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H I G H L I G H T S

• Specific second-order rate constants were deter-
mined for 5-FU and CAP with ozone.

•Reaction sites were confirmed by kinetics, Fukui
analysis, and products.

•The olefin moiety was the main ozone reaction
site for 5-FU and CAP.

•Carboxylic acids comprised most of the residual
TOC for 5-FU.

•Ozonation removed the toxicity associated with
5-FU and products but not CAP.
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G R A P H I C A B S T R A C T

A B S T R A C T

Anticancer drugs (ADs) have been detected in the environment and represent a risk to aquatic
organisms, necessitating AD removal in drinking water and wastewater treatment. In this study,
ozonation of the most commonly used antimetabolite ADs, namely 5-fluorouracil (5-FU) and its
prodrug capecitabine (CAP), was investigated to determine reaction kinetics, oxidation mechanisms,
and residual toxicity. The specific second-order rate constants between aqueous ozone and 5-FU,
5-FU–, 5-FU2–, CAP, and CAP– were determined to be 7.07(�0.11)�104 M–1$s–1, 1.36(�0.06)�
106 M–1$s–1, 2.62(�0.17)�107 M–1$s–1, 9.69(�0.08)�103 M–1$s–1, and 4.28(�0.07)�
105 M–1$s–1, respectively; furthermore, the second-order rate constants for �OH reaction with 5-FU
and CAP at pH 7 were determined to be 1.85(�0.20)�109 M–1

$s–1 and 9.95(�0.26)�109 M–1
$s–1,

respectively. Density functional theory was used to predict the main ozone reaction sites of 5-FU
(olefin) and CAP (olefin and deprotonated secondary amine), and these mechanisms were supported by
the identified transformation products. Carboxylic acids constituted a majority of the residual organic
matter for 5-FU ozonation; however, carboxylic acids and aldehydes were important components of
the residual organic matter generated by CAP. Ozone removed the toxicity of 5-FU to Vibrio fischeri,
but the residual toxicity of ozonated CAP solutions exhibited an initial increase before subsequent
removal. Ultimately, these results suggest that ozone is a suitable technology for treatment of 5-FU and
CAP, although the residual toxicity of transformation products must be carefully considered.
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1 Introduction

Anticancer drugs (ADs) are extensively used in che-
motherapy treatments for cancer patients to inhibit the
malignant proliferation of cancer cells through cytostatic,
cytotoxic, and antineoplastic mechanisms. Like most
pharmaceuticals, ADs tend to enter the environment
through the feces and urine of patients (Heath et al.,
2016). The main sources are municipal wastewater,
hospitals/clinics, pharmaceutical industries, and solid
waste disposal sites (Zhang et al., 2013). As society
ages, the incidence of cancer continues to increase
(National Cancer Institute, 2018), leading to more
consumption of ADs and causing pseudo-persistence of
these compounds in select environments (Kümmerer et al.,
2016;Deanna, 2018). Due to the carcinogenic, teratogenic,
and mutagenic properties, ADs represent a potential risk to
both ecological systems and human health (Besse et al.,
2012; Li et al., 2016).
The most commonly used antimetabolite AD, 5-

fluorouracil (5-FU), and its prodrug (i.e., the inactive
compound that is metabolized into 5-FU), capecitabine
(CAP), inhibit thymidylate synthetase and improperly
replace pyrimidine bases to impede cell metabolism
(Straub, 2009). The physicochemical properties of 5-FU
and CAP are shown in Table S1 of the Supporting
Information (SI). Because of their extensive usage (Besse
et al., 2012; Kümmerer et al., 2016) and incomplete
metabolism (i.e., 85% for 5-FU and 70% for CAP)
(Oldenkamp et al., 2013), these two compounds have been
detected in raw and treated wastewater. For example, 5-FU
concentrations in hospital wastewater were< 8.6–
123.5 mg/L in Austria (Mahnik et al., 2004; Mahnik
et al., 2007),< 5–27 ng/L in Switzerland (Tauxe-Wuersch
et al., 2006; Kovalova, 2009), and 35–92 ng/L in Slovenia
(Kosjek et al., 2013). In raw wastewater from municipal
wastewater treatment plants (WWTPs), 5-FU was reported
at concentrations of 4.7–14 ng/L (Kosjek et al., 2013).
Similarly, CAP has been reported at 0.4–1.3 mg/L in
hospital wastewater (Gómez-Canela et al., 2014; Ferre-
Aracil et al., 2016), 5.6–72.6 ng/L in WWTP influent
(Negreira et al., 2013; Negreira et al., 2014), and 5.1–
36.0 ng/L in WWTP effluent (Negreira et al., 2014). CAP
concentrations of up to 20 ng/L have also been reported in
surface water (Azuma et al., 2015).
The environmental occurrence of 5-FU and CAP raises

serious concerns for ecological health. For example, 5-FU
exhibits chronic toxicity to primary consumers in the
aquatic food web, including Ceriodaphnia dubia (EC50=
3.35 µg/L) (Parrella et al., 2014) and Pseudomonas putida
(EC50= 27 µg/L) (Zounková et al., 2007). Interestingly,
mixtures containing 5-FU and β-lactam antibiotics have
demonstrated synergistic effects on growth inhibition of
Escherichia coli, Proteus vulgaris, and Pseudomonas
aeruginosa (Ueda et al., 1983). CAP, which is excreted
with its active metabolite (i.e., 5-FU), also inhibits the

