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ABSTRACT

REMOVAL OF IMIDACLOPRID FROM WASTEWATERS BY
OZONATION AND PHOTO-OZONATION
Sönmez, Büşra
Master of Science, Environmental Engineering
Supervisor: Prof. Dr. Filiz Bengü Dilek

July 2019, 185 pages

The widespread occurrence of micropollutants in the receiving water bodies
apparently shows that conventional wastewater treatment plants (WWTP) are not
capable to remove these compounds. Imidacloprid (IMI), which is a specific pollutant
and an insecticide, exceeded Environmental Quality Standards (EQS) value (0.14
µg/L, annual average) in several receiving water bodies of WWTPs in Yeşilırmak
basin. With the aim of examining advanced treatment methods to meet EQS value and
to achieve good surface water quality in Yeşilırmak basin, the removal of IMI from
water and wastewaters by ozonation and O3/UV was comparatively studied for the
first time. To this end, kinetic study under different pH, ozone doses, ozone gas
flowrates, initial IMI concentration and wastewater matrices was sought. The higher
pH was effective for IMI ozonation. The water matrix effect on IMI removal was more
pronounced during ozonation, than during O3/UV. For all wastewater matrices, O3/UV
led to the best results in terms of both IMI and degradation by-products’ elimination
since production rate of OH• enhanced under UV irradiation. Within 10 min treatment,
IMI removal efficiencies in Milli-Q water were 55% and 99.5% during ozonation and
O3/UV, respectively. IMI degradation mechanism proved that it is an ozone-resistant
pollutant and is mainly degraded by OH• via indirect mechanism. The second-order
rate constants of IMI reacting with OH• calculated as 2.23×1011 and 9.08×1011 M-1s-1

v

during ozonation and O3/UV, respectively. The IMI degradation pathway showed that
IMI lost NO2 and HNO2. In addition, similar by-products were determined after IMI
treatment by ozonation and O3/UV.

Keywords: Imidacloprid, Wastewater Treatment, Ozonation, Photo-ozonation, Byproduct
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ÖZ

İMİDAKLOPRİD’İN ATIKSUDAN OZONLAMA VE FOTO-OZONLAMA
İLE UZAKLAŞTIRILMASI
Sönmez, Büşra
Yüksek Lisans, Çevre Mühendisliği
Tez Danışmanı: Prof. Dr. Filiz Bengü Dilek

Temmuz 2019, 185 sayfa

Mikrokirleticilerin alıcı ortamlarda yaygın olarak bulunması, konvansiyonel atıksu
arıtma tesislerinin bu tür kirleticileri gideremediğini açıkça göstermektedir. Belirli
kirletici ve insektisit olan İmidakloprid’in (IMI), Yeşilırmak havzasındaki çeşitli
atıksu arıtma tesisinin alıcı ortamında Çevre Kalite Standartlarını (ÇKS) (0,14 µg/L,
yıllık ortalama) aştığı gözlemlenmiştir. ÇKS değerinin sağlanması ve Yeşilırmak
havzasında yüzey suyu kalitesine erişilmesi için ileri arıtma yöntemlerinin
incelenmesi amaçlanarak ozonlama ve O3/UV prosesleriyle su ve atıksudan IMI
giderimi karşılaştırılmalı olarak ilk kez çalışılmıştır. Bu amaçla, farklı pH, ozon dozu,
ozon gazı debisi, başlangıç IMI konsantrasyonu ve atıksuların IMI giderim kinetiği
üzerindeki etkileri araştırılmıştır. Yüksek pH’nın IMI ozonlamasında etkili olduğu
görülmüştür. IMI gideriminde atıksu matrisinin etkisi ozonlama sırasında O3/UV’de
gözlemlenenden daha belirgindir. Çalışılan bütün atıksu matrislerinde, UV ışınının
OH• oluşumunu arttırmasından dolayı, IMI ve oluşan yan ürünlerin gideriminde
O3/UV prosesi en iyi sonuçları vermiştir. 10 dakikalık arıtma süresince ozonlama ve
O3/UV yöntemleri için IMI giderimi sırasıyla %55 ve %99,5’tir. IMI giderim
mekanizması, IMI’in ozona karşı dirençli olduğunu ve indirekt mekanizma yoluyla
esas olarak OH• tarafından giderildiğini kanıtlamıştır. IMI ile OH• arasındaki 2.
derece hız sabitleri ozonlama ve O3/UV yöntemleri için sırasıyla 2,23×1011 ve

