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ABSTRACT: Phenolic moieties are common functional
groups in organic micropollutants and in dissolved organic
matter, and are exposed to ozone during drinking water and
wastewater ozonation. Although unsubstituted phenol is
known to yield potentially genotoxic p-benzoquinone during
ozonation, little is known about the effects of substitution of
the phenol ring on transformation product formation. With
batch experiments employing differing ozone/target com-
pound ratios, it is shown that para-substituted phenols (p-
alkyl, p-halo, p-cyano, p-methoxy, p-formyl, p-carboxy) yield p-
benzoquinones, p-substituted catechols, and 4-hydroxy-4-alkyl-
cyclohexadien-1-ones as common ozonation products. Only in
a few cases did para-substitution prevent the formation of these potentially harmful products. Quantum chemical calculations
showed that different reaction mechanisms lead to p-benzoquinone, and that cyclohexadienone can be expected to form if no
such pathway is possible. These products can thus be expected from most phenolic moieties. Kinetic considerations showed that
substitution of the phenolic ring results in rather small changes of the apparent second order rate constants for phenol−ozone
reactions at pH 7. Thus, in mixtures, most phenolic structures can be expected to react with ozone. However, redox cross-
reactions between different transformation products, as well as hydrolysis, can be expected to further alter product distributions
under realistic treatment scenarios.

■ INTRODUCTION

Ozone (O3) has been applied as a disinfectant/oxidant for
drinking water treatment for the last 100 years,1 and ozonation
has been recently considered and implemented for the
abatement of organic micropollutants in secondary wastewater
effluents.2−6 O3 mainly reacts with micropollutants containing
electron-rich moieties (activated aromatics, olefins, aliphatic
amines, thioethers) that compete with dissolved organic matter
(DOM) for the dosed O3.

1,7 For typical ozonation conditions,
mineralization of organic compounds does generally not occur.8

This may lead to potentially toxic transformation products from
the reactions of ozone with both micropollutants and DOM.
Biologically active chemicals such as pharmaceuticals

generally lose their activity (e.g., estrogenicity, antimicrobial
activity, etc.) upon small structural changes such as those
induced by a primary reaction with an oxidant.9−16 However,
oxidation can yield electrophilic compounds (e.g., p-benzoqui-
nones, α,β-unsaturated carbonyls, peroxides, radicals), which
can oxidize cell constituents, for example, by covalent addition
to electron-rich moieties (thiols, amines) or by electron-transfer
reactions. For example, a thiol group of a biomolecule can
undergo a Michael-addition to an α,β-unsaturated carbonyl.

Such reactions can lead to cytotoxic effects or, in the case of
reaction with DNA moieties, to genotoxicity.17

We examined structural alerts for carcinogenic functional
groups,18 the carcinogenic potency project,19−21 and compared
these carcinogenic moieties to published literature on O3

transformation pathways.1 We derived that ozonation of
phenolic compounds can lead to rodent carcinogens (electro-
philic p-benzoquinones, but also to electron-rich hydro-
quinones and catechols).19 Of these, p-benzoquinone (but
not the dihydroxybenzenes) is also part of the set of structural
alerts for carcinogenicity. These transformation products were
detected in detailed product studies performed on (unsub-
stituted) phenol, which also identified ring-opening products as
further transformation products.22,23

Phenolic structures are common moieties in many micro-
pollutants: a list of currently 563 surface water micropollutants
based on ref 24 contains 35 substances with phenolic
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moieties,24 and more can be formed as primary products from
ozone/hydroxyl radical (•OH) attack of nonphenolic aro-
matics.1,25,26 The content of oxidizable phenols in fulvic acid is
between 2.3 and 2.9 mmol phenol/g C,27 and wastewater
effluent DOM may contain ∼45% fulvic acid.28 At a DOM
concentration of 10 mg/L, this would result in a phenol
concentration of ∼10−13 μM, significantly higher than the
concentrations of phenolic/aromatic moieties in micropollu-
tants.
The combined pool of phenolic compounds is structurally

diverse, with different substituents on the phenolic ring in all
positions. The formation of p-benzoquinones and hydro-
quinones requires an attack of O3 in the para position, and
substitution of the parent compound in this position may
prevent their formation. In contrast, ortho-attack may lead to
the formation of catechols, and ortho-substitution may prevent
their formation. A few product studies have been performed so
far for ozone reactions with p-substituted phenols:
For hydroquinone,23 bisphenol A,29 t-butyl-4-hydroxyani-

sol,30 p-chlorophenol,31 and 2,4-dichlorophenol,32 (substituted)
p-benzoquinones were reported as products. In contrast,
hydroquinone was reported as a product of unsubstituted
phenol (in low concentration), paracetamol,33 and p-
chlorophenol,34 and t-butyl-hydroquinone for t-butyl-4-hydrox-
yanisol.30 Substituted catechols were found in ozonated
samples of bisphenol A,33 t-butyl-4-hydroxyanisol,30 p-chlor-
ophenol,31,34 paracetamol,33 and 4-alkylphenols.35 In contrast,
ozonation of (unsubstituted) catechol yielded ring-opening
products.23,36