growth of Selenastrum capricornutum algae (EC50=
2.0 mg/L) (Guo et al., 2015). Based on their environmental
occurrence, increasing consumption trends, and potent
pharmacological/toxicological activity, 5-FU and CAP
have been identified as priority contaminants (Besse
et al., 2012; Booker et al., 2014).
Previous studies have investigated the degradation of

these important ADs in natural and engineered systems.
Despite partial 5-FU transformation by solar photolysis, no
change in biodegradability or toxicity was observed (Lin et
al., 2013; Lutterbeck et al., 2016). Slow reaction kinetics
have been reported for hydrolysis and biodegradation of
CAP (Franquet-Griell et al., 2017). For these reasons, the
overall removal efficiency of 5-FU and CAP is low in
conventional WWTPs (Franquet-Griell et al., 2015).
Recent work has, therefore, focused on treatment of 5-
FU or other recalcitrant micropollutants using advanced
processes, such as UV irradiation (Miolo et al., 2011;
Gómez-Canela et al., 2017), UV/H2O2 advanced oxidation
(Liu et al., 2018; Yin et al., 2018; Zhang et al., 2018),
photocatalytic oxidation (Lin and Lin, 2014), Fenton
reactions (Qian et al., 2014; Governo et al., 2017), and
chlorination (Li et al., 2015). UV irradiation has also been
explored for CAP (Kosjek et al., 2013); however, the
aquatic toxicity increased during treatment, indicating the
formation of potent transformation products (Guo et al.,
2015). These results suggest that other reaction mechan-
isms are needed to safely remove the toxicity associated
with ADs and their degradation products.
The reaction kinetics, mechanisms, and pathways of 5-

FU and CAP have been understudied for ozonation, which
has been successfully used to treat other micropollutants
(Hopkins and Blaney, 2014; Bui et al., 2016; Hopkins
et al., 2017) and chemotherapy agents (Blaney et al.,
2019). We posit that the specificity of ozone reactions
coupled to the general reactivity of �OH can reduce the
toxicity of water/wastewater containing ADs. In fact, a
previous study indicated that ozone treatment removed the
toxicity of 5-FU as measured by the Ames test (Rey et al.,
1999). Other researchers demonstrated significant degra-
dation of 5-FU (Lin et al., 2015) and CAP (Nielsen et al.,
2013; Ferre-Aracil et al., 2016) in hospital wastewater by
ozone. While these studies suggest the feasibility for
effective ozone treatment of 5-FU, CAP, and the
corresponding toxicity, detailed reaction kinetics, mechan-
isms, and pathways have not been reported. Such
information is critical to the design of treatment systems
for hospitals, WWTPs, and drinking water treatment
plants.
The objectives of this study were as follows: 1) to

determine the specific reaction kinetics of 5-FU and CAP
with ozone and �OH, which are produced during ozone
decomposition; 2) to elucidate the ozone and �OH reaction
mechanisms for 5-FU and CAP during ozonation and
confirm the identity of transformation products using
theory, kinetics data, and quantum chemical calculations;
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3) to examine the composition of residual organic carbon
derived from 5-FU and CAP degradation; and, 4) to
evaluate the toxicity of ozonated solutions using Vibrio
fischeri and the Toxicity Estimation Software Tool (TEST).
The aggregate results of this study comprehensively
describe the degradation of 5-FU and CAP during
ozonation and provide the fundamental data needed to
effectively remove these priority ADs in both drinking
water and wastewater.

2 Materials and methods

2.1 Ozonation experiments

An overview of the chemicals and reagents is provided in
Text S1 of the SI. All ozonation experiments were
performed at room temperature (27°C�1°C) in a semi-
batch reactor with constant water volume (250 mL) and
continuous gas flow (Fig. S1 in the SI). The ozone/oxygen
mixed gas stream was produced by an ozone generator
(OL80F/DST, Ozone Services, Canada). Ozone detectors
(IDEAL-2000, Ideal, USA) were used to measure gaseous
ozone concentrations in the influent and effluent lines. The
gas flow rate was maintained at 250 mL/min using a mass
flow controller (D08-1/ZM, Sevenstar Electronics, China).
Most experiments were performed using an inlet ozone gas
concentration of 8 g/m3, and these conditions achieved
dynamic equilibrium at an aqueous ozone concentration of
approximately 4.5 mg/L within 4 min. To maintain the pH,
10 mM sodium phosphate buffer was added to the solution.
Water samples were collected at predetermined times, and
10 mM sodium thiosulfate (approximately 100�the
aqueous ozone concentration) was immediately added to
each sample to quench residual ozone and �OH. To
characterize residual organic matter composition, multiple
experiments (for specific ozonation times) were run to
obtain the large volume samples needed for analysis of
carboxylic acids, aldehydes, and total organic carbon
(TOC). All experiments were performed in triplicate and
data are reported as mean�standard deviation.

