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Abstract
The removal of imidacloprid (IMI) from water by ozonation (O3) and photo-ozonation (O3/UV) was comparatively studied,
paying particular attention to the kinetics, matrix effect, and mechanistic aspects of the processes. The IMI removal by O3 was
considerably enhanced at alkaline pHs, leading to almost complete removal under 20 min with a pseudo-first-order rate constant
of 0.2374 min−1 at pH 8.25. Three different matrices, Milli-Q water, full-scale vacuum rotating membrane bioreactor plant
effluent (VRMBR WW), and laboratory-scale instantaneous fed-batch reactor bioreactor effluent (Bio WW) spiked with IMI,
were tested. The ozonation, coupled with UV, improved IMI removal remarkably regardless of the wastewater matrix, and there
occurred a six times decrease in ozonation time requirement for 99% IMI elimination at pH 7.25. The IMI degradation mech-
anism proved that IMI is an ozone-resistant pollutant and is mainly degraded by OH• via an indirect mechanism. The second-
order rate constants for IMI degradation with OH• were calculated as 2.23 × 1011 and 9.08 × 1011 M−1 s−1 for the O3 alone and
O3/UV processes, respectively. The IMI degradation pathway analysis showed that IMI lost NO2, HNO2, and then Cl

− from its
structure, and the O3/UV process yielded fewer by-products than O3.
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Introduction

The removal of thousands of different micropollutants present
in wastewater effluents has received increased attention in
recent years due to their potential risk to the aquatic environ-
ment and human health (Vatankhah et al. 2019, Liu et al.
2020). Since the conventional urban wastewater treatment
plants (UWWTPs) are not specifically designed for the re-
moval of these pollutants, their occurrence in the treated ef-
fluents and, in turn, in the receivingwater bodies has become a
widespread problem. Although the regulat ion of
micropollutants in UWWTP effluents is still under discussion
at the European level (Rizzo et al. 2018), Switzerland and

Germany (only in two federal states) are implementing ad-
vanced treatments for the removal of micropollutants from
UWWTP effluents (Cerreta et al. 2019).

The European List of Priority Substances that was defined
by the Water Framework Directive (2000/60/EC) was revised
in 2013, and 12 new substances and groups of substances
were added to the existing list of 33 priority substances
(Directive 2013/39/EU). Later, in the year 2018, European
Commission published a list of 17 potential water pollutants
(known as “2nd Watch List”) that should be carefully moni-
tored by the EUMember States to determine the risk they pose
to the aquatic environment (Loos et al. 2018). One of the
micropollutants that are included in this watch list is the pes-
ticide imidacloprid (IMI) (1-((6-chloro-3-pyridinyl) methyl)-
N-nitro-2-imidazolidinimine (C9H10ClN5O2)) with a wide-
spread occurrence in the EU waters. IMI is one of the major
neonicotinoids used for pest control (Dani et al. 2019) and
known to pose a particular threat to the environment due to
its high solubility (0.58 g L−1), and high persistence in surface
waters (Rózsa et al. 2019).

Regarding the removal of IMI from wastewater, there are
several literature studies in which various processes, such as
adsorption (Mandal and Singh 2017), membrane filtration
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(Genç et al. 2017), photo-Fenton (Segura et al. 2008), electro-
Fenton process (Zhao et al. 2018), photocatalysis (Malato
et al. 2002; Kanwal et al. 2018), ozonation (Cernigoj et al.
2007; Bourgin et al. 2011; Chen et al. 2018), electrocatalytic
oxidation (Zhang et al. 2020), and cavitation (Raut-Jadhav
et al. 2013), were investigated. However, among these pro-
cesses, ozonation (O3), as one of the favorable advanced ox-
idation processes (AOPs), has been considered in very few
studies (Reynolds et al. 1989; Oller et al. 2011). Bourgin
et al. (2011) studied the degradation of IMI by O3 and focused
only on the sole ozonation, but not catalytic ozonation. The
study showed that the IMI degradation is a first-order reaction
with respect to ozone. The ozonation by-products were
identified, and a degradation pathway was proposed. In
another recent study, Chen et al. (2018) also studied the use
of sole ozone for IMI degradation and investigated the effect
of pH on oxidation kinetics. They indicated that the degrada-
tion reaction is pseudo-first-order, and the rate is minimum at
pH 6.02. They further reported that the increase in pH from
6.02 to 8.66 causes a 4.1 times increase in the reaction rate.
Despite this interest, no one, to the best of our knowledge,
investigated the elimination of IMI from waters by the
photo-ozonation process (O3/UV). This work aimed to fill in
the existing gap in the literature by providing a comprehensive
work on the removal of IMI from waters by O3 and O3/UV
processes in a comparative manner and by presenting the pos-
sible reaction pathway of IMI degradation, as well. We con-
sidered the O3 and O3/UV processes due to several reasons.
First of all, O3 process is a simple, easy to control, clean, and
reliable process. Compared to the other treatment processes, it
can be easily incorporated into existing and new WWTPs
(Schmitt et al. 2020). Moreover, it provides a chemical-free
means of removing micropollutants with high efficiency
(Prieto-Rodríguez et al. 2013; Schmitt et al. 2020). Further,
the addition of UV irradiation increases the mineralization of
recalcitrant organic compounds (Rajah et al. 2019). In this
respect, in the present study, laboratory-scale semi-batch tests
were conducted to enlighten the effect of different operational
parameters such as pH, ozone dose, and initial IMI concentra-
tion ([IMI0]) as well as water matrix on the IMI degradation
and its kinetics.

Materials and methods

Chemicals

The analytical grade standard of IMI (99.9%) was purchased
from Dr. Ehrenstorfer GmbH (Augsburg, Germany). DPD-
free chlorine reagent powder pillows (for 25-mL sample) were
obtained from Hach. Potassium iodide (≥ 99% purity), potas-
sium iodate (≥ 99.7% purity), sodium thiosulfate pentahydrate
(≥ 99.5% purity), starch (iso reagent), tert-butanol (≥ 99.5%

purity), sulfuric acid (95–98% purity), potassium dihydrogen
phosphate (≥ 99.5% purity), dipotassium hydrogen phosphate
(≥ 98% purity), and acetonitrile (gradient grade for liquid
chromatography, ≥ 99.9% purity) were purchased from
Merck (Darmstadt, Germany). P-Chlorobenzoic acid
(pCBA, ≥ 99% purity) was obtained from Sigma-Aldrich
(Germany). Milli-Q (type 1) water and pure water (type 3)
were prepared using Merck Millipore Milli-Q A10 ultra-pure
water purification system (Darmstadt, Germany) and RiOs
Essential 16 water purification system (Darmstadt,
Germany), respectively.

IMI and IMI concentrations studied

IMI (CAS number of 138261-41-3) is an insecticide that be-
longs to the neonicotinoid pesticide group (Fig. 1). It is widely
used during the production of sugar beet, grape, apple, pear,
and tomato. IMI occurs as colorless crystals that are highly
soluble in water (0.61 g L−1). It has a low octanol-water coef-
ficient (log Kow) of 0.52 at 21 °C and pH 7 (Tomlin 2006).
Therefore, IMI can easily reach to water bodies (Jeschke et al.
2010).