In these studies, •OH, formed during ozonation of phenolic
compounds37 was not always quenched and product yields
were frequently not determined. Therefore, these studies do
not allow for general conclusions on the type of parent phenols
that yield p-benzoquinone, hydroquinone, or similar com-
pounds. This warrants a systematic investigation of substituent
effects on yields of these potentially harmful products.
Ultimately, it is desirable to predict potential product structures
from the parent structure, which requires well-defined reaction
rules based on mechanistic insights.38

The aim of the present study was to investigate how
substitution of phenolic compounds impacts product for-
mation, with a special focus on potentially genotoxic products.
A set of structurally simple phenolic model compounds was
selected, with a focus on para-substitution, which was expected
to have the largest influence on product distribution. These
compounds were ozonated in batch experiments with varying
molar O3/target compound ratios, and products in the reaction
mixtures at pH 3 and pH 7 were identified and quantified with
high performance liquid chromatography (HPLC) coupled to a
diode array detector (DAD) and in some cases coupled to a
high resolution mass spectrometer (HRMS).

■ MATERIALS AND METHODS
Standards and Reagents. A list of chemicals, suppliers,

and purities of the selected compounds is provided in the
Supporting Information (SI) (Table S1).
Ozonation Batch Experiments. To determine yields of

transformation products from the ozone reactions with the
selected phenols, room temperature phenol reaction solutions
(pH 3 and pH 7) were spiked with different volumes of a room
temperature ozone stock solution, yielding molar ratios of O3 to
substrate of ∼0.125 to ∼1.75. •OH was scavenged with t-
BuOH. Phenol starting concentrations were 100 μM for the

quantification of organic oxidation products and 400 μM for
the quantification of H2O2. Details are given in section S0.2.

Analytical Methods. HPLC-DAD Analysis. Parent phenols,
(substituted) catechols, hydroquinone, (substituted) p-benzo-
quinone and 4-hydroxy,4-(methyl/ethyl)cyclohexadien-1-one
were quantified using external standards. All analyses were
carried out on an Agilent 1100 with a photodiode array
detector. The HPLC protocol is described in section S0.3.
H2O2 in the reaction mixtures was quantified by singlet

oxygen production of the reaction of H2O2 with HOCl.39,40

Details are given in section S0.3.
LC-HRMS Analysis of the p-Me-Phenol Reaction Mixtures.

After ozonation, samples were transferred to amber vials for
LC-HRMS analysis without sample pretreatment. Details are
described in section S0.3.

Quantum Chemical Calculations. Density functional
theory (DFT) calculations were performed with Gaussian09,
revision D01. Standard settings of this software package were
used unless specified otherwise. Reaction pathway calculations
used the M062x41 functional, QSAR descriptors the M1142

functional, and additional calculations used the CBS-QB343

method. More details are given in sections S0.4 and S1.1.

■ RESULTS AND DISCUSSION
Choice of Model Compounds. The chemical structures

and (estimated) physicochemical parameters of the compounds
selected for ozonation experiments are shown in Table 1. Most
of them are para-substituted, which is expected to influence the
yield of p-oxygenated products (p-benzoquinone, hydro-
quinone). To cover the structural diversity found in micro-
pollutants24 and natural DOM,44 substituents differ in sterical
demand and electronic (de)activation of the aromatic ring.
For the unsubstituted phenol, the contribution of the

different species (phenol/phenolate) to the observed reactivity
with O3 at a given pH can be calculated from the pKa and the
species-specific second order rate constants.1 Kinetically,
phenolate is the dominant ozone-reactive species at pH > 4,
and the only relevant species at pH 7, whereas phenol is the
dominant species reacting with ozone at pH 3. Considering the
second order rate constants in Table 1, this assumption
generally holds across the set of substituted phenols for pH 7,
with the exception of the most activated systems (e.g., 4-
methoxyphenol). For pH 3, a significant contribution of the
phenolates is possible if the pKa is low enough. For 2,6-
dibromophenol, the phenolate should even be the only relevant
ozone-reactive species at pH 3.
Although it could be expected that deactivated phenols react

slower with O3, this effect is (partially) masked by speciation.
The kinetics of ozone reactions with dissociating compounds
was described by Hoigne ́ and Bader45 (section S1). In brief,
activation of the aromatic ring (that is, positive inductive and
mesomeric effects) has two effects: (1) species-specific rate
constants of phenol (k(PhOH)) and phenolate k(PhO−)
increase (2) the pKa of the phenol increases, leading to a
decrease of the phenolate concentration at a given pH, and
consequently to a decrease of kobs at pH 7. As a result,
substituent effects on kobs at pH 7 are antagonistic and not
intuitive; changes in kobs are smaller than one might expect
from the changes in k(PhO−).

