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Paula Rodriguez—EscaIes*, Xavier Sanchez-Vila

Hydrogeology Group (UPC-CSIC), Dept. of Civil and Environmental Engineering. Universitat Politecnica de Catalunya,
Jordi Girona 1-3, 08034 Barcelona, Spain

*Corresponding author: paula.rodriguez.escales@upc.edu

ABSTRACT

Degradation of emerging organic compounds in saturated porous media is usually postulated
as following simple low-order models. This is a strongly oversimplified, and in some cases
plainly incorrect model, that does not consider the fate of the different metabolites.
Furthermore, it does not account for the reversibility in the reaction observed in a few
emerging organic compounds, where the parent is recovered from the metabolite. One such
compound is the antibiotic sulfamethoxazole (SMX). In this paper, we first compile existing
experimental data to formulate a complete model for the degradation of SMX in aquifers
subject to varying redox conditions, ranging from aerobic to iron reducing. SMX degrades
reversibly or irreversibly to a number of metabolites that are specific of the redox state.
Reactions are in all cases biologically mediated. We then propose a mathematical model that
reproduces the full fate of dissolved SMX subject to anaerobic conditions and that can be used
as a first step in emerging compound degradation modeling efforts. The model presented is
tested against the results of the batch experiments of Barbieri et al. (2012) and Nédler et al.
(2012) displaying a non-monotonic concentration of SMX as a function of time under
denitrification conditions, as well as those of Mohatt et al. (2011), under iron reducing

conditions.
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1 Introduction

The presence of pharmaceutical compounds in aquatic environments has been frequently
addressed in recent years, and it is the topic of numerous review articles (Gavrilescu et al.
2015, Schwarzenbach et al. 2006). The discharge of antibiotics into the environment has
become a major concern, as this group of pharmaceuticals is not only prone to directly
influencing microbial communities (Fent et al. 2006, Yan et al. 2013), but also because of the
risk of worldwide dispersal of antibiotic-resistant bacterial genes (Szczepanowski et al. 2009).
Antibiotics may enter the environmental system via wastewater or else as wastewater
treatment plant (WWTP) effluents, diffusive agricultural input (Jjemba 2002), or landfill
discharge (Heberer 2002), and they can be found in different environmental compartments
such as surface and subsurface water bodies, sediments, and soils.

Sulfamethoxazole (SMX) is a polar sulfonamide antibiotic, and the most widely detected
antibiotic in aquatic environments (Gao et al. 2014). SMX mainly enters wastewater via human
excretion either unmodified or as its human-metabolized transformation products, N-acetyl-
SMX or N-SMX-glucuronide (Gobel et al. 2005). Both transformation products are easily
cleaved back to the SMX parent compound (Gobel et al. 2005). Since SMX is not completely
degraded in wastewater treatment plants, it is found in minute concentrations in the WWTP
water effluents, eventually reaching soils and surface or subsurface water bodies. Actually, it
has been found in concentrations up to 0.47 pg/L in aquifers and 0.48 pg/L in surface waters
(Hirsch et al. 1999). SMX has a very low adsorptivity to most soils (Henzler et al. 2014, Schaffer
et al. 2015). Thus, it is postulated that sorption into aquifer sediments is usually negligible, so
that the observed reduction of concentrations of SMX in the environmental compartments is

mainly due to degradation.
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In general, the literature on SMX degradation in both WWTPs and natural aqueous
environments is marked by inconsistent results. This is supposedly because elimination
amounts and rates depend on various environmental factors such as in situ redox potential,
available nutrients, soil characteristics, seasonal temperature, microbial adaptation, and light
variations (Mdller et al. 2013), all such factors being site-dependent and temporally variable.

Based on field observations and laboratory experiments, it is postulated that degradation
of SMX is biologically mediated and occurs preferentially under strictly anaerobic conditions
(Banzhaf et al. 2012, Griinheid et al. 2005, Heberer et al. 2008, Schaffer et al. 2015, Valhondo
et al. 2015). Some lab experiments reported the fate of SMX for particular redox conditions
such as denitrification (e.g., Barbieri et al. 2012, Nodler et al. 2012) or iron reducing conditions
(e.g., Mohatt et al., 2011). Nevertheless, aerobic degradation of SMX has also been observed
in aerobic environments such as activated sludge (Baumgarten et al. 2011, Drillia et al. 2005,
Gauthier et al. 2010, Reis et al. 2014).

Besides biological processes, abiotic SMX elimination has also been reported. For
example, chemical oxidation was found to be an effective degradation process by using
persulfate in the presence of ferrous iron oxidizing to ferric iron (Ji et al. 2014). The
complementary mechanism was described in Mohatt et al. (2011), where abiotic degradation
was enhanced by the biological reduction of ferric iron into ferrous iron.

