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ABSTRACT

Photochemical modeling was used to evaluate the photodegradation kinetics of sulfamethoxazole (SMX) in sunlit
natural freshwater environments, utilizing available data on SMX absorption spectrum, direct photolysis quan-
tum yield, and second-order reaction rate constants with photochemically produced reactive intermediates
(PPRIs). The anionic form of SMX is considered here, which prevails in the majority of surface-water conditions
(pH > 5.6). SMX would be photodegraded quite rapidly in well-mixed waters under sunny weather, with direct
photolysis serving as the predominant pathway in most cases. Among the water parameters, depth and the
dissolved organic carbon (DOC) primarily influence the photodegradation of SMX, which would be faster in
shallow waters with low DOC. This feature enabled the extension of SMX photochemical lifetime prediction to
lakes located within the 60°S-60°N latitude belt, where data on DOC, water depth and sunlight irradiance are
available. The fastest photodegradation of SMX (annual average) is expected in the tropical belt, where the
combination of high irradiance and low DOC would be most favorable for direct photolysis. With fair weather
and good water mixing, typical SMX lifetimes would range from days to some weeks depending on the specific
conditions. The lifetimes predicted in shallow waters are consistent with several literature reports of SMX
photodegradation kinetics in the laboratory.

1. Introduction

their occurrence in the natural environment can promote the develop-
ment of antimicrobial resistance in bacteria [1,3].

Pharmaceutical compounds are frequently detected in natural waters
worldwide, and their presence raises concern because of their poten-
tially adverse effects on aquatic biota and, in some cases, on human
health due to the use of water for irrigation, recreational activities, and
as source of drinking water. The main sources of pharmaceuticals in
environmental waters are the discharge of incompletely treated urban
and industrial wastewater, animal husbandry, and aquaculture [1].
Many pharmaceuticals are polar and poorly biodegradable, which helps
them survive traditional wastewater treatment technologies so that they
reach the natural environment through the wastewater discharge [2].
Antibiotics such as sulfamethoxazole raise additional concern, because
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Once they reach natural waters, those pharmaceuticals that are
biorecalcitrant are often not sufficiently biodegraded [1,4]; conse-
quently, phototransformation may serve as a significant competing
pathway for their attenuation [5]. Photodegradation processes occur
through direct photolysis and indirect photochemistry. In direct
photolysis, the pollutant absorbs sunlight and is consequently degraded.
When indirect photochemistry occurs, sunlight is absorbed by natural
compounds called photosensitizers (mainly nitrate, nitrite, and chro-
mophoric dissolved organic matter or CDOM) to produce reactive
transient species known as photochemically produced reactive in-
termediates (PPRIs) [6]. The main PPRIs in sunlit natural freshwaters
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are the hydroxyl (*|OH) and carbonate (CO3") radicals, singlet oxygen
(102), and CDOM triplet states (3CDOM*). In natural waters, PPRIs reach
low steady-state concentrations that result from the balance between
photogeneration and scavenging/quenching. In particular: *OH is
scavenged by dissolved organic matter (DOM), and by HCO3 and CO%~
(in the latter two cases, to produce CO3"); CO3~ is scavenged by DOM;
3CDOM* are quenched by dissolved oxygen to partially produce 0o,
and 102 is quenched by water [5-8]. For these reasons, in addition to the
irradiance and spectrum of sunlight, important environmental factors
that affect contaminants photodegradation are the concentrations of
NO3, NO3, HCO3, CO%’ and the dissolved organic carbon (DOC), which
measures DOM and correlates with CDOM. Water depth is also an
important factor, because shallow waters are more thoroughly illumi-
nated than deep waters, the lower depths of which are often in the dark
[6].

Sulfamethoxazole (SMX) is a widely used sulfonamide antibiotic that
is frequently detected in natural surface waters at ng L™! — pg L™! levels
[9]. Photodegradation is thought to play an important role in the
environmental attenuation of SMX. However, contrasting evidence ex-
ists regarding its photolability [10-13]. Although several results indi-
cate that SMX may undergo rapid photodegradation at the laboratory
scale [11-13], these experiments may not be representative of natural
environmental conditions.

Recently, a complete set of photoreactivity parameters has been
measured for SMX [14], enabling modeling of its environmental pho-
todegradation. Photochemical models can be very useful for bridging
the gap between irradiation experiments (which are often limited by the
need to use very shallow water columns, where photoreactions tend to
be fast) and the natural environment [15], which is often characterized
by much deeper water columns among other factors.

On this basis, the present work aims to assess the photochemical
persistence of SMX through modeling. Specifically, the work aims to:

(i) examine how various environmental factors, such as NO3, NO3,
HCOg3, CO%’, DOC and water depth affect SMX degradation,
identifying which are the most influential;

(ii) assess the photochemical lifetimes of SMX across different
geographic regions.

The goal is to understand the photochemical persistence of SMX
under conditions typical of natural water environments. Whenever
possible, the model predictions were compared to outcomes from irra-
diation experiments available in the literature.

