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Abstract

Ozonation of secondary wastewater effluents can reduce the discharge of micropollutants by transform-
ing their chemical structures. Therefore, a better understanding of the formation of transformation prod-
ucts during ozonation is important. In this study, a computer-based prediction platform for kinetics and
mechanisms of the reactions of ozone with organic compounds was developed to enable in silico predic-
tions of transformation products. With the developed prediction platform, reaction kinetics expressed as
second-order rate constants for the reactions of ozone with selected organic compounds (kos, M's™") can
be predicted based on an adapted ko3 prediction model from a previous study (Lee et al., 2015") (average
model error of about a factor of 6 for 14 compound classes with 284 model compounds). Ozone reaction
mechanisms reported in literature have been reviewed and, using chemoinformatics tools, encoded into
about 340 individual reaction rules that can be generally applied to predict transformation products of
micropollutants. Predictions for ko3 and/or transformation products were overall consistent with experi-
mental data for three micropollutants used as validation compounds (e.g., carbamazepine, tramamol, and
triclosan). However, limitations of the current ko3 prediction platform were also identified: ambiguous
assignment of the n-th highest occupied molecular orbital energy (Enomo-n) to the reactive sites, potential
errors associated with the use of a gas-phase geometry, poor ko3 prediction for certain compounds (ce-
tirizine). Therefore, the current prediction tool should not be considered as a substitute for experimental
studies and experimental data are still required in the future to obtain a more robust prediction model.
Nonetheless, the developed prediction platform, made available as a stand-alone graphical user interface
(GUI) application, will to provide useful information about aqueous ozone chemistry to various groups

of end users such as environmental chemists, engineers, or toxicologists.
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Introduction

Ozonation, which has been used for drinking water disinfection since the early 20" century,” has recently
been considered as a viable tertiary treatment process for mitigating the release of various micropollu-
tants (e.g., pharmaceuticals, personal care products, pesticides, etc.) from secondary wastewater efflu-
ents.” ® However, as ozone mainly transforms the chemical structure of a micropollutant rather than min-
eralizing it, the formation of transformation products and their potential biological effects has remained a
concern.>”!! Therefore, numerous studies employing various in vitro and in vivo bioassays to assess the
water quality after ozonation have been carried out.'"?° The findings generally support the beneficial
effects of ozonation, which was demonstrated both for individual compounds with exposure-based as-
says''"' and for ozonated wastewaters through effect-based assays.'®?° It is noteworthy, however, that in
certain wastewaters elevated biological effects were observed after ozonation, which were later reduced
in a subsequent biological treatment step.’’ > The identification of ozone transformation products is im-
portant for the empirical or theoretical assessment of their toxicity and biodegradability. However, con-
sidering the ever increasing number of chemicals detected in natural and technical aquatic systems, an

empirical elucidation of the transformation products for all relevant micropollutants is a formidable task

to be achieved.

Over the last decades, knowledge on aqueous ozone chemistry regarding reaction kinetics and mecha-
nisms for organic compounds has greatly advanced.>*** Several hundred second-order rate constants
(ko3) for the reactions of ozone with organic compounds were experimentally determined. Various clas-
ses of compounds such as aromatic compounds, olefins, amines, and organosulfur compounds were in-
vestigated. The range of ko3 spans over >11 orders of magnitude from <102 M's™" — 10° M"'s™".> With
these experimental ko3 values as a basis, several ko3 prediction tools such as a quantitative structure-
activity relationship (QSAR) model®® and a molecular orbital energy-based quantum chemical model'
have been developed. Moreover, for numerous organic substances, reaction mechanisms were proposed
based on the identified intermediates and final products.” Common intermediates and transformation
products were often reported for differing organic compounds with similar ozone-reacting moieties:

Criegee products for olefins (e.g., cephalexin,'' progesterone?’), hydroxylation and ring cleavage for
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aromatic ring-containing compounds (e.g., phenol,®** bisphenol A,*° and methoxylated benzenes®') and

N-oxide formation and N-dealkylation for tertiary amino group-containing compounds (e.g., tramadol*?

and clarithromycin®), or hydroxylamine formation for secondary amines (e.g., propranolol,*

piperidine,* and morpholine®®), respectively. Therefore, it seems possible to deduce chemical structures

of ozone transformation products of hitherto uninvestigated compounds if a reference study is available.

