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Abstract: Evaporative water concentration takes place in arid or semi-arid environments when
stationary water bodies, such as lakes or ponds, prevalently lose water by evaporation, which
prevails over outflow or seepage into aquifers. Absence or near-absence of precipitation and elevated
temperatures are important prerequisites for the process, which has the potential to deeply affect the
photochemical attenuation of pollutants, including contaminants of emerging concern (CECs). Here
we show that water evaporation would enhance the phototransformation of many CECs, especially
those undergoing degradation mainly through direct photolysis and triplet-sensitized reactions. In
contrast, processes induced by hydroxyl and carbonate radicals would be inhibited. Our model
results suggest that the photochemical impact of water evaporation might increase in the future in
several regions of the world, with no continent likely being unaffected, due to the effects of local
precipitation decrease combined with an increase in temperature that facilitates evaporation.

Keywords: pollutants; photochemical reactions; natural attenuation processes; surface waters; global
warming; water scarcity; precipitation decrease; water evaporation

1. Introduction

Contaminants of emerging concern (CECs) are harmful chemicals that are often emit-
ted by wastewater treatment plants (WWTPs) [1]. WWTPs have difficulties in removing
those CECs that are biorecalcitrant and water-soluble, which allows them to minimize both
biodegradation and partitioning on biosolids in the activated sludge biological step. There-
fore, CECs mainly remain in the aqueous phase from where they can easily reach surface
waters [1,2]. There, CECs and their transformation products are harmful to aquatic life
forms and potentially also to human health through use of water for irrigation, recreational
activities, and as a source of drinking water [3-5]. CECs include a wide list of compounds,
such as pharmaceuticals, personal care products, pesticides, and industry-relevant interme-
diates [1].

The biorecalcitrance of many CECs is also a problem in the natural environment.
Although biodegradation in surface waters might be different from WWTP processes [6,7],
compounds surviving biological WWTP treatment often undergo poor biodegradation in
aquatic ecosystems as well. Photodegradation can thus become a competitive pathway
for the elimination of these compounds from surface waters [8]. Photochemical CEC
attenuation involves direct photolysis and indirect photodegradation. In direct photolysis,
the CEC absorbs sunlight and is promoted to an electronically excited state that undergoes
degradation by bond breaking, photoionization, reaction with the solvent, or with reactive
solutes. In the case of indirect photochemistry, sunlight is absorbed by chromophores
called photosensitizers, most notably nitrate, nitrite, and chromophoric dissolved organic
matter (CDOM) [8-10]. Radiation absorption by photosensitizers yields photochemically
produced reactive intermediates (PPRIs), which include hydroxyl (*OH) and carbonate
(CO3°*7) radicals, singlet oxygen (10,), and the excited triplet states of CDOM ((CDOM*).
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PPRIs reach steady-state concentrations of about 10~18-10~1* M, which result from the
budget between photogeneration and scavenging/quenching [11]. In particular, *OH is
photochemically generated by CDOM, NOs~, and NO, ™ and is scavenged by DOM (the
dissolved organic matter, not necessarily chromophoric, quantified as dissolved organic
carbon (DOC)), by HCO;3 ™, CO327, and, to a lesser extent, NO, . However, in brackish
waters and seawater, most of the *OH scavenging is carried out by Br™ [11,12]. The
oxidation of HCO3~ /CO32~ by *OH and the oxidation of CO32~ by 3CDOM?* yield CO3°~,
which is mainly scavenged by DOM. CDOM is the only source of *\CDOM?*, which is mostly
quenched by O, to give 'O, with ~50% yield, while 'O, is mainly quenched by collision
with water [13-15]. DOM is usually not a significant scavenger of either 3CDOM* or 10,
for DOC < 20 mgc L1 [11].

Photodegradation kinetics are highly affected by water chemistry and depth, which
are in turn altered by climate change [11]. In particular, a strong link is expected between
water scarcity and photodegradation processes in both rivers and lakes [11,16]. Enhanced
CEC photodegradation would partially offset the fact that, if water is scarce, wastewater
undergoes little dilution, with increased pollution as a consequence [17].

Evaporative water concentration occurs in stationary water bodies, such as lakes
and ponds, when evaporation prevails over outflow or seepage and when the water
level is not regenerated by precipitation. Evaporation often occurs in arid and semi-arid
environments and sometimes proceeds up to complete desiccation [18,19]. In the process,
photochemical reactions are deeply affected, and different photoinduced pathways are
modified to different extents [11,20]. This work has the goal of understanding how different
CECs would behave under evaporative concentration conditions. We carry out this task by
photochemical modeling and also try to understand if, by the end of the century, there is
potential for the phenomenon to increase in importance on a worldwide scale.

2. Results and Discussion
2.1. Water Loss by Evaporation in Model Lakes

When water evaporates from a lake, there is loss of volume and of volatile solutes, but
non-volatile compounds, such as soluble ions, remain in the residual water and become
concentrated as a consequence. The extent to which they are concentrated and the photo-
chemical implications of the process depend on the way the evaporation of water affects
lake depth and volume, which in turn depend on the lake geometry [11].

The simplest geometrical scenario is relevant to a system that resembles a swimming
pool with vertical slopes (Figure 1A). In this case, the surface area S is not modified by
evaporation, and the volume is proportional to the height of the parallelepiped (V1 = S 3,
V5 =S hy). The height is also equal to the water depth and, most notably, to the average
depth of the ‘swimming pool” (note that average depths and their variations with time are
often the only pieces of information available for natural lakes).

In the ‘swimming pool” geometry, the loss of volume is directly proportional to the
decrease in average depth during evaporative water loss. Such an oversimplified scenario,
however, would hardly occur in the natural environment.