Only in experiments performed under either aerobic conditions sustained for large times
(Miller et al. 2013, Reis et al. 2014) or in anaerobic iron reducing conditions (Mohatt et al.
2011), the irreversible breakage of the SMX molecule was observed. Contrarily, the
metabolites observed during denitrification conditions resulted from the substitution of the
primary amine of SMX, forming either 4-nitro-SMX or else desamino-SMX (Barbieri et al. 2012,
Nodler et al. 2012). In these last two papers, the authors reported that metabolites were not
stable, meaning that when the denitrification process was over they were retransformed into

the parent compound (see also Banzhaf et al. 2012).
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Despite all the existing literature dealing with the fate of SMX under different redox
conditions, there is little work postulating the processes taking place at the molecular scale,
proposing closed-form expression for reaction rates, and reproducing the experimental
observations of SMX fate through mathematical modeling. According to Henzler et al. (2014),
this assertion is also valid for a large number of emerging organic compounds (EOCs). Most of
the published works assume that degradation can be explained by (apparent) first-order
degradation rates for all EOCs in a given cocktail (Henzler et al. 2014, Nham et al. 2015,
Schaffer et al. 2015). Only few studies have investigated quantitatively the actual processes
driven by varying redox conditions over degradation rates of EOCs (Greskowiak et al. 2006, Liu
et al. 2013). Moreover, this simplified approach, based on first-order reactions, accounts only
for the presence of irreversible reactions, contradicting a number of experiments where
reversibility of the transformation processes has been observed (Barbieri et al. 2012, Stadler et
al. 2015). While it is obvious that each antibiotic displays an individual, non-generalizable
degradation behavior, it is also true that understanding one of them will open the door to
analyze in the future the fate of a cocktail of antibiotics (and their metabolites), including also
potential synergies.

Considering all of this, the objective of this work was to develop a conceptualization of
the molecular mechanisms of degradation of the sulfamethoxazole molecule under different
redox conditions ranging from aerobic to iron-reducing conditions, and a mathematical model
capable of reproducing these mechanisms, with the overall aim of tracing the metabolite
formation from different degradation pathways. To our knowledge, this is the first work which
integrates all known processes on the degradation pathways of sulfamethoxazole as well as its
metabolites in groundwater and under different redox conditions in a consistent mathematical
framework that is able to describe various experimental data sets. To illustrate the conceptual

and mathematical work, we model and interpret three published experiments, two of them
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performed under nitrate reducing conditions (Barbieri et al., 2012; Nodler et al., 2012), and
one under iron reducing ones (Mohatt et al., 2011).

2 Methods

2.1 Observations and conceptualization of the molecular mechanisms

The literature provides information regarding degradation of SMX only under aerobic and
partially under anaerobic (nitrate and iron reduction) conditions. Although in Mohatt et al.
(2011) SMX degradation under sulfate reduction condition was observed, to our knowledge,
no experimental information is available describing such process, and thus no metabolites
have been observed. So, in this work we conceptualize the SMX degradation for aerobic

conditions, denitrification, and iron reducing conditions.

2.1.1 SMX behavior under aerobic conditions
Aerobic degradation of SMX has been mostly studied in the context of WWTPs and surface
water bodies, and it is not expected to be a significant process in groundwater bodies due to
their generally low oxygen concentrations. Degradation has mostly been observed for large
SMX concentrations (Drillia et al. 2005) and with acclimated biomass in active sludge systems
(Mdaller et al. 2013, Reis et al. 2014). SMX degradation was observed either via direct
metabolism or else via co-metabolism (Gauthier et al., 2010; Reis et al., 2014; Drillia et al.,
2005); in the latter case, degradation rates were generally comparably larger. Additionally, one
study reported aerobic degradation of SMX in a column experiment supplied with surface
water (Baumgarten et al. 2011). The degradation was linked to large adaptation times, around
1 year for the degradation at the lowest concentration of SMX (0.25 pg/L) and 3-12 months for
the highest reported one (1.4 pg/L).

The most frequent metabolite produced under aerobic conditions was 3-amino-5-
methylisoxazole (Mdller et al. 2013, Reis et al. 2014). This metabolite represents an irreversible

breakage of the SMX molecule, more precisely of the sulfonamide radical, in concordance with
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the aerobic degradation pathway first predicted by Gao et al. (2010) (Figure 1). This pathway
would facilitate the complete mineralization of 4-aminobenzolsulfonate (a by-product of the
reaction), as this compound could also be degraded under aerobic conditions (Gao et al. 2010).

According to different authors (Baumgarten et al. 2011, Gauthier et al. 2010, Reis et al.
2014), aerobic degradation can be modeled as first-order kinetics. Table 1 shows a review of
the apparent half-lives for SMX degradation compiled from experiments available in the
literature. It is noticeable that all half-live values were determined whenever biomass was
completely acclimated; this would indicate that in more general systems, with no acclimated

biomass, real half-lives (if at all existing) would be larger.

2.1.2 SMX behavior under nitrate reducing conditions

As already presented in the introduction, SMX degradation under nitrate reducing conditions
has been widely reported. Because of the controlled conditions of the experiments and
metabolite monitoring we have focused our analysis in the works of Barbieri et al., 2012 (from

now on BAR) and Nodler et al., 2012 (denoted NDL in the sequel).