2. Methods

2.1. Prediction of mid-latitude lifetimes and transformation pathways of
SMX

The photodegradation kinetics and pathways of SMX that are sig-
nificant for natural surface waters were initially predicted under sum-
mer irradiation conditions using the APEX software (Aquatic
Photochemistry of Environmental Xenobiotics). This software predicts
phototransformation of contaminants in a well-mixed water column
based on photochemically relevant data, including absorption spectra,
direct photolysis quantum yields, second-order reaction rate constants
with PPRIs, and environmental features. The latter include water depth,
chemistry (values of photochemically relevant parameters: DOC, [NO31],
[NO31, [HCO3], [CO%’]), and water absorption spectra. By default,
APEX assumes fair-weather summertime irradiation (mid-July, mid-
latitude) [16].

In the case of SMX, the used values of direct photolysis quantum
yield and second-order reaction rate constants with PPRIs are shown in
Table 1. The absorption spectrum of SMX is reported in Fig. 1, where it is
compared with the default spectrum of sunlight used by APEX [14,16].
The reported parameters are relevant to the anionic form of SMX, which
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Table 1

Photochemical reactivity parameters for the anionic form of SMX
[14]: photolysis quantum yield ® and second-order reaction rate
constants k with PPRIs. The reaction between SMX and O, is very

slow [17].
Variable & measure unit Value
Dgyx, mol E7! 2.9 % 102
ksmx, o L mol !s7! 2.73 % 101°
ksmx,co.> L mol 157! 1.02 x 108
ksmx *cpom™s L mol 7! 1.41 x 108 (%)
ksmx, 0. L mol ' s <10°

(*) Due to a phenomenon called back-reduction by the antioxidant
moieties of DOM [18] (vide infra), this rate constant should be
multiplied by y =1 / (1 +DOC/[DOM],,), where [DOM],, = 1.3
mgC L! (average value).
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Fig. 1. Left Y-axis: absorption spectrum of SMX (molar absorption coefficient
esmx(M)). Right Y-axis: sunlight spectrum (spectral photon flux density p°(A)).

prevails over neutral SMX at pH > 5.6 [12], that is, in the majority of
natural waters. There is evidence that the direct photolysis of neutral
SMX is faster compared to anionic SMX [12].

APEX assumes that the photosensitizers (CDOM, nitrate, and nitrite)
absorb sunlight and produce the relevant PPRIs (*OH, 10,, CO%™ and
3CDOM*). At the same time, the contaminant absorbs sunlight and un-
dergoes direct photolysis. Sunlight absorption rate by contaminants and
photosensitizers is computed by taking into account the competition for
absorption in a medium where several species are able to absorb radi-
ation [16]:

_ ec(M)Cc p°(4) _1(~1004; (1)pOCd
Pac’lo/l{Ail(z)Doc i (1-10 ) |da )

Where P, ¢ [E L~ 's7 11 (1 E = 1 Einstein = 1 mol of photons) is the solar
photon flux absorbed by the compound C (contaminant or photosensi-
tizer), ec(A) [L mol~! em™!] is the molar absorption coefficient of C at
the wavelength A, C¢ [mol L] is the concentration of C,A1(\) [L mgC’1
cm™!] is the absorbance of water over an optical path length of 1 cm per
unit DOC, p°(A) [E em 2 57! nm™!] is the solar spectral photon flux
density incident over the water column, d [m] is water depth, 10 is the
conversion factor between [cm ™2 m~'] and [L’l], and 100 is the con-
version factor between [m] and [cm].

When the absorbance A;()) is not available for a given water body, it
is assumed A;(\) = 0.45 e 0-015% 55 3 reasonable approximation [6,16].
Note that water absorbance in the spectral region 280-500 nm, which is
most relevant to the photodegradation of contaminants, is mostly
accounted for by CDOM. Therefore, if C = CDOM, it is assumed that
() Cc = A;(\) DOC in Eq. (1) [16].

When C = contaminant (SMX in the present case), Cc = Csmx is
assumed to be very low (sub-nM) as per typical environmental
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conditions, and the kinetics of direct photolysis is computed as ksmx,d.p.
= Ogpix Pasmx CS_]\}IX: where ksvix,q.p. is the first-order rate constant of
direct photolysis (measure unit of [time 1) and dgyx is the direct
photolysis quantum yield (Table 1) [16].

When C = photosensitizer, the formation rate of the PPRI (*OH, 102,
or 3CDOM¥) is calculated as Rppri = @ppri Pa,c, Where ®ppg; is the
quantum yield of PPRI photogeneration from the irradiated photosen-
sitizer. The relevant steady-state concentration is [PPRI] = Rppgg kaelcay,
where kgecay is @ pseudo-first order rate constant that considers PPRI
scavenging or quenching [16].