vii

9,08×1011 M-1s-1 olarak hesaplanmıştır. IMI giderim yolu IMI’in parçalanması
sırasında NO2 ve HNO2 kaybettiğini göstermiştir. Ayrıca, IMI’in ozonlama ve O3/UV
prosesleriyle giderimi sonucunda benzer yan ürünlerin oluştuğu gözlemlenmiştir.

Anahtar Kelimeler: İmidakloprid, Atıksu Arıtımı, Ozonlama, Foto-ozonlama, Yan
Ürün
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CHAPTER 1

1.

INTRODUCTION

General
In the recent years, micropollutants, also named as emerging contaminants, have
become a major environmental concern. Micropollutants include pharmaceuticals and
personal care products, (PPCPs), endocrine disrupting chemicals (EDCs), cosmetics,
perfumes and pesticides. These pollutants have been ubiquitously detected at trace
concentrations ranging from µg/L to ng/L in the receiving water bodies. Although the
micropollutants are typically presented at very low concentrations, their adverse
effects on the aquatic lives and humans are evident [1]. Indeed, the awareness of
micropollutant occurrence in the water environment has been increased enormously
due to the increased chance of cancer, extraordinary physiological processes and
reproductive deterioration in humans, augmentation of antibiotic-resistant bacteria
and potential raise of chemical mixture’s toxicity [2]. There are several sources for the
micropollutants as follows [3];
•

Regular agricultural activities like pesticide treatment (up to 10 µg/L)

•

Water runoff from agricultural areas

•

Rinsing the pesticide containers and spray equipment with water (10-100
mg/L)

•

Wastewater produced by agricultural industries during fruit and vegetable
cleaning processes

