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ABSTRACT

It is shown here that carbamazepine (CBZ) wouldeogal direct photolysis and reaction withH

as main phototransformation pathways in surfaceemsatnvironmental lifetimes are expected to
vary from a few weeks to several months, and ptiedis are in good agreement with the available
field data. Acridinel() and 10,11-dihydro-10,11-trans-dihydroxy-CB¥) (are the main quantified
phototransformation intermediates upon direct plysi® and "OH reaction, respectively. The
photochemical yield of mutagenicfrom CBZ is in the 3-3.5% range and, being simitar both
direct photolysis andOH reaction, it would undergo limited variation kitenvironmental
conditions. In contrast, the yield wfwould vary in the 4-8.5% range depending on theditmms,
becauseV/ is formed from CBZ byOH (9.0% yield) more effectively than upon diretiofolysis
(1.4% vyield). Other important photointermediategsity formed from CBZ upoiOH reaction are
an aromatic-ring-dihydroxylated CB24/[) and N,N-di(2-carboxyphenyl)ure&/(l). Compounds
VI and VIl are formed by photochemistry and are not repoatedhuman metabolites, thus they
could be used as tracers of CBZ phototransformaitioisurface waters. Interestingly,l has
recently been detected in river water.

INTRODUCTION

Carbamazepine (CBZ) is an antiepileptic drug teatighly metabolized in the human body and is
excreted both as parent compound and its metaldolites. Two key metabolic pathways have
been listed, with the main route being the fornmatiof carbamazepine-10,11-epoxide, a
pharmacologically active compound with anticonvotsgroperties. CBZ-Epoxide is further
metabolized into 10,11-dihydro-10,11-trans-dihygieatbamazepine (DiOH-CBZ dr), acridine
and acridone. A second minor metabolic route ingslthe production of hydroxylated compounds,
2-hydroxycarbamazepine and 3-hydroxycarbamazep®BZ and DIOH-CBZ are compounds of
high environmental relevance because they show stimo elimination in wastewater treatment
plants (WWTPs}:® Studies have reported their occurrence in sunfeater up to pg/L leveld? in
groundwater up to 50 ngA.and in drinking water up to 20 ngfL’.

Photochemical reactions are important transformagoocesses of xenobiotics in surface
waters, particularly for compounds like CBZ tha¢ aefractory to biodegradati§nPhotoinduced
processes can be divided into direct photolysis sedsitized phototransformation, the latter
involving transients produced by so-called photsggers under irradiation. The main
photosensitizers are chromophoric dissolved orgaratter (CDOM), nitrate, nitrite, and possibly
also HO, and Fe compounds. The most important photogemetedasients arélOH, CQ; ", 'O,
and the triplet states of CDOMCDOM*.° Irradiated CDOM yieldSCDOM?*, 'O, and OH***3
the latter also produced by nitrate and nitritee Tadical C@ " is formed by reaction betweé®H
and HCQ™ or CQ?%, and upon Cg¥~ oxidation by>CDOM*.** Together with direct photolysis

3



(operational for sunlight-absorbing molecules),si#&red reactions can be involved in the removal
of xenobiotics from surface waters, but sometimdso ain the formation of harmful
intermediates>*®

Several studies have addressed the issue of CBdgegradation under natural conditions or
upon application of advanced technologies for watteratment:%!"?* Despite this, many
knowledge gaps still exist concerning the photodbahfate of CBZ in environmental waters.
Earlier works did not try to calculate reactionerabnstants and quantum yields, which strongly
limits data applicability beyond the particular expental set-up used. Moreover, only very
limited attempts have been made so far to relatemehemistry with CBZ fate. Even the most
thorough previous studies usually gave a singl@warhalf-life time(s) for CBZ in surface waters,
which is of limited use. Indeed, half-life times ynaary by orders of magnitude for the same
compound, depending on water chemical compositichcalumn deptf>2° Moreover, while most
studies were concentrated on CBZ direct photolgsid OH reaction, contrasting results can be
found in the literature concerning the role of CD@M! its photodegradation. While some authors
suggest that CDOM occurrence would inhibit CBZ dinghotolysis by an inner-filter effett?*%*
others underline the key role of CDOM as photoseesi although the reactive species involved in
CDOM photosensitization were not reportéd®?! Additionally, and perhaps most importantly,
despite the many studies aimed at identifying CBdtptransformation intermediates under a wide
variety of environmentally or technologically sifioant condition$:%?"*° there has been no
attempt so far to predict or model the formationekics of intermediates in the environment, let
alone under variable conditions of water chemicahposition and depth. Finally, because of the
large overlap between CBZ biotransformation andtginansformation metabolites/intermediates,
the same compounds are produced by quite differetesse$?’>! Largely out of this reason, to
date there is no indication of which intermediatesild be used as reliable markers of CBZ
phototransformation in the environment. Therefdteis presently not possible to distinguish
between human metabolism, the (however limited) WAMIrocessing and photochemistry, as
sources of CBZ intermediates in surface waters.