The case of CO3™ is a bit different, because this PPRI is generated by
*OH and *CDOM* and scavenged by DOM [5,6]:

*OH + HCO3 — H,0 + CO%™ [k = 8.5x 10° L mol 1 s71] @)
*OH + CO%™ — OH™ + CO% [ks = 3.9x 108 Lmol ' s7!] 3
3CDOM* + CO3~ — CDOM®™ + CO% ™ [kq = 10% L mol ! s71] @
CO%™ + DOM — CO%™ + DOM** [ks = 10% L mgg! s71] 5)

In this case, the steady-state concentration is calculated as follows:

[CO37] = {["OH] (k2 [HCO3] + k3 [CO3 1) + k4 [’CDOM*] [COZ 1}
(ks DOC) L.

Degradation kinetics of SMX upon reaction with each PPRI are
formulated as [19]:

ksmxcpprr) = ksmx,ppri [PPRI] (6)

Where ksyxcppryy is a first-order photodegradation rate constant and
ksmx pprr is the second-order rate constant for the reaction between SMX
and the PPRI (see Table 1 for the values of ksmx ppri). In the case of
3CDOM*, a multiplication factor y =1 / (1 +DOC/[DOM],,) should be
included in Eq. (6) to account for the effect of DOM antioxidants on SMX
photodegradation [18] (vide infra in Section 2.2). The overall first-order
rate constant for SMX photodegradation (kgyx) is the sum of the rate
constants of all the separate photochemical processes, namely [16]:

ksmx = ksmx.dp. + ZkSMX(PPRI) (@)
PPRI

Once kgyix is known, the corresponding half-life time can be obtained
as t,(SMX) = In 2 (ksyx) "

In this work, the half-life time of SMX was computed by APEX for
different water chemistry and depth conditions, assuming fair-weather
and mid-latitude summertime irradiation. Environmental parameters
were made to span relatively wide intervals, thus DOC was varied within
0.1-10mgC L™}, nitrate within 10~ - 102 mol L™}, nitrite within 10~/
—107° mol L™}, bicarbonate within 10™* — 1072 mol L™}, carbonate
within 1076~ 10™* mol L™}, and depth within 0.1 — 10 m. Deeper waters
were not considered at this stage, to facilitate the comparison between
model predictions and the available data from SMX irradiation experi-
ments in natural water samples, where water depths were relatively low
[10-13]. Model calculations yielded around 150,000 data points.

These data were structured in a matrix with 150,000 rows and 45
columns, where each column contained the values of the six indepen-
dent variables (d, [NO3], [NOz], [CO%"], [HCO3], and DOC), their
transformations to account for non-linear trends (e.g., 12, %8, log(x), 1-
exp(-x)), and the dependent variable t,(SMX) [20,21]. The 150,000
simulations were randomly divided into training (50%) and test (50%)
sets. The simulations of the training set were used to establish model
coefficients, and variables were selected on the basis of their standard-
ized regression coefficients [22]: variables and transformations with
negligible effect (low standardized coefficients) on the half-life were
excluded and a regression model was calibrated again by considering
only the retained variables, that is, d, DOC and some of their trans-
formations. The model achieved excellent accuracy on training and test
samples, with R? equal to 0.953 for both sets and RMSE (root mean
squared error) equal to 0.254 in both cases.
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2.2. Prediction of SMX lifetimes on a quasi-global scale (60°S — 60°N
latitude belt)

Modeling the photodegradation of contaminants on a broad
geographic scale relies on data of DOC, depth, and sunlight radiation
intensity (spectral photon flux density p°(A)), which are available for
global lakes [23-25]. The lack of global concentration data for nitrate,
nitrite, carbonate, and bicarbonate prevents the *OH and CO3 ™ reactions
to be modeled. Furthermore, lack of worldwide pH data does not allow
for acid-base equilibria of contaminants to be considered.

Therefore, only the direct photolysis and the indirect photoreactions
triggered by 3CDOM* and 10, can be taken into account [26,27], and
only anionic SMX is modeled that is the prevalent form in most natural
surface waters. Excluding the 0, pathway that is irrelevant for SMX
[14], the direct photolysis and the 3CDOM* reaction can be included in
photochemical modeling. Furthermore, as shown later on, 3CDOM* re-
actions and especially the direct photolysis account for most of SMX
photodegradation. On this basis, the pseudo-first order rate constant of
SMX photodegradation was expressed as ksux
+ ksmxecpom™-

In the case of the 3CDOM* process, it is ksmx@cpom™) = W ksmx scpom™
[3CDOM?*]. The values of y and ksmx,:cpom™ are shown in Table 1, while
those of [3CDOM*] are available for the global lakes included in the
60°S—60°N latitude belt [26]. Note that the term y accounts for the
reduction of SMX intermediates back to the parent compound, carried
out by the antioxidant moieties of DOM (AODOM, reactions 8-10)
[18].

= kSMX,d.p.

SMX + 3CDOM* — SMX"* + CDOM"*~ 8)
SMX*" — Products 9
SMX*" + AODOM — SMX + AODOM"™ (10)

As far as the direct photolysis of SMX is concerned, quasi-global
modeling is made possible by a monochromatic approximation. Typi-
cally, the absorption spectrum of a pollutant overlaps with the spectrum
of sunlight over a range of wavelengths (290-550 nm in the case of SMX,
see Fig. 1). However, it is almost always possible to find a single
wavelength that approximates the behavior of the polychromatic sys-
tem, with negligible loss in accuracy and considerable simplification of
calculations [28].