During the measurement of IMI at HPLC, LoD was found
as 5 μg L−1, which is much higher than the concentrations
observed in the watercourses. So, to be able to measure the
concentration of IMI after treatment, it was deemed necessary
to work with some higher initial concentrations as such, pos-
sibly to give 5 μg L−1 final concentration with at least 95%
removal. In this way, it would be possible to follow the deg-
radation kinetics, as well as the by-product formation.
Additionally, possible higher IMI concentrations to be en-
countered in IMI formulating and manufacturing plants’
wastewaters were also taken into consideration while deter-
mining the [IMI0] to study. Thus, the [IMI0] between 100 and
1000 μg L−1 was studied.

Wastewater samples

During the experiments, three types of water samples, namely,
Milli-Q water and two different secondarily treated urban
wastewaters, were used. The former is the ultra-pure water
obtained from a Milli-Q water system (Millipore) with a spe-
cific resistance of 18.2 MΩ cm. Milli-Q water was used as a
control to figure out ozone decomposition factors by eliminat-
ing the matrix effect of wastewater and perform a parametric

Fig. 1 Molecular structure of IMI
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study. This Milli-Q water was spiked with the desired IMI
amounts before experimentations.

Two different secondarily treated urban wastewaters were
used to understand the matrix effect on the degradation of IMI
by O3 and O3/UV processes. One of these secondarily treated
wastewater effluents was collected from a full-scale Vacuum
Rotating Membrane Bioreactor plant (VRMBR), which is in
operation at METU Campus, Ankara. The wastewater sample
(COD= 19 mg L−1) was collected in a 30-L bottle and trans-
ferred to the laboratory straight away. The other wastewater
sample (Bio WW) (COD= 247 mg L−1) was obtained from a
laboratory-scale instantaneous fed-batch reactor (FBR) receiv-
ing IMI (as spiked) in its influent. This BioWWwas produced
during the study by Kocaman (2019), who operated a lab-
scale FBR seeded with activated sludge taken from the waste-
water treatment plant of Ankara and acclimated to IMI. After
acclimation, various concentrations of IMI were spiked to the
reactor and treated biologically. Both the Bio WW and
VRMBR samples collected in polyethylene bottles were fil-
tered through a 0.45-μm Millipore membrane filters via a
vacuum filtration unit within 24 h after sampling. After filtra-
tion, treated wastewater was poured into 2.5-L amber glass
bottles that were previously washed with Alconox and rinsed
thoroughly with tap water, pure water, and Milli-Q water,
respectively, and then stored in a refrigerator at + 4 °C in the
dark. The filtration was applied to remove impurities, which
may cause clogging of the HPLC column and avert inaccurate
measurements during the analysis of samples. The filtered
VRMBR sample was spiked with IMI at desired concentra-
tions before experimentations.

Experimental setup

In the experiments, the laboratory-scale O3 and O3/UV sys-
tems that are composed of an ozone generator, O3, or O3/UV
cylindrical borosilicate glass reactors (volume 1 L) and gas
washing bottle were used. Ozone was produced from the air
using an ozone generator (WEDECO OCS-Modular 4 HC -
AirSep AS 12) supplying a maximum ozone production rate
of 4 g h−1 at 0.5 bar. Concentration and flowrate of the output
ozone gas can be adjusted between 0 to 200 mg L−1 and 10 to
140 L h−1, respectively. The ozone was continuously bubbled
at a set gas flow rate through a fritted spherical glass diffuser
from the bottom of the reactor. The gas washing bottle that
contains 500 mL of 2% KI solution 2 N H2SO4 was placed to
determine the amount of escaped ozone from the reactor.
DuringO3/UV treatment, the reactor was stirred by amagnetic
stirrer and the temperature was maintained at 24 ± 0.1 °C by
circulating water through the cooling jacket of the reactor. In
the case of the O3/UV application, a 10-W UV lamp with a
monochromatic emission at a wavelength of 254 nm was
placed into a quartz tube that was immersed vertically at the

center of the reactor. The average UV light intensity was mea-
sured as 12.2 × 10−3 μEinstein cm−2 s−1.

Experiments

Experimental conditions implemented during the O3 and O3/
UV experiments are presented in Table 1. As seen, throughout
the experiments, the temperature and the ozone flowrate were
kept at 24 ± 1 °C and 30 L h−1, respectively, while the [IMI]0,
ozone dose, and pH were varied. The aimed pHs were adjust-
ed with the use of a phosphate buffer solution. The pH range
was selected as 6.25 to 8.25, considering the pH range applied
by Chen et al. (2018). The deviation of pH between the aimed
and the measured values was less than ± 0.1 unit. The effects
of operational parameters (pH, [IMI]0, and ozone dose) on the
IMI removal by O3 were searched through the experiment sets
of 1 to 8. The effect of the water matrix on the degradation of
IMI by O3 (experiment set no: 8, 9, and 10) and O3/UV (ex-
periment set no: 11, 12, and 13) was investigated using three
different water samples as described in the “Wastewater sam-
ples” section.

To understand if the mechanism of IMI degradation is di-
rect or indirect, tert-butanol (TBA) which is a well-known
OH• scavenger (Hoigne and Bader 1983) was spiked into
the Milli-Q water at concentrations of 100 and 200 mM to
inhibit OH• reactions during O3 and O3/UV experiments (ex-
periment set no: 14 and 15), respectively. Since UV irradiation
enhances OH• production, to inhibit OH• adequately, more
TBA was added during O3/UV experiments. Further, in order
to evaluate indirect reaction kinetics of IMI with OH•, a ref-
erence compound of p-chlorobenzoic acid (pCBA) at a con-
centration of 5 μM was spiked into the Milli-Q water during
the O3 and O3/UV experiments (experiment set no: 16 and 17,
respectively).

Throughout the experiments, ozonated samples (10 mL)
were collected at different treatment times from 0 to
180 min, with appropriate intervals allowing to observe not
only IMI degradation but also production and removal of deg-
radation by-products, if any. Each sample was urgently
quenched with N2 gas for 5 min to stop the further reaction
between IMI and ozone before the HPLC analysis. Also, an
additional sample of 5 mLwas withdrawn from the reactor for
the measurement of dissolved ozone and pH.

Ozonation reactions and kinetics

The O3 decomposition occurs with chain reactions, including
initiation, propagation, and termination steps (Staehelin and
Hoigne 1982). Ozone decomposition starts with the attack of
OH− to ozone and this rate-determining step leads to the for-
mation of one superoxide radical ion (O2

−•) and one
hydroperoxyl radical HO2• (Eq. 1). The second equation rep-
resents the regeneration of O2

−• since HO2• is in acid-base
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equilibrium with O2
−• (Staehelin and Hoigne 1982).

O3 þ OH−→k1 HO2• þ O2−• k1

¼ 70 M−1s−1 ð1Þ
HO2•  !k2 Hþ þ O2−• k2

¼ 10−4:8 ð2Þ

The propagation step includes ozonide anion (O3
−•) pro-

duction by the attack of ozone to O2
−•. Further reactions con-

stitute OH• (Eqs. 3–7) (Staehelin and Hoigne 1982).