Another possibility is a conical shape, as shown in Figure 1B. In this case, the surface
area decreases with ongoing water evaporation, and it is possible to define a scale factor
« so that r, = oc 71 and hp = a hiy. The volume of a coneis V=1/3 w+? h, whered =1/3h
can be defined as the average water depth, and it is also d = & d1. On this basis, one gets
Vo =1/3mr?hy =3 Vy. The proportionality between depth decrease and volume loss is
no longer linear but rather V,/Vy = (dy/ dqi)3.
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Figure 1. Geometry of water loss, depending on model lake shape. (A) Swimming pool-like system.
(B) Conical system. (C) Hemispherical system. For simplicity, here we assumed a scenario that can be
assimilated to case (B). V = volume.

A further case could be that of a hemisphere of radius r (Figure 1C), for which the surface
area also decreases with evaporation. The hemisphere volumeis V =7 W2 (r —1/3 h). Assume
that the maximum water depth & scales as & = o 7. The average depthisd =% h + /¢ i3
(hr — )71, and it is V,/V; = (3a® — «%)/2 with Iy = « hy. The volume trend is again
described by a cubic function but is more complex than for the case of conical shape. For the
sake of simplicity, a scenario as per Figure 1B was here assumed, where V,/V7 = (dy/d; ).

Note that changes in average depth affect the degree by which a water body is illumi-
nated by sunlight [21,22], thereby impacting photochemical reaction kinetics. Moreover,
changes in volume during evaporation produce proportional increases in the concentration
of non-volatile and water-soluble solutes. In our case, the following assumptions were
made: (i) As a volatile solute, dissolved O, was assumed to evaporate together with water,
and its concentration was hypothesized not to vary in the process; (ii) no precipitation
of CaCO3 was assumed to take place during water evaporation (calcium carbonate un-
dersaturation or [Ca%*] < 8.7 x 1075 M [23]); thus, we hypothesized that HCO3™~ and
CO3%~ simply underwent concentration while the water volume decreased; (iii) while
(C)DOM underwent evaporative concentration, no changes in its features, such as the
DOC-normalized absorption spectrum, were assumed to occur.

2.2. Changes in CEC Photodegradation during Evaporative Water Concentration

Evaporative water concentration increases the levels of water components having
photochemical significance, such as NO3;~, NO,~, HCO;~, CO3%~, and DOC. These act as
sources and/or scavengers of PPRIs, and some of them are able to screen radiation [22],
with the potential to modify the photodegradation kinetics of contaminants. The effects
on photodegradation were assessed by modeling, using the software APEX version 1.1.
APEX (Aquatic Photochemistry of Environmental Xenobiotics) predicts photodegradation
kinetics of dissolved compounds based on their photochemical reactivity (absorption
spectrum, direct photolysis quantum yield, second-order reaction rate constants with *OH,
COs°, 107_, and 3CDOM*) and on features of the water environment (sunlight spectrum
and irradiance, water depth, DOC, and concentrations of NO3~, NO,~, HCO3~, and
CO327) [24,25]. In particular, the spectrum of sunlight used here and its irradiance were
intended to reproduce a fair-weather, mid-latitude summer day in the northern hemisphere
(clear-sky 15 July, 45 °N). The latest version of APEX was used in this work [26], which can
take evaporative water concentration into account as V e d®.
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Simulation results are reported in Figure 2 for a range of compounds [26] that differ in
photochemical reaction pathways and include pharmaceuticals (acetaminophen (paraceta-
mol), carbamazepine, ibuprofen, and sertraline), pesticides (atrazine, chlortoluron, diuron,
fenuron, and propanil), an artificial sweetener (acesulfame k), a solar filter (benzophenone-
3), an industrial chemical intermediate (nitrobenzene), and a naturally occurring biological
molecule (glutathione). The photochemical parameters (direct photolysis quantum yields,
second-order reaction rate constants with PPRIs) of these compounds are listed in Table 1.
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Figure 2. Predicted photodegradation kinetics of the considered CECs upon evaporative concen-
tration of water. Left Y-axis: first-order photodegradation rate constants (k, SsD1). Right Y-axis:
corresponding half-life times (t, = In 2 k=1, days). Note that the acronym SSD (summer sunny day)
is a time unit that indicates a fair-weather day corresponding to mid-latitude (45 °N) 15 July. The
direction of water evaporation is in the sense of decreasing depth (see the arrows pointing from right
to left). Initial water conditions (referred to the initial depth d = 10 m): 107 MNO3;~, 108 MNO, ",
1075 M HCO3~, 1077 M CO;32~, 10 M Br~, and 0.1 mg. L~! DOC. Different colors highlight
different photodegradation pathways (*OH, CO3*~, 10,, 3CDOM*, d.p. = direct photolysis).

As shown in Figure 2, water evaporation would enhance direct photolysis and
3CDOM* reactions while inhibiting the processes induced by *OH and CO3°*~. Direct
photolysis would benefit from the decrease in water depth because shallow water bod-
ies are more thoroughly sunlit compared to deep ones. In the case of 3CDOM?, its only
source (CDOM) would increase with evaporation, but the main sink (O;) would evaporate
together with water, and its concentration would thus not increase. Increasing CDOM
and constant O, with evaporation account for the increasing importance of the 3SCDOM*
reactions predicted by the model [11], although DOM would become a significant >*CDOM*
sink for DOC > 20 mgc L~!. Although 'O, would not play a key role in the degradation of
the considered compounds, its reactions would undergo a similar enhancement as *CDOM*
because the 10, source (CDOM) would increase with evaporation while the ~55 M H,O
concentration in aqueous solution would not be changed significantly by the assumed
degree of evaporative concentration of the solutes [27].
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Table 1. Photochemical reaction parameters of the modeled CECs (direct photolysis quantum yields,
Dap.s and second-order reaction rate constants, kppry) [26]. E = Einstein (mole of photons).