The exact, polychromatic calculation of kswmx,d.p. is carried out as
follows (note that the APEX software follows this same procedure [16]):

_ 10 Pox 7 or gy Esmx(4) _ 10-100 A;(2) DOC d
ksvx.dp. = dDOC /A{p (ﬁ)—Al(l) 1-10 di a1

Where t = 2.1 x 10% is a conversion factor that takes into account the
difference between the default irradiance of sunlight used in APEX and
the year-averaged mid-latitude irradiance, at the same time converting
between [s~'] and [day_l] units. Moreover, egyx(A) is the molar ab-
sorption coefficient of SMX, ®gyx is reported in Table 1, and the other
quantities have already been introduced when discussing Eq. (1).

The corresponding monochromatic equation (approximated) reads
as follows [28]:

10 gy T °(

8SMX()'811) —100 A
\ ( 1(%eq) DOC d
7 \1 —10 ) (12)

kSMX‘d.p. - eq) Al (Aeq)
Where )4 is the ‘equivalent monochromatic wavelength’ that approxi-
mates the polychromatic system. Moreover, ysyx is a photon efficiency,
which replaces the quantum yield and accounts for the fact that the
polychromatic irradiance of sunlight is much higher than the mono-
chromatic irradiance at Aq. For this reason, 7sux is expected to be much
higher than ®gyx and, in general, the  values are not bound to be below
1 [28].

To find Ay, APEX was used to derive several kswmx,d.p. values with the
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polychromatic Eq. (11), varying water depth and the DOC. Afterwards,
such values were fitted with Eq. (12). Note that, once the wavelength is
defined, the values of p°(Aeg), A1(heq), and esumx()eq) are those used by
APEX. From an operational point of view, such values are initially left as
floating variables, together with 7, and data fit typically yields A;(Aeg) as
the most reliable result [28]. From the relationship A1(Aeq) = 0.45 exp
(—0.015 Xg), the value of A4 is determined and a further fit is carried
out, with fixed [p°(Aeg), A1(Aeg); £smx(eg)] and with ; as the only floating
variable. By doing so, it is possible to derive all the parameters needed
for Eq. (12).

At this stage, Eq. (12) holds for mid-latitude conditions. The exten-
sion of this equation to a quasi-global scale requires p°(hey) to be
generalized as a function of the day and latitude. To do so, the daily dose
reaching the Earth’s surface (Ggay(Aeg)) was first computed as follows
[29]:

Gaay(Aeq) = F1 Psn’(Aeq) oL = D (eg, t) dt (13)

1day
In Eq. (13), the values of the solar photon flux density at each hour of
a given day, p°(Aeg,t), were computed by introducing the zenith angle
obtained with the Solar Position Algorithm (SPA) from the National
Renewable Energy Laboratory (NREL) [30]. Moreover, the quantity
Tp, = Zarccos(—tan(p)tan(s)) is the day length in hours ([h day 1]
units; the value of the arccos is in degrees), with ¢ as the latitude and §

= 23.45° sin (%(day +284)) as the Sun’s declination (day = 1 is 1%

January and day = 365 is 31% December) [29]. Note that tp;, can be
obtained with the above expression only if -60° < ¢ < 60°, thus calcu-
lations are limited to the 60°S—60°N latitude belt. Furthermore, ps° (Aeq)
is the incident spectral photon flux density of sunlight at the solar noon,
expressed as follows [31]:

cos(p — &) + 0.506(96.08 + ¢ — 5) %% | hcN,
(14)

psnQ (/leq) = Iamo (/‘Leq)CXP (

—K (ﬂeq) > Aeq

Where Iamo(heg) is the intensity of sunlight outside the atmosphere,
k()eg) is the atmospheric extinction coefficient, h is Planck’s constant, ¢
is light’s speed in vacuum, and N, is Avogadro’s number (for § and ¢, see
definitions above). Note that the measure unit of A, in the equation is
[nm].

By so doing, it is possible to derive F; = [psn°(Aeg) o] ! A dayP’ (Regs
t) dt and to compute Ggay()eg) for all days in the year and for —60° < ¢
< 60°. Operationally, F; was initially derived for ¢ = 45° and then it was
checked that the value thus obtained could be applied in the whole
latitude range —60° < ¢ < 60°. It was then possible to compute p°(Aeq)
=F1 psa®(heg) for each day of the year, where p°()A.y) is the average
photon flux density of sunlight on each given day. In this work, year
averages of p°(A.q) were used in Eq. (12). In the same equation, it was
used

T =(3600s h’l) x Tpr, = 480 arccos(—tan(¢) tan(d)) ([s day’l] units).