The present work aims at filling up all the knowdedgaps cited before. To this purpose, it
addresses the quantitative assessment of the pieotacal fate of CBZ, relevant to surface waters.
This substrate was chosen because it is biologicaftactory and its irradiation yields mutagenic
acridine, which is a compound of considerable conte Moreover, many potential
phototransformation intermediates of CBZ are conumdly available as standards. The approach
we followed involves laboratory studies of CBZ phenttivity via different transformation pathways
(direct photolysis and reaction witbH, CQ; ", 'O, and*CDOM®), including the formation yields
of photointermediates. The aim is to provide ingata for a photochemical model that predicts the
kinetics of CBZ phototransformation and intermeglifdrmation as a function of water chemical
composition and column depth. The model has bekntalsuccessfully predict the transformation
kinetics of xenobiotics in surface watéré®and was here implemented to include the formatfon



intermediates. To our knowledge, this is the vdrgt fattempt to address the photochemical
formation of intermediates with such an approach.

MATERIALS AND METHODS

CBZ phototransformation kinetics. The kinetic parameters relevant to the photot@ansdtion of
CBZ (direct photolysis quantum yield and secondeongte constants with the reactive transients)
were determined following an experimental protoatieady reporte®® Direct photolysis was
studied upon UVB irradiation, reactivity wittOH upon nitrate photolysis adopting competition
kinetics with 2-propanol, and reactivity with GO upon irradiation of nitrate and bicarbonZte.
Furthermore, irradiated Rose Bengal was usedCassource and anthraquinone-2-sulphonate
(AQ2S) as triplet sensitizer (CDOM proxy). Readyvof CBZ with irradiated riboflavin (RF) was
also investigated, using both laser flash photelgsid steady-state irradiation. Details of all ¢hes
experiments are reported as Supporting Informafiwreafter Sl). The relevant parameters were
determined in neutral solution, but additional reshswed that they would not vary significantly in
the pH range 4-9 (see Figure S11, Sl). This iggheement with CBZ not undergoing protonation or
deprotonation under such conditions.

Identification of CBZ phototransformation intermediates. Intermediate identification was
carried out following CBZ transformationia the pathways that would be most significant for
surface waters (direct photolysis and reaction Withl, as shown by combination of reactivity data
and photochemical modeling). Irradiation was cdrraait in a cylindrical immersion-type glass
photoreactor (0.5 L, Heraeus TQ 150) equipped witlvater-cooled, medium-pressure Hg lamp.
The whole assembly was wrapped with aluminum flile lamp irradiance between 290 and 400
nm was 220 W Af and the incident photon flux in solution was A* Einstein L' s
actinometrically determined. The radiation pathgténinside the reactor was 2 cm. The emission
spectrum of the lamp, as well as the absorptiontspef CBZ and nitrate are reported in Figure S1
(SI). After irradiation, aliquots were removed alested time intervals and processed by HPLC-
MS. A BetaBasic 15& 2 mm C-18 endcapped column (3 pum particle sizejppegd with a 1< 2
mm guard column containing the same material wasl,uat a flow rate of 0.2 mL mih The
mobile phase was a mixture of methanol (A) and OHG®OH in water (B); gradient was operated
from 5% to 100% A for 30 min and back to the iditanditions in 5 min. Mass spectrometry was
performed on an Esquire 6000 ion trap system (BruBeemen, Germany), equipped with an
electrospray interface and operated in positivézation mode. Operating conditions of the source
were: capillary voltage, 4000 V; nebulizer pressu#® psi; drying gas flow, 10 L/min at a
temperature of 365°C.

Molecular weight of CBZ phototransformation intereges was assigned on the basis of the
m/zvalues of the quasi-molecular ions [M+HPBtructures were tentatively elucidated according
the MS/MS fragmentation patterns, using the quadeoular ions as precursor ions. Confirmatory
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methods were also used, including authentic stalsdavhen available and matching the
fragmentation patterns with those reported in @higd mass spectra.