2.2 Determination of reaction rate constants

The apparent second-order rate constants of 5-FU (pH 5–
11) and CAP (pH 5–10) with aqueous ozone were
measured by competition kinetics (Hopkins and Blaney,
2014) using the setup described above. To scavenge
hydroxyl radicals and isolate reactions with ozone, 30 mM
t-BuOH was added to the solution. SMX was used as the
competing species due to the availability of species-
specific second-order rate constants. The rate constants of
the cationic, neutral, and anionic SMX species with ozone
are 1.71�105, 3.24�105, and 4.18�105 M–1$s–1, respec-
tively; note that the acid dissociation constants are 10–1.8

(Ka1) and 10–5.6 (Ka2) (Beltrán et al., 2009). With this
information, the apparent rate constant for SMX reaction
with ozone was calculated. For reaction kinetics of CAP
with aqueous ozone in pH 5–7, phenol (i.e., k}O3,phenol

=

1.3�104 M–1$s–1, k}O3,phenolate
= 1.4�109 M–1$s–1; pKa= 9.9)

(Deborde et al., 2005) was used as the competing species.
The reaction rate constants of 5-FU and CAP with �OH

were measured at room temperature (27°C�1°C) and pH 7
(10 mM phosphate buffer) through competition kinetics.
Experiments were performed using the UV/H2O2 system,
which produced �OH upon irradiation of an 80 mM H2O2

solution with 2.6 W UV light centered at 320�2 nm (half-
band width, 12�2 nm). The second-order rate constant of
the competing species, pCBA, with �OH (k}�OH,pCBA) is
5�109 M–1$s–1 at pH 7 (Buxton et al., 1988). The initial
concentrations of pCBA and the ADs were set to 25 mM.
To quench reactions in the UV/H2O2 system, 30 mM
sodium thiosulfate was added to samples. All reaction
kinetics experiments (i.e., ozone and �OH) were performed
in triplicate, and 95% confidence intervals/bands were
computed using OriginPro (OriginLab Corp., USA).
The second-order rate constants for 5-FU and CAP

reaction with �OH were calculated using Eq. (1) (Jin et al.,
2012).

k}�OH,AD ¼
k
0
AD – k

0
d,AD

E
0
with H2O2

E
0
no H2O2

 !

k
0
pCBA – k

0
d,pCBA

E
0
with H2O2

E
0
no H2O2

 ! k}�OH,pCBA: (1)

In Eq. (1), k}�OH,AD and k}�OH,pCBA are the second-order
rate constants for reaction of an AD and pCBAwith �OH,
respectively, k

0
AD and k

0
pCBA are the observed pseudo-first-

order rate constants for degradation of an AD and pCBA in
the UV/H2O2 system, respectively, k

0
d,AD and k

0
d,pCBA are

pseudo-first-order rate constants for direct photolysis of an
AD and pCBA, respectively, E

0
with H2O2

is the average

irradiance in solutions containing H2O2, and E
0
no H2O2

is
the average irradiance in solutions without H2O2.
To distinguish the contributions of aqueous ozone and

�OH to the overall transformation of ADs, �OH exposure

(!½�OH� dt) was calculated with Eq. (2) (Lee et al., 2014).

!
t

0
½�OH� dt ¼ –

1

k}�OH,pCBA
ln

½pCBA�t
½pCBA�0

� �
: (2)

In Eq. (2), ½pCBA�0 and ½pCBA�t are the molar pCBA
concentrations at time 0 and t, respectively. To prevent
major changes in Rct (Elovitz et al., 2000), which is the
ratio of �OH exposure to O3 exposure, the initial
concentration of pCBA (2.5 mM) was an order of
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magnitude lower than that of the ADs (50 mM).
Experiments were performed at inlet ozone gas concentra-
tions of 2, 8, and 13 g/m3.

2.3 Analytical procedures

Concentrations of 5-FU, CAP, SMX, phenol, pCBA, and
organic acids were measured by HPLC-UV (Prominence,
Shimadzu, Japan). The pCBA probe was measured by
HPLC (Ultimate 3000, Dionex, USA) with electrospray
ionization tandem mass spectrometry (API3200, AB
Sciex, USA). A hybrid quadrupole time-of-flight mass
spectrometer (XEVOG2 QTOF,Waters, USA) was used to
obtain the accurate mass of transformation products. The
detailed information is provided in Text S2 and Table S2 of
the SI. Aldehydes were derivatized using DNPH to form
hydrazone compounds, extracted into methylene dichlor-
ide, and analyzed by HPLC-UV. The method details are
available in Table S2 of the SI. TOC was measured with a
TOC analyzer (TOC-VCPH, Shimadzu, Japan) (Zhao et
al., 2017).