The data of ksux,d.p. allowed for the calculation of ksyx = ksmx,d.p.
+ ksmxccpom™ and of the SMX lifetime (ty,(SMX) = In 2 (ksyx) 1). The
quasi-global maps of t,(SMX) were obtained by means of the QGIS
software (version 3.2.3-Bonn) [32]. For this purpose, the t,(SMX)
dataset was divided into four color-labeled groups, defined by consid-
ering the average (y,) and standard deviation (c,). In particular, the
chosen intervals were: (i) y < (hy = 6y); (D (By — 6y) <y < y; (i) py
<y < (uy + 6y, and (iv) y > (y + o). Reddish points indicate higher
photochemical activity of lake water, while bluish points suggest lower
photochemical activity.

2.2.1. The algebraic function to predict SMX lifetimes
The dataset was structured as a matrix comprising 72,380 rows
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(representing global lakes) and three primary columns: latitude, DOC,
and depth. To enhance the model's predictive power, the dataset was
augmented by incorporating non-linear transformations such as inter-
action terms and quadratic and cubic variables. Linear regression was
used to model the relationship between these variables and the half-life
time t,(SMX). The dataset was split into two equal subsets: 50% for
model training and 50% for independent testing.

The regression model yielded highly accurate predictions for both
the training and test sets. Model performance was robust, achieving R?
values of 0.994 for both sets, with Root Mean Squared Errors (RMSE) of
0.123 and 0.126, respectively.

2.2.2. Limitations of the photochemical model

The photochemical model used has limitations that stem partly from
the approximations made and partly from the lack of more precise input
data. First, water columns were assumed to be well mixed. Although the
APEX model can handle stratified lakes, by considering the hypolimnion
and epilimnion separately [33], no global data are currently available on
thermocline depths, which vary during the year. Photoreactions are less
efficient in stratified lakes than in mixed lakes, however [34]. For
instance, assume a lake with d = 40 m, DOC = 3 mgC L’l, and a ther-
mocline depth of 20 m when it is stratified. Also, for simplicity, assume
that epilimnion and hypolimnion have equal volumes. When water is
well mixed, Eqs. (11,12) predict ksyx,dp. = 4 X 1072 day’1 (summer-
time, fair weather, mid latitude). Under these circumstances, around
70% of the initial SMX would be degraded in one month in the whole
lake, which would thus still contain ~30% of the initial SMX. When
water is stratified, it is ksmx,dp. = 8 x 1072 day*1 in the epilimnion,
while practically no photodegradation occurs in the hypolimnion. In one
month, ~90% of the initial SMX in the epilimnion would be degraded,
but there would be negligible hypolimnion photodegradation. In these
circumstances, the lake would contain ~55% of the initial SMX, mostly
in the hypolimnion. SMX photodegradation would thus be more efficient
in the mixed lake, despite the fact that photochemical reactions in the
epilimnion of the stratified lake are faster than in the whole water col-
umn of the mixed lake. The difference between mixed and stratified
lakes is larger if the hypolimnion volume is also larger, and in the case of
fast photoreactions [9,33]. The latter circumstance, however, usually
occurs in shallow lakes that are less likely to be stratified compared to
deep lakes.

Water turbidity data are also not available globally, so the present
model only considers absorption of sunlight. Suspended solids modify
the underwater light field because they increase irradiance at the surface
while decreasing it in deep water. However, if the whole water column is
considered, as done here, the effect of solids is less substantial [35]. To
minimize the impact of turbidity, very shallow lakes (d < 5 m) were
excluded that are more likely to contain turbid water than deeper lakes
[36]. These excluded lakes were the most numerous and followed the
geographical distribution of the global lakes. Limited depth is conducive
to fast photochemical reactions [5,6], but shallow lakes are also richer in
DOC compared to deep ones [23]. According to Egs. (11,12) the two
parameters would partially offset each other in the direct photolysis of
SMX, although, in general, shallow lakes are predicted to be more
photoreactive environments [6], especially if their water is clear. Based
on this selection criterion, the current estimate will provide a conser-
vative assessment of the potential for SMX photodegradation in lake
water.

Average spectral coefficients for organic matter were considered
here with respect to A;()), since site-specific CDOM spectra are not
available. The use of different coefficient values could affect the pho-
toreactivity of CDOM [37], but that would be partially offset by the fact
that strongly sunlight-absorbing CDOM is typically less photoreactive
(with equal photon absorption) than weakly absorbing CDOM [38].

Ice cover during winter can significantly inhibit photoreactions [39].
To minimize this issue, lakes located above 500 m a.s.l. were excluded
from this study as these are more likely to be covered with ice.
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Finally, cloud cover decreases photoreaction rates compared to the
clear-sky conditions considered here. The associated inhibition effect
can reach up to 40-50% in some equatorial areas and in East Asia [40].

Despite the limitations mentioned above, this approach was able to
predict the photochemical lifetime of clofibric acid in Lake Greifensee
(Switzerland) within a factor of two [26,41], which is an excellent result
for a model-based assessment.