Kinetic data treatment. The experimental time trend of CBZ was fitted wibeudo-first order
equationsC, = C, [&="', whereC, is CBZ concentration at the timgC, its initial concentration

and kcgz the transformation rate constant. The time evolubtf the intermediates was fitted with
|, =k 'C, (k"—kqs,) " (€72 —e7™") | whereC, andkcg; are as above is the concentration of the
intermediate at the timd, ki’ the rate constant offormation from CBZ, and;” the rate constant of

i transformation. The initial rate of CBZ disappem® isRcsz = kesz Co, that ofi formation isR =

k' Co. The errors on the rates were derived from théesoag of the experimental data around the
fit curve. Reproducibility of repeated runs waghe range of 10-15%.

The photochemical model. The model predicts the half-life time and the pkefirst order
phototransformation rate constant of an organic pmunmd in surface waters, based on
environmental variables (water column depth andib& composition) and substrate reactivity
parameters (direct photolysis quantum vyield andctre@a rate constants with photoreactive
transientsf* The latter are derived by laboratory measures duaintify reaction kinetics rather
than simulating the environment, a task that iseewely difficult at the very least. The link betwee
reaction kinetics and the environment is providgdtiee model. With this approach, very good
agreement with available field data has been obthifor 2,4-dichloro-6-nitrophenol and the
herbicide MCPA in lagoon watéf;*® as well as ibuprofen and several pesticides ir lafiter’®°
The model uses as time unit a conventional SummenysDay (SSD) that is equivalent to a fair-
weather 15 July at 45°N. It also hypothesizes est good weathéf,and meteorological issues
should be considered separately.

For CBZ the model yielded the pseudo-first ordansformation rate constankg,,, wherep is

a photochemical process (photolysis or reactiom WitH, CQ; ™", 'O, and*CDOM*). The overall
rate constant of phototransformationkis,, = zpkc‘sz . The model was also implemented to obtain

the formation rate constants of CBZ photointermiedialn the procegs, CBZ could produce the
intermediatel with yield 77°, experimentally determined as the ratio betweenititial formation

rate ofi and the initial transformation rate of CBZ. Theepdo-first order rate constant of
formation in the procesg is (k*)'=n"k&,. The production of from CBZ could take placeia

more than one process. Therefore, the overallc@atstant of formation is:
(k)= Z‘,p(kip)I = zp(”ip baz) 1)

One can also obtain the overall yield dbrmation from CBZ §, ), as:



2,77 k)

17, = (k) (kegz) ™ = SR, (2)

Note that the model in the present version wouléhipaleal with freshwater, while the foreseen
extension to saline systems.d. brackish waterd¥ should for instance include bromide ‘&H
scavenger. In brackish systengsg( estuaries or saline lakes), the decrease of tiperiance of
*OH-induced transformation because of scavengingrbynide would be partially offset by CBZ
reaction with halogen-containing transients, whiohld yield CBZ halogenoderivativés.

The model adopts a Lambert-Beer approximation tiegtects radiation scattering by particles
as well as patrticle photoreactivity. While the miodeuld not work well in highly turbid systems,
there is evidence that particles are much less iitapbthan CDOM in photochemical processes in
most surface waters and particularly in lake wéter.

RESULTS AND DISCUSSION

CBZ phototransformation kinetics. The measurement of the quantum vyield of CBZ direct
photolysis and of the second-order reaction ratestemts with’ OH, 'O, and*AQ2S* (CDOM*
proxy) was carried out following an already repdrigoceduré® Significant reactivity between
CBz and C@" could be excluded by means of a semi-quantitasiskeening methotf. The
relevant experimental data are reported and disdusss Sl. The obtained parameters of
photochemical interescsz, Kcsz.on, Kesz,102 Kesz3ag2ss Keszsrev) are listed in Table 1. The use
of AQ2S under irradiation as proxy of CDOM is matigd by(i) the occurrence of quinones in
CDOM, that would account for a fraction of CDOM dhescencé® and (ii) the well-known
photochemistry of AQ2S, which producdQ2S* but not'OH or 'O, ***! and allows kinetic
parameters of triplet-state reactivity to be easibiyained. An alternative CDOM proxy is riboflavin
(RF)?® and the reactivity of its triplet state with CBZsvalso tested. The reaction rate constants of
CBZ with triplet RF and triplet AQ2S are comparafdee Table 1).