2.1.2.1 Observations and process inference

The BAR and NDL experiments were developed under identical experimental conditions,
involving sets of microcosms containing natural sediments, synthetic water and SMX (injected
in a cocktail of EOCs). They included a set of biotic and abiotic series by duplicate to separate
biodegradation (both biotic mineralization and transformation included here) from sorption or
other abiotic processes. The experiments were performed inside a glove box under Argon
atmosphere and into 0.3 L glass bottles running for 21 days in the BAR experiment and 90 days
for NDL. Bottles were filled with 0.24 L of water with the chemical signature provided in Table
2 and 120 g of air-dried and homogenized quaternary alluvial sediments composed by quartz,
calcite, albine, dolomite, clonochlore and illite in different proportions. The organic carbon and

the nitrogen present in the sediment were lower than 0.2% in mass. Mn and Fe (lll) associated
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to oxide-hydroxides and oxides were 0.007% for Mn and 0.584% for total Iron. Denitrification
conditions were stimulated by adding easily degradable organic compounds (sodium acetate
and methanol) to act as electron donors. Additional information and analytical details can be
found in Barbieri et al. (2012) and in Barbieri et al. (2011). Concurrently, a set of abiotic
experiments were performed with an identical full setup except that a small concentration of
HgCl, was added to the solution in order to inhibit biological activity.

The results of the biotic experiments showed a decrease in time of nitrate and organic
carbon after lag phases of 1.8 and 3 d in the BAR and NDL experiments, respectively (Figures
2a and 2d). The lag phase was attributed to an adaption period for the denitrifying bacteria. A
transient accumulation of nitrite taking place simultaneously with a decrease in nitrate was
observed in both experiments, indicating partial denitrification. After 10 days, nitrate and
nitrite were completely depleted in the BAR experiment. After that (between 10 and 21 days) a
small production of Mn*™> and Fe™ was observed indicating a transition towards stronger
reducing conditions (lower Eh). On the other hand, in the NDL experiment denitrification was
active even after 90 days, with remaining concentrations of nitrate and nitrite of 3.5 and 0.16
mM, respectively, suggesting incomplete denitrification by the end of the experiment.

Almost full depletion of SMX was observed during the period corresponding to transient
accumulation of nitrite in both experiments (Figures 2b, 2e). During this time, the metabolite
4-nitro-SMX was detected and quantified in both experiments, whereas a second metabolite,
desamino-SMX, was also detected in NDL experiment (it was not monitored in BAR). After
denitrification was over (BAR) or close to being complete (NDL), the two metabolites were
virtually depleted in the system, while SMX reappeared, reaching concentration values of the
same order than the initial injected ones. At this point it is relevant to state that the NDL
experiment involved an initial concentration of SMX 1000 times larger than that of BAR (recall
Table 2), indicating that the process was not an artifact attributable to high or low input

concentrations.
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Regarding the abiotic experiments, the concentration of SMX remained constant during
all the duration of the experiment indicating that SMX depletion in the biotic experiments was
driven by biological activity (Figures 2a-f).

Concerning the mass balance of SMX compounds, the BAR experiment showed a gap
during the denitrification phase, and by the end of the experiment the concentration of SMX
was about 75% of the initial value (Figure 2c). On the other hand, the mass balance in NDL had
a sudden decay of about 45% at the first sampling point (day 5) and from then on it remained
approximately constant until the end (day 90) of the experiment (Figure 2f). As experimental
conditions were similar in the two experiments, we assumed that the gap observed in the
mass balance of BAR could represent the formation of the desamino-SMX metabolite (not
measured). Thus, it seemed that a part of SMX disappeared in an unknown pathway when
denitrification started (25+5% and 45+2% in the BAR and NDL experiments, respectively)
whereas the remainder was fully transformed into 4-nitro-SMX and desamino-SMX. These two
compounds were unstable metabolites that were re-transformed into SMX, the parent

compound, when nitrate and nitrite were (almost completely) depleted.

2.1.2.2 Conceptualization
The generation of the two metabolites 4-nitro-SMX and desamino-SMX in the BAR experiment
was ascribed to the denitrification activity enhanced by the presence of a large external source
of organic carbon. In both metabolites the key point is the substitution of the primary amine of
sulfamethoxazole by different radicals. The formation of 4-nitro-SMX implies the nitrosation of
the primary amine of SMX, whereas desamino-SMX involves the deamination process again of
the primary amine. From these considerations, we propose the next conceptual model
(summarized in Figure S1 of Supplementary Material).

The occurrence of either nitrosation or deamination of the primary amine could be
attributed to the presence of nitrous acid, the conjugate (weak) acid of nitrite (with pKa = 3.15
at 259C, see Morrisson and Boyd (1992)). The presence of nitrous acid facilitated the formation

8
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of a diazonium cation replacing the amine radical in SMX. This compound was not stable under
ambient conditions and thus, could undergo numerous and consecutive fast reactions, strongly
depending on reaction conditions and available reaction partners (Carey and Sundberg 2007,
Morrisson and Boyd 1992). One reaction path consisted of the diazonium molecule reacting
again with another acid nitrous molecule forming 4-nitro-SMX. A second path implied the
reaction of the diazonium molecule with an alcohol (methanol was present in the batch
experiment), forming a desamino-SMX molecule (Everett 1973). All the reactions paths and the
molecules proposed are sketched in Figure S1 of Supplementary Material.

Note that the formation of 4-nitro-SMX and desamino-SMX were both driven by the
presence of HNO,, a subproduct of the denitrification process. Nevertheless, the reaction of
degradation of SMX was abiotic, meaning that SMX did not participate in the denitrifying
metabolism. Thus, the co-metabolic pathway of degradation consisted in the generation of
nitrite as an intermediate product of the denitrifying metabolism. At that point, nitrite was
conjugated with H* and formed HNO, which was the responsible to generate an abiotic
reaction with a diazonium salt as an intermediate product, and the last responsible of the
observed decay (and virtual disappearance) of SMX concentrations.