O3 þ O2−• →
k3 O3−• þ O2 k3

¼ 1:6� 109 M−1s−1 ð3Þ
Hþ

þ O3−•  !k4 HO3 k4

¼ 5:2 1010 M−1s−1 ð4Þ

HO3 →k5 HO• þ O2 k5

¼ 1:1� 105 s−1 ð5Þ

HO•

þ O3 →
k6 HO4 k6

¼ 2:0� 109 M−1s−1 ð6Þ

HO4 →k7 HO2 þ O2 k7

¼ 2:8� 104 s−1 ð7Þ

Several organic and inorganic compounds react with OH•
to form secondary radicals which do not further form super-
oxide radicals such as HO2• and O2

−• (Eq. 8 and Eq. 9)
(Staehelin and Hoigne 1982). These compounds are generally
named as scavengers or inhibitors since they inhibit ozone
decay and, in turn, radical production. Another possibility
for scavenging radicals can be the reaction of two radicals
(Eq. 10).

Table 1 Experimental conditions

Set
no.

Water
matrix

pH Temperature
(°C)

Initial IMI
(μg L−1)

O3 dose
(mg h−1)

O3 flowrate
(L h−1)

UV light
(10 W)

TBA
(mM)

pCBA
(5 μM)

Effect of operational parameters (O3)

1 Milli-Q 6.20 ± 0.1 24 ± 1 500 1200 30 No No No

2 Milli-Q 7.25 ± 0.1 24 ± 1 500 1200 30 No No No

3 Milli-Q 8.25 ± 0.1 24 ± 1 500 1200 30 No No No

4 Milli-Q 7.25 ± 0.1 24 ± 1 500 600 30 No No No

5 Milli-Q 7.25 ± 0.1 24 ± 1 500 1200 30 No No No

6 Milli-Q 7.25 ± 0.1 24 ± 1 500 1800 30 No No No

7 Milli-Q 7.25 ± 0.1 24 ± 1 100 1200 30 No No No

8 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 No No No

Effect of water matrix (O3)

8 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 No No No

9 VRMBR
WW

7.25 ± 0.1 24 ± 1 1000 1200 30 No No No

10 Bio WW 7.25 ± 0.1 24 ± 1 332 1200 30 No No No

Effect of water matrix (O3/UV)

11 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 Yes No No

12 VRMBR
WW

7.25 ± 0.1 24 ± 1 1000 1200 30 Yes No No

13 Bio WW 7.25 ± 0.1 24 ± 1 332 1200 30 Yes No No

Mechanism of degradation (O3)

14 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 No 100 No

Mechanism of degradation (O3/UV)

15 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 Yes 200 No

Second-order kinetics study

16 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 No No Yes

17 Milli-Q 7.25 ± 0.1 24 ± 1 1000 1200 30 Yes No Yes
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HO•þ CO32− →k8 OH− þ CO3−• k8

¼ 4:2� 108 s−1 ð8Þ
HO•þ HCO3−• →

k9 OH−þ HCO3• k9

¼ 1:5� 107 s−1 ð9Þ
HO•þ HO2• →k10 O2 þ H2O k10

¼ 3:7� 1010 s−1 ð10Þ

The ozonation reaction kinetics is second-order since both
O3 and OH• oxidize the IMI. The overall reaction kinetics can
be described as follows:

−
d IMI½ �

dt
¼ kOH•−IMI IMI½ � OH•½ � þ kO3−IMI IMI½ � O3½ � ð11Þ

where [IMI] is the concentration of IMI, [OH•] is the concen-
tration of OH•, [O3] is the concentration of O3, kOH•-IMI is the
second-order rate constant of OH•with IMI, and kO3-IMI is the
second-order rate constant of O3 with IMI.

During ozonation experiments, ozone was excessively sup-
plied into the systemwith respect to IMI concentration. So, the
reaction rate of ozonation mainly depended on the concentra-
tion of IMI. The ozonation reactions followed pseudo-first-
order kinetics, which was also supported by the linear plot
with a high R2 value obtained by plotting the -ln(C/C0) vs
the time graph. The direct ozonation of IMI was exhibited
pseudo-first-order reaction, as follows:

−
d IMI½ �

dt
¼ kapp IMI½ � ð12Þ

where [IMI] is the concentration of IMI and kapp is the appar-
ent pseudo-first-order rate constant (kapp = kOH•-IMI +
kO3-IMI).

Analytical methods

The analysis of IMI and its degradation by-products was per-
formed via an Agilent 1200 high-performance liquid chroma-
tography (HPLC) system equipped with a UV detector and a
ZORBAX Rapid Resolution Eclipse Plus C18 column (4.6 ×
100 mm, 3.5 μm). The IMI detection was performed at
270 nm. The mobile phase flow rate, column oven tempera-
ture, and injection volume were 0.5 mL min−1, 30 °C, and
20 μL, respectively. The elution was performed under the
following gradient conditions, where A is the acetonitrile
and B is the Milli-Q water: t = 0 min, A–B (20:80, v/v); t =
0.1 min, A–B (20:80, v/v); t = 4.0 min, A–B (50:50, v/v); t =
7.0 min, A–B (20:80, v/v); t = 10 min, A–B (20:80, v/v). The
limit of detection (LoD) and limit of quantification (LoQ)
were calculated as 5 and 16.9 μg L−1, respectively. Data

acquisition and processing were performed with the
Chemstation software.

The possible degradation by-products were analyzed by an
AGILENT 6460 LC/MS/MS Triple Quadrupole System
(ESI+Agilent Jet Stream) operated in the multiple reaction
monitoring (MRM) mode with dynamic time segment acqui-
sition windows coupled with AGILENT 1200 Series HPLC
equipped with Poroshell 120 SB-C18 (3 × 100 mm, 1.2 μm)
column. The mobile phase flow rate, column oven tempera-
ture, and injection volume were 0.3 mL min−1, 65 °C, and
1 μL, respectively. The mobile phase was composed of 5%
water and 95% acetonitrile. The mass spectrometer was oper-
ated in positive ion ESI mode, using the capillary voltage
400 V, sheat gas flow 9 mL min−1, nozzle voltage 1500 V,
sheat gas temperature 300 °C, and nitrogen as desolvation/
nebulization gas generated by Nitrogen generator
UHPLCMS 30. Data acquisition and processing were per-
formed with the AGILENT G3793AA, Mass Hunter
Optimizer software.

Detection of pCBAwas performed by Agilent 1200 HPLC
with a ZORBAX Rapid Resolution Eclipse Plus C18 column
(4.6 × 100 mm, 3.5 μm) using 60% methanol and 40% Milli-
Qwater (adjusted to pH 2 using 10mMH3PO4) at 1 mLmin−1

flowrate and UV detection at 240 nm. The column oven tem-
perature and injection volume were 30 °C and 100 μL, respec-
tively. The LoD was 5 μg L−1.

The dissolved ozone concentration in the reactor was mea-
sured spectrophotometrically via the Hach method 10069.
The ozone escaped from the reactor was captured in a gas
washing bottle and measured using the iodine method
(Rackness et al. 1996). The pH was measured with a Hach
HQ40D portable multimeter (Hach, USA). The average UV
light intensity was measured using the iodide–iodate (KI/
KIO3) actinometer method (Bolton et al. 2011).

Results and discussion

Effect of pH, ozone dose, and [IMI]0 on IMI removal by
ozonation

Figure 2 a, b, c, and d show the effects of pH, [IMI]0, ozone
dose, and applied ozone amount on the IMI removal, respec-
tively. In general, the degradation immediately started as the
ozone was introduced into the system. There occurred two
phases of IMI disappearance: a rapid decrease in IMI, follow-
ed by a gradual decline.