Note that the value dfcgz.on Obtained in this study was a factor [& higher compared to
previous work"> Competition kinetics was used in both studies bifferently from our approach,
previous work followed the time evolution of botBZ and ‘OH competitor f-chlorobenzoic
acid), so that th&OH rate constant could be determined with just reme(with some replicates).
Such a time-saving procedure has the disadvantagelata points at elevated reaction times have
the highest weight in the calculation of t@H rate constant. A reaction system tends to become
more complex as the reaction progresses: therefareuld become substantially different from the
initial one. Analytical errors would also be highem low-concentration data points at elevated
reaction time, which have the most important raleléfining the OH rate constant. Our approach
required 11 runs with 5-6 data points each (sear€i§3), but it has the advantage of giving more
weight to early-time data, in the measurement efitiitial degradation rates. Another issue with
previous work is that kD, at different concentration values was used @l source, but the
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reaction between 40, and’OH was not taken into accoulitUnfortunately, HO, concentrations
were not reported, which precludes prediction & itnportance of the relate @H-consumption
process.

Very variable literature values are available for photolysis quantum yield of CBZIn one
case, calculation details are unfortunately noorien’® In the other, CBZ photolysis was studied
under real sunlight, obtaining a considerably lopotolysis quantum yield than odfsRadiation
sources (survs. UVB lamp) are unlikely to explain the differendegcause CBZ mostly absorbs
UVB radiation with a single absorption band, whatould feature a constant photolysis quantum
yield.*? Sunlight irradiance in the previous study wasamitially measured, it was rather calculated
from literature data® Therefore, disturbing effects due to haze/cloudecoUV absorption by air
pollutants €.g. O3, NO;) and absorption by glassware have not been takém account.
Considering that the cited factors would decreasdight irradiance, most notably in the UVB
region where CBZ absorbs sunligfitjrradiance overestimation and photolysis quanttigidy
underestimation are quite probable.

An additional issue is that, in some cases, sulesin@tal complexes play an important role in
direct photolysis, in particular with Fe(ll)** and somewhat less for Cu(fh. CBZ
phototransformation in the presence of Fe(lll) icidic solution was accounted for BYH
photoproduction by FeO¥ not by photolysis of Fe(lll)-CBZ complex&$.Therefore, Fe(lll)
complexation would not be important for CBZ photeatistry (and FeOH would not be relevant
in the typical pH range of surface wate's).

Comparison between model predictions and field data. An initial survey was made of the
relative importance of different CBZ phototransfation processes, under a set of conditions
(water chemical composition and column depth) thatld be relevant to most surface waters.
Reactivity parameters reported in Table 1 were ripa@ted into our photochemical modef®
which indicated that reaction witiOH and direct photolysis would be the main CBZ
phototransformation pathways. Reaction witDOM* would play a secondary to minor role,
independently of the use of reactivity data deriviean AQ2S or RF. Quinones such as AQ2S
produce quite reactive triplet staf8sTherefore, it is highly unlikely that averajeDOM* are
more reactive thafAQ2S* and cause significant CBZ phototransformaiiosurface waters. Still
lower reactivity is expected for CDOM formed bywater biological processes (autochthonous) or
for CDOM derived by atmospheric depositiSnMoreover, processes involvint, would be
unimportant. Such considerations hold as well uncEmditions characterized by high DOM
concentration, because organic matter is a sosreet as a sink 6iOH.*

Note that the model takes into account competitborsunlight irradiance between the different
light-absorbing species in solution, substrate (CBEluded®>******Moreover, the laboratory use
of nitrate as a reasonably “cleai®H source to study the reaction kinetics of CBZsdoet imply
that it is the mainOH source in the environment. Indeed, nitrite arfdO®1 are usually more



important than nitrate a$OH sources in surface waters, but they are lesaldeifor laboratory
studies-2343°

The fact that direct photolysis an®H reaction are the main CBZ phototransformation
pathways agrees well with previous studfeS:?*It also allows exclusion GCDOM* as important
reactive species for CBZ phototransformation in tumaters’ The most likely explanation for
the contrasting literature findings about CDOM/haracids and CBZ phototransformation, is that
CDOM produce$OH along with triplet state’s:***°CDOM samples that produce méf2H could
account for CBZ photodegradation enhancement, thpweducing less would account for the
opposite effect.