3. Results and discussion

3.1. Mid-latitude lifetimes of SMX as a function of water chemistry and
depth

The assessment of the influence of various water parameters on the
photodegradation of SMX (see Section 2.1) suggested that NO3, NO3,
HCO3, and CO3~ would play a rather limited role, while DOC and the
depth d would be very important. For this reason, Fig. 2 reports the half-
life time of SMX as a function of DOC and d, showing that low values of
these parameters favor photodegradation and yield lower t,(SMX).
Indeed, t,(SMX) increases (i.e., photodegradation becomes slower) with
increasing d and DOC. The negative effect of d on photodegradation is
reasonable, because deep waters are typically poorly illuminated by
sunlight [35]. Interestingly, for low d values that are representative of
laboratory irradiation experiments conducted with SMX in natural water
samples exposed to sunlight, Fig. 2 shows that t,,(SMX) would be in the
hours-day range. This is the same range reported in several experimental
studies [11-13]. To make a comparison, irradiation of SMX spiked to
two different river waters under simulated sunlight yielded a lifetime of
1.6 summer sunny days (fair-weather, mid-July, mid-latitude) when the
sample DOC was 3.1 mgC L™}, and 1.4 summer sunny days when DOC
= 5.5 mgC L' [12]. The APEX model predicts a lifetime of ~0.9 days
(fair-weather, mid-July, mid-latitude as well) under the same DOC
conditions and with cm-range water depth, mostly due to direct
photolysis. Considering that irradiation experiments of SMX in
ultra-pure water have yielded a lifetime of 0.8 days [12], a possible
explanation for the difference between experiments and model pre-
dictions is a different degree of inhibition of SMX direct photolysis by
the dissolved organic matter. Furthermore, note that the reported degree
of agreement between experiments and predictions is very reasonable
for a photochemical model.

The explanation of the DOC effect on t,(SMX) (Fig. 2) requires
consideration of the relative roles of different photoreaction pathways in
the photodegradation of SMX. In most cases, the direct photolysis would
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Fig. 2. Modeled values of the half-life time t,(SMX), as a function of water
depth and the DOC. Calculations were carried out with the APEX software and
are referred to mid-latitude (45°N) and mid-July fair weather conditions.
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account for over 90% of SMX photodegradation. An increase in the DOC
inhibits direct photolysis reactions because high DOC means high
CDOM, which competes with SMX for absorption of solar radiation and
causes an increase of t,,(SMX) [35].

Photochemical model calculations suggested that the roles of the
different photoreaction pathways in SMX photodegradation would be as
follows: direct photolysis > CO3~ > 3CDOM* > *OH. Based on this, it is
reasonable to extend the prediction of SMX photodegradation kinetics to
a wide geographic scale. In such a case, only direct photolysis and
3CDOM* reactions can be included [27], but direct photolysis alone
accounts for most of SMX phototransformation.

An exception to the prevalence of SMX direct photolysis would be
represented by waters that contain at the same time low DOC (< 2 mgC
L_l) and high values of nitrate (>1 mM) and/or nitrite (>10 pM). In
these cases, CO3~ and *OH would be the main SMX photoreaction
pathways. However, such environments are relatively rare and they are
often found either in mountain settings strongly affected by atmospheric
nitrogen depositions (excluded from the present study), or in the pres-
ence of extensive inputs of nitrogen species from contaminated
groundwater [36].

It is interesting to compare the predicted lifetimes of SMX with those
of sulfadiazine, another sulfonamide antibiotic, under identical model
calculations and environmental conditions [42]. The structural differ-
ence between the two compounds is that sulfadiazine has a 6-atom
heterocyclic ring, whereas SMX has a 5-atom heterocyclic ring. When
d = 5 m, the neutral form of sulfadiazine (pKa = 6.5) has t,, = 10-15
days for DOC = 2-10 mgC L1 [42]. In the same conditions, anionic
sulfadiazine has t;;, = 10-45 days. Interestingly, anionic sulfadiazine
mainly reacts by direct photolysis, while the neutral form would mainly
react with 3CDOM* [42]. Comparison of these results with those in Fig. 2
suggests that anionic SMX would be degraded much faster (by almost an
order of magnitude) compared to anionic sulfadiazine, with prevalence
of direct photolysis in both cases. Anionic SMX would also be degraded a
bit faster than neutral sulfadiazine that, however, follows a different
photoreaction pathway (reaction with 3CDOM?¥). Interestingly, signifi-
cant triplet-sensitization processes are reported for other sulfa drugs
with 6-atom heterocyclic rings (sulfamethazine, sulfamerazine, and
sulfachloropyridazine), in addition to sulfadiazine [43].

Similarly to sulfadiazine, the neutral form of SMX is also more
photolabile than the anionic one [12], but the pKa value of neutral SMX
(5.6) makes it less environmentally significant than neutral sulfadiazine.
The comparison suggests that SMX is more photolabile than sulfadia-
zine, and there is evidence that other sulfa drugs with a 5-atom het-
erocyclic ring (sulfisoxazole, sulfamethizole, sulfathiazole, and
sulfamoxole) can be even more photolabile than SMX [10]. Therefore, a
5-atom ring (e.g., SMX) seems to favor photolability of sulfa drugs, while
a 6-atom ring (e.g., sulfadiazine) could make the drugs more
photostable.