As seen from Fig. 2a, the solution pH was an important
operational parameter, and the highest removal efficiency was
achieved at pH 8.25, whereas the lowest was at pH 6.20.
During the first 30 min of the ozonation, IMI removal effi-
ciencies were 69%, 95%, and 99% at pH 6.20, 7.25, and 8.25,
respectively. Furthermore, 60 min and 20 min were enough to
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reach 99% (<LoD) disappearance of IMI at pHs 7.25 and
8.25, respectively, while at least 120-min ozonation was re-
quired for the same degree of IMI degradation at pH 6.20.

The kinetic analysis showed that the IMI removal by O3

follows pseudo-first-order kinetics. The apparent rate con-
stants calculated (Fig. 2a) proved that the degradation of IMI
was much slower at pH 6.20 compared to other pHs. Indeed, it
was found that the increase of the solution pH from 6.20 to
7.25 caused 2.2 times to increase in the IMI disappearance
rate. When pH was 8.25, it was also obtained that the kinetic
rate constant was more than doubled at even one-unit increase
in the pH scale. The IMI disappearance rate at basic pH is
almost 5.4 times faster than at acidic pH. This observation
could be attributed to the role of OH• during the initiation

reaction (Eq. 1) and chain reaction, which produces radicals,
as stated by Staehelin and Hoigne (1982). As the concentra-
tion of OH• gets higher in alkaline solution, more radicals that
also have a high oxidizing capacity are produced. Therefore,
as the pH gets higher, IMI removal efficiency increases due to
degradation by both ozone and radicals. On the other hand, at
acidic pHs, the rate of ozone decomposition and radical for-
mation are very slow, so the degradation of IMI was mainly by
ozone itself. Similar results have also been reported by Chen
et al. (2018). They reported that the lowest IMI ozonation rate
was observed at pH 6.02, and the increase in pH from 6.02 to
8.66 increases the rate almost 4.1 times. Similar results were
reported by Cernigoj et al. (2007) for the Thiacloprid removal
by ozonation. Thiacloprid is one of the pesticides that belongs
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to a neonicotinoid chemical group like IMI. In their study, the
disappearance rate of Thiacloprid increased almost 8 times
when pH was increased from 5.50 to 11.0. Another ozonation
study conducted to degrade two pesticides (Bromoxynil and
Trifluralin) by Chelme-Ayala et al. (2010) also revealed sim-
ilar results. For example, at pH 2, 98% of Bromoxynil and
50% of Trifluralin were degraded within 2 and 5 min of ozon-
ation, respectively, also indicating that Trifluralin is highly
robust to ozone attack since direct reaction dominates at acidic
pH. Trifluralin has high electronegativity since it contains 3
fluorine which eventually results in resistance toward ozone
during the ozonation process. Moreover, IMI showed similar-
ity to Trifluralin in terms of electronegativity since IMI has a
chloro-pyridine ring, which is known as a highly electroneg-
ative moiety. Therefore, it can be said that at acidic pHs, the
removal of ozone-resistant chemicals is less efficient since the
degradation mainly depends on the direct reaction mecha-
nism. On the other hand, at pH 7, although the degradation
rate of both Bromoxynil and Trifluralin increased, degradation
rate differences were more noticeable for Trifluralin (Chelme-
Ayala et al. 2010). Indeed, the disappearance of IMI also
showed significant improvement even at a one-unit change
in the pH scale. As the ozone-resistant chemicals are generally
found to be highly removable at alkaline conditions, it can be
safe to state that IMI is highly removed at alkaline conditions.

Regarding the effect of the [IMI]0 on the reaction kinetics,
nearly 95%, 98%, and 95% IMI disappearance were observed
for 100, 500, and 1000 μg L−1 [IMI]0, respectively, after 40-
min ozonation (Fig. 2b). The apparent rate constant at pH 7.25
was calculated as 0.0820, 0.0956, and 0.0729 min−1 for the
[IMI]0 of 100, 500, and 1000μg L

−1, respectively, the average
being 0.0835 min−1. This rate constant is similar to the rate
constant reported by Chavez et al. (2019) for the ozonation of
12 micropollutants. Slightly different rate constants observed
with different [IMI]0 were thought to originate from the ozon-
ation of by-products. It should be noted that as the [IMI]0
increases, the concentration of degradation by-products also
increases. It is well-known that besides micropollutants, deg-
radation by-products may consume available ozone, as well.
So, available ozone was used for both IMI and its by-products
degradation. Therefore, during ozonation experiments of
1000 μg L−1 IMI, there was a pronounced decrease in the rate
constant with respect to other concentrations.

Besides pH and [IMI]0, the ozone dose strongly af-
fected the IMI removal rate. As seen from Fig. 2c, the
IMI disappearance rate increased with the increase in
ozone dose. The increase in the ozone dose from 600
to 1200 mg h−1 provided a pronounced increase in the
reaction rate constant. As the ozone dose was doubled
(from 600 to 1200 mg h−1), the reaction rate also dou-
bled from 0.0471 to 0.0956 min−1. It confirms previous
results reported by Bourgin et al. (2011), where an in-
crease in rate constants with increasing ozone dose was

found. The rate constants were calculated as 0.036,
0.071, and 0.129 min−1 when the applied ozone concen-
trations were 25, 50, and 100 g m−3, respectively. On
the other hand, the increase of ozone dose from 1200 to
1800 mg h−1 did not significantly affect the reaction
rate since it increased from 0.0956 to 0.1148 min−1

(Fig. 2c). It is worth to mention here that these results
could be an indication of a rate-limiting step of the
initiation reaction (Eq. 1). Since IMI disappearance
mainly depends on the OH• formation, rate-limiting step
may have caused to less OH• production and hence less
increase in rate kinetics when ozone dose increased
from 1200 to 1800 mg h−1 as compared to ozone dose
increased from 600 to 1200 mg h−1. So, the obtained
kinetic rates showed that the increase in the ozone dose
caused the overall enhancement of the reaction rate.
Although the reaction rate was proportionally increased
up to 1200 mg h−1 ozone dose, after that point, the
same correlation was not followed.

Figure 3 shows the variation of specific O3 consump-
tion by IMI as a function of the cumulative ozone
amount applied. The required ozone amount to remove
almost all IMI from the solution was observed to be
about 3.25 mg ozone per mg IMI removed. However,
specific O3 consumption was very rapid at 1800 mg h−1

O3 application rate. As shown, the IMI removal was
almost complete at the dose of 1800 mg h−1 in
40 min, whereas it was nearly 110 min at the dose of
600 mg h−1. As previously mentioned, the same amount
of ozone was applied to attain the same degree of IMI
removal at both 600 and 1200 mg h−1 ozone dose.
Nevertheless, 600 mg h−1 ozone dose required two
times longer degradation time than 1200 mg h−1 ozone
dose. Indeed, this could be considered as expected since
the increase in ozone dose provides faster removal of
IMI as the applied ozone amount was higher. However,
when 1200 and 1800 mg h−1 ozone doses were com-
pared, 1200 mg h−1 ozone dose required only 10 more
min to remove almost all of IMI. Although removing
99% of IMI by 1200 mg h−1 ozone dose takes a little
bit more time, the applied ozone amount was lower than
the one for 1800 mg h−1 ozone dose. Hence, this proves
that after some point, increasing the ozone dose did not
affect the removal efficiency dramatically. The reason
for this observation may lie behind the values of reac-
tion rate constants during the production of OH•. The
rate constant for the initiation reaction between O3 and
OH− (Eq. 1) was determined as 70 M−1 s−1 by Staehelin
and Hoigne (1982). On the contrary, following radical
propagation reactions rate constants are at least five or-
ders of magnitude larger than for Eq. 1. Although ozone
dose was increased from 1200 to 1800 mg h−1, the OH•
formation was not increased proportionally since the

24541Environ Sci Pollut Res (2021) 28:24535–24551



initiation reaction (Eq. 1) is the rate-limiting step.
Therefore, the removal of IMI did not enhance propor-
tionally as the ozone dose increased from 1200 to
1800 mg h−1. Therefore, 1200 mg h−1 ozone dose
seems to be more appropriate to apply in practice.

