be expressed as follows (see also equatiam 2@M) [63]:

PV =10d™ [ p2*™"(1) dA =10(f d,) ™[ p2*™*°(4) dA (15)
A A

Therefore, it isP?*** O . The product®,,.» P***"* (where ®,,,,, = 3.410° is the photolysis
quantum yield of 24DNP [50]) gives the rawr,,,, U f1 of 24DNP transformation. The
corresponding first-order rate constant k§io . = R,,oue [24DNP]™, where both Rone 2N

[24DNP] are proportional tof ' and, therefore k™ is independent of. Because direct
photolysis is the major transformation pathwayZdDNP (k2o = ki), this issue accounts for

ot

the constant value d€;,» vs.f in Figure 4b. Finally, the important increasetof tlegradation rate

constants of DCNP and IBU with decreasirig accounted for by increasint}] and FCDOM?],
respectively.

Figure 4c shows the rate constants trend in thednscenario, for which the model predicts an
overall enhancement of phototransformation kinetth decreasingd, to a higher extent for IBU
and DCNP compared with CBZ and 24DNP.

Figure 5 reports rate constant trends witin case B (low nitrate and nitrite). Figure 5a
represents the outflow scenario, where the increh€8Z and IBU rate constants with decreading
is less marked than in Figure 4a (referred to c&seln case B the importance 6OH in
phototransformation is lower than in case A, areléhs a comparatively more important role of
other processes(g. direct photolysis andCDOM*). As far as 24DNP is concerned, the rate
constant increase is almost totally accounted fprebhanced direct photolysiSOH reaction
contributes less than 2% to 24DNP transformatiaheuthese circumstances.

Figure 5b reports the rate constants in the evéiparacenario. The flat trend of 24DNP is due
to direct photolysis (contributing to > 98% transh@tion) and has the same explanation as for
Figure 4b. CBZ rate constant does not vary betwkén<f < 1.0, wheré OH accounts for over
50% transformation and direct photolysis is alspantant. The increase of the CBZ rate constant at
low f is due to enhancefCDOM* reaction. Reactions witfCDOM* and 'O, also account for the
rate constant increase of IBU and DCNP with deangds Figure 5c¢ reports the trends in the mixed
scenario, where the rate constants of IBU and DQN&ergo a more important increase with
decreasing compared to 24DNP and CBZ.
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An interesting issue of Figures 4 and 5 is thattptizemical reactions are predicted to be quite
fast whenf is low. The corresponding half-life times of substs would be a few days, meaning
that photochemical processes could be importanonigtin lakes, where water residence time can
be high, but in some cases also in rivers wheretithe available for light-induced processes is
usually lower [64].

Conclusions

It is possible to model the effects of water loasptiotochemical processes, with the exception of
extreme phenomena that could be caused by evapurdtne latter may produce too high solute
concentrations, compared to experimental data aahvthe adopted photochemical model is based.

Water loss can be due to outflow (combination ofame drainage and seepage, which would
mostly preserve solute concentration values), enadijom (which preserves the mass of solutes
while their concentrations increase) or, most fesgly, some combination of both. Under the
above circumstances, the overall photochemicalstoamation kinetics of pollutants would be
enhanced as water is lost. Different photochenmigattions would be affected to a different extent,
also depending on the prevailing mechanism of wiates. Outflow would enhance all processes,
but particularly those involvingOH and CQ@™ if nitrate and nitrite play a significant role 28H
sources. The reason is that in shallow water pit@at nitrite undergo less competition with CDOM
for irradiance, and their ability to photochemigajleneraté OH is consequently enhanced. Direct
photolysis of pollutants is enhanced by outflongdese at equal water chemistry the bottom layers
of a shallow water body are better illuminated tilhose of a deep one. Enhancement of direct
photolysis would be higher for compounds that absomlight in UV and most notably in the UVB
region, because competition with CDOM for irradiame more important in the UVB.

Evaporative water loss would modify very little tlelumn-averaged'@H] and [CQ™],
because the relevant formation and scavenging ggesevould be enhanced to the same extent and
the two effects would compensate for each othesoAlirect photolysis processes would not be
modified by evaporative water loss, which would nbange absorbance values or competition of
solutes for irradiance. In contrast, water evaponaits expected to enhance processes mediated by
3CDOM* and'0,. A mixed scenario was also tested, where half miatéost by evaporation and
half by outflow, which would favoulCDOM* and*O, more thariOH and CQ".