Product Identification by HPLC-DAD, LC-HRMS and
UV/vis Spectra. All reaction mixtures were analyzed by
HPLC-DAD, and p-benzoquinone, p-substituted catechols, and
hydroquinone were identified by comparison (HPLC retention
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times and UV/vis spectra) with commercially available
standards (yields in Figure 1, discussed below). p-Benzoqui-
none was detected in all reaction mixtures, except for p-
cyanophenol. Substituted catechol was found in most reaction
mixtures, hydroquinone only in those of p-methoxyphenol, p-
tert-butylphenol (pH 3 only), and p-formylphenol.
The reaction mixtures of p-methylphenol and deuterated

isotopologues (methyl-d3 or ring-d4) were analyzed by LC-
HRMS/MS, as alkyl substitution is often encountered in
micropollutants,24 and because the main product (by HPLC-
DAD peak area) was neither p-benzoquinone nor p-substituted
catechol. It was expected that alternative transformation
products are potentially genotoxic, containing, for example,
an α, β-unsaturated carbonyl group.18,46

Seventeen transformation products (TPs) were detected
(Table S2 and Figure S2.1), some only at either pH 3 or pH 7.
The structure of four TPs could be identified with high
probability, two further products were deduced from a
combination of measurements with mechanistic considerations
(Figure 2): (1) 4-Hydroxy-4-methylcyclohexadien-1-one
(TP16) was identified by synthesis of the compound and a
comparison of HPLC retention times, UV/vis spectra, and MS
data (Figure S2.2). It was detected in reaction mixtures at both
pH 3 and pH 7.
(2) p-Methyl-o-benzoquinone (TP17), coeluting with cyclo-

hexadienone, was detected only at pH 7 and was identified by
(a) HRMS data: addition of one oxygen and loss of two
protons relative to p-methylphenol, loss of one deuteron at the
ring (Table S2), (b) UV/vis data (Figure S3). The absorption
band at ∼400 nm (pH 7) is compatible with a previously
reported spectrum of (unbsubstituted) o-benzoquinone,47 (c)
an ozonation experiment with p-methylcatechol. In the HPLC
chromatogram measured after ozonation (Figure S3), one of
the two main peaks eluted at the same retention time as TP17
in the p-methylphenol reaction mixture, with a pronounced
absorption band at ∼400 nm. The band at 230 nm, which was
dominant in the p-methylphenol reaction mixture and which
can be clearly attributed to 4-hydroxy-4-methyl-cyclohexadien-
1-one, was not observed. (d) Chromatograms of reaction
mixtures of p-methylcatechol with HOCl (Figure S3), in which
this peak was also formed (to a much lesser extent). As
halogenation could not yield the same product as ozonation,
HOCl probably reacts via electron transfer to form the o-

benzoquinone.48 p-Methyl-o-benzoquinone was also detected in
standard solutions of p-methylcatechol, presumably due to
autoxidation.
(3) p-Methylcatechol (TP10), identified by comparison to a

commercial standard, was detected in reaction mixtures both at
pH 3 and 7.
(4) p-Benzoquinone, which was detected at pH 7 by

comparison of the HPLC retention time and UV/vis spectrum
to a standard. This compound could not be detected with mass
spectrometry, presumably because the concentration was below
the detection limit.
For TP11 and TP14 (Figure 2) extensive information is

available, but structural assignment was not unambiguous.
(5) TP11: (a) 3 oxygen atoms were added to the parent

mass, (b) one ring deuteron was exchanged for a proton (c)
CO2 loss in the MS data indicated a carboxylic acid, (d) when
matched to a peak in the HPLC-DAD chromatogram (Figure
S2.1), the suspected peak (λmax = 266 nm) was only observed
when the aqueous component of the eluent was acidifed, which
indicated an acidic proton. This peak in the HPLC-DAD
chromatogram also appeared as the second main peak upon
ozonation of p-methylcatechol and (e) the intensity of this peak
was dramatically increased in the pH 3 reaction mixture,
pointing to a ring-opening product (see mechanistic discussion
below). Such a product of p-methylcatechol could be formed by
ring opening at positions 2−3 or 1−6 (see Figure 2 for
numbering of carbons). This would lead to a very polar ring-
opening product with both an alcoholic and a carboxylic acid
functional group, inconsistent with elution of TP11 only after
p-methylcatechol. The resulting enol could tautomerize to the
corresponding ketone, exhibiting only one hydroxyl/carboxyl
group compared to two hydroxyl groups in p-methylcatechol,
making an elution after p-methylcatechol more plausible.
(6) TP14: (a) Addition of one oxygen and loss of two

protons compared to the parent, (b) exchange/loss of one ring
deuteron, (c) higher yield at pH 7, (d) if matched to the
HPLC-DAD chromatogram, this peak (λmax = 233 nm) was
absent in the p-methylcatechol reaction mixture, indicating that
TP14 is not a (secondary) metabolite of p-methylcatechol, (e)
elution after p-methylcatechol (should be less polar). A possible
structure would correspond to a ring-opening dialdehyde (+2
O) of the parent compound with a subsequent condensation
reaction (−H2O). A ring-opening in the 3−4 position (Figure