O3 versus O3/UV

Since the single ozonation process required long treatment
time for IMI degradation, it was considered necessary to apply
UV irradiation to enhance IMI removal. The improvement of
treatment efficiencies by coupling ozone with UV irradiation
was proved for micropollutant removal (Cernigoj et al. 2007)
and wastewater treatment studies, as well (Lucas et al. 2010).
In this part, the results obtained from the O3/UV experiments
are provided and discussed in the light of similar literature
studies to have a deeper understanding of the photo-
ozonation of IMI.With this target, the effect of the wastewater
matrix on IMI degradation during the O3/UV process and
reaction kinetics were given comparatively with the ozonation
process. Possible by-products’ production pathway was also
demonstrated and discussed explicitly in the following
sections.

Effect of water matrix

The effectiveness of ozone oxidation depends on both
micropollutant reaction with ozone and ozone consumption
by water matrix (Gardoni et al. 2012). Indeed, the water ma-
trix strongly affects the removal efficiency of micropollutants,
especially O3 resistant ones (Acero andVonGunten 2001). To
the best of our knowledge, no literature study investigated IMI
removal in different water matrices. Yet, the water matrix
effect on micropollutant degradation has been widely investi-
gated for pharmaceuticals and other pesticides. Benitez et al.

(2009) investigated several pharmaceuticals (metoprolol,
naproxen, amoxicillin, and phenacetin) removal in different
water matrices such as groundwater, reservoir water, and 3
different wastewater effluents obtained by municipal treat-
ment plants of Alcala, Badajoz, and Mostoles in Spain.
Almost complete disappearance of phenacetin was observed
at groundwater and reservoir water at 3 mg L−1 ozone dose.
On the other hand, at most 50% phenacetin removal was ob-
served in all wastewaters at the same ozone dose. Moreover,
they also noted that as the COD and TOC of wastewaters
increases, the removal efficiency decreases. In accordance,
Antoniou et al. (2013) investigated the removal of 42 pharma-
ceuticals in 6 different wastewater matrices. All the
micropollutants in the wastewater, which has high COD
(90 mg L−1) and alkalinity values (250 mg HCO3

− L−1) were
removed up to 50%. Besides, higher removal rates (50–100%)
were observed in the wastewaters that have relatively lower
COD values, such as 30 mg L−1.

Figure 4 shows the time-dependent IMI degradation by the
O3/UV process, compared with O3, in different water matri-
ces, namely, Milli-Q water, VRMBR WW, and Bio WW.
When the results obtained for different water matrices with
the application of O3 only are examined it can be seen that
the disappearance of IMI in Milli-Q water started even at the
very beginning of ozonation. In addition, among these water
matrices, the fastest IMI disappearance was observed in Milli-
Q water, as expected. On the other hand, the remarkable dif-
ference between Milli-Q water and real wastewaters was a
delay in the degradation of IMI in real wastewaters.
Wastewaters contain organic constituents such as proteins,
carbohydrates, and humic acids and inorganic matters like
carbonate and bicarbonate ions which are known as major
oxidant consumers since they consume dissolved O3

(Phattarapattamawong et al. 2017; Gomes et al. 2017).
Moreover, the presence of these compounds causes radicals

Fig. 3 Specific ozone
consumption by IMI at different
ozone application rates (Milli-Q
Water, [IMI]0 = 500 μg L−1, O3

flowrate = 30 L h−1, pH = 7.25 ±
0.1, T = 24 ± 1 °C)
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scavenging since they also deplete the available OH• (Ribeiro
et al. 2015). Chloride which might exist in the wastewater
samples, is a possible OH• scavenger (Oktem et al. 2019)
too. Fijołek and Nawrocki (2018) indicated that chloride even
at the concentration of 3.22 mM, which is well above the
typical domestic wastewater chloride content (11.3 mM)
(Henze 1992) totally blocks ozone decomposition. However,
the presence of phosphates in the wastewater samples may
overcome the inhibiting effect of chlorides, as reported by
Fijołek and Nawrocki (2018). Therefore, this might be the
reason for not observing the complete blockage of ozone de-
composition due to chloride in our case. As contrary to Fijołek
and Nawrocki (2018), Fernandes et al. (2020) reported en-
hanced paraben removal in the presence of Cl−, SO4

2-, and
HCO3

− and indicated controversial results reported in the lit-
erature. They concluded that the reaction between hydroxyl
radicals with these ions produce other radicals that still have
high oxidizing potential and may have a higher affinity toward
some molecules.

As seen in Fig. 4, at the very beginning of ozonation, the
wastewaters consume available ozone and radicals, which
eventually caused a delay in the IMI disappearance as com-
pared to Milli-Q water. During the first 10 min of ozonation,
nearly 36%, 18%, and 10% of IMI were degraded for Milli-Q
water, VRMBR WW, and Bio WW, respectively. The higher
IMI removal, though slightly, from VRMBR WW than Bio
WW could be attributed to the lower COD of VRMBR WW
(19 mg L−1).

Another difference between these two real wastewater sam-
ples is that the IMI concentration of the BioWW (332 μg L−1)
is lower than that of VRMBR WW (1000 μg L−1). As
discussed above, an increase in the [IMI]0 increases the rate
of IMI oxidation. Since Bio WW has the least IMI concentra-
tion, 97.8% IMI disappearance was observed within almost
30 min. On the other hand, at least 70 and 90 min were

required for 99.5% disappearance in Milli-Q water and
VRMBRWW, respectively. Although these durations are ap-
proximate, the removal difference between Milli-Q water and
VRMBR WW matrices were apparent from the very begin-
ning to 50th min ozonation. As proved in our study (“Effect of
pH, ozone dose, and [IMI]0 on IMI removal by ozonation”
section), the impact of OH• on IMI disappearance is discern-
able. Indeed, the reason for disappearance differences might
be due to the presence of organics and inorganics in the waste-
waters that act as a radical scavenger (Nakada et al. 2007).

The abovementioned negative effect of the real wastewater
matrix was removed when UV is coupled with O3 (Fig. 4). As
seen from this figure, the removal of IMI from all studied
water matrices was greatly improved when UV was coupled
with ozonation. Indeed, the improvement was clearly seen
from the very beginning of the O3/UV process. For instance,
within the first 3 min of treatment, 87.4%, 78.9%, and 75.0%
of IMI were degraded in Milli-Q water, VRMBR WW, and
Bio WW, respectively. After a 10-min process, the removal
increased to 99.5% (<LoD), 99.0%, and 96.4%, respectively.
By that time, the fastest IMI disappearance was observed for
Milli-Q water, as expected, and VRMBRWW showed slight-
ly better removal than Bio WW.