2.4 Quantum chemical calculations

Gaussian 09 software was employed for density functional
theory calculations on 5-FU and CAP. The conformation
optimization and frequency calculation of all molecules
and corresponding ions were performed using B3LYP
hybrid functional analysis with the 6-311++G (d,p) basis
set (Blicharska and Kupka, 2002; Mohamed et al., 2017).
The polarizable continuum model with the integral
equation formalism variant was used to calculate solvent
effects. To inform initiation reactions of aqueous ozone
and hydroxyl radicals with protonated/deprotonated 5-FU
and CAP, the Fukui function was employed. It can reflect
the change of electron density in different regions, so as to
evaluate the reaction reactivity (Fu et al., 2014). Fukui
function contour maps were visualized in the Gaussview
software after conversion of the results with Multiwfn.

2.5 Assessment and estimation of toxicity

The luminescent bacterium V. fischeri has been used to
measure toxicity of chemical contaminants and whole
wastewater solutions easily, quickly, and reliably (Yu et al.,
2014). Using standard protocols (ISO11348-2007), V.
fischeri was employed to evaluate the acute toxicity of
ozonated AD solutions. Luminescence was measured by
photodetector (BHP9511, Hamamatsu Photonics, China)
for 15-min contact times. Furthermore, TEST (version
4.2.1) was used to predict the acute toxicity of CAP and its
transformation products on Daphnia magna by the
consensus method, averaging the predicted toxicities
from QSAR methodologies.

3 Results and discussion

3.1 Reaction kinetics of 5-FU and CAP

3.1.1 Ozone kinetics

Ozone reaction with 5-FU and CAP followed second-order
kinetics as indicated by the competition kinetics data in
Fig. S2 of the SI. To determine the specific reaction
kinetics between ozone and protonated/deprotonated ADs,
the apparent second-order rate constants for 5-FU and CAP
reaction with ozone (k}O3,app) were measured for pH 5–11
and pH 5–10, respectively. These pH ranges were selected
to account for 5-FU (pKa1= 7.2; pKa2= 12.0) (MarvinS-
ketch, 2018) and CAP (pKa= 8.8) (Kosjek and Heath,
2011) speciation. Figure 1 shows that the experimental
values of k}O3,AD,app varied with pH. The k}O3,5-FU,app value
increased from 6.64�104 M–1$s–1 at pH 5 to 3.72�106

M–1$s–1 at pH 11. Similarly, k}O3,CAP,app increased from
7.32�103 M–1$s–1 at pH 5 to 3.76�105 M–1$s–1 at pH 10.
Ozone preferentially reacts with electron-rich moieties;
therefore, the increase in k}O3,AD,app likely stems from the
deprotonation of the secondary amines in 5-FU and CAP
(Sonntag et al., 2012). The k}O3,5-FU,app values were
evaluated using the additive model shown in Eq. (3).

k}O3,5-FU,app ¼ α5-FU,0 k}O3,5-FU,0 þ α5-FU,1 k}O3,5-FU,1

þα5-FU,2 k}O3,5-FU,2: (3)

In Eq. (3), α5-FU,i and k}O3,5-FU,i represent the ionization
factors and specific second-order rate constants of the
protonated and deprotonated 5-FU species; note that the 0,
1, and 2 labels indicate the fully protonated, singly
deprotonated, and doubly deprotonated 5-FU species,
respectively. The ionization factors are defined in Eqs.
(4)–(6).

α5-FU,0 ¼
1

1þ 10ðpH – pKa1Þ þ 10ð2pH – pKa1 – pKa2Þ , (4)

α5-FU,1 ¼
1

1þ 10ðpKa1 – pHÞ þ 10ðpH – pKa2Þ , (5)

α5-FU,2 ¼
1

1þ 10ðpKa1þpKa2 – 2pHÞ þ 10ðpKa2 – pHÞ : (6)

A similar strategy was used to model k}O3,CAP,app (Eqs.
(7)–(9)).

k}O3,CAP,app ¼ αCAP,0 k}O3,CAP,0 þ αCAP,1 k}O3,CAP,1, (7)

αCAP,0 ¼
1

1þ 10ðpH – pKaÞ , (8)
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αCAP,1 ¼
1

1þ 10ðpKa – pHÞ , (9)

The apparent second-order rate constants and pKa values
for 5-FU were used in conjunction with Eqs. (3)–(6) to
solve for the following specific second-order rate con-
stants: k}O3,5-FU,0, 7.07(�0.11)�104 M–1$s–1; k}O3,5-FU,1, 1.36

(�0.06)�106 M–1$s–1; and, k}O3,5-FU,2, 2.62(�0.17)�107

M–1$s–1. Similarly, the specific second-order rate constants
were determined for ozone reaction with the protonated
(k}O3,CAP,0 = 9.69(�0.08)�103 M–1$s–1) and deprotonated

(k}O3,CAP,1 = 4.28(�0.07)�105 M–1$s–1) CAP species. The
rate constants of the neutral and singly deprotonated 5-FU
species are the same magnitude as previously reported
values for structurally-similar thymine (Theruvathu et al.,
2001). In addition, the rate constant of deprotonated 5-
chlorouracil (i.e., 1.3�106 M–1$s–1) was consistent with the
monovalent 5-FU anion (Theruvathu et al., 2001). These
specific rate constants were used with Eqs. (3) and (7),
solution pH, and the pKa values to construct the model
curves for k}O3,AD,app of 5-FU and CAP in Fig. 1. The
additive kinetics model demonstrated a good fit to
experimental data. Ultimately, 5-FU and CAP rapidly
reacted with aqueous ozone at environmental pH,
suggesting that ozone-based processes may be a viable
solution for treating these ADs in water and wastewater.