Field data of CBZ persistence that allow compariagtn the model have been reported for
Lake Greifensee, Switzerlan§iThe field monitoring campaign has been carriedimlate summer
and yielded a pseudo-first order rate constantBZ @ttenuation of 0.01#0D.002 day" in the lake
epilimnion, of which 0.006 day accounted for by outflow and the remaining 08802 day* by
other processes. Chemical transformation not inmghlight, gas partitioning and sedimentation
could be excluded (the latter because CBZ is paad rather hydrophilic® while
biotransformation seems little likely for CBZ*

With data relevant to the epilimnion of Lake Gragee (5 m depth, 0.1 mM nitrate, 3.5 mg C
L™ DOC, 2 mM bicarbonate, 10 pM carbonatgy and Table 1 parameters, our model derives

o = 0.00%0.002 SSD' for transformation witiOH and ki = 0.003:0.001 SSD' for the

direct photolysis. As far as the equivalence betw&SD and outdoor days is concerned,
meteorology issues in the study period suggestetbughly halve the rates of photochemical
reactions’® Therefore, 1 SSD would approximately equal 2 dayith this consideration, our
model givesk """ =~ 0.006:0.002 day*. This value is very near the field rate constdnEBZ

Bz
attenuation after exclusion of the outflow, andgrsis that photochemistry could play a role in the
loss of CBZ in Lake Greifensee epilimnion. Here pihtochemical half-life time would be 55 SSD
= 110 days, which makes CBZ a fairly persistent yialit as far as phototransformation is
concerned. However, CBZ phototransformation coull dignificantly faster under different
conditions €.g.shallow lagoons that collect water draining adtical areas), where light-induced
processes could be more importént.

CBZ phototransformation intermediates. Intermediates-V (see Table 2), for which commercial
standards are available were monitored upon CB#stoamationvia both reaction with'OH
(produced by nitrate irradiation) and direct phpsad, which are the two main processes that CBZ
is expected to undergo in surface waters. Interatedli, |1, IV andV were identified as acridine,
CBZ-10,11-epoxide, 10,11-dihydro-10,tik-dihydroxy-CBZ and 10,11-dihydro-10,1fans
dihydroxy-CBZ, respectively, by comparing their @matographic and mass spectrometric
behavior with that of authentic standards. Timans and cis stereoisomerslY, V) were
distinguished on the basis of the retention timéndividual standarddntermediatd 1l was never
detected in our experimental conditions. It wasuded among standards because of its detection in
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previous worlé® although it was not very clear whether it was fedmfrom hydrolysis or
photochemistry. Lack dfll in this study suggests possible formation by hiydrs. HPLC-MS/MS
data for standards, obtained by selecting the gquagcular ion [M+H] as precursor ion are
reported in Table 2.

Figure la shows the time trend of 90 uM CBZ andrmediate$-V upon irradiation of 0.10 M
nitrate, Figure 1b shows the corresponding trenahugtirect photolysis of 90 uM CBZ alone. An
alternative representation of intermediate evofutis. CBZ percent transformation is provided as

SI, Figure S12I andV were the intermediates formed with the highedtahrates,| upon direct

photolysis and/ upon’OH reaction. As far as direct photolysis is conedirassumindRoie' as the

initial transformation rate of CBZ anB™" as the initial formation rate of the intermediate= |-

V), the yield ofi from CBZ is given by the ratio of the initial rate7™™" = R™™ [{R%)™ . In the

case of nitrate irradiation, the direct photolysisuld be operational to some extent and its
contribution should be considered, while additigmalcesses would be unimportant (see Sl). Figure
1 shows that the time scales of the two experimerte quite different (irradiation time up to 6 h
for nitratevs. 72 h for the direct photolysis), which justifidsetchoice of experimental conditions
including nitrate concentration. Therefore, minontibution of the direct photolysis is expected in
CBZ transformation with nitrate. Anyway, the roledrect photolysis can be taken into account by
calculating the photon flux absorbed by CBZ inttve cases.