® Reaction Rate Constants (M1 s-1)
Compound dp-

(mol E-1) koon kco,e- Ko, k*cpom
Acesulfame K Negligible 5.9 x 10° Negligible 2.8 x 10* Negligible
Acetaminophen ! 4.6 x 1072 1.9 x 10° 3.8 x 108 3.7 x 107 1.6 x 10°
Atrazine 1.6 x 1072 2.7 x 10° 4 x 10° Negligible 7.15 x 108
Benzophenone-3 31x107° 2.0 x 1010 Negligible 2.0 x 10° 1.1 x 10°
Carbamazepine 7.8 x 1074 1.8 x 10%° Negligible 1.9 x 10° 7.5 x 108
Chlortoluron 3x1072 6.9 x 10° 1.7 x 107 Negligible 2.7 x 10°
Diclofenac 9.4 x 1072 9.3 x 10° Negligible 1.3 x 107 6.4 x 108
Diuron 1.25 x 1072 9.45 x 10° 8.3 x 10° Negligible 5.2 x 108
Fenuron 6 x 1073 7 x 10° 6.0 x 10° Negligible 2.0 x 10°
Glutathione Negligible 3.5 x 10° 5.3 x 10° 2.4 x 10° 6.7 x 108
Ibuprofen 0.33 1.0 x 1010 Negligible 6.0 x 10* 45 x 107
Nitrobenzene 5.7 x 1073 3.9 x 10° Negligible Negligible 1.1 x 108

Propanil 0.16 7.0 x 10° 1.4 x 107 7.1 x 10* 1 x 107

Sertraline 0.95 2 x 1010 2 x 108 1.3 x 10° 7 x 10°

1 Also known as Paracetamol.

In the case of *OH, the concentration values of its photochemical sources (NO3~,
NO,~, CDOM) would increase with evaporation, but the same would happen with the
sinks (DOM, HCO3;~, CO32~, Br—, and NO, ~). However, in the case of the *OH sources,
increasing their concentrations enhances photoreactions only up to the point when prac-
tically all sunlight is absorbed [11]. Beyond that, the enhancement effect levels off. In
contrast, scavenging by the sinks is always directly proportional to their concentration [28].
Therefore, a parallel increase in both *OH sources and sinks would be detrimental to *OH-
induced reactions. A similar issue holds for CO3°~; also note that CaCOj3 precipitation,
assumed here not to take place, would further inhibit the CO3°*~ reactions by decreasing
CO;2~, which yields CO3*~ when oxidized by *OH or 3CDOM?*.

Given the enhancement of 3CDOM?*, 10,, and direct photolysis and the inhibition of
*OH and CO3°*~, the effect of water evaporation on the photodegradation of contaminants
would depend on the prevailing reaction pathways that each compound undergoes in nat-
ural surface waters. For this reason, compounds that are mainly photodegraded by direct
photolysis (benzophenone-3, diclofenac, ibuprofen, and nitrobenzene) or direct photolysis
plus 3CDOM* (acetaminophen, atrazine, carbamazepine, chlortoluron, and sertraline) would
undergo significant enhancement of photodegradation upon water evaporation. Moreover,
similar enhancement is expected for other compounds that are also prevalently degraded by
direct photolysis, such as the UV filter 2-ethylhexyl-4-(dimethylamino)benzoate and the ionic
liquid 1-ethyl-3-methylimidazoliumhydrogensulfate [26]. In contrast, because *OH-induced
processes are inhibited, the photodegradation of compounds that react prevalently or exclu-
sively with *OH would be inhibited as well. This is particularly the case for the artificial
sweetener acesulfame K (see Figure 2), which is one of the most refractory contaminants in
surface waters [1,2].

In the cases of diuron and propanil, APEX predicts a pronounced minimum of their
degradation rate constants at about 2-3 m depth (Figure 2). In such circumstances, initial
inhibition of *OH degradation by evaporation would be offset by the enhancement of direct
photolysis and 3CDOM?* reactions. For additional compounds (carbamazepine, fenuron,
and glutathione), the contrasting inhibition/enhancement effects would grossly offset one
another in the 5-10 m depth range, in which circumstances photodegradation kinetics
would be approximately constant before increasing at 4 < 5 m.

Overall, a summary of the effects of water evaporation on the photodegradation of
the studied compounds is provided in Table 2.
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Table 2. Effects of water evaporation on the photodegradation of the compounds under study.

Compound Effect of Water Evaporation on Photodegradation Rates
Acesulfame K Decrease

Acetaminophen Increase

Atrazine Increase

Benzophenone-3 Increase

Carbamazepine Increase if water depth reduces to less than one third
Chlortoluron Increase

Diclofenac Increase

Diuron Little change

Fenuron Increase if water depth reduces to less than one half
Glutathione Increase if water depth reduces to less than one half
Ibuprofen Increase

Nitrobenzene Increase

Propanil Mainly decrease

Sertraline Increase

An important issue is that evaporative concentration of water would proportionally
increase the aqueous levels of the investigated contaminants, which are all non-volatile or
poorly volatile. The environmental impact of these compounds would thus increase, but in
several cases, this would be at least partially offset by faster photodegradation.

There is a caveat, however, due to the possible formation of toxic intermediates in
direct photolysis processes. Examples are the formation of 4-isobutylacetophenone from
ibuprofen [11] and the formation of nitrophenols from nitrobenzene [29]. By contrast,
water evaporation would decrease the potential for the production of toxic species when
phenylurea herbicides (especially diuron and fenuron) react with *OH [30,31].

An important increase in environmental occurrence is predicted for those compounds
for which photodegradation is slowed down by evaporation, because increasing levels
would be exacerbated by slower removal. This is especially the case for acesulfame K, plus
propanil and diuron to somewhat lesser extents.