The retransformation of 4-nitro-SMX into SMX was confirmed by a supplementary
experiment in Nodler et al. (2012), which proved the reduction of 4-nitro-SMX to its
corresponding amino-compound (SMX) in the absence of denitrification. The molecular
mechanism proposed is reductive degradation, similar to the degradation of nitrobenze to
aniline (Figure S2 Supplementary Material), involving an overall inclusion of 6H" and the
removal of 2H,0 molecules. The reductive degradation could be mediated biotically (e.g.,
Peres et al. 1998) or abiotically, with no information available to allow discriminating between
them.

Concerning the fate of desamino-SMX and considering the mass balance in the NDL

experiment, it seemed logical to infer that it was also retransformed into SMX. The most
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common mechanism for the reintroduction of nitrogen functionality into aromatic rings (in
form of nitro radical) is nitration, which would imply creating a nitro-aromatic compound, here
again 4-nitro-SMX. After that, the nitro compound could be reduced easily to the
corresponding amino derivatives, as conceptualized by Carey and Sundberg 2007 and Nodler
et al. 2012. The active nitrating species would be the nitronium ion, NO," (Carey and Sundberg
2007), which would be formed by the protonation and dissociation of nitric acid in the
presence of sulfuric acid, acting as a catalyzer (Figure S3, Supplementary Material). As these
two compounds were present in the BAR and NDL experiments at similar concentrations of
SMX, this is a plausible mechanism.

To sum up, the complete conceptual model of SMX under denitrifying conditions
would imply the formation of two metabolites (4-nitro-SMX and desamino-SMX), which are
not stable and are retransformed to the parent compound, directly in the case of 4-nitro-SMX
or with a previous transformation to nitro compound for desamino-SMX. The full reaction

chain is summarized in Figure 3.

2.1.3 SMX behavior under Fe reducing conditions. Observations and process inference
Degradation of SMX under iron reducing conditions was described in Mohatt et al. (2011)
based on experimental work. The authors proposed a process based on the electron flow
produced by the re-oxidation of ferrous iron (ll) to ferric iron (lll) taking place on the surface of
goethite, which facilitates the break of the SMX molecule. As Fe(ll) was previously produced by
biological reduction of Fe(lll), the degradation of SMX occurred, again, as a result of a co-
metabolism process initiated by labile organic carbon degradation.

The conceptualization of this degradation process is summarized in Figure 4. The
metabolite formed is the result of the breakage of the isoxazole ring. Following this break, four
metabolites can be formed (see Table 3), each one following a particular degradation pathway

(Mohatt et al. 2011).
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Note that depending on the existing redox state, the metabolites generated are very
different. Whereas during denitrification the metabolites formed involve the reversible
substitution of the amine radical, during either aerobic or iron reduction conditions the

isoxazole ring is irreversibly broken, thus facilitating the eventual mineralization of SMX.
2.2 Model development

2.2.1 Modeling co-metabolic degradation of SMX: coupling denitrification model with SMX
degradation and metabolite formation

As indicated in the conceptual model, we postulate that the key abiotic process controlling the
degradation of the SMX in the experiments was the presence of nitrous acid linked to nitrite
accumulation. The first modelling step consisted in the development of a biodenitrification
model capable of accounting for the transient accumulation of nitrite, and subsequently the
presence of nitrous acid. The model considered a multiple-Monod expression incorporating
two terms: one for the electron donor (organic carbon) and another one for the electron
acceptor, as well as two reduction steps: (1) nitrate to nitrite, and (2) nitrite to dinitrogen gas
(see the matrix of rates and components in Table 4 and the complete denitrification reactions
in Supplementary Material). The general Monod expression for electron donor was:

B [ED] [EA] K,
"™ [ED]+K, gy [EAT+K, s [11+K,

[X] (1)

where [ED] was the concentration of the electron donor (organic carbon), [Mg L. [EA] that of
the electron acceptor (nitrate or nitrite, [Mg4 L]), and [X] the biomass concentration [My L™].
Kinax [Mcorg MCo,g,X'l 71 was the maximum consumption rate of electron donor; and K; 4 and K;
eo [ML?] were half-saturation constants. The rate for the other components (electron acceptor
and biomass) was expression (1) times the stoichiometric coefficients, Y, (microbial yield, for
biomass and electron donor) and Q (for electron acceptor and electron donor). As the

presence of nitrate limits the reduction of nitrite (Almeida et al. 1995), an inhibition factor
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accounting for the presence of NOs, [I] in [M, L*], was added to the electron donor rate, with

a constant k, [ML™].

The time evolution of denitrifying biomass was not measured. For simplicity, it was considered
constant in time, but active only after a certain elapsed time (lag phase). The actual value was
1 mM, consistent with available models of denitrification in batch experiments (Rodriguez-
Escales et al. 2014). The lag phases were 1.8 and 3 days corresponding to the period of inactive
biomass for the BAR and NDL experiments, respectively. Nitrous acid concentration was
calculated considering its equilibrium with nitrite and a pKa of 3.15 (expression 3 at Table 4).
On the other hand, nitric acid concentration was assumed equal to the proton concentration
since this acid is strong and its concentration depends on the limiting former (protons in this
case).