In the present study, a computer-based prediction platform for kinetics and pathways for reactions of
organic compounds with ozone in aqueous solution was developed based on available kinetic and mech-
anistic information for aqueous ozone reactions. It largely consists of two prediction modes: (i) reactivity
(ko3) prediction and (ii) pathway prediction. In (i), ko3-values for chemical moieties of a query compound
potentially reacting with ozone are provided. Either kos; is predicted by a prediction protocol that has
been adapted from a previously developed quantum chemical model' or an experimental ko3 of a refer-
ence compound that is structurally similar to the chemical moiety of interest is suggested as an estimate
for the ko3 value. In (ii), ozone reaction pathways proposed in the relevant peer-reviewed literature have
been generalized into transformation rules to predict potential reaction pathways and transformation
products. A detailed description of the development of the prediction platform is given and its application

for some examples is demonstrated.

Materials and methods

Chemoinformatics and quantum chemical computation tools

Various applications of the MarvinBeans/JChem package (Linux version 16.2.29.0, ChemAxon)*® in
Java have been used as follows: Marvin for drawing input molecules, converting them into SMILES
(simplified molecular-input line-entry system)’’ strings, and visualizing molecular structures, the pKa
calculator plugin for generating acid-base species, predicting acid dissociation constants, and producing a
species distribution as a function of pH, and Conformer plugin and Reactor for generating the 3D struc-
ture of a molecular structure from a SMILES string for further quantum chemical computations and for
enumerating reaction pathways, respectively. For quantum chemical computations, ORCA* was used for

semi-empirical and ab initio quantum chemical computations. Natural bond orbital (NBO) analysis was
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performed by the NBO program 6.0.* Molden 5.4* was used for a graphical representation of chemical

structures and molecular orbitals.

Development of a computer-based prediction platform

A computer-based prediction platform for ozone reactions was developed based on the workflow given
in Fig. 1. To initiate a prediction, a query compound has to be submitted. A query compound is limited to
organic compounds comprising of carbon and atoms such as hydrogen, nitrogen, oxygen, fluorine, phos-
phorus, sulfur, chlorine, bromine, and iodine. With the submission of a query compound, a user can
choose between two prediction modes: (i) direct prediction and (i) pH-dependent prediction. In (i) the
prediction is performed exclusively for the species specified as a chemical structure by the user, while in
(i1) a comprehensive pH-dependent prediction for a query compound undergoing acid-base speciation is

performed.

For a direct prediction, a query compound is subject to (a) a reactive site search (Fig. 1), which detects
chemical moieties in the query compound potentially reacting with ozone and presents them to the user.
In a further step, the user can choose between two prediction modes, i.e., either (b) rate constant (kos)
prediction or (¢) pathway enumeration. In (b) kos is predicted for the identified reactive sites, while in (c)
the reaction pathways for the reactive site selected by the user is enumerated, respectively. More infor-
mation on the reactive site search and the two prediction modes is given below. Both (b) rate constant
(kos) prediction and (c) pathway enumeration can be operated independently or in combination. In the
latter case, (b) precedes (c) because rate constant (ko3) prediction provides information as to which reac-
tive site dominantly reacts with ozone based on the predicted ko3 values for the individual sites, and this
is decisive for (c) pathway enumeration. For a pH-dependent prediction, (a) reactive site search and (d)
pH-dependent rate constant prediction are comprehensively carried out for all the relevant acid-base
species of the query compound for a specific pH or a pH range (see below for details). The pH-dependent
prediction outputs provide information on the extent of the contribution of individual acid-base species to
the overall reactivity at a certain pH. Based on the respective contributions of the individual species, the

user can export the species of interest ((e) species selection) to the direct prediction train for further pre-
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dictions (arrow going from (e) to (a) in Fig. 1). Note that (a) and (b) had already been executed for the
exported species from the pH-dependent prediction. Therefore, no additional calculations for (a) and (b)
are necessary. Later generation oxidation products can be predicted by feeding back the predicted trans-

formation products as query compounds.