2.3. Possible Occurrence of Evaporative Concentration as a Consequence of Climate Change

The processes described above would take place in the case of significant water loss
by evaporation. Current examples are some ephemeral lakes located in arid or semi-arid
regions, which get replenished during the wet season and dry out in the dry season [32].
In particular, for evaporative water concentration to be effective, one needs very poor (or
lack of) precipitation and elevated temperatures. Both events can be direct consequences
of climate change, which could exacerbate existing conditions of water scarcity in several
regions of the world [33,34].

We used a climate prediction tool developed by Columbia University (EAGCM, [35])
to assess possible evolutions of temperature and precipitation by the end of the century.
The main input datum of the model is the time evolution of atmospheric CO,, which was
here assumed to vary in the future as an extrapolation of the observed trend starting from
2000. In other words, we assumed a “business-as-usual” scenario.

It should be remarked that the EdAGCM model predictions deal with average yearly
values. This is particularly evident in the case of precipitation, for which a prediction of
limited or no changes in yearly averages might hide a considerable modification of the
precipitation regime during the year. Therefore, if no changes are foreseen in average
precipitation for a region by the end of the century, it might either mean that rain in
that region will have approximately the same features as now, or that the same average
precipitation will be reached by means of long drought periods interspersed with a few
very strong rain events. The latter scenario is already being observed in several regions of
the world [36,37].

In this framework, Figure 3 reports the predicted worldwide average precipitation at
the end of the century (upper panel), as well as the differences from the present situation
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(lower panel). A first important issue is that worldwide average precipitation is expected
to increase as a consequence of global warming. This is reasonable, considering that higher
temperatures will favor oceanic water evaporation and that the global precipitation rate
equals the rate of global evaporation [36]. Therefore, as shown in the lower panel of
Figure 3, the zones in the world where average annual precipitation is expected to increase
by the end of the century are more widespread than the areas for which the same parameter
is expected to decrease.

Annual Precipitation
(2096-2100)

Precipitation (mm/day)

- I I reeee—
T T ]
0.00 1.12 225 3.38 4.50 5.62 6.75 7.88 9.00
Min-0.05 SkHem 3.08 Global 3.25 NHem 3.43 Max 14.08

Annual Precipitation
(2096-2100)-(2022-2026)

Precip (mm/day)

-1.00 075 -0.50 025 0.00 025 0.50 075 1.00
Min -1.14 SHem 0.07 Giobat 0.13 NHem 0.18 Max 1.59

Figure 3. (Top panel): predicted global precipitation at the end of the century. (Bottom panel): pre-
dicted differences (increase or decrease) between global precipitation at the end of the century and

the current situation.

However, the maps in Figure 3 also suggest that most of the increasing precipitation
will occur over the global ocean or in near-equatorial areas, where current precipitation is
already high. On the other hand, several areas that are already arid today might experience
a decrease in average precipitation over time. This is, for instance, the case for northern
Africa, parts of North America, and several regions in continental Asia. Interestingly, the
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EdGCM prediction is consistent with those of more sophisticated climate models [36,37]. A
caveat is that water scarcity conditions might also be triggered by an irregular precipitation
regime where, even at equal or quasi-equal average precipitation, extended drought periods
alternate with strong precipitation events [37]. This scenario cannot be foreseen by the
model we used, which only reports average values.

A decrease in average precipitation might favor the occurrence of evaporative water
concentration, but it is not the only needed condition. An example is Indochina’s peninsula,
where average precipitation is predicted to decrease, somewhere even considerably, but
that is (and will still be) one of the rainiest regions on Earth (Figure 3).

The evaporation rate is also predicted by the EAGCM model, but this variable is
little informative because it practically mirrors precipitation. Understandably, the highest
evaporation is predicted to occur where it rains the most, but heavy rains are clearly not
conducive to the evaporative concentration of water. In contrast, fair water evaporation
in arid regions, where precipitation is low, can be enough to evaporatively concentrate a
water body [38,39]. A substantial increase in temperature might thus be an important factor
in predicting in which locations the phenomenon is most likely to occur.

On this basis, Figure 4 reports predictions for both precipitation (upper panel) and
temperature variations (lower panel). The EQACGM model results are shown, in both cases,
as differences between the predicted scenarios that would occur by the end of the century
and the present situation. To make figure reading easier, only data for continental areas are
reported in Figure 4. In this framework, the regions where evaporative water concentration
will be more likely are characterized by (i) an important degree of precipitation decrease
(Figure 4, upper panel), (ii) low average precipitation levels (Figure 3, upper panel), and,
at the same time, (iii) increasing temperature (Figure 4, lower panel). Such regions are
highlighted by arrows in the upper panel of Figure 4. Interestingly, all the continents would
be affected by the phenomenon in at least some areas. Therefore, the photochemical conse-
quences of water evaporation should deserve particular attention in the future, because of
important effects on pollutant attenuation combined with a predicted occurrence in several
areas of the world.

Annual Precipitation

(2096-2100)-(2022-2026)

Precip (mm/day)

-1.00 075 -0.50 025 0.00 025 0.50 075 1.00
Min: -1.14 SHem 0.07 Giobal 0.13 NHem 0.18 Max 1.59

Figure 4. Cont.
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Annual Surface Air Temperature
(2096-2100)-(2022-2026)

Surface Air Temperature (deg C)

< I ; T [ e—
-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00
Mir0.28 SHem 1.87 Global 1.94 NHem: 2.01 Max 6.36

Figure 4. (Top panel): predicted differences between global precipitation at the end of the century
and in the present time. (Bottom panel): corresponding differences as far as temperature is concerned.
Only continental areas are considered in these maps. Arrows in the top panel highlight the areas with
the highest potential for evaporative water concentration.