The rate expressions of SMX metabolite formation were defined for each one of the
processes already conceptualized in Section 2.2 and Table 4. The formation of 4-nitro-SMX was
modelled as second-order with respect to nitrous acid (proportional to the square of the
concentration) and as a first-order (linear) with respect to the SMX concentration, resulting in
a global third-order expression. On the other hand, desamino-SMX formation was modelled as
a third-order kinetic expression, being first-order with respect to organic matter (methanol),
nitrous acid and SMX (see Table 4 for the actual expressions). The retransformation of 4-nitro-
SMX into SMX was modelled as a first-order degradation with respect to the metabolite. This
model was previously applied in a side experiment of Nodler et al. (2012), where 4-nitro-SMX
was converted into SMX in absence of denitrifying conditions and oxygen. Finally, the
retransformation of desamino-SMX into the nitro compound was considered first-order with
respect to the nitric acid and the metabolite, resulting in a second-order expression. The
election of these rates orders was the outcome of the calibration process including the
development of an appropriate conceptual model. Note that the order of the described

expressions matched to the stoichiometry of the reactions for abiotic and not catalyzed
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reactions (see Figure S1 from Supplementary Material and Table 4). Denoting the

concentrations of sulfamethoxazole, 4-nitro-SMX and desamino-SMX respectively as [SMX],

[4—NIT], and [DES], the corresponding driving equations read

w = K [SMX][HNO,  — k,[4— NIT]+ k,[DES][HNO,] )
AIDES]_ i [SMXJTHNO, IC, , TP ~ , [DESTEHNO]. o

In (2) and (3) all concentrations were expressed in [ML?]. Additional concentrations in
these equations are [HNO,], [HNO,], [Corg] , respectively standing for nitrous acid, nitric acid,

and labile organic carbon. The different parameters involved are k,,k, [both in L° M? T7], k,
[T1], and k, [L> M* T7]; P is the portion of methanol in the organic matter, 0.43 in BAR and
0.94 in NDL. Note that the rate of SMX would be equal to the sum of (9) and (10) with a change
of sign, as we assume [SMX]+ [4—NIT]+ [DES]=[SMX], (that is, the initial concentration
of SMX).

Regarding the parameters of the model, the stoichiometric ones were determined from
the reactions of denitrification (Table 4 and Section 2 of Supplementary Material). The kinetic
parameters (K, .k, k; for the denitrification model, and k,,k,,k;,k, for the SMX degradation
model) were automatically calibrated using code PEST (Doherty 2005). Notice that this process
involved two independent (not simultaneous) calibration processes. PEST code allowed
computing the sensitivities, correlations, and linear uncertainties (confidence intervals) for the

optimized model parameters using the Levenberg-Marquardt algorithm. The weights of each

chemical species (@) associated to the measurement errors (&;) were applied using the

inverse of the standard deviation of the confidence interval of measurements (95%). For the
calibration process, we used the experimental information (nitrate, nitrite, SMX, 4-nitro-SMX
and desamino-SMX) provided by Barbieri et al. (2012) and Nodler et al. (2012). The initial

concentrations of the model are summarized in Table 2. Note that the initial concentration of
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SMX in the model of NDL experiment represented 45% of the initial one (1.8 uM). This was
because the concentration of SMX suddenly decreased during the lag phase (Figure 2).

Afterwards the mass balance remained constant.

2.2.2 Mathematical model and application to the interpretation of experiments of SMX
under iron reducing conditions

The original model of SMX degradation under iron reducing conditions proposed by Mohatt et
al. (2011) assumes an exponential decay for SMX, focusing on a single abiotic degradation
process. Our conceptual model is based on the reaction occurring on the surface of goethite,
having a significantly different behavior at early times and at late times. At early times the
exponential model fits properly the experimental data of Mohatt et al. (2011); this implies that
the model is based on a large number of available sites for reaction at the goethite surface.
Once these sites are mostly exhausted (intermediate to large times), additional ones must be
found at deeper layers. The number of sites at those deep layers can be best modeled using a
fractal approach, so that the reaction rate is best described by a power law. Thus, the
governing equations are:

d[SMX] z{—ks[SMX] (1)

dt K [SMX '
where k;[T"] and k; [M'"L>">T"] are degradation constants. The top expression in (11) is

applicable for short times and the bottom one would be valid for intermediate to large times,

with a transition of behavior not clearly defined.

3 Results and discussion

3.1 Fate of SMX and metabolites under denitrifying and iron reducing conditions
Figure 2 displays the results of the modelling effort applied to the BAR (top row) and NDL

(bottom) using the best-fitted parameters listed in Table 5. Figures 2a and 2d correspond to
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the biodenitrification process in terms of nitrate and nitrite concentrations. The corresponding
inferred (not measured) presence of nitrous acid is displayed in Figures 2b and 2e. These same
plots present the model fit of the concentrations of SMX and the two metabolites (only one in
the BAR experiment). SMX concentrations are reasonably well reproduced with the only
exception of the last point in the BAR experiment; we associate this misfit to the model not
accounting for iron/manganese reduction conditions developing after 10 days. Regarding the
concentration of 4-nitro-SMX, the model reproduced quantitatively the temporal behavior in
both experiments. In addition desamino-SMX concentrations were well reproduced for the
NDL experiment (in the BAR experiment, Figure 2b, this value was only inferred, and plotted as
a green dashed line).