The procedure to calculate radiation absorptiorCBZ alone and in mixture with nitrate, as
well as its implications for yield calculation igported as Sl. Table 1 reports the calculationltgsu

. V .
namely values of7™ and n,°" for intermediated-V. Note that» 7 °" = 0.14@:0.014 and

\
ZmP“‘“ = 0.0620.0012, thus other important non-quantified intestraes could be formedifle
i=|

infra). In both cases, the yield of mutagenic acridineas around 3-3.5%. The fact that the same
intermediates, although with different yields, weasbserved upon both direct photolysis and
reaction with "OH could be accounted for by the fact that CBZ plysis proceedsvia
photoionization followed by reaction between theuténg carbocation and waterSuch a process
would simulate reaction withOH and yield the same radical intermediates inptfi@ary reaction
step. The photoionization/hydrolysis pathway wodtat instance explain the formation of
hydroxyderivatives upon CBZ direct photolysis.

Apart from1-V, four additional relevant intermediatésl {l X, see Scheme 1) were tentatively
identified on the basis of their MS/MS fragmentatipatterns (Sl, Figure S13), upon direct
photolysis andOH reactivity. The MS/MS spectrum ®fil was characterized by losses of 17 (m/z
252) and 43 (m/z 226) mass units, due to respeldsses of Ngland CONH, which supports the
preservation of the CONHateral chain. The lack of the product ion at 188, which accounts for
the unmodified heterocyclic ring structure of aore] suggests that the heterocyclic ring was
modified. Additional fragment ions at m/z 224 (-CBYN and m/z 196 (-COCON#H might reveal
the formation of two aldehyde moieties. A detaile@chanism of ring closure ofll1 by an
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intramolecular reaction to a quinazoline moibXyis provided elsewher&.IX eluted as two peaks
due to the hindered rotation of the partial doudmad character of the phenyl-N bond, yielding two
stereoisomers. Intermediatd |l has a MS/MS spectrum depicting fragment ions at 28& (OH
loss) and m/z 210 (CONHoss). It would probably derive fron®OH attack on a £aromatic ring,
and was assigned the structure of hydroxycarbanvazeplll was further transformed into the
dihydroxylated derivativeVl. On the basis of these chemical structures, aophemical
transformation pathway could be suggested (see ngxh&). CBZ would thus undergo two
competitive oxidation pathway3he first involves hydroxylation of the aromatiags, the second
implies formation of an epoxyde that could eithewolee into a diol (V, V), or undergo
heterocyclic ring openingV(1). The diol further undergoes ring contraction teld acridine, as
previously describetf

Intermediate identification and quantification walso carried out in the presence of 1 mM
AQ2S under irradiation. IntermediatHs V, VII andVIII were identified, and the former two also
qguantified (Figure S14). The relevant yieldslbfandV formation from CBZ are extremely low
(Table 1). Therefore, considering that reactiorh’€DOM* only plays a secondary role in CBZ
phototransformation, the formation di and V via *CDOM* could be neglected under
environmental conditions.

Note thatl, I1, IV, V, VI, VIII have also been detected with FHAV,?**° 11 andVIII with
H,0,/UV,**?° | upon direct photolysi€ and |, VIII upon UV irradiation of FeOH (yielding
"OH) .23

Modeling of intermediates photogeneration. Intermediates, 11, 1V, V are formed from CBZXia
direct photolysis and reaction witbH, with different yields depending on the procésese Table
1). The parameters of Table 1 can be used as owgat to model the formation kinetics of the
relevant compounds, expressed as pseudo-first fwdeation rate constant& X (see equation 1
with i =1-V), as a function of environmental variables (watleemical composition and column
depth d). The trends of the rate constants for CBZ trams&tion and intermediate formation
(SSD™* units) are reported in S, Figures S15-S19 (0.2nitkte, 2 mM bicarbonate, 0-6 mg C'L
dissolved organic carbon (DOC), 1-100 uM nitratd,0D uM carbonatej=0-5 m). Additionally,
Figure S20 reports the corresponding steady-st@te][ [*O,] and FCDOM?], for a sunlight UV
irradiance of 22 W nf.

The rate constantk) are expected to increase with increasing nitrate nitrite as OH
sources. In contrast) would decrease with increasiniythe poorly illuminated bottom layers of
a deep water body are hardly favorable to photoctieyh and increasing carbonate and
bicarbonate aSOH scavengers. Increasing DOC would decre&ge lfecause high-DOC waters
contain elevated DOM and usually also CDEMDOM (both CDOM and non-chromophoric
material) is aOH scavenger and CDOM'®H source, with variable offset of opposite effebist
radiation-absorbing CDOM would inhibit the direchgtolysis of CBZ. Figures S15-S19 also
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suggest that the kinetics of CBZ transformation swermediate formation would vary by orders of
magnitude depending on environmental conditions.