3. Methods
3.1. APEX Software

The modeling of photochemical reaction kinetics and pathways was carried out with
the APEX software (Aquatic Photochemistry of Environmental Xenobiotics) [26]. This
software tool predicts the kinetics of each photochemical reaction pathway, as well as
overall phototransformation, based on CEC reactivity parameters (absorption spectrum,
direct photolysis quantum yields, second-order reaction rate constants with *OH, CO3°*~,
10,, and 3CDOM?*) and on environmental features (spectral irradiance of sunlight, water
depth and absorption spectrum, DOC, and concentration values of NO3;~, NO,~, HCO;~,
CO52~, and Br™). APEX uses a standard sunlight spectrum that corresponds to fair-weather,
mid-morning, mid-July conditions at mid latitude and, for this reason, the standard time
unit for both first-order degradation rate constants and half-life times is fair-weather 15
July at 45° N latitude. APEX also has a tool to predict seasonal variations in photoreaction
kinetics, which was not used in this work. We used instead the procedure that takes into
account the evaporative concentration of water and calculates the increase in concentration
of NO;~,NO,~, HCO;~, CO32~, Br~, and the DOC as the water depth decreases because
of evaporation. As initial conditions, we used d = 10 m as well as 107 MNO;—, 108 M
NO,~, 107> M HCO3~, 1077 M CO32~,10~? M Br—, and 0.1 mg. L' DOC. By so doing, we
could model the impact of water evaporation on the phototransformation pathways (direct
photolysis, *OH, CO;°~, 105, and 3CDOM?*) of several CECs having known photoreaction
kinetics. All the studied CECs are included in the APEX library that provides absorption
spectra, photolysis quantum yields, and second-order reaction rate constants [26].

3.2. The EAGCM Global Climate Model

We used the EAGCM (Educational Global Climate Modeling) suite, version 3.1.1, to assess
possible future climatic changes. The EdAGCM software is a user-friendly modeling suite devel-
oped by Columbia University and based on the NASA /GISS global climate model [35]. The
EdGCM suite needs as input the actual time trends of greenhouse gases rather than emission
scenarios. Users should thus provide the time trends of CO, and other climate-impacting
gases, on the basis of which the software calculates the future evolution of parameters such



Molecules 2024, 29, 2655

11 of 14

as temperature, cloud cover, runoff, wind speed, snow and ice coverage, precipitation, and
evaporation. Actual and future values of these parameters, as well as differences between
years or between different year intervals, can be visualized as global maps.

When running, the EAGCM software first makes a control by comparing the predicted
oceanic and atmospheric conditions with the actual values of the 1950s-1980s. For this rea-
son, entries of atmospheric CO; levels started from 1959. Then, considering the acceleration
of CO, emissions over the last couple of decades [40], such levels were divided into two
time periods: the first ranged from 1959 to 1999, and the second from 2000 to the present
(Figure 5). The equation derived during the second time period was extrapolated into the
future by assuming a business-as-usual scenario. That might sound like a pessimistic guess,
but it should be considered that the CO, trend after 2000 resulted from actual emissions
that were higher than the most pessimistic scenarios elaborated during the 1990s. Moreover,
such a choice could also partially account for hard-to-predict phenomena that include the
emission of other greenhouse gases due to positive feedback effects. One such example
could be the emission of methane from thawing permafrost [41-43]. In our case, as the
trends of methane, N,O, and hydrofluorocarbons are quite difficult to foresee, we assumed
the atmospheric levels of these substances not to change in the future compared to the
present levels.

Counterintuitively, future trends of water evaporation are not useful for our purposes
because the global maps of evaporation closely mirror those of precipitation. In other
words, evaporation is and will be the highest in rainy regions because a large amount of
precipitation is needed to provide water to sustain high evaporation levels [44]. Conversely,
evaporation rates in arid regions would not be high because there is not enough available
water there, although these are the environments where evaporative concentration of
surface waters is most likely to occur. The evaporative concentration phenomenon is, in
fact, typical of water-scarcity conditions. For this reason, we looked for regions where scarce
precipitation is predicted together with an above-average temperature increase. In these
circumstances, we can imagine that little rain is available to dilute surface waters, while
evaporation of the limited amount of occurring water is favored by elevated temperatures.

We have run the EAGCM model until the end of the 21st century. To limit variability
in model output, we considered averages of 5-year periods. Therefore, differences between
future and actual conditions were calculated between 2096-2100 and 2022-2026.

450
£ ]
Q 400
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> l
>
3 l
N ]
O 350 -
@) i
300 ——
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Year

Figure 5. Measured global trend of atmospheric CO, [45]. Different linear fits (see equations next to
data points) were taken for the years 1959-1999 and after 2000. Note the increase in the slope of line
after the year 2000.



Molecules 2024, 29, 2655 12 of 14

4. Conclusions

By means of photochemical modeling, we show here that evaporative water concen-
tration would enhance the photochemical degradation of compounds that mainly undergo
direct photolysis and reaction with 3CDOM?*, while it should inhibit the degradation of com-
pounds that mainly react with *OH and CO3°*~. Examples of CECs, the photodegradation
of which would be enhanced are acetaminophen, atrazine, benzophenone-3, chlortoluron,
fenuron, ibuprofen, nitrobenzene, and sertraline. In these cases, enhanced photodegrada-
tion could partly offset the increased impact arising from higher CEC occurrence due to
evaporative concentration. However, faster photodegradation by direct photolysis could
also enhance the formation of more harmful compounds from contaminants such as ibupro-
fen, diclofenac, and nitrobenzene. The occurrence of the intermediates would be enhanced
considerably by the fact that the parent compounds reach high concentration values [11],
which implies that in such scenarios, particular attention should be focused on harmful
phototransformation intermediates.