The results of the calibration of the SMX degradation model are displayed in Table 5. The
parameters inferred display a high degree of uncertainty, being larger in the BAR experiment.
This is probably due to the lack of measurements regarding one of the metabolites (desamino-
SMX), affecting the values of K,, Kk, through equation (2), with such uncertainty propagating
to k; and K, . Furthermore, the correlation matrix displayed by PEST showed that there was
no correlation among the parameters (all values were lower than 0.55, results not shown).

Note that despite modeling the same processes in the two experiments, the parameters

determined in BAR and NDL are quite different being higher in the former (for example k; and

k, are two orders of magnitude higher). All but first-order degradation rates (third-order in the
nitrosation of the primary amines and second-order in the nitration of the benzene ring) are
dependent on initial conditions (Atkins and de Paula 2011). As the initial conditions were three
orders of magnitude different, it is evident that the parameters were not able to be compared.
Furthermore, the high concentration of SMX in NDL experiment could represent some type of
biomass inhibition and could be another reason for such differences. Nevertheless, we did not

have enough experimental data to characterize if this existed and if it had any consequence.
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Regarding the degradation of SMX under iron-reducing conditions, the best fit was
obtained using the automatically calibrated by PEST parameters (see section 3.1.1) and they
are listed in Table 5, and the actual fit to data is displayed in Figure 5. Actually, in the same
Figure the fit with an exponential model is also presented, here focused only on early time
data, to show the transition in behavior as a function of time. Note that all potential
degradation pathways described would be naturally limited by the low amount of organic
carbon in the subsoil. Besides this, iron-reducing conditions will only be reached when all the
previous redox states were ended. Thus, the amount of organic carbon supplied to the system
is key. Once iron reducing conditions were achieved, the degradation of SMX is achieved in

hours (Figure 5).

3.2 Potential extensions to real field site applications

The main reactive path for the degradation of SMX under denitrifying conditions involves the
presence of nitrous acid that accumulates associated with the building up (and further decay)
of nitrite. Nitrite is a usual transient compound in denitrification processes. Its accumulation
can be, traditionally, explained by different reasons: 1) the presence of low levels of oxygen
(up to 0.7 mg/l) (Coyne and Tiedje 1990); 2) the competition between nitrate and nitrite
enzymes for a common electron donor (Thomsen et al. 1990); 3) large differences in the
maximum reduction rates of nitrate and nitrite reductases (Betlach and Tiedje 1981); and 4)
the choice of carbon source (van Rijn et al. 1996). In addition, the presence of antibiotics is
suggested to inhibit the reduction step from nitrate to nitrite (Yan et al. 2013), and thus
facilitate nitrite accumulation and nitrous acid formation. Other studies also suggested that a
continuous exposition to SMX in large quantities will affect the bacterial denitrifying
community (Underwood et al. 2011). Consequently, the presence of 4-nitro-SMX would be
quite plausible in natural aqueous environments where nitrate and antibiotics leakage
converge, such as rural areas where nitrate and veterinarian antibiotics coexist (Garcia-Galan
et al. 2010). As the formation of desamino-SMX will be conditioned to the presence of alcohol
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which is not always present in organic matter, we expect that in real site applications 4-nitro-
SMX will be the dominant metabolite. If we consider that alcohol and, therefore, desamino-
SMX are not present, we could assume that SMX would only transition to 4-nitro-SMX.

There is an increasing concern in the possibility that metabolites produced during the
degradation of emerging compounds will be more hazardous to either human health or
ecosystem than the parent itself. For that, we compared the LCs, for Daphnia sp. (after 48 h)
and fish (after 96 h) calculated by ECOSAR packet of EPI-SUITE (USEPA 2012), for all
metabolites evaluated in this work (Table 6). Both Daphnia sp. and fish were used as proxys of
the full ecosystem. In Table 6 we have also included partition coefficients as well as solubility
for each compound in order to compare the impact to the environment. Although the
presented concentrations of toxicity are referred to the acute toxicity and they are much
higher than the environmental concentrations of SMX, they serve as a comparative criterion.
Overall, 4-nitro-SMX was the most toxic compound (lowest LCsp). The toxicity was associated
to the nitroaromatic compounds which are acutely toxic and mutagenic, and many are
suspected or established carcinogens (Ju and Parales 2010). On the other hand, metabolites
conserving the isoxazole ring (Product Il in Table 3 and 3-amino-5-methylisoxazole) are more
toxic when compared to SMX. Contrarily, 4-aminobenzosulfonate and metabolites produced
under iron reducing conditions with broken isoxazole ring (Products lll and IV in Table 3) are
the least toxic of all the compounds studied, and probably they can be mineralized easily (Gao
et al. 2010). These results are perfectly correlated with values of logK,, and solubility. The
highest values of logK,, correlated to the highest value of LCso, and at the same time, the
highest values of solubility correspond to low risk compounds. High solubility and low values of
Kow indicate that all the metabolites will remain mainly in water, with low absorptivity rates
into solid phases.

From the combination of reversibility and environmental fate/risk, it seems reasonable

to conclude that the most efficient degradation path to remove all presence of SMX from
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groundwater bodies involves allowing the aquifer to reach iron reducing conditions. We want
to stress here that this conclusion is only valid for SMX, and thus a potential intelligent
methodology to eliminate a cocktail of emerging organic compound and their metabolites
would be to allow the aquifer to reach many different redox states, each one of them being
the most efficient one for the degradation of a given molecule. At this point there is a need in
the future to investigate many more molecules and even the synergic effect of injecting
several compounds together.