Reactive site search. A reactive site is a chemical moiety potentially reactive with ozone, for which a
prediction can be made. The entire list of reactive sites currently defined (48 sites in total for five com-
pound groups) is presented in the first column in Table S17 (see Fig. S17 for their chemical structures).
The naming convention for the reactive sites in Table S11 has been proposed not only as an identification
of the chemical moiety transformed, but also considering their appropriate/convenient assignments to the
subsequent prediction models. As shown in Table S17, individual reactive sites are coupled with the
corresponding kos prediction model group and reaction pathway group in the 3™ column and the 4™ col-
umn, respectively. Details of definitions for individual reactive sites and their assignments are presented
in Text S1T. A SMARTS (SMiles ARbitrary Target Specification)*' string is used for identifying sub-
structural patterns (i.e., reactive sites) in a query compound. Two differing sets of chemical compounds,
~300 compounds used to develop ko3 prediction models in this study and ~ 500 environmentally relevant
micropollutants (374 from Schymanski et al., 2014*%) used as in-house target analytes in the Department
of Environmental Chemistry, Eawag (Switzerland), have been selected to train the reactive site search
module. It has been manually checked that reactive sites for all the compounds are assigned as intended

(data not shown).

Rate constant prediction. ko3 for a reactive site denoted as ‘prediction’ in the 2™ column in Table S1+ is
to be predicted by the corresponding quantum chemical models (3™ column in Table S17) adapted from
the originally proposed model.! For a reactive site with no ko3 prediction model assigned, either an em-
pirical kos estimate (2™ column in Table S1 and Table S21 for a detailed derivation) is used when there
is a reference value available (e.g., 200 M's' for ethynyl group determined for 1-ethinyl-1-
cyclohexanol'®), or ko; is considered unknown (denoted as n.a. in 2™ column in Table S11) when no
empirical information is available either (e.g., thiophenol). As shown in Table S2t, an experimental ko3

for a reference compound (or an average ko3 when multiple reference compounds were used) was used as
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a ko3 estimate for such reactive sites without ko3 prediction model. Therefore, these ko3 estimates may
bear a large uncertainty because they do not take into account the substituent effects for derivatives of the
reference structure. As mentioned above, ‘prediction’ in the 2" column in Table S17 indicates that quan-
tum chemical computations will be conducted to predict ko3 for the reactive site. This is achieved by
applying the corresponding prediction model with the associated orbital energy (3™ column in Table S17)
following the workflow shown in Fig. S4+. A ko3 prediction consists of a ‘speciation analysis’ followed
by a ‘quantum chemical computation’. Briefly, a speciation analysis is for a query compound undergoing
acid-base speciation. The user can decide to conduct it for a specific pH or the pH range 0-14. Com-
pound-specific speciation parameters such as dissociation constants (pK,) and a tautomeric fraction (f), if
relevant, can be either predicted on the fly or provided by the user. Based on this, a species distribution
between pH 0 and 14 for the query compound is derived. findicates the fraction of individual tautomers
(i.e., species with the same net charge). A more detailed explanation of the species analysis is given in

Text S27.

Adopting to a previously developed ko3 prediction model based on molecular orbitals,' ko3 predictions
for reactive sites were performed by quantum chemical computations deriving orbital energies (e.g., n-th
highest occupied molecular orbital energy (Enomo-n) or natural bond orbital energy (Exso)) corresponding
to the reactive site. The obtained orbital energies (Enomo-n and/or Exgo) are then used in a linear predic-
tion model to predict ko3 for a reactive site. The computation protocol denoted as ‘HF/3-21G//MMFF94°,
which was adapted from the original method in a previous study,' has been proposed to be universally
applicable to all the compound groups in this study. HF/3-21G//MMFF94 implies that an orbital energy
is derived from a single point calculation with the ab initio HF method using the Pople 3-21G basis set*"
" for a geometry obtained using the molecular mechanics MMFF94 method.**>? The HF method was
chosen over the DFT-B3LYP method because it has previously been shown to perform comparable to the
B3LYP method. Furthermore, the HOMO (n=0) rather than the lower HOMO-n was consistently found
to be most appropriate for the ko3 predictions with the HF method, rendering it a more straightforward

application.! This protocol provides a similar prediction performance as the original model' while being

much less computationally expensive. To this end, more information is provided in the ESI for the meth-
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odology for development of the ko3 prediction model (Text S31), the evaluation of the ko3 prediction
models with different computational methods (Text S47), the detailed description and the computation
costs of the computational methods chosen in this study for ko3 predictions (Text S51), the hierarchy for
the assignment of ambivalent aromatic compounds (Text S67), and the assignment of Enomo-n-values (n
=1,2,3, - indicating the occupied molecular orbital, n levels lower than Enomo where n=0) to the corre-
sponding reactive sites (Text S71). Combining both the predicted ko3 and the speciation information for a
query compound, kosz-values corresponding to a reactive site at a specific pH (or as a function of pH) can
be predicted. A derivation of different types of predicted kos values such as (apparent) site-specific or
species-specific ko3 values and their correspondence to experimentally measured kos-values is described

in detail in Text S87.