3.1.2 Hydroxyl radical kinetics

The observed degradation of 5-FU, CAP, and pCBA in the
UVand UV/H2O2 systems is shown as a function of time in
Fig. S3 of the SI. A summary of the pseudo-first-order rate
constants and the ratios of E

0
with H2O2

to E
0
no H2O2

for the 5-

FU and CAP experiments is provided in Table S3 of the SI.
Using Eq. (1) and the information in Table S3 of the SI, the
apparent second-order rate constants for �OH reaction with
5-FU and CAP at pH 7 were calculated to be 1.85
(�0.20)�109 M–1$s–1 and 9.95(�0.26)�109 M–1$s–1,
respectively. As expected, these values are similar to rate
constants for �OH reaction with other pharmaceuticals
(Elovitz et al., 2008), reflecting the nonselective reaction
mechanisms of �OH.

3.1.3 Contribution of ozone and hydroxyl radicals to AD
transformation

To determine the relative importance of the ozone and
hydroxyl radical transformation pathways for 5-FU and
CAP, experiments were conducted using pCBA as a �OH
probe. The change in 5-FU and CAP concentration is
shown as a function of time in Fig. 2(a). Experimental
results indicated that both 5-FU and CAP quickly degraded
during ozonation; furthermore, 5-FU was transformed
more quickly than CAP, as expected from the kinetic
parameters reported above.
In the semi-batch reactor with constant water volume,

the integrated mass balance on an AD is described by
Eq. (10).

ln
½AD�t
½AD�0

� �
¼ k}O3,AD,app !

t

0
½O3� dt

þ k}�OH,AD,app !
t

0
½�OH� dt: (10)

The contribution of hydroxyl radicals (f�OH) to the
overall AD degradation can be expressed as Eq. (11).

f�OH ¼
k}�OH,AD,app !

t

0
½�OH� dt

k}O3,AD,app !
t

0
½O3� dt þ k}�OH,AD,app !

t

0
½�OH� dt

:

(11)

Eq. (11) can be modified through substitution of Eqs. (2)
and (10), leading to Eq. (12).

f�OH ¼
k}�OH,AD,app ln

½pCBA�0
½pCBA�t

� �

k}�OH,pCBA,app ln
½AD�0
½AD�t

� � : (12)

The f�OH values determined for 5-FU and CAP at
different inlet ozone gas concentrations are reported in
Fig. 2(b). No obvious trends in the f�OH values for 5-FU or
CAP were apparent, suggesting that the inlet ozone gas
concentration had no effect on the relative contributions of
ozone and �OH on AD transformation. For 5-FU, the f�OH
values were below 0.07, whereas the f�OH values for CAP
ranged from 0.28 to 0.60. These results indicate that direct

Fig. 1 Apparent second-order rate constants at 27°C�1°C for
the reaction of aqueous ozone with 5-FU and CAP as a function of
solution pH. The solid curves stem from Eq. (3) (5-FU) and (7)
(CAP), and the dashed curves are 95% confidence bands.
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oxidation by ozone dominates the degradation kinetics for
5-FU; however, �OHmechanisms play an important role in
CAP oxidation. For environmental pH, direct ozone
oxidation serves as a major transformation mechanism
for both compounds, and these results suggest that ozone-
based processes show potential to successfully treat 5-FU
and CAP in water and wastewater.

3.2 Transformation products and proposed mechanisms

3.2.1 Prediction of reaction sites

The Fukui function has been used to predict the reactive
sites for various contaminants (Bao et al., 2018).
Generally, sites with a larger Fukui value are considered
more susceptible to reaction compared to other regions of
the molecule. Using the finite difference approximation,
the Fukui function can be unambiguously calculated for
different situations (e.g., electrophilic attack, f –, and
radical attack, f 0). The Fukui contours of the protonated
and deprotonated 5-FU and CAP species were visualized
to identify the most likely sites for ozone and �OH reaction.
In this case, the f – and f 0 values were associated with the
reactivity of a particular site with ozone and �OH,
respectively. The f – contour maps for the 5-FU neutral
species (5-FU), monovalent anion (5-FU–), and divalent
anion (5-FU2–) reported in Figs. 3(a), 3(c), and 3(e) suggest
that the olefin group (1C = 3C) is the main reaction site for
ozone. The 5N nitrogen atom was also indicated as a
possible ozone attack site; however, no transformation
products associated with such reactions were confirmed
(see the following section). Considering the similarity of
the Fukui contours, the prominent difference in ozone
reactivity with 5-FU (k}O3,5-FU,0 = 7.07(�0.11)�104

M–1$s–1), 5-FU– (k}O3,5-FU,1 = 1.36(�0.06)�106 M–1$s–1),

and 5-FU2– (k}O3,5-FU,2 = 2.62(�0.17)�107 M–1$s–1) likely

stems from changes to the electron density of the ring,
which includes the 1C = 3C olefin and the secondary
amines, due to deprotonation reactions (Flyunt et al.,
2002). Note that the atomic numbering system is shown in
Fig. S4 of the SI. The 7O atom was also identified as a
potential site for ozone reaction with 5-FU; however, no
transformation products from the present study or previous

Fig. 2 (a) Normalized 5-FU and CAP concentrations as a function of ozonation time and (b) the contribution of hydroxyl radicals (f�OH)
to transformation of 5-FU and CAP as a function of the overall 5-FU or CAP transformation for different inlet ozone gas concentrations (i.
e., 2, 8, and 13 g O3/m

3). The experimental conditions were as follows: temperature, 27°C�1°C; pH, 7 (10 mM phosphate buffer); initial
pCBA concentration, 2.5 mM; and, initial AD concentration, 50 mM.