In any case, and indistinctly to the redox process, the degradation of SMX is driven by
co-metabolism enhanced by the presence of external labile organic carbon. In this way, it
might be possible to properly manage the amount of labile organic carbon in the system, thus
properly allowing the control (in space and time) of redox zonation for the proper
management of EOCs degradation in the subsurface. One real example of this application is
the installation of a labile organic carbon layer (compost) on the bottom of an infiltration pond
in a managed aquifer recharge facility that enhanced EOCs degradation (Schaffer et al. 2015,
Valhondo et al. 2014, Valhondo et al. 2015). The induced redox zonation by the oxidation of
labile organic carbon increased the possibilities of degradation of different emerging

compounds, here including sulfamethoxazole.

4 Conclusions

In this work we have conceptualized and modelled the degradation path of the SMX
(sulfamethoxazole) molecule under different redox conditions in groundwater. We have
developed a model capable of reproducing the fate of SMX as well as its metabolites under
different redox conditions. Our model is based on the understanding of the real molecular
mechanism of degradation instead of using simplified models postulating first-order

degradation models, based on the apparent degradation behavior of SMX in experiments.
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Our model focused on denitrifying and iron-reducing conditions, being the dominant
ones for SMX degradation in groundwater. The main reactive path for the degradation of SMX
under denitrification involves the presence of nitrous acid, which promotes the nitrosation of
the primary amine of SMX forming 4-nitro-SMX. If alcohol is present in the system a second
metabolite is produced, desamino-SMX. Both of them are unstable and can eventually be
retransformed to the parent compound. Biologically iron reduction conditions would facilitate
the break of the SMX molecule through enhancing the abiotic mechanism of oxidation of
ferrous iron to ferric iron. Several metabolites may be formed, involving the break of the
isoxazole ring in the SMX molecule and individual potential degradation pathways.

The mathematical model proposed for SMX degradation under denitrifying conditions
involves different forward and backward processes with complex kinetic rates. For 4-nitro-SMX
two forward processes arise, one involving SMX and the concentration of HNO, squared, and a
second one proportional to the concentration of desamino-SMX and also to that of HNO; The
backward term implies linear first-order degradation. For desamino-SMX there is one forward
term, proportional to the concentrations of SMX, HNO, and organic carbon in the form of
alcohol, and a backward one proportional to the concentrations of desamino-SMX and HNOs.

The model presented is capable of properly reproducing the results from two
experiments reported in the literature. The actual parameters present in the governing
equations are strongly influenced by the initial concentration of the SMX. In the case of iron
reducing conditions it was found that the best reproduction of a batch experiment is obtained
by a combination of an exponential model at short times and a power law function at large
times.

The shortest reported characteristic time for degradation of the SMX molecule
corresponds to iron reducing conditions. Also, in this case, it was found that the metabolites
produced under iron reducing conditions are the most convenient in terms of minimizing total

risk to ecosystems. The work performed in SMX could be extended to other EOCs, and each
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one of them is expected to behave differently and to be best degraded for some specific redox
conditions. Thus, in real field applications the optimal combination to degrade a suite of EOCs
would be to enhance redox zonation by an engineered introduction of organic carbon in the

aquifer.
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Figure captions

Figure 1. Pathway of aerobic degradation of SMX proposed by Gao et al. (2010) and later
confirmed experimentally by Miller et al. (2013) and Reis et al. (2014).

Figure 2. Experimental information of Barbieri et al. (2012) (a, b, c) and Nodler et al. (2012) (d,
e, f) (points) and modelled results of nitrate and nitrite (a,d), sulfamethoxazole, 4-nitro
sulfamethoxazole, desamino-sulfamethoxazole and nitrous acid (b,d). The time axis is
displayed in log scale. The extremes of the bars associated with each individual measurement
indicate the values obtained from two replicates, while dots display their arithmetic average.
Solid lines represent the results from the modeling effort (Section 3.1). Dashed lines in b) and
e) represent expected (from the model) concentrations of non-measured elements.

Figure 3. Conceptual model of processes involved in the fate of SMX under denitrifying
conditions (italic letters) and the corresponding metabolites.

Figure 4. Conceptual model of SMX due to the abiotic oxidation of iron due to a previous
reduction of goethite biologically mediated (modified from Mohatt et al. (2011)).

Figure5. Experimental point (from Mohatt et al. (2011)) and modelling results using first-order

degradation rate and power law.

26



647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

Table caption

Table 1. Compilation of values of degradation half-time reported in the literature for aerobic
degradation of SMX assuming first-order reaction.

Table 2. Main compounds in the input water used in the BAR and NDL experiments. The
complete hydrochemistry can be consulted in Barbieri et al. (2012) and Nédler et al. (2012).
Table 3. Metabolites of SMX detected during iron reducing conditions (modified from Mohatt
et al. 2011).

Table 4. Processes, components and rates involved during degradation of SMX under
denitrifying conditions. The stoichiometric coefficients were determined from complete
reactions (Section 2 for denitrification and Fig. S1 and S2 for SMX under denitrifying
conditions).

Table 5. Model parameters (mean and standard deviation, SD) used in denitrification model
and SMX degradation models.