Pathway enumeration. Ozone reaction pathways proposed in peer-reviewed research articles have been
comprehensively reviewed and compiled. The selected reaction pathways are discussed in detail in Text
S9+. Using Reactor of the JChem package (Chemaxon), all the selected reaction pathways (Schemes S1-
S17t) were segmented into individual unit reactions encoded as reaction rule files. Series of unit reaction
rules have then been organized into pre-defined tree-like patterns to reproduce the structure of the refer-
ence pathways from literature. For instance, the reaction rule tree for phenols (Schemes S1-S37) is
shown in Fig. 2. It consists of three major branches, namely, “ortho”, “para”, and “radical”. In Fig. 2, the
sequence of reactions for the ortho position of phenols is shown, based on which the reaction rules were
defined. The ortho branch is initiated with a reaction rule ‘ofapho01’. When a query compound contains
a phenol group, the rule ‘otapho01’ is triggered to produce an ozone adduct zwitterion at the ortho posi-
tion. Although only the neutral form of phenol is shown in Fig. 2 for simplicity, the reaction rules were
encoded to be triggered for all phenol- and phenolate-containing compounds, respectively. The system
continues to trigger subsequent reaction rules with the previous product until there is no match found.
The ‘post-Criegee mechanism’ mentioned in Fig. 2 is the pathways defined for the olefin group in
Scheme S117 and is also applied to the resulting products formed from phenolic compounds via reac-
tions (7)-(10) or (12)-(14) (Fig. 2). Criegee mechanism is discussed in more detail in Text S97. To date,

about 340 unit reaction rules have been defined, based on the reaction pathways in Schemes S1-S17+.
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Note that due to the lack of information, regioselectivity and stereoselectivity were generally not consid-
ered in this study except for a few prominent cases (e.g., para- and ortho-positions of phenol or aniline

are only considered for the reaction with ozone in Schemes S1, S2, S4, and S57).

Results and discussion

A standalone graphical user interface (GUI) has been developed for the prediction platform. Demonstra-
tions for different prediction modes, namely, direct ko3 prediction, pH-dependent ko3 prediction, and

pathway enumeration, are presented below for selected micropollutants.

Rate constant (ko3) prediction

Direct kos prediction. The main window of the developed prediction platform is shown in Fig. 3. In the
left panel named ‘Input’, the chemical structure for a query compound can be manually drawn on a can-
vas or be imported as a 1D SMILES string. Carbamazepine is displayed as an example. The user can then
choose between direct prediction (A) and pH-dependent prediction (B) (Fig. 3). Direct prediction per-
forms a reactive site search and displays the results on the right panel. For carbamazepine, two benzene
rings and one olefin group were detected as reactive sites. Note that none of the two nitrogens in carbam-
azepine has been detected since amide nitrogens have a very low ozone reactivity” (see Text S17 for de-
tails). In the right panel, the user can choose to predict ko3 (C), reaction pathways (D), or transformation
products (E). For ko3 prediction, no selection of the reactive site is necessary because relevant orbital
energies are obtained all together from a single quantum chemical computation for the entire structure. In
contrast, one needs to select a reactive site for pathway or product prediction as the reaction rules are

applied to a specific reactive site (see below for more details).

Upon choosing ‘Predict kO3’, the quantum chemical computations are carried out following the work-
flow shown in Fig. S41 without speciation analysis and the predicted kos-values are displayed in the third
column ([kO3 /M/s]) after the computation has been finished. Together with the predicted ko3, ko3 esti-

mates are also presented for the assigned reactive sites. While a kos of 4.5x10* M''s™ was predicted for