Table 1. Phenolic Model Compounds Selected for Ozonation Experimentsf

aLiptak et al.60 bSvobodova et al.61 cEstimated, see section S1 for details (d) von Sonntag and von Gunten.1,6,7 dValue in parentheses refers to a
neutral carboxyl group. eAssuming an uncertainty of one log(k) in both rate constants, see section S1. fAll rate constants are second order (M−1 s−1).
%k(PhOH) and %k(PhO−) refer to the fraction of O3 reacting with phenol and phenolate, respectively, at the given pH.
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2), may be followed by a keto−enol tautomerisation and a
subsequent aldol condensation to a five-membered ring.
Although formation of a ring-opening product is less likely at
pH 7, a higher pH could favor the aldol condensation that leads
to the proposed structure of TP14.
The remaining 11 products of unknown structures consisted

of an addition of 1−4 oxygen atoms to the parent, or oxygen
addition with abstraction of two hydrogens (+1−2 O, −2 H)
(Table S2). The products should include ring-opening of
primary and secondary products, yielding aldehydes and
organic acids. Products including the abstraction of two
hydrogen atoms could include condensation products as well
as quinone/quinoid-type structures. Products in which methyl
protons were exchanged/lost were (with one exception) not

observed, which contradicts a previously reported formation of
p-hydroxy-benzoic acid.49 The formation of the latter, as well as
p-hydroxy-benzaldehyde, was excluded by comparison with
commercial standards.
The proposed products encompass many olefinic structures,

which are in term rather reactive with ozone (k ≅ 103−105 M−1

s−1).1 However, under wastewater treatment conditions for
micropollutant abatement, there is no residual O3 in the treated
water. As different DOM moieties and micropollutants
compete for O3, first generation oxidation products should
only be partially further oxidized and olefinic transformation
products might survive.

Tentative Assignment of Analogous Products in Other
Reaction Mixtures. The results for p-methylphenol are only

Figure 1. Product yields of (substituted) phenols for the ozonation reactions at a specific ozone dose ([O3]/[PhOH]) of 0.5 at pH 3 or pH 7. For 4-
isopropylphenol, the catechol was not quantified. For 2,6-dimethylphenol, no catechol was detected. For 2,6-dibromophenol, catechol could not be
unambiguously assigned. Similar data for varying [O3]/[PhOH], as well as the derivation of experimental uncertainties, are shown in section S6.

Figure 2. Identified and proposed transformation products in p-methylphenol-ozone reaction mixtures. Crossed lines in double bonds indicate
unknown stereochemistry. TP10, 16, 17 can be clearly assigned, and structures were proposed for TP11 and TP14.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b00011
Environ. Sci. Technol. 2018, 52, 4763−4773

4766

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00011/suppl_file/es8b00011_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00011/suppl_file/es8b00011_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b00011
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.8b00011&iName=master.img-003.jpg&w=494&h=213
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.8b00011&iName=master.img-004.jpg&w=503&h=230


partly transferable to other compounds: for 4-alkylated phenols,
the observed peaks exhibited the typical optical absorption
band of 4-hydroxy-4-alkylcyclohexadienone at ∼233 nm, which
we confirmed for p-ethylphenol with the corresponding
synthesized standard. For the 4-alkylphenols provided in
Table 1, weak peaks with a band at ∼400 nm were observed
as well, compatible with the corresponding o-benzoquinones.
For parent compounds that were not p-alkylated, we did not
observe peaks with absorption maxima at ∼233 nm, indicating
the absence of cyclohexadienones (substituents should not
influence the spectrum of the cyclohexadienone, as they would
not be conjugated to the chromophoric α,β-unsaturated
ketone). Only for p-methoxyphenol, an intense peak (both at
pH 3 and 7) with an absorption maximum at ∼420 nm was
observed, which is likely the p-methoxy-o-benzoquinone,
discussed below in the context of hydroquinone formation. o-
Benzoquinones may form from other parent compounds, but
may hydrolyze quickly for the electron-poorer parents.
Product Yields. Figure 1 shows the product yields for each

compound relative to the consumed parent compound,
interpolated for a specific ozone dose ([O3]0/[PhOH]0) of
0.5. These data allow a semiquantitative comparison of product
yields between different parent compounds. However, yields
can strongly depend on the specific O3 dose (section S6).
From a kinetic point of view, several trends in yields and

phenol consumption can be expected. (1) The catechol yield
should decrease with increasing ozone dose, especially at pH 3.
Ignoring speciation, catechol is more reactive toward O3
relative to the parent phenol, at low pH (considering
undissociated species) k(PhOH) = 1.3 × 103 M−1 s−1 versus
k(CatOH) = 5.2 × 105 M−1 s−1.23 At pH 7 (considering
dissociated species), this difference should be less pronounced:
as k(PhO−) is already close to the diffusion controlled limit, the
(unknown) k(CatO−) cannot be 2.5 log(k) higher. Catechol
yields were found to decrease with increasing ozone doses, with
the exception of p-halophenols and p-carboxyphenol at pH 7.
(2) The p-benzoquinone yields should be independent of the

ozone dose at pH 7, and could somewhat decrease with
increasing ozone dose at pH 3. k(p-benzoquinone) is 2.5 × 103