Fig. 3 Fukui contour maps with isovalue of 0.01 for the
following: (a) f – for 5-FU; (b) f 0 for 5-FU; (c) f – for 5-FU–; (d)
f 0 for 5-FU–; (e) f – for 5-FU2–; and, (f) f 0 for 5-FU2–. The Fukui
function parameters f – and f 0 correspond to electrophilic O3 attack
and �OH attack, respectively.
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reports (Kosjek et al., 2013; Zhang et al., 2015) indicated
ozone attack at this location, and the expected kinetics of
ozone attack at the keto group are slow (Flyunt et al.,
2002). Regardless of the 5-FU protonation state, the
predicted reaction sites for �OH were focused on the olefin
group (1C = 3C), as indicated in Figs. 3(b) (5-FU), 3(d) (5-
FU–), and 3(f) (5-FU2–).
The f – contours for the neutral CAP species shown in

Fig. 4(a) suggest that ozone attacks the olefin group (1C =
2C). For the monovalent anion (CAP–), the 27N secondary
amine, which serves as the acid dissociation site of CAP,
was identified as the preferred location for ozone attack
due to the high f – value (Fig. 4(c)). The large difference
between the second-order rate constants for ozone reaction
with CAP (k}O3,CAP,0 = 9.69(�0.08)�103 M–1$s–1) and

CAP– (k}O3,CAP,1 = 4.28(�0.07)�105 M–1$s–1) further sug-
gests high ozone reactivity with the secondary amine. As
above, the potential for ozone attack at the 8O keto group
was not supported by experimental reaction kinetics or
identified transformation products. For CAP, the expected
�OH reaction sites were primarily associated with the
heterocyclic ring (Fig. 4(b)), whereas the main reaction
sites for CAP– included the heterocycle and the deproto-
nated secondary amine (Fig. 4(d)).

3.2.2 Transformation products, mechanisms, and pathways

QTOF-MS was employed for the detection and identifica-
tion of transformation products generated during ozonation
of 5-FU and CAP. Molecular structures of the transforma-
tion products were proposed using the detected mass-to-
charge ratios of the parent and fragment ions. Two
transformation products were detected for 5-FU, and six

products were observed for CAP (see Table S4 in the SI).
For each AD, transformation products were labeled as
“TP-” followed by the mass-to-charge ratio of the ion.
These results, along with the reaction kinetics and Fukui
predictions, were used to propose transformation pathways
for ozonation of 5-FU (Fig. 5(a)) and CAP (Fig. 5(b)).
The identification of TP-195 and TP-159 reinforces the

f – Fukui predictions that the initial ozone attack on 5-FU,
5-FU–, and 5-FU2– occurs at the olefin group. Ozone
reactions with olefins are well understood to follow the
Criegee mechanism (Sonntag et al., 2012). As a strong
electrophile, ozone reacts with the double bond to form the
Criegee intermediate (Reaction 1 in Fig. 5(a)). The
resulting ring is unstable and opens to form a zwitterion
(Reaction 2). The zwitterion can react with the adjacent
secondary amine and undergo defluorination to form TP-
159 (Reaction 4). The hydrated zwitterion (Reaction 3),
TP-195, can also form TP-159 through dehydration and
defluorination (Reaction 5). For advanced oxidation,
defluorination has been reported to involve substitution
by hydrogen and hydroxyl groups (Wei et al., 2013). Based
on observed transformation product mass-to-charge ratios,
hydrogen substitution is proposed as the primary mechan-
ism. Similar reactions (Reactions 1–5) have been reported
for ozonation of thymine and thymidine (Flyunt et al.,
2002). The f 0 Fukui values predicted �OH attack at the
olefin, but transformation products containing hydroxy-
lated rings were not observed. This result may be attributed
to the low (less than 7%) contribution of �OH to 5-FU
transformation kinetics.
For CAP, four distinct reaction pathways were observed.