At the end of 20 min of O3/UV application, IMI disappear-
ance (<LoD) was observed for all wastewater matrices.
Indeed, it was clearly seen that the wastewater matrices do
not significantly affect IMI removal since the removal rates
were very near throughout the process. Hence, it can be said
that IMI removal was enhanced by the addition of UV irradi-
ation regardless of the water matrix. Our findings are follow-
ing the results obtained byYao et al. (2018). They showed that
micropollutants removal from different matrices (surface wa-
ter, groundwater, and secondary effluent wastewater) were
improved regardless of the water matrices by O3/UV applica-
tion compared to single ozonation. The reason behind this

Fig. 4 Time course variation of
IMI concentration at different
water matrices. ([IMI]0 =
1000 μg L−1 for Milli-Q water
and VRMBR WW, [IMI]0 =
332 μg L−1 for Bio WW, UV
lamp = 10 W (where applicable),
O3 dose = 1200 mg h−1, O3

flowrate = 30 L h−1, pH = 7.25 ±
0.1, T = 24 ± 1 °C)
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incident could be that the ozone decomposition rate, in turn,
the production rate of OH• and other radicals were quite en-
hanced under UV irradiation, although wastewaters have OH•
scavenging capacity (Staehelin and Hoigne 1982).

Reaction kinetics

The kinetics of IMI degradation by the O3/UV process in
different water matrices was studied and compared with O3.
It was seen that the degradation kinetics of IMI followed
pseudo-first-order kinetics (Fig. 5).

In the O3/UV process, the apparent rate constants for water
matrices Milli-Q, VRMBRWW, and Bio WWwere calculat-
ed as 0.5768, 0.4833, and 0.4441 min−1, respectively. During
the O3/UV process, the rate constant for Milli-Q water was
slightly higher than those for the wastewater samples, as ex-
pected. On the other hand, as compared to O3 alone, O3/UV
process apparently increased the rate constants regardless of
water matrices. Indeed, the reaction rate constants of the O3/
UV process were 8.0, 8.7, and 4.6 times higher than those
obtained during ozonation in Milli-Q, VRMBR WW, and
Bio WW, respectively. The reason behind this remarkable
improvement at rate constants is most likely due to the OH•
and other radicals’ production, which was quite enhanced un-
der UV irradiation (Staehelin and Hoigne 1982). These find-
ings confirmed that IMI degradation kinetics strongly depend
on OH• in the solution. Furthermore, the idea that the O3/UV
process highly enhanced the degradation of ozone-resistant
micropollutants (Chen et al. 2016) was also proved in our
study.

Moreover, the indirect reaction rate constant of photo-
ozonation was investigated by a reference compound, namely
pCBA and competition kinetics method was used to deter-
mine the second-order rate constants for the reactions of IMI
with OH•, since the OH• cannot be measured directly during

ozonation and O3/UV processes. pCBA which is a well-
known reference compound is widely applied to measure
OH• indirectly. Also, the measurement of the probe com-
pound, pCBA, is rather easy since it can be easily detected
by HPLC. The pCBA reacts only OH• (kOH•-pCBA = 5 ×
109 M−1 s−1) and does not considerably react with other rad-
icals or O3 (kO3-pCBA = 0.15M−1 s−1) (Elovitz and vonGunten
1999). For that purpose, 5 μM pCBA was introduced into
Milli-Q water at pH 7.25 ± 0.1 in O3 and O3/UV processes.

The kinetics of IMI degradation by OH• can be described
as follows:

−
d IMI½ �

dt
¼ kOH•−IMI IMI½ � OH•½ � ð13Þ

where kOH•-IMI is the second-order rate constant of OH• with
IMI, [IMI] is the concentration of IMI, and [OH•] is the con-
centration of OH•.

The degradation kinetics of pCBA by OH• can be de-
scribed as

−
d pCBA½ �

dt
¼ kOH•−pCBA pCBA½ � OH•½ � ð14Þ

where kOH•-pCBA is the second-order rate constant of OH•with
pCBA, [pCBA] is the concentration of pCBA, and [OH•] is
the concentration of OH•.

The ratio of integration of Eq. 13 and Eq. 14 yields to
equation below:

ln
IMI½ �t
IMI½ �0 =

ln
pCBA½ �t
pCBA½ �0

¼ kOH•−IMI=kOH•−pCBA ð15Þ

The left-hand side of Eq. 15 is equal to the slope of the line
shown in Fig. 6. The constant kOH • − pCBAis given as 5 ×

Fig. 5 Reaction kinetics of IMI in
different water matrices.
([IMI]0 = 1000 μg L

−1 for Milli-Q
water and VRMBR WW,
[IMI]0 = 332 μg L

−1 for BioWW,
UV lamp = 10 W (where applica-
ble), O3 dose = 1200 mg h−1, O3

flowrate = 30 L h−1, pH = 7.25 ±
0.1, T = 24 °C ± 1 °C)
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109 M−1 s−1 (Elovitz and von Gunten 1999). For O3/UV ox-
idation, the ratio of kOH•-IMI/kOH•-pCBA is 18.162 M−1 s-1, and
hence, the second-order rate constant for IMI oxidation by
OH• (kOH•-IMI) is calculated as 9.08 × 1011 M−1 s−1. For ozon-
ation alone, the ratio of kOH•-IMI/kOH•-pCBA is 4.4657 M−1 s−1

and hence kOH•-IMI is 2.23 × 1011 M−1 s−1. So, kOH•-IMI in O3/
UV is much higher than O3. This could be another evidence
for that IMI is highly reactive toward OH• since the produc-
tion of OH• was boosted during the O3/UV process.

Chen et al. (2018) found the second-order rate constant for
OH• as 2.92 × 109 M−1 s−1 during the ozonation of IMI at
pH 6.97. The difference between the reaction rates found dur-
ing our study and the referenced study could be due to
different experimental conditions. Chen et al. (2018) investi-
gated batch ozonation of IMI and applied different pH values
than our study. Since the ozone was continuously supplied in
this study, the OH• could be much higher than the referenced
study. Furthermore, the effect of pH was pronounced, and it
highly affected the production of OH•. Since the pH in this
study (7.25 ± 0.1) was higher than the one in the referenced
study (6.97), the production of OH• could be higher in our
study.

Mechanism of IMI degradation

IMI could be oxidized by directly and/or indirectly during
ozonation. While the former one represents degradation by
the ozone alone process, the latter is for the degradation by
both ozone and radicals (Hoigne and Bader 1976). To find out
the IMI degradation mechanism, whether it is dominated by
direct or indirect mechanisms, Tert-butanol (TBA), which is a
well-known OH• scavenger, was added (100 mM) during
ozonation of IMI, as also suggested by Chen et al. (2016).
TBA is used since the rate of TBA oxidation with ozone is
very slow (kO3-TBA = 1 × 103 M−1 s−1), but it quickly reacts
with OH•. This shows that IMI is an ozone-resistant com-
pound. For the investigation of OH• contribution on the IMI

disappearance during ozonation, experiments were presented
with and without TBA. The ozone dose of 1200 mg h−1 was
applied to Milli-Q water with a spike of IMI at pH 7.25 ± 0.1,
and the results presented in Fig. 7 were obtained.