M−1 s−1,22 comparable to k(PhOH). At pH 3, there may be
competition between these two compounds, whereas at pH 7,
the reaction with phenolate will outcompete the reaction with
p-benzoquinone. A clear decrease in p-benzoquinone yield with
increasing specific ozone doses at pH 3 was observed for the
deactivated phenols (p-chloro, p-bromo, p-formyl, p-carboxy),
presumably due to a higher extent of consumption of formed p-
benzoquinone. For p-alkylphenols, a slight increase of the p-
benzoquinone yield with ozone dose was observed, which could
hint to the formation of this compound as a secondary product.
(3) The phenol consumption should be lower at pH 3. This

effect would be caused by increased reactions of ozone with
primary TPs compared to pH 7. This is reasonable not only for
catechol, but also for expected ring-opening products, for which

speciation will have a lesser influence on k: in this case, the
difference between k(parent) and k(TP) is smaller at pH 3 than
at pH 7. Naturally, the phenol consumption should also
decrease with increasing ozone/target ratios, as more primary
TPs compete with the parent phenol for the remaining ozone.
However, in some cases, the phenol consumption was higher at
pH 3 (p-alkylphenols, p-methoxyphenol, 2,6-substituted
phenols). The reasons for this behavior remained unclear.
At pH 7, p-benzoquinone (red bars in Figure 1) was

observed for unsubstituted phenol, p-halophenols, and for p-
methoxyphenol. p-Substituted catechols (yellow bars in Figure
1) were detected for all parent compounds except for p-
methoxyphenol. For p-alkylated phenols, the corresponding 4-
hydroxy-4-alkylcyclohexadienone was formed instead of p-
benzoquinone, with only small amounts of the latter in the
reaction mixture. Generally, p-substitution of the parent
phenols did not prevent the attack of O3 in the para position,
although the yield can be substantially diminished (e.g., 4-
carboxyphenol, 4-formylphenol). Only for 4-cyanophenol, no
p-benzoquinone was formed.
For the unsubstituted phenol, the yields of p-benzoquinone

shown in Figure 1 agree well with literature values reported for
higher initial phenol concentrations (200−400 μM).22,23 These
two previous studies differ in their reported catechol yields. Our
results support the higher catechol yield reported by Ramseier
and von Gunten.23 However, the catechol yield was rather
variable, with results from individual experiments varying
between 13% and 20%.
p-Alkylation slightly decreased the catechol yield. This is

surprising, as catechol should be a result from an attack of
ozone in the ortho position, and p-substitution should have
little impact on catechol yields. Steric hindering in the para
position could lead to an increase in catechol yield, but there is
no clear dependence of the catechol yield on substituent size
either. The formation mechanism of catechols may thus be
more complex than previously suggested. No catechol was
formed during ozonation of 2,6-dimethylphenol. For 2,6-
dibromophenol, 3-bromocatechol may have formed, but owing
to overlapping peaks in the chromatogram, it could not be
clearly assigned or quantified. Because no standard was
available, the p-substituted catechol was not quantified for p-
isopropylphenol. No catechol was detected for p-methoxyphe-
nol.
For pH 3, generally somewhat lower yields of p-

benzoquinone were found (Figure 1) compared to pH 7 for
unsubstituted phenol and halophenols. Conversely, the yields
of the cyclohexadienones were slightly increased compared to
pH 7 and catechol yields were decreased (see discussion
above).

H2O2 Yields. H2O2 is a byproduct of ozonation reactions
that arises only from certain reaction mechanisms (e.g.,
Criegee), and provides further mechanistic insights. H2O2
yields were determined for four representative phenols (phenol,

Table 2. H2O2 Yields (Initial Phenol Concentration 400 μM)a

pH 3% O3 pH 3% Ph pH 3: phenol consumption % pH 7% O3 pH 7% Ph pH 7: phenol consumption %

phenol 36 165 44 18 70 52
p-chlorophenol 15 96 33 8 31 51
p-methylphenol 30 106 69 11 47 55
p-methoxyphenol 16 29 56 12 24 48

aSpecific ozone doses 0.92−1.03 [O3]0/[Phenol]. Yields at pH 3 and pH 7 are given in percentage of ozone consumed (%O3) or in percentage of
parent phenol consumed (%Ph). Phenol consumption refers to the percentage of phenol consumed after O3 dosage.
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p-cholorophenol, p-methylphenol, p-methoxyphenol), with an
initial concentration of 400 μM (Table 2). At pH 7, the H2O2

yield for phenol (18% of consumed O3) is in good agreement
with a previously reported measurement of 16%.22 The yields
for p-substituted phenols were lower (see discussion below).
The H2O2 yields at pH 3 were generally much higher than
those at pH 7.
Quantum Chemical Calculations and Mechanistic

Discussion: Unsubstituted Phenolate. Mechanistic Con-
siderations Based on Energy Calculations. As bare O3 is
problematic to common quantum chemical methods,50 we
performed calculations starting from a monodentate or
bidentate adduct of ozone (Figure 3). From these starting
points, we considered three different types of reactions: (A) A
possible direct rearrangement pathway that could lead to
benzoquinone/hydroquinone structures (and H2O2) and (B)
cleavage of singlet oxygen and (C) cleavage of the double bond
(Criegee mechanism) from the cyclic adduct. Given energies
may have an uncertainty of several kcal/mol. Nevertheless,
these results allow to draw several conclusions: (a) reactant and
product structures are connected by transition structures, which
shows that these proposed mechanisms are meaningful, (b)
evaluation of free energies of reactions shows that all reactions
are thermodynamically feasible, and (c) evaluation of reaction
barriers can be (cautiously) interpreted to estimate which
reaction is kinetically favorable.