10
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the olefin, a ko3 of 3.1x10> M's" was reported for both benzene rings (see below for further discussion
about the Enomon assignment for predicting ko3 for the benzene rings). The predicted kos-values indicate
that the olefin moiety is the main site for ozone attack. Indeed, it was reported that the main oxidation
products of carbamazepine resulted from an ozone attack at the olefin.® Based on Eq. S17 in Text S87,
the species-specific ko3 is calculated as 4.6x10* M's™ (i.e., 4.5%10*3.1x10%+3.1x10%), which is lower
than the experimental kos (~ 3x10° M's™,%*) by a factor of 6.5. Compared to a mean unsigned error
(MUE) of 0.57 for log ko3 (corresponding to a factor of 10°’=3.7) for the general ko3 prediction model

for olefins (Table S37), the prediction for carbamazepine is rather at the bad end of the model predictions.

pH-dependent kos prediction. Carbamazepine has no functional group undergoing acid-base speciation in
the environmentally relevant pH-range. Thus, its reactivity with ozone is barely influenced by pH. How-
ever, there are numerous organic compounds with changing acid-base speciations in the environmentally
relevant pH range. This may significantly modify their reactivity, eventually yielding differing transfor-
mation products. Therefore, a pH-dependent ko3 prediction has been implemented in the prediction plat-
form. Upon selecting pH-dependent prediction (B) for a query compound (e.g., tramadol) in the main
window, a new window pops up (Fig. 4). This window contains four panels, and to the right of them
control tables are shown. The upper-left pK, panel (F) shows the moieties undergoing acid-base specia-
tion for which the predicted pK.-values are presented in the pK, table (J). The bottom-left panel (G)
shows the acid-base microspecies for the query compound and relevant information is shown in the mi-
crospecies table (K) with the tautomeric fraction (f) in the last column. Both pK, and f can be manually
replaced if empirical or theoretical values with a better accuracy are available. By selecting ‘Plot species
distribution’, a species distribution (H) for the query compound is generated based on the given pK,- and
f-values. The middle-bottom panel (I) created by selecting ‘Calculate and Plot’ is a plot for apparent site-
specific ko3 (ko3 site()-apppry In EQ. S27) for individual reactive sites for a user-defined pH range in Table
(L). Apparent species-specific ko3 (kosspecies-appory i1 Eq. S31) for all microspecies can be calculated at a
user-defined pH in panel (M) by selecting ‘Calculate’. In the last column, the % contribution of
ko3 speciesti-apper) Tor individual microspecies (7) to the overall apparent ko3 at the chosen pH is given. Up-

on selecting a microspecies and clicking ‘Selection to Main Window’, the selected microspecies is ex-
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ported to the main window where further ko3 predictions and pathway predictions for the forwarded mi-

crospecies can be implemented.

As shown in Figs. 5a and b, good agreements were obtained between the predicted overall apparent ko3
(ko3,app) and the experimental koszapp for tramadol within a factor of 1.2 — 5.8 and for triclosan within a
factor of 1.3— 4.0, respectively. For tramadol, the predicted dominant sites for the reactions with ozone
are the tertiary amine above and the benzene ring below pH 4.4, respectively. This is consistent with the
experimental data, which shows the appearance of a plateau at pH < 5 (Fig. 5a). For triclosan, it was

predicted that the ozone-phenol reaction would dominate over the whole pH range (Fig 5b).

Interestingly, the predicted ko3 (red dashed lines in Figs 5a and b) for the aromatic ring of tramadol and
the dichlorobenzene ring of triclosan decreased with decreasing pH between pH 8 — 10. This effect is
more significant in the case of tramadol. This is attributed to the fact that Enomo for the respective aro-
matic rings is lowered upon the protonation of the amino group and the hydroxyl group, respectively. For
tramadol, one more factor seems to be involved in lowering kos: a hydrogen bond between the alcohol
oxygen and the protonated amine hydrogen is predicted. The potential role of hydrogen bonds is dis-
cussed in detail for cetirizine in Text S107. In brief, as the current prediction platform uses a gas-phase
geometry for quantum chemical computations, a hydrogen bond present in the gas-phase geometry,
which may be irrelevant in the aqueous medium under consideration here, may lead to an error in pre-
dicted ko3 values for certain micropollutants. However, a geometry relevant for aqueous phase has not
been implemented in the current prediction system because it involves comprehensive evaluations of
different approaches (e.g., the use of an aqueous-relevant conformer generator using molecular mechan-
ics theory, ab initio geometry optimization in aqueous phase, etc), which will be implemented in the

future.