3.2. Assessment of SMX photodegradation on a wide geographic scale

The determination of the equivalent wavelength for the direct
photolysis of SMX yielded A, =430 nm. As shown in Fig. 3, the
monochromatic approach (dashed curves, obtained using Eq. 12 with
nsmx = 9.5 mol E~! nm) closely approximated the polychromatic data
(solid squares, obtained with Eq. 11 and ®gyx = 0.029 mol E! that is
representative of SMX under simulated sunlight [13,14]). This indicates
that the monochromatic approximation to the direct photolysis of SMX
does not result in a loss of accuracy and supports its use when predicting
SMX photoreaction kinetics. Notably, the good agreement is maintained
across a wide DOG interval (up to 25 mgC L), and for water depths
ranging from shallow to deep. Also note that ®gyx is reported to be
independent of the wavelength [13].

The ability of Eqs. (13,14), which are based on the solar-noon photon
flux density of sunlight at )4, to predict the daily dose Ggay reaching the
ground at mid-latitude (45°N) is illustrated in Fig. 4 for the different
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Fig. 3. Direct photolysis rate constants of SMX (ksmx,q.p.) in mid-latitude, mid-
July and fair-weather conditions, for different values of water depth (5-50 m)
and of the DOC. Solid squares: polychromatic calculations (Eq. 11). Dashed
curves: monochromatic approximation with A, = 430 nm (Eq. 12).
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Fig. 4. Daily dose Ggay reaching the ground at mid-latitude (45°N, A, =
430 nm). Solid squares: Ggay(heg) = fl dayp" (Aeg,t) dt. Solid curve: Ggay(heg) = F1
Dsn° (heg) oL, With F; = 0.75.

months of the year. Excellent agreement was obtained between inte-
grated values (solid squares) and the solar-noon-based estimate (solid
curve) by using F; = 0.75, with a root mean square error (RMSE) of
2.7%.

The same F; value was also appropriate to predict Ggay in the
60°S—60°N latitude belt, as shown in Fig. 5. In this case, the typical
RMSE values ranged between 3% and 6%, with higher values (8-11%)
observed at the extreme northern and southern latitudes (60°N, 60°S).

The above discussion suggests that it is appropriate to use Eq. (12) to
predict the direct photolysis kinetics of SMX, with: T = 480 arccos(—tan
() tan(s)); p°(430 nm) = 0.75 ps°(430 nm), and ps,°(430 nm) as
described by Eq. (14) as a function of latitude and the day of the year.

The photodegradation kinetics of SMX was assessed by taking into
account both the direct photolysis (d.p.) and the 3CDOM* reaction, as
follows (with ksmx,d.p. given by Eq. 12):

1
1 poc_ as)

ksux = ksmx.d.p. + Ksux scpom PFCDOM”] 11
[DOM]; /5

The values of ksmx scpom™ and [DOM],, are shown in Table 1.
Note that [DOM], = 1.3 mgC L~ was used in Eq. (15), but this value
would vary depending on the type and source of the DOM [7,18].
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Fig. 5. Validation of the procedure to calculate the daily dose as a function of
the latitude and the day of the year (curves: calculated daily dose; dots: inte-
grated daily dose). (A) Latitudes from 0° to 60°N with steps of 5°. (B) Latitudes
from 60°S to 0°.

However, considering that triplet sensitization would typically account
for < 10% of SMX photodegradation, due to the prevalent role of the
direct photolysis, halving or doubling the value of [DOM],, would
modify ksyx by no more than 1-1.5%.

The values of [?CDOM?*] in worldwide lakes located within
60°S—60°N latitudes have been determined in previous work [26]. In
that case as well, a monochromatic photon efficiency for *CDOM*
generation has been identified (Aeq = 560 nm). Calculations based on the
daily dose Ggay have yielded F; = 0.82 for 3CcDOM*, which was appro-
priate for use in the whole 60°S—60°N latitude belt. The calculated
values of [3CDOM*] have been used to predict the photochemical life-
times of clofibric acid, which mainly undergoes triplet sensitization
[26], with good agreement with the available field data (lifetime of
clofibric acid in the Swiss Greifensee [41]).

On this basis, Eq. (15) was used to calculate the values of kgyx for
each lake, averaged over the year. Afterwards, it was derived t,(SMX)
=In2 kgl\}lx. The resulting t,,(SMX) data (year averages) are shown in
Fig. 6. They suggest that: (i) SMX is quite photolabile in lake water, with
lifetimes of some days (25" percentile 1.7 days; median 2.3 days; 75t
percentile 3.2 days); (ii) the shortest SMX lifetimes are found in the
tropical belt, where generally high sunlight irradiance and relatively low
DOC values both favor the direct photolysis of SMX. In contrast, longer
lifetimes are usually predicted near 60°N latitude, due to the combina-
tion of lower irradiance and higher DOC values [27].

The latitude trend of fair-weather SMX lifetimes is comparable to
that of the non-steroidal anti-inflammatory drug diclofenac, which is
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Fig. 6. Global map of the photochemical half-life times of SMX (year averages). Given the depth range of the monochromatic approximation (see Fig. 3), in the case
of lakes deeper than 50 m (<1% of the total), it was assumed d = 50 m. Note that waters below 50 m depth would be in the dark.

another photolabile pharmaceutical that mainly undergoes photo-
degradation by direct photolysis. In the case of diclofenac, as well,
degradation would be faster in the tropical belt and slower at high
Nordic latitudes. However, the predicted lifetimes for SMX are 4-5 times
shorter than those of diclofenac under comparable conditions [27].