The first pathway (Reactions 6–9 in Fig. 5(b)) is supported
by the f – values for CAP– and identification of TP-245 and
TP-203. In this case, ozone reacts with the free pair of

Fig. 4 Fukui contour maps with isovalue of 0.01 for the following parameters: (a) f – for CAP; (b) f 0 for CAP; (c) f – for CAP–; and,
(d) f 0 for CAP–. The Fukui parameters f – and f 0 correspond to electrophilic O3 attack and �OH attack, respectively.
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electrons on the deprotonated secondary amine (Reaction
6). The resulting molecule is unstable and undergoes
heterolytic cleavage of the ozone adduct to form an amine
radical cation and an ozonide radical anion (Reaction 7).
Subsequent decomposition reactions of the amine radical
cation, similar to those reported for aliphatic amines
(Sonntag et al., 2012), generate TP-245 (Reaction 8).
Hydrolysis of TP-245 forms TP-203 (Reaction 9).
The f – Fukui values of CAP and identification of TP-390

provide strong evidence for the second pathway (Reactions
10–13), which involves ozone attack at the olefin group
(Reaction 10) followed by Criegee cleavage (Reaction 11).
The loss of the hydroperoxide moiety produces TP-390
(Reaction 13) (Tekle-Röttering et al., 2016). The third
pathway (Reactions 14–15) results in formation of TP-229
(Reaction 14) through cleavage of the C-N bond at the
alkyl moiety, a mechanism that was previously reported for
ozonation of fluoxetine (Zhao et al., 2017). Further
reactions of TP-229 with �OH lead to hydroxylation of
the olefin and generate TP-247 (Reaction 15) (Jin et al.,
2017). The fourth reaction pathway involves �OH-
mediated reactions at the protonated (neutral) amine of

CAP. Unlike the third pathway, the amine moiety is
retained by the molecule and TP-244 is formed (Reaction
16). The low reactivity of ozone with diazepam, phenytoin,
and primidone support the proposed mechanism (Sonntag
et al., 2012). Furthermore, �OH reactions were also
identified at the amide bond during photocatalytic oxida-
tion of 5-FU (Lin and Lin, 2014). The measured
transformation products, Fukui analysis, and reaction
mechanisms support CAP degradation in ozone-based
processes at the olefin and secondary amine sites.

3.3 Characterization of other transformation products

Carboxylic acids and aldehydes have been frequently
detected during ozone treatment and can impact the extent
of contaminant mineralization (Chang et al., 2014). During
degradation of 5-FU at pH 7, four carboxylic acids (i.e.,
formic acid, maleic acid, oxalic acid, and pyruvic acid) and
formaldehyde were detected (Fig. 6(a)). The maximum
concentrations of formic acid and maleic acid were
observed after 2 min of ozonation and steadily declined
following additional treatment. Similar production and

Fig. 6 Carboxylic acid and aldehyde concentrations during ozonation of (a) 5-FU and (b) CAP; fractional TOC contributions from ADs
and other species for ozonation of (c) 5-FU and (d) CAP. The experimental conditions were as follows: inlet ozone gas concentration, 8 g
O3/m

3; temperature, 27°C�1°C; pH, 7 (10 mM phosphate buffer); and, initial concentration of parent compound, 50 mM. Acetone-DNPH
and acrolein-DNPH had the same retention time and could not be separated. The color of the legend entries for (a) and (b) are also used in
(c) and (d). The TOC removal for these experiments is plotted in Fig. S5 of the SI.
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degradation trends for maleic acid were previously
reported for ozone reaction at olefin moieties (Leitzke
and Sonntag, 2009; Zhao et al., 2017). The concentration
of oxalic acid rapidly increased during the first 4 min of
ozonation and then continued to rise throughout the 60 min
experiment but at a slower rate. The accumulation of oxalic
acid likely stemmed from degradation of long-chain
carboxylic acids, such as maleic acid, and the slow
reaction of oxalic acid with ozone (k}O3,app< 0.04M–1$s–1 at
pH>5) (Faria et al., 2008). The pyruvic acid concentration
slowly increased during the first 10 min of treatment and
then demonstrated dynamic equilibrium for the next 50
min. Compared with the carboxylic acids, the concentra-
tion of formaldehyde was low (Fig. 6(a)). Formaldehyde is
one of the most common byproducts in ozone systems, and
aldehyde-based byproducts can be further oxidized (Chang
et al., 2014). This behavior may explain the sharp increase
and decrease in formaldehyde concentrations during 5-FU
ozonation.
Three carboxylic acids (i.e., formic acid, oxalic acid, and

pyruvic acid) and eight aldehydes (i.e., acetaldehyde,
acetone/acrolein, butyraldehyde, formaldehyde, hexanal,
isovaleraldehyde, propionaldehyde, and valeraldehyde)
were detected during ozonation of CAP at pH 7 (Fig. 6
(b)). Unlike 5-FU ozonation, maleic acid was not produced
from ozonation of CAP, which may inform the different
trend in oxalic acid concentration. Even though the
concentration of aldehydes was low compared to car-
boxylic acids, aldehydes tend to be more toxic (Zhao et al.,
2017); therefore, the occurrence and fate of these species
are critical to ensuring successful treatment of 5-FU and
CAP. Ultimately, the generation of the various aldehydes
suggests complex pathways for CAP degradation.
Even though the parent compounds were mostly