Table 6. Octanol partition coefficient, solubility and LCs, of SMX and all metabolites evaluated
in this work. All these values were estimated using ECOSAR package of EPI-SUITE (USEPA

2012).
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Tablel

Click here to download Table: SMX_tablel v3.docx

Work

LIV (T1/z=|n2/ k)

Experimental conditions

Baumgarten
etal., 2011

1 -9 d (calculated with biomass acclimated
during 28 weeks of experiment)

Column experiment
Aerobic surface water
Concentrations of SMX were between 0.25 and 4.15

pe/L

Gauthier et
al., 2010

35d

Batch experiment (R. rhodocrous)
Activated sludge with acclimated biomass
Concentration of SMX was 31.6 mg/L

Reis et al.,
2014

31,34and99d

Batch experiment

Activated sludge with acclimated biomass
Concentrations of SMX were between 152 and 2500
mg/L

Drillia et al.,
2005

3.5 d (with acetate and nitrogen source),
10.5 d (without)

Batch experiment
Concentration of SMX was 200 mg/L Activated sludge
with acclimated biomass



http://ees.elsevier.com/wr/download.aspx?id=1392258&guid=07cfa9a7-759b-49c3-ae27-140876aee98e&scheme=1

Click here to download Table: SMX_table2 v3.docx

Barbieri experiment

Nodler experiment

(BAR) (NDL)
SMX (uM) 0.004 4
Nitrate (mM) 6.7 67.7
Organic carbon (mM) | 9.7 71.5
Iron (Fe™) (mM) 0.001 0.001
Manganese (Mn**) 0.001 0.001
(mM)
pH 8.5 7.3
Temperature (2C) 25 25
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Components
P . P t
rocess Cog | Cnog | NOs | NO; | N, | H' |HNO, | HNO; | SMX | 4-NIT DlEVlSA rocess rate
Organic matter degradation due to [Cop ] [NO; ] (2)
nitrate reduction -1 +1 2.2 | 422 K C k NO; ] +k [X]
[ org]+ S Corg [ 3 ]+ s,NO;
Organic matter degradation due to [Cy ] [NO; ] ko x] (3)
nitrite reduction -1 +1 -1.5 | +0.75 | +1.5 " [Cog 1 keg,, INO1+k [NO;T+K,
Nitrite equilibrium with nitrous acid 1 1 " [NO, 1[H"] (4)
. - R
Nitrosation of primary amine and k,[ SMX J[HNO, ]? (5)
formation of 4-nitro-SMX -2 -1 +1
Nitrosation of primary amine and k,[SMX][HNO, ][C,, 1P (6)
formation of desamino-SMX -1 -1 -1 +1
Reduction of 4-nitro-SMX and k,[4—NIT ] (7)
formation of SMX +1 -1
Nitration of benzene ring of k,[DES][HNG, ] (8)
desamino-SMX and formation of 4- -1 +1 -1
nitro-SMX
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Organic matter oxidation due to denitrification processes

Reduction of
nitrate to nitrite

Reduction of nitrite
to dinitrogen gas

Reduction of
nitrate to nitrite

Reduction of nitrite
to dinitrogen gas

Barbieri experiment

Nodler experiment

Mean SD Mean SD Mean SD Mean SD

K

max 19.0 3.6 11 1.1 2.0 0.8 2.0 0.5
(molCye/mol C, d)
K, no; (M) 1.0x10* | 5.6x10° - - 3.0x10° | 8.3x10" - -
k. No; Keno2(M) - - 50x10* | 4.8x10" - - 7.5x10" | 5x10™
k&Corg Kicorg (M) | 1.6x10™ | 3.9x107 | 1.8x107 | 1.0x107 | 1.0x10" | 1.1x107 | 4.3x107 | 1.4x10”
k, (M) - - 5x10* 7x10° - - 35x10" | 3.0x10™

Abiotic degradation of SMX enhanced by co-metabolism (denitrification)

Barbieri experiment

Nodler experiment

Mean SD Mean SD
k, (1/M*d) 6.0 x10™ 2.6x10" 2.0x 10" 9.97x 10"
k, (1/M” d) 1.3x10"° 6.8 x10° 8.8x 10’ 7.5x 10°
K, (1/d) 4.93 2.88 0.39 0.108
k, (1/M d) 9.2 x 10° 3.8x10° 2.1x10° 4.11x10°
Abiotic degradation of SMX enhanced by co-metabolism (iron reducing conditions)
ks (1/d) 2.7
k, (1/d) 0.96
n 0.91
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Solubility (mg/L,

Conditions logKow 2500) LCso Daphnia sp. LCs, fish

Sulfamethoxazole 0.89 6.1x10° 2.36x10° 4.78x10°
4-amino benzosulfonate Aerobic -2.16 5.7x10° 2.57x10° 6.59x10°
3-amino-5-methyl-isoxazole Aerobic 0.22 1.67x10° 1.09x10° 2.28x10°
4-nitro-sulfamethoxazole Denitrifying 1.22 5.67x10° 6.18x10° 1.17x10°
Desamino-sulfamethoxazole Denitrifying 1.40 1.75x10° 3.63x10° 6.75x10°
Product | Iron reducing 0.19 3.35x10° 3.15x10° 6.55x10°

Product Il Iron reducing 0.48 8.76 x 10° 2.36x10° 4.78x10°

Product Il Iron reducing -2.00 1x10° 3.21x10° 8.18x10°

Product IV Iron reducing -4.17 1x10° 2.5x10’ 7.8x10’
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