The "OH radical (the reactivity of which is enhanced duytflow) is less likely to produce
harmful intermediates compared'@,, *°CDOM* or direct photolysis [19], but the fate ofteflown
water and of its contaminants should also be takEnaccount. Drainage would probably spread
water over a larger surface, with an overall enbarent of photochemistry because of reduced
water depth. In contrast, seepage through soil gnomndwater would exclude out-flown water
from sunlight exposure, thereby stopping photocleahreactions.
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Table 1. Second-order reaction rate constants Wakl, CQs~", 'O, and*CDOM?*, and photolysis

guantum vyields of the pollutants considered in wsk.

] 11 Il -1 -1 ] -1 ] -1
K., M"s kcos__,M S kloz,M Kicoo: * M o
-1 -1
S S
CBZ 1.810%° Negligible 1.900 7.000° 7.810%
IBU 1.0010° Negligible 6.0010° 9.7110° 0.33
DCNP 2.810° Negligible 3.700° 1.361¢° 4.510°
24DNP  2.310° Negligible Negligible  Negligible 3.410°

Reference

[45]
[46]
[48]
[50]
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Figure 1. Modelled steady-state concentrations®H, CQ; ", *0,, and*CDOM* (average values
over the water column), as a function of the fiacti of the initial depthd, = 10 m. To plot all
concentration values on the same Y axis, {CJOwas divided by 10 or 100 anddH] was
sometimes multiplied by 10. Transient concentratialues are referred to a sunlight UV irradiance
of 22 W mi% Three different scenarios of water loss are cmsid: outflow (a), evaporation (b)
and a mixed one (c), where half water is lost bgpewvation and half by seepage. Water chemical
composition atl, = 10 m was as follows: 0.1 mM nitrate, 1 pM nérit. mg C [* DOC, 0.5 mM
bicarbonate, 10 uM carbonate (water chemical cortippscase A). Note that here and in all the
following figures data are plotted against decregkithus in the direction of increasing water loss.
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Figure 2. Modelled column-averaged steady-state concentisitid’ OH (2a), CQ ™ (2b), 0. (2¢),
andCDOM?* (2d), for the three different scenarios (¢éaMf, evaporation, mixed), as a
function of the fractiorf of the initial depthd, = 10 m (water chemical composition:
case A).

20



16 |
< 40x10 A
U:\ i
c
S 3.0x10™+
<
>
3 *
S 20¢10" ['0.] [*CDOM’]
>
® [CO, ]/ 10
c
-16
S1.0x10 .
8 [*OH]
00l

1.0 l d8 l dG l d4 | d2 l Ob
Fraction of initial depth (f)

= B
g" 1.6x10™° e
8 [CO;]
ko) -15
1.2x10™° 1
g ['0;]
©
S 80x10™
i [*CDOM*]
E 2N
3 40x10™-
0 —
0.0 T T T T T T T 1'0 X I:.|OH]'
1.0 0.8 0.6 0.4 0.2
Fraction of initial depth (f)
= 5 ox10™ C
o
S ]
3 1.6x10™-
8 [COs
® 1.2x10"°
2 ] ['0,]
i 8.0x10™°
g [*CDOM*]
E ]
8 4.0x10™°
00l 10 x [*OH]

1.0 ' d8 I dG I d4 Oé
Fraction of initial depth (f)

Figure 3. Modelled steady-state concentrations@H, CQ;™, 0, and*CDOM*, as a function of
the fractionf of the initial depthd, = 10 m. Note that [C©’] is sometimes divided andQH]
sometimes multiplied by 10. Three water loss sagesare considered: outflow (a), evaporation (b)
and mixed (c). A, = 10 m one has 1 uM nitrate and 10 nM nitrite évathemical composition:
case B). For all other conditions see Figure 1.
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Figure 4. Modelled first-order transformation rate constatg, day®) of CBZ, IBU, DCNP and
24DNP, as a function df in the three water loss scenarios of outflow @jgporation (b) and

mixed (c). Water chemical compositiondat= 10 m: 0.1 mM nitrate, 1 pM nitrite, 1 mg C'L
DOC, 0.5 mM bicarbonate, 10 uM carbonate (watemsb@ composition: case A).
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Figure 5. Modelled first-order transformation rate constaf®, day®) of CBZ, IBU, DCNP and
24DNP, as a function df in the three water loss scenarios of outflow @jgporation (b) and
mixed (c). Water chemical compositiondagt= 10 m: 1 uM nitrate, 10 nM nitrite, 1 mg C*LDOC,
0.5 mM bicarbonate, 10 uM carbonate (water chentigalposition: case B).
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