In contrast to the reasonable predictions above, a poor prediction with more than two orders of magni-
tude difference compared to the measurements was observed for cetirizine (see Text S10t for more de-
tails). Despite various attempts such as the use of aqueous-phase relevant geometries and a consideration

of enantiomers were made to improve the prediction, only minor improvements could be achieved. Over-
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all, it seems that the current prediction model performs poorly for the piperazinyl moiety of cetirizine,
supported by unsubstituted piperazine (experimental ko; = 2.6x10* M's™" and predicted kos = 1.2x10° M-
'sh). However, it is not known whether it generally fails for (un)substituted piperazinyl groups because

empirical ko3 data for this class of compounds is limited.

In addition, it is worthwhile mentioning two limitations of the current ko3 prediction model identified
during development and testing with micropollutants, which need to be carefully taken into account if
relevant cases appear. Firstly, the assignment of Enomo-n to the corresponding reactive site can be ambig-
uous for certain micropollutants (e.g., carbamazepine, see Text S7T for more details). This is due to the
fact that HOMO-n delocalizes not only over the site known to react with ozone but also other sites that
are unreactive with ozone (Text S71). In contrast, Expo is straightforward to assign to the corresponding
reactive sites (i.e, olefins or amines) because the NBO is predominantly localized on the reactive site of
interest. To avoid undesired assignement of Enomo-n, careful examinations of the calculated SSwocoer (SUM
of squares of molecular orbital coefficients) as well as visual inspection of HOMO-n assisted by a visual-
ization software such as Molden> are proposed (for details refer to Text S7t). The examination needs to
be conducted manually in the current platform. Secondly, the increase of ko; with increasing pH, which
is predicted for micropollutants with reactive sites being in the vicinity of functional groups such as
amines, amides, or alcohols deprotonating to an anionic form, may be inaccurate. It is because the effect
of their deprotonation on the predicted ko3 has not been calibrated in the developed ko3 prediction models
due to a lack of empirical ko3 values for the deprotonated species. 4-Formylaminoantipyrine is given as

an example in Fig. S11bf with more details in the caption.

Pathway enumeration

By selecting a reactive site for the pathway prediction and choosing ‘Predict reaction pathways’ (D) in
Fig. 3, a pathway enumeration is carried out. Based on the ko3 prediction described above, it was found
that the olefin and the amine moieties are the dominant reactive sites with ozone at pH 7 for carbamaze-
pine or tramadol, respectively. The corresponding predicted pathways for carbamazepine and tramadol

are presented in Figs. 6 or 7, respectively. Note that raw pathway outputs were re-arranged for an appro-
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priate representation in Figs. 6 and 7 with no changes in the contents. As shown in Fig. 6, carbamazepine
underwent a typical Criegee mechanism (otoc001-otoc005) (Scheme S117), giving rise to a Criegee
product (P-2) following H,O, elimination. Additionally, a partial oxidation (otop004 and otop005) giving
rise to the product (P-1) has also been proposed (see Text S9t). Pathways with dashed arrows are consid-
ered less likely, based on the reference information and authors’ judgment. Prior to H,O, elimination, a
Bayer-Villiger type reaction (otpost001-otpost002) may occur to form an ester (P-4) (Text S91 and
Scheme S177 for details), which is of minor importance (dashed arrows). Upon an intramolecular reac-
tion (otpost004-otpost006), the Criegee product (P-2) transforms into P-3, 1-(2-benzaldehyde)-4-hydro-
(1H,3H)-quinazoline-2-one (BQM), which was experimentally found to be the major oxidation product
of carbamazepine during ozonation.® Note that the predicted BQM from ozonation of carbamazepine is
not an external validation but only a confirmation for the correct definition of the reaction rules because
the intramolecular reactions (otpost004-otpost006) were defined based on the reference study for car-
bamazepine.® To our knowledge, there is no other empirical data available to demonstrate these intramo-
lecular pathways. Therefore, their general applicability remains to be shown. For ozonation of tramadol
(Fig. 7), tramadol N-oxide (P-5), N-desmethyl-tramadol (P-6), and the N-deaminated-tramadol (P-10)
were predicted to be the major products. This is consistent with the experimental observation with the
exception that deamination was of minor importance in the experiments.*? Minor products (P-8, P-9, P-
12, and P-13) formed via the decay of tetroxide intermediates were also considered (dashed arrows). In
contrast to carbamazepine, the reaction rules applied to tramadol were defined based on data for other
reference compounds (Text S91) and found to be successfully applicable to tramadol. In that sense, the
predicted tramadol pathway can be considered as a validation by external data. Overall, predicted trans-
formation products undetected in experimental studies can be false positives or result from analytical
limitation. The mass balance is often incomplete in experimental studies because of the limited analytical
capability, indicating an only partial elucidation of transformation products. Transformation products that
are considered to be stable, and thus potentially relevant for empirical detection, can be highlighted by
selecting ‘Predict transformation products’ (E) (Fig. 3). If doing so, only the products in blue boxes in