Pathways A and B have similarly low reaction barriers and
may be favored over pathway C. The cyclic ozonide, which
could lead to ring-opening products, is separated by a low
barrier from the noncyclic ozonide. Hence, if the initial attack
was bidentate, a rearrangement to the noncyclic form should be
favored over the ring-opening reaction.
Pathway A leads to an intermediate complex. This complex

could be cleaved homolytically (leading to a semiquinone
radical) or heterolytically (leading to p-benzoquinone and
HO2

−). Also, this complex could collapse to a dienone-type
structure, which could rearrange to p-benzoquinone and H2O2.
An alternative p-benzoquinone formation through a cyclic 1−4-
ozonide, as also proposed by Mvula and von Sonntag.22 can be
excluded based on a much higher computed barrier (ΔG⧧ > 30
kcal/mol, not shown).

Formation of Hydrogen Peroxide. Figure 3 shows pathways
leading to different reactive oxygen species, with H2O2 as a
byproduct of p-benzoquinone. Other sources of H2O2 are
Crieege-type reactions opening the aromatic ring, the decay
reaction of a product formed by the reaction of t-BuOH with
•OH,51 and autoxidation of hydroquinone/catechol (which was
prevented by acidification of the samples).52 Overall, the
measured total yield of H2O2 at pH 7 was about twice the p-
benzoquinone yield. Ramseier and von Gunten23 quantified
several noncyclic carboxylic acids during ozonation of phenol,
that must have arisen from Criegee-type reactions. They

Figure 3. Proposed reaction pathways of unsubstituted phenolate as evaluated by quantum chemical calculations. Reported energies (kcal/mol) are
Gibbs’ free energies relative to the reactants, computed with the M062X density functional and SMD implicit solvation.
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reported a cumulative yield of these compounds of 31−32% of
the consumed phenol at pH 7. When determining the H2O2

yield, we used reaction conditions essentially identical to those
in Ramseier et al. 2009, yielding 35% of p-benzoquinone. In
their study, the combined yield of p-benzoquinone and the
carboxylic acids yield was 66−67%, which can be compared to
the present H2O2 yield of 70% (Table 2). Another possible
source of H2O2 is the reaction of •OH (resulting from electron
transfer with phenolate, yield ∼13%,22 assuming no form-
aldehyde formation from Criegee reactions) with t-BuOH
(H2O2 yield 30%),51 which would account for another 4%
H2O2 in terms of phenol consumed. As the H2O2 budget is
complete, it is unlikely that the formation of catechol (which
we did not investigate mechanistically) also produces H2O2.
Calculations (Figure 3) do not support the formation of •OOH
as a byproduct of p-benzoquinone, as this is the energetically
least favorable pathway.
Quantum Chemical Calculations and Mechanistic

Discussion: Unsubstituted Phenol. Mechanistic Consid-
erations Based on Energy Calculations. For the neutral
phenol at low pH, detailed quantum chemical calculations were
not performed, but some mechanistic considerations are
presented in Figure S7.1. In contrast to the phenolate, the
monodentate addition of ozone was energetically uphill, owing
to the charge separation of the ring and the terminal oxygen of
the added ozone. An equilibrium with the cyclic ozonide is
unlikely. Instead, the latter is depicted to lead to ring-opening
reactions (Crieege mechanism) rather than to equilibrate to the
noncyclic ozonide. Thus, bidentate addition as the initial step
should lead to Criegee products. The formation of proton-
transferred trioxo-species is thermodynamically possible, but
would have to proceed through a different mode of initial
attack. Any of these reactions could also be in competition with
deprotonation of the adduct.

Formation of Hydrogen Peroxide. The H2O2 yield (Table
2) at pH 3 was much higher than at pH 7, which indicates a
greater importance of ring-opening reactions with H2O2 formed
through the Criegee mechanism at pH 3. This is corroborated
by yields of organic acids and p-benzoquinone reported
previously under similar reaction conditions:23 Organic acid
yields corresponded to a total H2O2 yield of 131%, the
benzoquinone yield (assuming H2O2 formation also in this
case) corresponded to a H2O2 yield of 17%. This estimate
(total 148%), compares well to a 165% H2O2 yield in our
experiments. Hence, Criegee-type reactions leading to acidic
products are the main source of H2O2. The remaining H2O2
could originate from the formation of nonacidic ring-opening
products (dialdehydes). We do not expect electron-transfer
reactions to contribute to the H2O2 budget at pH 3.