The model can also be used to derive the formatields 7 of intermediates from CBZ, as a
function of environmental parameters (equation 2h w" values from Table 1). Figure 2 shows
the predicted trend of the yields of the main gifi@at photointermediated, (mutagenic acridine)
andV, as a function ofl, nitrate, carbonate and DOC. The yiglds not expected to change much,
because it is quite similar for bot®H and the direct photolysis (Table 1). The trentig, are
opposite tos and the corresponding variations are more impgrtenthe 0.04-0.085 range,
because th&/ yield from CBZ +OH is about six times higher than for direct phgéa. The
decrease ofpy with increasing DOC and the increase wittsuggest that(i) low DOC would
inhibit "OH transformation (mostly byYOH scavenging) more than it inhibits direct phosidy(the
latter via radiation absorption by CDOM{jii) depth would favorOH vs. direct photolysis, because
the "OH sources CDOM, nitrate and nitrite absorb a lafggction of the sunlight spectrum than
CBZ. Carbonate a$DOH scavenger would enhance the relative role ofitrext photolysis, and the
opposite would take place with nitrate '@H source. Moreover, nitrite is expected to behdee
nitrate, and bicarbonate like carbonate.

Modeling the time trends of CBZ and acridine (I) in surface waters. Figure 2 shows the
formation rate constants of intermediatesand V, but it is also interesting to model the time
evolution of both CBZ and its intermediates. Thasuie requires consideration of degradation rate
constants of the intermediates, in addition to ¢ha@$ CBZ transformation and intermediate
formation from CBZ. We will consider here the cadanutagenic acridine ), both because it has
the highest environmental concern, and becausmtli® data are available for reaction rate
constant with'OH (9.710° M s)°° and photolysis quantum vyield under sunlight (8163).
The absorption spectrum bfis reported in Figure S21. Direct photolysis asdction with"OH

will provide a reasonable lower limit fdr photodegradation kinetics in environmental waters.
Figure 3 reports the trends of the modeled pseudbdrder degradation rate constarkss; and
(k)”, as a function of depth and DOC. The model gistded the pseudo-first order formation rate
constant ol from CBZ (k;)’, data not shown). Availability of such data all® the modeling of the
time evolution of,e.g, 10 M CBZ and! for definite values of water chemical compositamd
depth (four sample points 1-4 are considered imrei@). First-order equations (3) and (4) can be
used for CBZ and, respectively (here it was [CBZF 10° M and ], = 0, implying a CBZ spike
with no further emission until complete disappeaearof course, it is a simplified case).

(B2, =[CB7, "' ©
[I ]t = %(e‘kﬁszt —e )"t) +[| ]oe_(kl )t (4)
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The model suggests thatwould be slightly more persistent than CBZ in aoef waters K)” =
0.65-0.85kcgz), but it would reach quite low concentration valu&nder conditions of Figure 3,
direct photolysis andOH would play a comparable role in degradation, whil€OH would
dominate CBZ transformation. Direct photolysishag expected to play a more important rolel for
than for CBZ. Note that the time scale to achiem@garable transformation is modified from 10 to
200 SSD, when passing frain= 1 m and DOC = 0.5 mg Cttod =4 m and DOC =4 mg Ct

Environmental implications. Direct photolysis and reaction wittODH are the main expected
phototransformation processes of CBZ in surfaceemgatThe photochemical half-life time would
vary in the range of weeks to several months oreymadepending on environmental conditions. CBZ
phototransformation would be faster in shallow @f@dC-poor water bodies, rich in nitrate and
nitrite. The relative importance of direct photadyys. ‘OH reaction as CBZ transformation
pathways is expected to increase with DOC and catiedbicarbonate and to decrease with depth,
nitrate and nitrite.