transformed after 4 min of treatment at the 8 g O3/m
3

inlet ozone gas concentration (Fig. 2(a)), the extent of

mineralization was low for 5-FU (46%) and CAP (21%)
after 60 min of treatment (see Fig. S5 in the SI). For
ozonation of 5-FU, the contribution of carboxylic acids to
the overall TOC continually increased to 74% over 60 min
(Fig. 6(c)). Oxalic acid was the biggest contributor,
comprising 59% of the residual TOC after 60 min of
ozonation.
The trends in the composition of residual TOC differed

for CAP (Fig. 6(d)). The fraction of aldehydes increased
with ozonation. The contribution of carboxylic acids to the
residual TOC first decreased and then increased. After 60
min of treatment, the contributions of carboxylic acids and
aldehydes to TOC were 19% and 10%, respectively. The
fraction of carboxylic acids in the residual TOC is expected
to increase with further treatment due to low reactivity with
ozone (Valsania et al., 2012) and continued transformation
of aldehydes (Chang et al., 2014). The high fraction of
unknown products (71% after 60 min of ozonation) and
low mineralization demonstrate that, unlike 5-FU, CAP
was transformed into complex products rather than small
organic molecules.

3.4 Toxicity assessment

Ozonation can increase (Kuang et al., 2013) or decrease
(Zhao et al., 2017) the toxicity of solutions containing
pharmaceuticals. In some cases, the residual toxicity has
been found to first increase and then decrease with further
ozone exposure (Rosal et al., 2009; Gómez-Ramos et al.,
2011; Cruz-Alcalde et al., 2017). In this study, the 15-min
acute toxicity of partially treated solutions was assessed by
luminescence inhibition of V. fischeri (Fig. 7(a)). For 5-FU,
the residual toxicity of treated solutions fluctuated around
4% between 0 and 40 min of ozonation and then decreased
to 1% after 60 min of ozone treatment. The TOC
composition indicated that 5-FU byproducts were mostly

Fig. 7 (a) 15-min luminescence inhibition of V. fischeri for ozonated 5-FU and CAP solutions; (b) predicted 48-h LC50 for D. magna of
CAP and its transformation products using the consensus method in the TEST software. Conditions for (a) were as follows: inlet ozone gas
concentration, 8 g O3/m

3; temperature, 27°C�1°C; pH, 7 (10 mM phosphate buffer); and, initial concentration of parent compound, 50
mM.
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carboxylic acids, which are not expected to demonstrate
toxicological activity. This scenario aligns with the
observations in Fig. 7(a).
The untreated CAP solution exerted low toxicity on V.

fischeri in agreement with previously reported data
(Straub, 2009). Although CAP was rapidly transformed
within 4 min (Fig. 2(a)), Fig. 7(a) indicates a considerable
increase in toxicity for 0–20 min of ozonation. Similar
findings were observed during UV irradiation of CAP
(Guo et al., 2015). To further assess this residual toxicity
pattern, the 48-h LC50 values of D. magna for CAP and its
transformation products were predicted and classified
(Chen et al., 2017) by the consensus method using the
TEST software (Fig. 7(b)). The predicted toxicity to D.
magna for most of the transformation products was lower
than that of CAP. TP-247 and TP-390 were exceptions,
potentially highlighting the role of these products in the
increased residual toxicity observed for 0–20 min in Fig. 7
(a). The subsequent reduction of toxicity shows the
detoxication of transformation products by ozonation;
however, the luminescence inhibition of V. fischeri after 60
min of treatment (5%) is still higher than the initial
condition (0.6%). These data suggest that toxic transfor-
mation products and aldehydes remain even after intensive
ozone treatment (Zhao et al., 2017). To decrease the
residual toxicity associated with these products, additional
ozonation or an advanced oxidation polishing step, such as
adding H2O2 to produce �OH from the ozone residual, can
be employed. Ultimately, these results indicate that ozone-
based treatment provides rapid and effective treatment of
5-FU, but the transformation products of CAP need to be
carefully evaluated to ensure removal of the associated
toxicity.

4 Conclusions

The apparent reaction kinetics were measured for ozona-
tion of 5-FU and CAP at pH 5–11. Furthermore, the
specific second-order rate constants were determined for
the reaction of aqueous ozone with 5-FU and CAP species,
and these parameters varied across three orders of
magnitude for 5-FU and two orders of magnitude for
CAP. The reactivity increased for deprotonated 5-FU and
CAP species. Like other pharmaceuticals, the apparent
second-order rate constants for �OH reaction with 5-FU
and CAP at pH 7 were on the order of 109 M–1$s–1. While
both ozone and �OH contributed to transformation of the
ADs, ozone was the dominant mechanism for 5-FU and
CAP. Quantum chemistry calculations suggested ozone
attacks the olefin group in 5-FU and the olefin and
deprotonated secondary amine in CAP. The transformation
products and proposed reaction pathways supported these
reaction mechanisms. The residual organic matter compo-
sition suggested that production of carboxylic acids during
5-FU transformation reduced the extent of mineralization.

Ozonation of CAP generated aldehydes that comprised an
important component of the residual organic matter.
Ultimately, ozone was an effective method to treat 5-FU
because the residual toxicity decreased with treatment;
however, the residual toxicity of solutions containing CAP
initially increased, suggesting the need for careful design
of ozone reactors to ensure the removal of toxicity
associated with transformation products.
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