Figs. 6 and 7 will be presented for carbamazepine or tramadol, respectively.
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Conclusions and perspectives

A computer-based system for predicting kinetics and pathways for the reaction of ozone with micropollu-
tants was developed in this study. Kinetic information (ko3) for a micropollutant in question can be pre-
dicted with molecular orbital energy-based ko3 prediction models using quantum chemical computations.
Reaction pathways and the concomitant transformation products can be predicted by applying general-
ized reaction pathway rules defined based on empirical reaction mechanisms reported in the scientific
literature. The developed prediction platform can serve various purposes. As demonstrated above, the
predicted ko3 values can be used to identify the predominant site for ozone attack, which enables targeted
pathway predictions. Moreover, kos values derived based on Egs. S1§ or S4+ can be used for estimating
the elimination efficiency of micropollutants during ozonation with the theoretical/methodological details
given elsewhere.'*** Environmental engineers or treatment plant operators can utilize the predicted ko3
for the optimization/design of ozone treatment processes for abating micropollutants. Pathway prediction
can further be used as a tool to support screening for suspect ozone transformation products using high-
resolution mass spectrometry. Moreover, the predicted transformation products can be screened for their
toxicity using available in silico toxicity prediction tools. Thus, environmental chemists and toxicologists
are considered another group of end-users who would benefit from the predictions of the system present-
ed. However, it should be highlighted that the current prediction system has been established based on
the knowledge and information available to date. Therefore, the prediction should be considered as a
complimentary tool rather than a substitute for experimental studies, which are still required to verify
prediction outputs and improve the performance of the in-silico tool. Some further improvements to be
pursued with priority in the future are highlighted below. Firstly, the scope of the current prediction plat-
form is exclusive for ozone. Pathway predictions are possible for any micropollutant regardless of their
kos provided that the corresponding reaction pathway rules are available. However, as ko3 for a micropol-
lutant decreases, the contribution of hydroxyl radicals to its abatement increases in the absence of a radi-
cal scavenger, leading to transformation products formed from reactions with hydroxyl radicals rather
than with ozone. Therefore, further efforts will be made to include reactions with hydroxyl radicals in the

prediction system. Secondly, for a few aforementioned limitations in predicting ko3 (e.g., ambiguous
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Ewomo-n assignment, the use of a gas phase geometry, and a poor ko3 prediction for a certain chemical
class (e.g., piperazinyl group)), appropriate improvements are necessary which may require different
approaches (e.g., exploring other quantum molecular descriptors). Moreover, further experimental inves-
tigations with more micropollutants to generate a database for external validation and with micropollu-
tants containing yet unexplored chemical structures (e.g., the ones with ko3 estimates in Table S17) are
recommended. The prediction platform is currently available as a standalone GUI application that can be
installed on a personal computer. The development of a web-based prediction platform adapted from the
developed GUI application, to which anyone has free access without the need for installing any soft-

ware/application, will be pursued in future.
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Fig. 2 Reaction pathway enumeration (top) for a phenolic moiety and the reaction pathways (bottom
from Scheme S17) defined for the ortho position of phenol reacting with ozone. The corresponding
pathways for “para” and “radical” are given in Schemes S21 and S3+. Logical operators such as ‘==" (is
equal to), ‘!=" (is not equal to), and ‘||’ (or) are used in ‘if ()’ statements to present selectivity of reaction
rules based on a substituent (R). Implicit atoms can be hydrogen, any atom, or any organic moiety. The
pathways for the post-Criegee mechanism, which deals with various ensuing reactions such as hydrolysis
and fragmentations, are presented in Scheme S11{. Note that further pathway predictions for muconic-
type products is to be implemented by feeding such products back as an input structure.
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