In possibly fewer cases, photodegradation would be slowed down by evaporative
water concentration. It is particularly the case for acesulfame K, and partially for propanil
as well. In such cases, higher environmental occurrence would combine with enhanced
persistence to increase the overall environmental effects. The photochemical implications
of water evaporation would be less straightforward (either degradation enhancement or
inhibition, depending on conditions) for compounds such as diuron.

These phenomena are likely to be exacerbated by ongoing climate change. In particular,
it appears that at least some locations on all continents could be affected by evaporative water
concentration, due to the combination of decreasing precipitation and increasing temperatures.

Author Contributions: Conceptualization, D.V.; methodology, A.R. and D.V.; software, D.V.; valida-
tion, A.R; investigation, A.R.; resources, D.V,; data curation, A.R.; writing—original draft preparation,
AR. and D.V,; writing—review and editing, D.V.; supervision, D.V.; funding acquisition, D.V. All
authors have read and agreed to the published version of the manuscript.

Funding: D.V. acknowledges support from the Project CH4.0 under the MUR program “Diparti-
menti di Eccellenza 2023-2027” (CUP: D13C22003520001), and from Next Generation EU—PNRR
project GRINS (Growing Resilient, INclusive, and Sustainable), PE9—spoke 6 (PE00000018—CUP:
D13C22002160001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data supporting this study can be provided by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Richardson, S.D.; Ternes, T.A. Water analysis: Emerging contaminants and current issues. Anal. Chem. 2022, 94, 382-416.
[CrossRef] [PubMed]

2. Riva, F.; Zuccato, E.; Pacciani, C.; Colombo, A.; Castiglioni, S. A multi-residue analytical method for extraction and analysis
of pharmaceuticals and other selected emerging contaminants in sewage sludge. Anal. Methods 2021, 13, 526-535. [CrossRef]
[PubMed]

3.  Sanchez, W.; Egea, E. Health and environmental risks associated with emerging pollutants and novel green processes. Environ.
Sci. Pollut. Res. Int. 2018, 25, 6085-6086. [CrossRef] [PubMed]

4. Turner, SW.D,; Rice, ].S.; Nelson, K.D.; Vernon, C.R.; McManamay, R.; Dickson, K.; Marston, L. Comparison of potential drinking
water source contamination across one hundred U.S. cities. Nat. Commun. 2021, 12, 7254. [CrossRef] [PubMed]

5. Lau, S.S.; Bokenkamp, K.; Tecza, A.; Wagner, E.D.; Plewa, M.].; Mitch, W.A. Toxicological assessment of potable reuse and
conventional drinking waters. Nat. Sustain. 2023, 6, 39—46. [CrossRef]

6. Rozman, M.; Acufia, V.; Petrovi¢, M. Effects of chronic pollution and water flow intermittency on stream biofilms biodegradation
capacity. Environ. Pollut. 2018, 233, 1131-1137. [CrossRef]

7. Desiante, W.L.; Minas, N.S.; Fenner, K. Micropollutant biotransformation and bioaccumulation in natural stream biofilms. Water

Res. 2021, 193, 116846. [CrossRef]


https://doi.org/10.1021/acs.analchem.1c04640
https://www.ncbi.nlm.nih.gov/pubmed/34841857
https://doi.org/10.1039/D0AY02027C
https://www.ncbi.nlm.nih.gov/pubmed/33447838
https://doi.org/10.1007/s11356-018-1372-0
https://www.ncbi.nlm.nih.gov/pubmed/29417484
https://doi.org/10.1038/s41467-021-27509-9
https://www.ncbi.nlm.nih.gov/pubmed/34903744
https://doi.org/10.1038/s41893-022-00985-7
https://doi.org/10.1016/j.envpol.2017.10.019
https://doi.org/10.1016/j.watres.2021.116846

Molecules 2024, 29, 2655 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Guo, Z; Kodikara, D.; Albi, L.S.; Hatano, Y.; Chen, G.; Yoshimura, C.; Wang, ]. Photodegradation of organic micropollutants in
aquatic environment: Importance, factors and processes. Water Res. 2023, 231, 118236. [CrossRef]

Guo, Z.; Wang, T.; Chen, G.; Wang, J.; Fujii, M.; Yoshimura, C. Apparent quantum yield for photo-production of singlet oxygen in
reservoirs and its relation to the water matrix. Water Res. 2023, 244, 120456. [CrossRef]

Albi, L.S.; Guo, Z.; Chen, G.; Yoshimura, C. Potential effect of atmospheric condition on incident light and photo-production of
reactive intermediates in freshwater systems. Environ. Adv. 2023, 11, 100346. [CrossRef]

Vione, D.; Scozzaro, A. Photochemistry of surface fresh waters in the framework of climate change. Environ. Sci. Technol. 2019, 53,
7945-7963. [CrossRef] [PubMed]

Parker, K.M.; Mitch, W.A. Halogen radicals contribute to photooxidation in coastal and estuarine waters. Proc. Natl. Acad. Sci.
USA 2016, 113, 5868-5873. [CrossRef] [PubMed]

Mc Neill, K.; Canonica, S. Triplet state dissolved organic matter in aquatic photochemistry: Reaction mechanisms, substrate scope,
and photophysical properties. Environ. Sci. Processes Impacts 2016, 18, 1381-1399. [CrossRef] [PubMed]

Yan, S; Liu, Y,; Lian, L.; Li, R.; Ma, J.; Zhou, H.; Song, W. Photochemical formation of carbonate radical and its reaction with
dissolved organic matters. Water Res. 2019, 161, 288-296. [CrossRef] [PubMed]

Ossola, R.; Jonsson, O.M.; Moor, K.; McNeill, K. Singlet oxygen quantum yields in environmental waters. Chem. Rev. 2021, 121,
4100-4146. [CrossRef] [PubMed]

Vione, D.; Saglia, F.; Pelazza, C. Possible effects of changes in carbonate concentration and river flow rate on photochemical
reactions in temperate aquatic environments. Molecules 2023, 28, 7072. [CrossRef] [PubMed]