Quantum Chemical Calculations and Mechanistic
Discussion: Substituted Phenolates. Mechanistic Consid-
erations Based on Energy Calculations. For four representa-
tive phenolates (phenolate, p-chlorophenolate, p-methylpheno-
late, p-methoxyphenolate), we tested the feasibility of different
reaction mechanisms leading to p-benzoquinone. Similar to
Figure 3, the equilibrium between cyclic and noncyclic
ozonides was found to be possible. Also, the energetics for
singlet oxygen cleavage and the ring-opening reaction did not
vary greatly with substitution pattern (data not shown). Clearly,
the reaction mechanism leading to p-benzoquinone proposed in
Figure 3 is not feasible for substituted phenols. Other
energetically feasible pathways were found instead, and are
summarized in Figure 4.
For p-chlorophenolate (Figure 4B), a simultaneous cleavage

of chloride and 1O2 is favorable. A cleavage of 1O2 only
(reaction B in Figure 3) was not found to be possible, leading
to the concerted cleavage of chloride instead.
For p-methoxyphenolate (Figure 4C), a direct formation of

p-benzoquinone may be possible after initial cleavage of 1O2.

Figure 4. Proposed feasible reaction pathways for the reactions of 4 (substituted) phenolates with ozone, leading either to p-benzoquinone or to the
cyclohexadienone. Reported energies (kcal/mol) are Gibbs’ free energies relative to the reactants, computed with the M062X density functional and
SMD implicit solvation.
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The resulting 4-hydroxy-4-methoxy-cyclohexadien-1-one is
predicted to easily transfer the hydroxy proton to the methoxy
group, yielding methanol and p-benzoquinone. Computation-
ally, this reaction is only feasible if catalyzed by explicit water
molecules, with a proton transfer to and from these water
molecules.
For p-methylphenolate (Figure 4D), we did not find a

feasible pathway leading to the cleavage of the methyl group,
which could lead to p-benzoquinone. Of the reactions shown in
Figure 3, only channels (B) and (C) can be populated. Of
these, 1O2 release from the noncyclic ozonide is depicted
kinetically favorable, leading to the observed product 4-
hydroxy-4-methylcyclohexadien-1-one.
Formation of Hydrogen Peroxide. The mechanisms

proposed in Figure 4 differ by the type of reactive oxygen
species formed. Only for unsubstituted phenolate, there should
be production of H2O2 along with production of p-
benzoquinone. The H2O2 yield of p-chlorophenol is 39%
points lower compared to phenol (Table 2). This corresponds
roughly to the H2O2 yield expected from concurrent formation
alongside p-benzoquinone from unsubstituted phenol (35%)
(Figure 1), which should be lacking for substituted phenols. For
p-methylphenol, however, the H2O2 yield is only 23 percentage
points lower compared to phenol (Table 2). Hence, there
should be an additional source of H2O2, as the formation of the
cyclohexadienone or p-benzoquinone from p-alkylphenols
should not yield H2O2. One possible explanation would be
an increase of ring-opening reactions, also producing H2O2, or
an increasing contribution of electron transfer reaction for p-
methylphenol.
1O2 yields. Singlet oxygen yields of similar compounds from

the literature are compatible with the proposed mechanistic
differences between unsubstituted phenol and p-chlorophenol,
but not with the p-methylphenol mechanism. For unsubstituted
phenol at pH 7, Mvula and von Sonntag40 reported a 1O2 yield
of 5.4% of ozone consumed or 13% of phenol consumed. There
are at least two reaction pathways leading to the release of 1O2.
(1) cleavage of singlet oxygen from a primary ozonide, as
shown by pathway (B) in Figure 3. In the case of the
unsubstituted phenol, this would lead to a cyclohexadienone.
This can be expected to rearrange to hydroquinone, a product,
which is either absent, or present in very low concentration.
However, this product may also have been consumed by
secondary reactions with ozone, because of its high reactivity
with ozone.22 (2) An initial electron transfer reaction leads to
O3

•− and a phenoxide radical. The former then decomposes to
•OH and 1O2.

1 In the reaction mixture, •OH is scavenged by t-
BuOH, a reaction leading to formaldehyde, which is used for
the indirect quantification of •OH. Mvula and von Sonntag22

reported a formaldehyde yield of 12−14% of ozone consumed,
formally corresponding to a •OH yield of 24−28%. However,
formaldehyde can also be a terminal product of Criegee-type
reactions, which makes a direct assignment of the •OH yield
difficult.
There is no reported data on 1O2 yield for either p-

chlorophenol or p-methylphenol. For the reaction of analogous
pentachloro/pentabromo-phenolate (presumably yielding tet-
rahalo-p-benzoquinone), the 1O2 yield was found as 58/48% of
ozone consumed, whereas the •OH yield was estimated to be
∼27% of ozone consumed.40 This supports the presence of
pathways leading to singlet oxygen other than electron transfer
reactions, compatible with the proposed concerted cleavage of
1O2 and chloride in p-chlorophenol. 2,4,6-Trimethylphenol

should yield cyclohexadienone via 1O2 cleavage like p-
methylphenol, but the reported 1O2 yield is only 10% of O3
consumed.40 This is much lower than the cyclohexadienone
yield of p-methylphenol reported here.

Mechanistic Discussion: Substituted Phenols. At pH 3,
the differences in yields of H2O2 between the different parent
compounds (Table 2) cannot be rationalized with the reaction
schemes proposed above. Except for p-methoxyphenol, the
H2O2 yields are increased compared to pH 7, in agreement with
an increased importance of Criegee-type reactions. It remains
unclear why this should not be the case for p-methoxyphenol.