As depicted from Fig. 7, at all sampling times, the IMI
removal by the O3/OH• mechanism was better than that by
the O3 mechanism for both O3 and O3/UV processes. Indeed,
the difference was observed at the very beginning of the ozon-
ation, even at the 1st min. This could be explained by the fact
that OH•was simultaneously formed as the ozone is dissolved
in the aqueous solution, and IMI readily reacted with OH•.
These results indicated that OH• is the dominant oxidizing

Fig. 6 IMI vs pCBA (Milli-Q
water, [pCBA]0 = 5 μM, [IMI]0 =
1000 μg L−1, O3 dose =
1200 mg h−1, O3 flowrate =
30 L h−1, pH = 7.25 ± 0.1, T =
24 °C ± 1 °C
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Fig. 7 Time course variation of IMI concentration by O3 and O3/OH•,
i.e., with and without TBA addition, respectively, for a ozonation (Milli-
Q water, [TBA] = 100 mM (where appropriate), [IMI]0 = 1000 μg L−1,
O3 dose = 1200mg h−1, O3 flowrate = 30 L h−1, pH = 7.25 ± 0.1, T = 24 ±
1 °C) and b photo-ozonation (Milli-Q water, CTBA = 200 mM (where
appropriate), [IMI]0 = 1000 μg L−1, UV lamp = 10 W, O3 dose =
1200 mg h−1, O3 flowrate = 30 L h−1, pH = 7.25 ± 0.1, T = 24 ± 1 °C)
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species to degrade IMI, and the oxidation via indirect mecha-
nism by OH• was highly effective during ozonation.

Another reason for low degradation efficiency with TBA
addition (i.e., O3-only mechanism) could be due to the chem-
ical structure of IMI. As given previously (Fig. 1), IMI has two
primary moieties, including a chloro-pyridine ring and an
imidazolidine ring. The chloro-pyridine ring contains
nitrogen and chlorine atoms with high electronegativity,
which is not easily oxidized by electrophilic ozone. The
finding that IMI oxidation is mostly by indirect oxidation is
in agreement with the previous studies. Chen et al. (2018)
showed that the degradation of IMI by ozonation highly de-
pends on the concentration of OH•. Another study by Cruz-
Alcalde et al. (2017) indicated that a pesticide, namely
Acetamiprid (ACMP), which belongs in the same chemical
class (neonicotinoid) with IMI, is oxidized by OH• instead of
ozone during ozonation. They introduced 25 mM of TBA into
the reactor to investigate the degradation mechanism of
ACMP and showed that TBA addition almost blocked the
degradation of ACMP since its reaction rate with ozone was
extremely low. Indeed, the common feature of IMI and
ACMP is to contain chloro-pyridine ring in their chemical
structure. So, these findings confirm that when a pollutant
contains high electronegative moiety, it is mainly degraded
by OH• instead of ozone during ozonation.

Ozonation by-products of IMI

Ozonation may result in incomplete degradation of pesticide
molecules, and this may cause undesirable degradation by-
products formation (Ikehata and El-Din 2005). Therefore,
the possible IMI degradation pathway and the potential ozon-
ation by-products of IMI was investigated.

First of all, during the initial stages of the ozonation study,
two by-products (BP-1 and BP-2) were detected by HPLC.
These two by-products were named as By-product-1 (BP-1)
and By-product-2 (BP-2) since the exact chemical structures
were not known. Profiles of BP-1 and BP-2 with respect to
different ozone doses (600, 1200, and 1800 mg h−1) are pre-
sented in Fig. 8a and b, respectively. Although IMI was im-
mediately degraded from the first minute of ozonation, these
two by-products did not appear simultaneously.

As seen from Fig. 8a, in all ozone doses, BP-1 was ob-
served starting from the 5th min. It reached its maximum area
around 110 min for both 1200 and 1800 mg h−1 ozone doses,
whereas the plateau was not reached within 180 min for
600 mg h−1 ozone dose. To add more, during the ozonation
of BP-1, the areas obtained in the 1200 and 1800 mg h−1

ozone dose experiments were similar. This indicates that the
increase in ozone dose did not significantly affect the amount
formation of BP-1. On the contrary, the area of BP-1 at
600 mg h−1 ozone dose application was relatively smaller than
those of the other ozone doses. While IMI was degraded

below its LoD value (99% disappearance) within 110, 60,
and 50 min, for 600, 1200, and 1800 mg h−1 ozone doses,
respectively, BP-1 continued to present after 180-min ozona-
tion for the same ozone doses.

Similar to BP-1, BP-2 was also presented, starting from the
5th min (Fig. 8b). BP-2 reached to its maximum area sooner
but having a lower area than the BP-1. As the ozone doses
were increased, BP-2 reached to its maximum area faster and
started to lessen as proportional to ozone doses. BP-2 was
almost not detected after 150 min of ozonation for 1200 and
1800mg h−1 ozone doses. On the other hand, 180 min was not
enough to remove almost all of BP-2 for the 600mg h−1 ozone
dose.

It can be inferred from Fig. 8a and b that while 110, 60, and
50 min required to degrade 99% of IMI for 600, 1200, and
1800 mg h−1 ozone doses, respectively, more than 180 min
was required for the disappearance of BP-1 and BP-2.
Moreover, the greatest concern regarding the incomplete deg-
radation of by-products is due to the effect of these by-
products on the aquatic environment. Unfortunately, oxida-
tion by-products might be more toxic than the parent com-
pound (Rizzo 2011). Therefore, the toxicity of the treated
solution should also be taken into consideration, and it should
be further investigated. It should be pointed here that there
may be other by-products that are not detectable by HPLC.
Accordingly, a study concerning these other possible by-
products was conducted using LC-MS/MS at a constant ozone
dose.

For the by-products that could not be detected by HPLC,
the LC-MS/MS chromatograms of IMI ozonation in Milli-Q
water and VRMBR WW were obtained (Supplementary
Fig. 1–5). For all the samples, m/z 99 and 195 ions were
detected due to the presence of phosphate buffer in the
Milli-Q water. Another ion, m/z 239, was detected in all the
samples with an almost constant concentration, which may
show that this ion could have occurred due to impurities in
the samples. For this reason, these ions were neglected during
the evaluation of the IMI degradation pathway and produced
by-products.

An IMI degradation pathway was proposed based on the
fragmentation of m/z 256 in the LC-MS/MS (Supplementary
Fig. 1). As depicted from Fig. 9, IMI lost N2O and formedm/z
212 fragment ion. Similarly, due to the loss of HNO2 from
IMI, the fragment ion m/z 209 formed. The other way repre-
sents that IMI consecutively lost NO2 and Cl and the fragment
ions m/z 210 and m/z 175 formed, respectively. Although m/z
210 did not clearly occur in our fragmentation study, Bourgin
et al. (2011) showed this ion is a precursor of m/z 175.
Therefore, the m/z 210 ion is shown with the red dashed line
in Fig. 9.