Calapez, A.R; Elias, C.L.; Almeida, S.F.P; Brito, A.G.; Feio, M.]. Sewage contamination under water scarcity effects on stream
biota: Biofilm, grazers, and their interaction. Environ. Sci. Pollut. Res. Int. 2019, 26, 26636-26645. [CrossRef] [PubMed]

Chun, X; Su, R;; Liu, J.; Liang, W.; Yong, M.; Ulambadrakh, K. Climatic implications on variations of Qehan Lake in the arid
regions of Inner Mongolia during the recent five decades. Environ. Monit. Assess. 2017, 189, 14. [CrossRef] [PubMed]

Boros, E.; Kolpakova, M. A review of the defining chemical properties of soda lakes and pans: An assessment on a large
geographic scale of Eurasian inland saline surface waters. PLoS ONE 2018, 13, €0202205. [CrossRef]

Carena, L.; Terrenzio, D.; Mosley, L.M.; Toldo, M.; Minella, M.; Vione, D. Photochemical consequences of prolonged hydrological
drought: A model assessment of the Lower Lakes of the Murray-Darling Basin (Southern Australia). Chemosphere 2019, 236,
124356. [CrossRef]

Leira, M.; Cantonati, M. Effects of water-level fluctuations on lakes: An annotated bibliography. Hydrobiologia 2008, 613, 171-184.
[CrossRef]

Bracchini, L.; Dattilo, A.M.; Hull, V.; Loiselle, S.A.; Martini, S.; Rossi, C.; Santinelli, C.; Seritti, A. The bio-optical properties of
CDOM as descriptor of lake stratification. J. Photochem. Photobiol. B 2006, 85, 145-149. [CrossRef] [PubMed]

Andersen, M.R; Kragh, T.; Sand-Jensen, K. Extreme diel dissolved oxygen and carbon cycles in shallow vegetated lakes. Proc.
Biol. Sci. 2017, 284, 20171427. [CrossRef] [PubMed]

Vione, D. A test of the potentialities of the APEX software (Aqueous Photochemistry of Environmentally occurring Xenobi-
otics). Modelling the photochemical persistence of the herbicide cycloxydim in surface waters, based on literature kinetic data.
Chemosphere 2014, 99, 272-275. [CrossRef] [PubMed]

Lastre-Acosta, A.M.; Barberato, B.; Parizi, M.P.S.; Teixeira, A.C.S.C. Direct and indirect photolysis of the antibiotic enoxacin:
Kinetics of oxidation by reactive photo-induced species and simulations. Environ. Sci. Pollut. Res. 2019, 26, 4337—4347. [CrossRef]
[PubMed]

Vione, D. A critical view of the application of the APEX software (Aqueous Photochemistry of Environmentally-occurring
Xenobiotics) to predict photoreaction kinetics in surface freshwaters. Molecules 2020, 25, 9. [CrossRef] [PubMed]

Oren, A. Halophilic microbial communities and their environments. Curr. Opin. Biotechnol. 2015, 33, 119-124. [CrossRef]
[PubMed]

Nakatani, N.; Hashimoto, N.; Shindo, H.; Yamamoto, M.; Kikkawa, M.; Sakugawa, H. Determination of photoformation rates and
scavenging rate constants of hydroxyl radicals in natural waters using an automatic light irradiation and injection system. Anal.
Chim. Acta 2007, 581, 260-267. [CrossRef] [PubMed]

Wang, A.; Hu, C; Qu, J; Yang, M.; Liu, H,; Ru, J.; Qi, R.; Sun, J. Phototransformation of nitrobenzene in the Songhua River:
Kinetics and photoproduct analysis. ]. Environ. Sci. 2008, 20, 787-795. [CrossRef]

Bonnemoy, F.; Lavédrine, B.; Boulkamh, A. Influence of UV irradiation on the toxicity of phenylurea herbicides using Microtox
test. Chemosphere 2004, 54, 1183-1187. [CrossRef]

Amine-Khodja, A.; Boulkamh, A.; Boule, P. Photochemical behaviour of phenylurea herbicides. Photochem. Photobiol. Sci. 2004, 3,
145-156. [CrossRef]

Rashki, A.; Kaskaoutis, D.G.; Goudie, A.S.; Kahn, R.A. Dryness of ephemeral lakes and consequences for dust activity: The case
of the Hamoun drainage basin, southeastern Iran. Sci. Total Environ. 2013, 463-464, 552-564. [CrossRef]

DeNicola, E.; Aburizaiza, O.S.; Siddique, A.; Khwaja, H.; Carpenter, D.O. Climate change and water scarcity: The case of Saudi
Arabia. Ann. Glob. Health 2015, 81, 342-353. [CrossRef]