Among the quantified intermediatds(mutagenic acridine) and are those formed in higher
yield. The vyield ofl (3-4.5%) is similar for both direct photolysis ar@H reaction. It is of some
concern, given the relevant health effects. Inteliates||, VIII and most notably are important
human CBZ metabolites, which have often been dsdeat the inlet and outlet of wastewater
treatment plant3’>® Therefore, they could hardly be used as unequivibmdicators of CBZ
phototransformation. Some evidence of formatiofisynan metabolism exists foas well*

Based on peak areas one can infer that compodhdmd VII, which are not produced by
human metabolispwould be major intermediates of CBZ phototransfdrom most notably upon
reaction with'OH. Therefore, their possible environmental ocaureecould be used as an index of
CBZ phototransformation in general, and @H reaction in particular. Trends of their
photogeneration kinetics in surface waters wouldsibd@lar to those reported f&f. Interestingly,

VI has been identified in the water of river Po, riaain (NW Italy)>°
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Table 1. Photochemical reactivity parameters of CBZ: reactkinetic constants of CBZ in the
main photochemical reactions relevant to surfaceem®aand formation yields of the intermediates
-V via the main CBZ phototransformation processesot(Ph direct photolysis). The reaction
between CBZ and C{J in surface waters can be neglected (see Sl).nhewiatelll was not
detected in the irradiation experiments.

Parameter Value

Pcez (7.8+1.8Y10™*
Kceze0H (1.8+0.2Y10"°Mts?
Kegz.102 (1.9+ 0.1 Mt s
Kcpz,3a025* (7.0£ 022 M s
Kcez3rE 8.2+ 0.4)108 Mgt

n°" | 0.031+ 0.010
7" | 0.014+ 0.003
"OH | 7,2 | Not detected
72" | 0.004+ 0.002
7" | 0.090+ 0.007

Phot

U 0.036+ 0.009

Phot

T 0.019+ 0.006

Phot

Phot | 7 Not detected

Phot

My 0.006+ 0.001

Phot

N 0.014+ 0.002

1% | Not detected
%S | (2.25+ 0.08Y10°°
AQ2S M | Not detected
v | Not detected
7% | (1.34+0.01y10°
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Table 2. Structures and HPLC-MS/MS data for carbamazepi®Z and its detected or potential
phototransformation intermediates, for which staddgavere available { acridine;ll: CBZ-10,11-
epoxide;I11: 10-hydroxy-10,11-dihydroxy-CBztV: 10,11-dihydro-10,1Lis-dihydroxy-CBZ; V:
10,11-dihydro-10,11rans-dihydroxy-CBZ). The mass spectrometer was run urtiplie reaction
monitoring (MRM) mode. The protonated molecule vgdated and subjected to collision-induced
dissociation, to produce full-scan MS/MS spectrae Tirap parameters were set in ion-charge
control, with a target of 30 000 and a maximum awglation time of 200 ms at m/z from 50 to
1000. The cut-off and the autotune fragmentatiopldéutde were set for all compounds at one third
of the mass of the precursor ion and to 1 V, respgayg. Normalized collision energy of 30% was
selected, which offers informative spectra withaaly stable molecular ions and good isolation

yield. Bold face values indicate the product iordufor quantification.

Acronym Structure Precursor ion MS/MS ions Remarks
237 [M+H]* 220, 194 Detected
CBz O N
180 [M+H]" 152 Detected
I
253 [M+H]* 236, 180 Detected
I
255 [M+H]" 237 Not detected
[l
271 [M+H]" 253, 236, 228, Detected
210
v
271 [M+H]" 253, 236, 228, Detected
210
\
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Captionsto Figuresand Schemes

Figure 1. Time evolution of CBZ and intermediated/ upon irradiation under neutral conditions
of:
a) 90 uM CBZ and 0.1 M nitrate;
b) 90 uM CBZ.

Figure 2. Formation yields from CBZ of intermediatés(a, b) andV (c, d), as a function of
important water parameters: nitrate and depthc), and carbonate and DOG®, (d).
When not varying, water parameters were set afdhewing values: 5 m depth, 0.1
mM nitrate, 0.2 uM nitrite, 2 mM bicarbonate, 10 |citbonate, 3.5 mg CtDOC.

Figure 3. Modeled transformation rate constants of CB¢and of intermediate (b, acridine), as a
function of DOC and depth. Other parameters: 0.1 mivate, 1 uM nitrite, 2 mM
bicarbonate, 10 uM carbonate. The ind&ts@ report the modeled time trends of CBz
and| under different conditions, based on the transédion rate constants of CBZ and
I, and on the formation rate constant &fom CBZ. The percentage yielgs= 100 )’
(kesz)™* of | formation from CBZ are also reported fd»-@. SSD = Summer Sunny
Day, equivalent to 15 July at 45°N.

Scheme 1. Proposed phototransformation pathways of CBZ ineodbserved intermediates.
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Figure2
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Figure3
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Scheme 1

CBz
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