•

Wastewater produced by pesticide formulating and manufacturing plants

•

Hospital discharges

•

Domestic wastewater

1

The widespread occurrence of micropollutants in the water bodies apparently shows
that conventional wastewater treatment plants (WWTPs) are not capable to remove
these compounds, and hence the majority of micropollutants readily pass through
treatment plants and are being continuously discharged into receiving water body. So,
the treatment plants become major point sources for the micropollutants [4]. For this
reason, implementation of advanced treatment processes is inevitable which aims to
remove these micropollutants or to transform them into less harmful compounds.
In the literature studies, micropollutant removal has been widely performed by several
advanced treatment processes. Physical treatment techniques such as adsorption [5]
and membrane filtration [6] are frequently used but, these treatment processes have
some operational and economic problems. One of the major disadvantages of the
adsorption is adsorbent regeneration issues which make the adsorption process
economically unfeasible. On the other hand, membrane filtration, besides being an
energy intensive process, produces a concentrate which requires further treatment or
disposal [7].
Advanced oxidation processes (AOPs), which is a chemical treatment method, have
been found to be one of the most promising advanced treatment techniques to degrade
vast range of micropollutants [8]. Ozonation, O3/UV, Fenton and photo-Fenton have
been established as the most commonly used AOPs for micropollutant removal.
However, some disadvantages of Fenton process are production of a sludge and the
limitation of optimum operational pH range between 2.5 and 3.0 [7]. Although ozone
has been widely applied for water and wastewater disinfection purposes for several
decades, it has also been used in recent years to remove or degrade many
micropollutants [9].
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Relevant Legislation
In several countries, treatment and management of industrial wastewaters emerging
from manufacturing of PPCPs, pesticide and other compounds has been suitably done
in accordance with regulations [10]. European Union (EU) and United States
Environmental Protection Agency (USEPA) have identified wide range of chemicals
which are detected in the wastewater and surface waters and may pose a risk for
aquatic environment. In 2000, as part of the EU, Water Framework Directive (WFD)
2000/60/EC identified an initial list of 33 “priority substances” in order to control
these pollutants for the next 20 years [11]. In 2013, the WFD has reported
Environmental Quality Standards (EQS) Directive (2013/39/EU) which defines EQS
for priority substances in the surface waters [12]. Furthermore, “river basin specific
pollutants” have been identified by Member States in the scope of WFD and the
priority substances were increased to 45. The aim of this second list is to control the
pollutants at the river basin scale since different river basins may have different
substances. Therefore, during risk assessment of the aquatic environment, the EQS
has to be used as classification of surface water status and discharge controlling within
the context of WFD [13].
The WFD stipulates “good status” for all waters. “Surface water status” represents the
poorer status of its chemical and ecological status. Chemical status regards level of
the priority pollutants concentration in the concerned surface waters. Ecological
status, on the other hand, represents the quality of structure and functioning of aquatic
ecosystems. Moreover, ecological status considers the chemical, hydrological
characteristic and the biological quality of the surface water by examining the level of
specific pollutants [13]. The overall ecological status is determined by the assessment
of the poorest condition. For instance, if chemical and physico-chemical properties of
water body is in “Good Status” and biological assessment is classified as “Moderate
Status” then the overall quality status of water body would be classified as “Moderate
Status”. However, the WFD requires overall good surface water status which could be
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possible by having at least “Good Ecological Status” and “Good Chemical Status” in
that water body [13].
Turkey, as a candidate of EU, is also responsible for meeting environmental standards
in WFD by 2025 [14]. In our country, Surface Water Quality Regulation (SWQR) was
published by the former Ministry of Forestry and Water Affairs in order to maintain
the water quality [15]. The water quality classes are specified as Class I, Class II, Class
III and Class IV (in descending order of water quality). Furthermore, EQS values for
250 specific pollutants are given in SWQR (Appendix 2; Table 4 given in SWQR).
Accordingly, these EQS values must be met on the receiving water body after the
wastewater effluent was discharged. Thus, removal of IMI is of great importance to
provide good surface water quality and in a way, to prevent possible the adverse
effects on the receiving water body.

Yeşilırmak Basin Case
Yeşilırmak basin is one of the 26 major basins in Turkey, located in the northern side
of the country (Figure 1a). The coordinates of Yeşilırmak basin is 39°30′ and 41°21′
N, and 34°40′ and 39°48′ E [16]. The Yeşilırmak river flows 519 km and reaches to
the Black Sea (near the city of Samsun) and generates large delta. Recharge basin area
of Yeşilırmak is 38,730 km2 which comprises of 5% of surface area of Turkey [17].
Some major cities in Yeşilırmak basin are Samsun, Amasya, Çorum, and Tokat
(Figure 1b) [16].
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Figure 1. Map of the Yeşilırmak recharge basin in Turkey (a), Main cities and
tributaries in Yeşilırmak basin (b) [16]

TUBITAK 1003 project with a title of “Management of Point and Non-Point Pollutant
Sources in Yeşilırmak Basin” is being performed (Grant no: 115Y013) in our
department.
The main goals of the project are;
•

To develop a management strategy that will provide the management of point
and non-point pollution sources causing water pollution with a holistic
approach

•

To ensure the water bodies in Yeşilırmak Basin to achieve the target of "good
status" in accordance with the SWQR of Turkey.
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Sub goals of the project are;
•

Identification of the main point and non-point sources and the specific
pollutants for the Yeşilırmak Basin

•

Performing an inventory of pollutants indicating the spatial distribution of the
pollutant sources, and pollution loads

•

Evaluation of the processes and performances of existing treatment plants
Determination of the most appropriate pollution control strategy for the
provision of EQS for all point and non-point sources.

Within the scope of the project, monitoring studies were conducted in the Yeşilırmak
basin area. Indeed, more than 100 stations including several municipal and industrial
WWTPs were monitored during 8 monitoring periods between August 2016 and
January 2018. In this monitoring studies, classical parameters, 45 priority and 250
specific pollutants were monitored. IMI is one of the most frequently observed
pesticide in the Yeşilırmak river basin and in effluent of WWTPs. EQS values of IMI
were specified in the SWQR of Turkey as 0.14μg/L and 1.4μg/L for annual average
and maximum, respectively.