The above discussion is relevant to cloudless sky, while cloud cover
would decrease irradiance [40] and proportionally increase SMX life-
times. According to available data of actual weather conditions,
correction factors for the cloud cover would be quite relevant in some
areas of the world [40]. Compared to sunny-sky predictions, SMX life-
times would be approximately doubled in equatorial areas in South
America, Africa and Asia, as well as in South-Eastern China. Note that
these are the world regions with the shortest sunny-sky SMX lifetimes
(see Fig. 6), thus SMX would still undergo very fast photodegradation.
Above 40°N latitude, lifetimes would be increased by 25-30% in North
America as well as in Europe and Asia. In these regions, the longest
sunny-sky SMX lifetimes are predicted, and cloud cover would make
them a bit longer. A similar 25-30% correction applies to the
South-Eastern US, where, however, sunny-sky lifetimes would be very
short. While increasing SMX lifetimes, consideration of actual weather
conditions [40] would not change the prediction that SMX is a photo-
labile compound.

An additional factor that would make SMX photodegradation less
efficient in the tropical belt is lake stratification, which is typically more
common and longer-lasting in tropical regions compared to temperate
ones [36]. In contrast, winter ice cover that suppresses photoreactions is
more likely at elevated northern and southern latitudes than in tropical
areas.

The calculated lifetimes of SMX in lake water are a function of DOC,
depth, and the latitude ¢. Using Eq. (15) to predict SMX photo-
degradation kinetics is not straightforward, given the calculation pro-
cedures needed to obtain ksyx,qp. and [3(CDOM*]. For this reason, a
more manageable algebraic function was derived to more easily repro-
duce the results shown in Fig. 6, with robust performance (R? of 0.994,
as explained in Section 2.2.1). Such an equation reads as follows (note
that £,,(SMX) has [day] units, DOC is in [mgC L™'], d in [m], and ¢ in
degrees; latitude is negative for the Southern hemisphere):

£,(SMX) = 0.25 + 0.0022 d — 0.135 DOC - 0.0039 ¢ + 0.0021 ¢
DOC + 0.057 d DOC + 0.0029 DOC? - 6.9x 10 *d ?-8.8x 107> DOC?
+6.9%x10°°4d3 (16)

The 95% confidence intervals of the coefficients for each variable or
combination of variables in Eq. (16) are provided in Table S1 within the
Supplementary Material, together with the standardized regression co-
efficients. The standardized coefficients allow for a more direct inter-
pretation of the effects of DOC, depth, and latitude on the modeled
response (lifetime), as the original coefficients shown in Eq. (16) are
influenced by the scales, units of measurement, and the non-linear
transformations of the three considered variables. The standardized
coefficients highlight the importance of DOC, d, and their combinations
in t,(SMX).

Finally, to ensure the reliability of the predictions and avoid ex-
trapolations outside the original training domain, it is recommended to
use Eq. (16) within its range of applicability: sunny weather, well-mixed
water, latitude between 60°S and 60°N, DOC between 0.3 and 23 mgC
L', and depth between 5 and 50 m.

4. Conclusions

Direct photolysis is expected to be the main phototransformation
pathway of SMX in sunlit freshwaters, making SMX rather photolabile in
well-mixed waters under clear-sky conditions. Cloudy sky, water strat-
ification, and ice cover would make SMX photodegradation less
efficient.

Phototransformation kinetics are affected by environmental factors
such as sunlight irradiance and, among water parameters, primarily
depth and DOC. In particular, the predicted SMX photodegradation is
faster under high irradiance, low water depth (deep waters are poorly
illuminated by sunlight), and low DOC conditions (dissolved organic
compounds compete with SMX for the absorption of solar radiation). In
very shallow waters, the predicted lifetime of SMX (hours to a day)
aligns with results from several irradiation experiments reported in the
literature, which also used low water depths.

For lakes situated across a broad geographic range the photo-
degradation of SMX is again predicted to be quite rapid, with lifetimes in
the range of days to some weeks in well-mixed waters under clear-sky
conditions. This is especially true in the tropical belt, where average
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annual irradiance is high and the DOC values of lake waters are gener-
ally lower than, for instance, in elevated boreal latitudes. Effects of
cloudy sky could make average lifetimes longer by 25-30% (e.g., South-
Eastern US and regions above 40°N latitude in North America, Europe,
and Asia), or even double compared to clear-sky predictions (equatorial
regions, South-Eastern China), but it is still suggested that SMX would be
a photolabile compound.

A practical algebraic function (Eq. 16) can be identified that closely
fits the predictions of SMX lifetime in well-mixed and sunlit lake waters,
as a function of depth (5-50 m), DOC (0.3-23 mgC L1, and latitude
(60°S—60°N).
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