Mechanistic Discussion of Hydroquinone Formation:
Post-ozonation Reactions. Hydroquinone was found as a
major product for two parent compounds: (a) p-tert-
butylphenol (only at pH 3) and (b) p-methoxyphenol (at
both pHs). Hydroquinone is likely not a primary ozonation
product, but was formed post-ozonation in the reaction
mixture:
(a) For the microbial oxidation of p-alkylphenols, 4-hydroxy-

4-alkylcyclohexadien-1-ones have been reported as metabo-
lites.53−55 Also in this case, hydroquinone was found for a
quarternary carbon attached to the aromatic ring. It was
proposed that nucleophilic substitution reactions lead to
hydroquinone and an alkyl alcohol. Present computations
indicate the thermodynamic feasibility for a SN2 reaction with
HO− (Figure S7.2A and B), and such reactions should be the
source of hydroquinone in the present experiments. Hydro-
quinone was only observed at pH 3. Potentially, in a SN2
reaction with HO−, hydroquinone was formed faster at pH 7,
and was further oxidized to p-benzoquinone by ozone.
(b) For p-methoxyphenol, no 4-methoxycatechol was

detected, whereas catechols were detected as TPs for all
other p-substituted parent phenols. The p-methoxycatechol
probably reacted further in a stepwise process (Figure S7.2C):
(1) The reaction of p-methoxyphenol to p-benzoquinone and
p-methoxycatechol and (2) a redox cross-reaction between p-
methoxycatechol and p-benzoquinone to yield p-methoxy-o-
benzoquinone and hydroquinone. It was shown previously that
dihydroxybenzenes react with p-benzoquinones in this way if
thermodynamically allowed.56 Present thermodynamic calcu-
lations depict the reaction as only slightly endergonic, within
the uncertainty of calculation (which in this special case of an
isodesmic reaction should be <2−3 kcal/mol). An additional
experiment, simply mixing standards of p-methoxycatechol and
p-benzoquinone, supports this hypothesis. In this mixture, a
new compound was formed, exhibiting an absorption maximum
at 420 nm, similar to 4,5-dimethoxy-o-benzoquinone57 (see
Figure S4). This peak was also present in the ozonated reaction
mixtures of p-methoxypenol, and was interpreted as p-methoxy-
o-benzoquinone.

Practical Implications. Irrespective of their substitution
pattern, ozonation of many electron-rich and electron-poor
substituted phenols can contribute to a pool of (substituted) p-
benzoquinones, cyclohexadienones, catechols, and o-benzoqui-
nones. Many phenolic micropollutants contain similar reactive
sites as in the present study, including bisphenol A, triclosan, 2-
hydroxy-4-methoxybenzophenone, 4-(trifluoromethyl)phenol,
chloridazon-desphenyl, 3,5-dibromo-4-hydroxybenzoic acid,
O-desvenlafaxin, N,O-didesvenlafaxin, morphine, mycophenolic
acid, neohesperidin dihydrochalcon, naltrexon, deferasirox,
albuterol, benserazid, vancomycin, phenylephrine, etc. Addi-
tionally, phenolic structures can be found in the background
DOM, or can be formed by the reaction of aromatic rings with
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hydroxyl radicals that arise during ozonation processes, or from
the reaction of ozone with alkoxyaromatics, such as lignins.58

The present mechanistic insights can be used for in silico
pathway predictions,38 which can be extended to cover
substituted phenols.
As shown, post-ozonation reactions can alter the product

distributions. In real ozonated waters, a set of initially formed,
differently substituted benzoquinones and catechols subse-
quently relaxes to the thermodynamically most favorable redox
speciation: this will generally lead to molecules where electron-
donating and electron-withdrawing effects compensate each
other, preferring p-benzoquinones with electron-donating
substituents and hydroquinones or catechols with electron-
withdrawing substituents. Especially for (o/p-)benzoquinones
with electron-withdrawing substituents, such redox reactions
may be in competition with reductive hydrolysis. Hydrolyzed
products (corresponding trihydroxybenzenes) could then
further reduce parent p-benzoquinones to hydroquinones
(see Figure S5, for examples). Particularly electron-poor
benzoquinones hydrolyze quickly: for 2,6-dibromo-1,4-benzo-
quinone, we observed hydrolysis on the time scale of minutes
(hydrolysis before acidification of the sample may also be
responsible for the slightly lower benzoquinone yield measured
at pH 7 (Figure 1).
Toxicological impact assessment will have to consider a post-

ozonation aging of ozonated waters due to redox equilibria,
reductive hydrolysis of o-/p-benzoquinones, and autoxidation
of catechols and hydroquinones, as outlined in Figure S5. In
treated wastewater, biofiltration will potentially remove many
types of formed p-benzoquinones by reaction with nucleophiles
of biological origin. The products of these types of reactions are
increasingly substituted benzoquinones and dihydroxyben-
zenes, the former becoming less electrophilic with substitution.
In drinking water treatment, if ozonation (possibly with
biofiltration) is followed by a treatment with chlor(am)ine,
the reactions outlined above can influence the formation of
disinfection byproducts arising from phenolic moieties, such as
chloroform.59
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