Figure 2. IMI exceeded EQS values in WWTPs in the Yeşilırmak basin
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IMI exceeded the EQS several times in the WWTP’s effluents (Table 1), indicating
the possibility of exceedance of EQS in the receiving water bodies and hence not
complying the SWQR in terms of the EQS set for IMI. Evidently, EQS for IMI was
exceeded in the downstream of the Çorum WWTP (Table 1). The locations of these
WWTPs are indicated in Figure 2.

Table 1. IMI levels at WWTPs of Yeşilırmak Basin
Çorum
WWTP
Municipal

Erbaa
WWTP
Municipal

Biological
treatment

Biological
treatment

Flowrate (m3/h)

2,350

395

Tokat
WWTP
Municipal
Advanced
biological
treatment
123

IMI conc. (µg/L)
Exceeding level of
EQS in WWTP’s
effluent
IMI conc. at
Upstream Station
IMI conc. at
Downstream Station

0.240

0.600

0.760

0.196

1.7 times

4.2 times

5.4 times

1.4 times

No data due
to drought

< EQS

< EQS

< EQS

> 2.2 times

< EQS

< EQS

< EQS

WWTP Type
Treatment Process

Dimes
WWTP
Industrial
Biological
treatment
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As seen in Table 1, IMI exceeded EQS values in stated WWTPs’ effluent at least 1.4
and at most 5.4 times indicating that IMI was detected in municipal and industrial
WWTPs. Although IMI was observed above the EQS values at effluent discharge
points, IMI was below the EQS value at the downstream stations of Erbaa, Tokat and
Dimes WWTP. It should be pointed here that the downstream stations were not located
very near to the discharge points, rather at a distance varying from 8 to 21.7 km. So,
natural degradation or dilution effects were possibly in effect. On the other hand, IMI
was observed above the EQS value at Çorum downstream station which could be due
to not only effluents of WWTPs but also non-point sources such as agricultural
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activities around this area. Near to downstream location of Çorum WWTP, it is known
that wheat, grape, potato, tomato, apple, sugar beet and cherry are produced at this
area. Although the exact IMI amount applied to these produces was not known, IMI
is generally used for cultivation of aforementioned produces in the Yeşilırmak basin.
Another point needs to be mentioned is related to the observation of IMI at Dimes
WWTP owned by a fruit juice industry, which could be attributed to the pesticides
used during the cultivation of the fruits processed at the Dimes Factory.
From the foregoing discussion, it is clear that the necessity for the IMI treatment at
these WWTPs is apparent to achieve the EQS value stated in SWQR and to fulfill
“Good Status” at receiving water body in the Yeşilırmak basin [15].
Regarding the literature studies on the removal of IMI from water or wastewaters,
there are several studies in which various processes, such as adsorption [18],
membrane filtration [6], photo-Fenton [19], photocatalysis [20], ozonation [21-23]
and cavitation [24] were used. As mentioned above, there are some advantages and
disadvantages of these processes. However, among these processes, ozonation, as one
of the favorable AOPs [25], attracted our attention. Because, in addition to being used
in very few studies for IMI removal, to the best of our knowledge, photo-ozonation,
i.e. O3/UV has never been applied.

Aim and Scope of the Study
This thesis work aimed to fill the existing gap, which was put forward in above subsection, by providing comprehensive work on the removal of IMI from wastewaters
by ozonation and photo-ozonation (O3/UV) processes in a comparative manner and
by presenting the possible reaction pathway of degradation by-products, as well.
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To this purpose, the following studies were conducted:
•

Effects of operational parameters (pH buffer, solution pH, ozone dose, ozone
gas flow rate, initial IMI concentration, water matrix) on the IMI removal by
ozonation were investigated.

•

IMI degradation mechanism during the ozonation was sought.

•

Ozonation by-products were searched.

•

Degradation kinetics study was performed for the ozonation experiments.

•

Removal of IMI by photo-ozonation was investigated under the operational
conditions leading to the highest IMI removal during the ozonation studies, for
various water matrix conditions.