Schewe, J.; Heinke, J.; Gerten, D.; Haddeland, I.; Arnell, N.W.; Clark, D.B.; Dankers, R.; Eisner, S.; Fekete, B.M.; Colén-Gonzalez,
FJ.; et al. Multimodel assessment of water scarcity under climate change. Proc. Natl. Acad. Sci. USA 2014, 111, 3245-3250.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.watres.2022.118236
https://doi.org/10.1016/j.watres.2023.120456
https://doi.org/10.1016/j.envadv.2023.100346
https://doi.org/10.1021/acs.est.9b00968
https://www.ncbi.nlm.nih.gov/pubmed/31241909
https://doi.org/10.1073/pnas.1602595113
https://www.ncbi.nlm.nih.gov/pubmed/27162335
https://doi.org/10.1039/C6EM00408C
https://www.ncbi.nlm.nih.gov/pubmed/27722628
https://doi.org/10.1016/j.watres.2019.06.002
https://www.ncbi.nlm.nih.gov/pubmed/31202115
https://doi.org/10.1021/acs.chemrev.0c00781
https://www.ncbi.nlm.nih.gov/pubmed/33683861
https://doi.org/10.3390/molecules28207072
https://www.ncbi.nlm.nih.gov/pubmed/37894551
https://doi.org/10.1007/s11356-019-05876-7
https://www.ncbi.nlm.nih.gov/pubmed/31292867
https://doi.org/10.1007/s10661-016-5721-5
https://www.ncbi.nlm.nih.gov/pubmed/27966191
https://doi.org/10.1371/journal.pone.0202205
https://doi.org/10.1016/j.chemosphere.2019.124356
https://doi.org/10.1007/s10750-008-9465-2
https://doi.org/10.1016/j.jphotobiol.2006.06.003
https://www.ncbi.nlm.nih.gov/pubmed/16857380
https://doi.org/10.1098/rspb.2017.1427
https://www.ncbi.nlm.nih.gov/pubmed/28904141
https://doi.org/10.1016/j.chemosphere.2013.10.078
https://www.ncbi.nlm.nih.gov/pubmed/24268170
https://doi.org/10.1007/s11356-018-2555-4
https://www.ncbi.nlm.nih.gov/pubmed/29931641
https://doi.org/10.3390/molecules25010009
https://www.ncbi.nlm.nih.gov/pubmed/31861417
https://doi.org/10.1016/j.copbio.2015.02.005
https://www.ncbi.nlm.nih.gov/pubmed/25727188
https://doi.org/10.1016/j.aca.2006.08.021
https://www.ncbi.nlm.nih.gov/pubmed/17386452
https://doi.org/10.1016/S1001-0742(08)62127-0
https://doi.org/10.1016/j.chemosphere.2003.10.027
https://doi.org/10.1039/b307968f
https://doi.org/10.1016/j.scitotenv.2013.06.045
https://doi.org/10.1016/j.aogh.2015.08.005
https://doi.org/10.1073/pnas.1222460110
https://www.ncbi.nlm.nih.gov/pubmed/24344289

Molecules 2024, 29, 2655 14 of 14

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Chandler, M.A ; Sohl, L.E.; Zhou, J.; Sieber, R. EAGCM: Research Tools for Training the Climate Change Generation. In AGU Fall
Meeting Abstracts; American Geophysical Union: Washington, DC, USA, 2011; p. ED14B-03.

Allan, R.P; Barlow, M.; Byrne, M.P,; Cherchi, A.; Douville, H.; Fowler, H].; Gan, T.Y.; Pendergrass, A.G.; Rosenfeld, D.; Swann,
A.L.S,; et al. Advances in understanding large-scale responses of the water cycle to climate change. Ann. N. Y. Acad. Sci. 2020,
1472, 49-75. [CrossRef]

Dore, M.H. Climate change and changes in global precipitation patterns: What do we know? Environ. Int. 2005, 31, 1167-1181.
[CrossRef]

Ali, S.; Ghosh, N.C,; Singh, R. Evaluating best evaporation estimate model for water surface evaporation in semi-arid region,
India. Hydrol. Process. 2008, 22, 1093-1106. [CrossRef]

Chen, Y; Li, Z,; Fan, Y.; Wang, H.; Deng, H. Progress and prospects of climate change impacts on hydrology in the arid region of
northwest China. Environ. Res. 2015, 139, 11-19. [CrossRef] [PubMed]

Fuhr, H. The rise of the Global South and the rise in carbon emissions. Third World Q. 2021, 42, 2724-2746. [CrossRef]
Froitzheim, N.; Majka, ].; Zastrozhnov, D. Methane release from carbonate rock formations in the Siberian permafrost area during
and after the 2020 heat wave. Proc. Natl. Acad. Sci. USA 2021, 118, €2107632118. [CrossRef]

Kohnert, K.; Serafimovich, A.; Metzger, S.; Hartmann, J.; Sachs, T. Strong geologic methane emissions from discontinuous
terrestrial permafrost in the Mackenzie Delta, Canada. Sci. Rep. 2017, 7, 5828. [CrossRef] [PubMed]

Shan, W.; Xu, Z.; Guo, Y.; Zhang, C.; Hu, Z.; Wang, Y. Geological methane emissions and wildfire risk in the degraded permafrost
area of the Xiao Xing’an Mountains, China. Sci. Rep. 2020, 10, 21297. [CrossRef] [PubMed]

Ninu Krishnan, M.V,; Prasanna, M.V.; Vijith, H. Trend characteristics of rainy days and evaporation at a tropical rainforest region
in East Malaysia, Borneo. Earth Sci. Res. J. 2020, 24, 305-315.

Climate Change: Atmospheric Carbon Dioxide. Available online: https://www.climate.gov/news-features /understanding-
climate/climate-change-atmospheric-carbon-dioxide (accessed on 19 April 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/nyas.14337
https://doi.org/10.1016/j.envint.2005.03.004
https://doi.org/10.1002/hyp.6664
https://doi.org/10.1016/j.envres.2014.12.029
https://www.ncbi.nlm.nih.gov/pubmed/25682220
https://doi.org/10.1080/01436597.2021.1954901
https://doi.org/10.1073/pnas.2107632118
https://doi.org/10.1038/s41598-017-05783-2
https://www.ncbi.nlm.nih.gov/pubmed/28725016
https://doi.org/10.1038/s41598-020-78170-z
https://www.ncbi.nlm.nih.gov/pubmed/33277578
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide

	Introduction 
	Results and Discussion 
	Water Loss by Evaporation in Model Lakes 
	Changes in CEC Photodegradation during Evaporative Water Concentration 
	Possible Occurrence of Evaporative Concentration as a Consequence of Climate Change 

	Methods 
	APEX Software 
	The EdGCM Global Climate Model 

	Conclusions 
	References