In following the IMI degradation by O3 using LC-MS/MS,
the chromatograms belonging to 5-, 70-, and 180-min reaction
times were analyzed. Supplementary Fig. 2 and 3 present the
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Fig. 8 Time course variation of a
IMI and BP-1 and b IMI and BP-
2 at different ozone doses (Milli-
Q water, [IMI]0 = 500 μg L

−1, O3

flowrate = 30 L h−1, pH = 7.25 ±
0.1, T = 24 °C ± 1 °C)

Fig. 9 The proposed
fragmentation pathway for IMI
(dashed line represents the
precursor ion for m/z 175 forma-
tion as stated by Bourgin et al.
2011)

24547Environ Sci Pollut Res (2021) 28:24535–24551



chromatograms for Milli-Q water and VRMBR WW, respec-
tively. Based on these observations, the IMI degradation path-
way was proposed, as shown in Fig. 10. IMI (m/z 256) sig-
nificantly decreased after 70 min ozonation. After 180 min of
ozonation, IMI slightly occurred, which could correspond to
below LoD value in the HPLC. As IMI (m/z 256) degraded,
m/z 209 and m/z 253, increased in 70-min ozonation, but then
they decreased to some degree. Indeed, 180 min of ozonation
was not enough to remove these by-products. Moreover, m/z
270 was generated within the first 5 min of treatment; it grad-
ually decreased and eventually disappeared after 180 min of
ozonation (Supplementary Fig. 2).

Similar to Bourgin et al. (2011), the opening of the
imidazoline ring produced a by-product, which was detected
at m/z 230 during the ozonation of Milli-Q water. Indeed, IMI
lost C2H2 during the formation of m/z 230. Fragmentation of
m/z 230 yielded to m/z 186 and m/z 148. The fragment ion at
m/z 186 was obtained by loss of N2O, whereas the fragment
ion at m/z 148 was observed by the consecutive loss of N2O
and HCl similar to the referenced literature.

IMI (m/z 256) ozonation yielded to m/z 270. Carbonylated
forms of IMI could have resulted in the detection of m/z 270
ions, which were alsomentioned by Bourgin et al. (2011). The
three possible chemical structures for m/z 270 are given in
Fig. 10. On the other hand, different from the referenced
study, fragmentation of m/z 270 yielded m/z 253 ion by the

loss of NH3 in our study. Moreover, the dehydroxylated form
of IMI, which was also proposed by the referenced study,
gives the fragment ion at m/z 288. The three possible chemical
structures for m/z 288 are given in Fig. 10. Bourgin et al.
(2011) stated that before the carbonylated and dehydroxylated
forms of IMI were produced, monohydroxylation of IMI was
detected with an ion at m/z 272. It is worth noting that, unlike
Bourgin et al. (2011), m/z 272 ion was not detected in our
study. The reason could be a quick transformation of m/z 272
into m/z 270 and m/z 288 ions. The anticipated m/z 272 ion is
indicated by the red dashed line in Fig. 10.

As can be seen from the m/z values mentioned above,
during ozonation, in total 11 by-products with fragmented
ions were detected by LC-MS/MS. However, after treatment,
only m/z 270 ion was disappeared entirely. Unfortunately, it
was not possible to match BP-1 and BP-2 (detectable by
HPLC) with those detected by LC-MS/MS due to differences
in both types of equipment and methods used. Nevertheless, it
is for sure that any two of 11 by-products were corresponding
to BP-1 and BP-2.

Unlike for the ozonation case, no by-products were detect-
ed by HPLC at the end of the photo-ozonation experiment. On
the other hand, there were still present by-products detected by
LC-MS/MS, though smaller in number than in ozonation case.
However, some by-products, namely m/z 186, m/z 209, m/z
230, m/z 253, and m/z 270, were common in both cases. A

Fig. 10 The proposed degradation pathway of IMI by O3 and O3/UV (by-products within the blue dashed line are common for both O3 and O3/UV
processes whereas those within the red dashed line are adopted from Bourgin et al. 2011)
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comparative presentation of the degradation pathways for O3

andO3/UV process is provided in Fig. 10. Observing a smaller
number of by-products in photo-ozonation can be considered
as another indication of better performance of photo-
ozonation as compared to ozonation.

In both Milli-Q water and VRMBR WW, IMI (m/z
256) was not detected (Supplementary Fig. 4 and 5,
respectively), which shows that O3/UV is a successful
treatment application for IMI removal. Moreover, the m/
z 209 ion, which was also detected during IMI fragmen-
tation in the ozonation case, was also detected during
O3/UV, but it disappeared after 60 min of treatment. It
could be either generated by subtracting HNO2 from
IMI (Bourgin et al. 2011) or protonated form of IMI
olefin desnitro (Ding et al. 2011). Although Ding
et al. (2011) studied by-products of IMI photolysis, they
observed protonated form of IMI olefin desnitro. In ad-
dition to m/z 209 ions, m/z 206 ion was also detected
at the almost same level with m/z 209 ions. However,
since the m/z 206 ion was detected in the phosphate
buffer solution, this ion was not taken into account
while evaluating the IMI degradation pathway and pro-
duced by-products.

The m/z 253 ion, which was also detected during IMI frag-
mentation in the ozonation case, was detected during O3/UV
in both Milli-Q water and VRMBR WW. After 60 min of
treatment, the m/z 253 ion decreased to some degree, but it
was not completely removed (Supplementary Fig. 4 and 5,
respectively). This suggests that m/z 253 ion may be the last
step degradation by-product.

The ion at m/z 186 was observed in only the Milli-Q water
case. During O3/UV, m/z 186 ion appeared from the very
beginning (5 min of treatment), then decreased and eventually
disappeared. The presence of m/z 186 could be via fragmen-
tation of m/z 230, which was mentioned as the way of m/z 186
production during ozonation (Supplementary Fig. 4).
However, m/z 230 was not detected during O3/UV. Indeed,
this could show that it might be quickly transformed into m/z
186 within the first 5 min of treatment. Moreover, the ion at m/
z 270, which was also detected during ozonation, decreased
continuously during O3/UV in the VRMBR WW and disap-
peared to signal noise level (< 1 × 104 area) after 60 min of
treatment (Supplementary Fig. 5). Hence, these studies
showed that only 4 by-products were observed, and just one
of them (m/z 253) remained during O3/UV.

Although Moza et al. (1998), Wamhoff and Schneider
(1999), and Ding et al. (2011) reported 6-chloronicotinic acid
as a major degradation product of IMI, we did not detect 6-
chloronicotinic acid in our study. One of the reasons could be
the low [IMI]0 tested. Another reason that was stated by Ding
et al. (2011), 6-chloronicotinic acid is far more sensitive to
negative ion ESI mode, whereas our results were obtained in
the positive ion ESI mode.

Conclusion

The following conclusions could be drawn from this study:

& The ozonation, coupled with UV accelerated IMI removal
by ozone alone, remarkably, regardless of the wastewater
matrix. Almost complete IMI disappearance is achieved
within only 10 min.

& The indirect mechanism (by OH•) dominated the IMI dis-
appearance by ozonation. The rate constants of IMI deg-
radation by O3/OH• and O3-only were calculated as
0.0956 and 0.0595 min−1, respectively.

& The kinetic study proved that the IMI degradation rate by
O3/UV was 4.6–8.7 times higher than by O3 alone, de-
pending on operational conditions and water matrix.

& The water matrix effect on IMI removal was more pro-
nounced during the O3 process than O3/UV.

& Fewer by-products were formed in the case of O3/UV than
O3 alone.
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