•

IMI degradation mechanism during the photo-ozonation was sought.

•

Photo-ozonation by-products were searched.

•

Degradation kinetics study was performed for the photo-ozonation
experiments.

To achieve the above-mentioned objectives, within the scope of the study, the
followings were performed.
With regard to IMI ozonation, firstly, pH buffer effect was investigated by addition of
phosphate buffer into the solution. Then, the effect of pH on the IMI removal was
examined by working at different pH values, namely 6.20, 7.30 and 8.25. Secondly,
the effects of other operational parameters such as ozone dose and ozone gas flowrate
were investigated. IMI degradation by applying several ozone doses, namely 600,
1200 and 1800 mg/h were studied. Moreover, cases with different ozone gas flowrates
of 15, 30 and 100 L/h were evaluated. The effect of initial IMI concentrations (i.e. 100
ppb, 500 ppb and 1000 ppb) on the IMI removal efficiency were also investigated.
Further, the IMI degradation pathway was sought through the by-products formed via
LC-MS/MS measurements. The IMI degradation mechanism if by direct (i.e. by O3
itself) or indirect ozonation (i.e. by OH•) and indirect kinetic study were also sought
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through addition of 100 mM tert-butanol (TBA) and 5 µM p-chlorobenzoic acid
(pCBA) into the reaction solution, respectively. Moreover, regarding the effect of
water matrix on the IMI ozonation, ozonation experiments under the best conditions
determined through the above-mentioned experiments were performed with Milli-Q
water, VRMBR WW and Bio WW, as well.
During the experiments for photo-ozonation of IMI, 10-Watt UV lamp was coupled
to ozonation to enhance production of OH•, and hence to increase the IMI removal
efficiency. In this respect, Milli-Q water, VRMBR WW and Bio WW were subjected
to 1200 mg/h ozonation dose with 10-Watt UV irradiation in order to investigate the
effect of water matrix. By-products which were formed during the photo-ozonation
were analyzed with the help of LC-MS/MS. The IMI degradation mechanism and
indirect reaction kinetic study during O3/UV were determined by the addition of 200
mM tert-butanol (TBA) and 5 µM p-chlorobenzoic acid (pCBA) into the photoozonation reaction solution, respectively.
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CHAPTER 2

2.

THEORETHICAL BACKGROUND AND LITERATURE REVIEW

Micropollutants
Water is priceless resource for all living organisms and for several processes such as
domestic and industrial usage and agricultural activities, as well. Nevertheless, several
chemicals may contaminate water bodies. Micropollutants are one of the contaminant
groups that are detected at the surface water, ground water and wastewaters.
Micropollutants are present at trace amount ranging from µg/L to ng/L in the water
bodies [26]. Micropollutants are consist of several materials including pesticides,
pharmaceuticals and personal care products (PPCPs), endocrine disrupting chemicals
(EDCs), cosmetics and perfumes [27]. Pharmaceutical products include variety types
of human and veterinary antibiotics, drugs and some steroid hormones [2]. Personal
care products consist of fragrance, cosmetics and disinfectants [28] that contains
galaxolide and tonalide [2]. Moreover, household products that contain fragrance,
surfactants, preservatives, plasticizers and biocides are also micropollutant sources
[29]. It is well-known that only 0.1% of applied pesticides can reach to target pests,
however, the majority of applied pesticide (99.9%) introduce into surrounding
environment. Moreover, since conventional wastewater treatment plants are not
designed for the removal of micropollutants, effluent discharge into aquatic
environment may cause several adverse effects. For this reason, advanced treatment
techniques are applied in WWTPs [4].

Occurrence
Micropollutants may enter the water bodies via direct (i.e. point sources) or indirect
pathways (i.e. nonpoint sources). Point source is diagnosable pollution source like
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WWTPs. On the other hand, non-point source forms a diffuse pollution and the exact
source cannot be easily identified. Common non-point sources may be rainfall runoff, agricultural and forestry land use [30].
The occurrence of micropollutants can manifest in several ways which include
industrial wastewaters, runoff from agricultural sites, domestic and hospital
discharges that may join into surface water and groundwater and eventually end up by
drinking or wastewater treatment plants (Figure 3) [31].

Figure 3. Micropollutant sources [31]

Although micropollutant sources in the environment are diverse, the main route for
micropollutant entrance into environment is effluent wastewater discharges. For
example, one of the major sources of PPCPs is domestic wastewater since the drugs
used by both humans and animals can be discharged via wastewater [32]. Furthermore,
dissolved but non-metabolized drugs can be excreted from the bodies via urine or feces
which eventually present in wastewater [33]. Several countries such as USA [34],
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United Kingdom [35], Finland [36], Japan [37], Spain [38], Italy [39] and Africa [40]
reported occurrence of pharmaceuticals in concentration of ng/L to µg/L in WWTPs.
Pesticides are commonly used for protecting plants from various diseases, weed and
insect harm. Pesticides are toxic to both vertebrate and non-vertebrate organisms
which negatively affect the non-target organisms [41]. Pesticides are grouped based
on their target pests such as insecticides, herbicides, fungicides, acaricides,
nematicides, molluscicides and rodenticides [42]. Extensive usage of pesticides causes
pollution in the surface water via water runoff, water flows through agricultural land
to surface water and agricultural storm water discharges. During water runoff,
pesticides are carried by water and eventually deposited into water bodies such as
lakes, rivers and groundwater [43]. Pesticides which are polar and has high water
solubility have been commonly observed in the surface waters at level of ng/L [44].
In rural areas, major pesticide water pollution sources are as follows [3];
•

Water runoff from agricultural areas

•

Regular agricultural activities like pesticide treatment (up to 10 µg/L)

•

Rinsing the pesticide containers and spray equipment with water (10-100
mg/L)

On the other hand, in urban areas, effluent from WWTPs is the main source of
pesticide in the surface water, coming out due to non-agricultural uses of pesticides
[45]. These applications include grass management in parks, golf courses, industrial
vegetation control such as industrial facilities and railroads, public health issues like
mosquito control and rodent control [46]. In addition, wastewater produced by
agricultural industries during fruit and vegetable cleaning processes or pesticide
manufacturing plants may cause pesticide pollution in the receiving water body in the
range of 10-100 mg/L. Indeed, the pesticide occurrence in the surface water could be
as high as 1000 mg/L due to effluent produced by pesticide formulating and
manufacturing plants [3].
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Worldwide pesticide consumption has dramatically changed since 1960s. The sale of
insecticides increased from 310 million US dollars in 1960 to 7,798 million US dollars
in 2005. Similarly, herbicides’ sale increased from 170 million US dollars to 14,971
in 1960 and 2005, respectively [47]. According to US EPA, approximately 6 billion
pounds (~ 2.7 million tons) pesticide was produced annually in the world in both 2011
and 2012. Moreover, between 2008 and 2012, nearly 50% of total produced pesticide
was herbicides in all years and followed by fumigants, insecticides, and fungicides
[48].
Nowadays, China is the largest consumer and producer of pesticides with an annual
pesticide use of 1.8 x 109 kg in 2011. The applied pesticide amount is 14 kg/ha in
China whereas, this amount is 2.2 kg/ha in the USA, 2.9 kg/ha in France and 8.8 kg/ha
in the Netherlands [49]. Therefore, great number of pollutants with concentration
levels up to µg/L have been observed in seawaters in China. According to the study
conducted by Zou et al. [50], 11 antibiotics which belong to groups of sulfonamides,
fluoroquinolones, macrolides and tetracyclines were detected in Bohai Bay in China
with a concentration range from 2.3 to 600 ng/L [50]. Xu et al. [51] revealed that
triazine herbicides and its metabolites namely, atrazine, prometryn, propazine,
ametryn and atrazine-desethyl (atrazine's metabolite) with a concentration range from
1.57 to 31.3 ng/L were detected in Laizhou Bay in China [51]. Xie et al. [52] reported
that 7 pesticides and 6 antibiotics were detected around Bohai and Yelow Sea in China.
Pesticides namely simazine, atrazine, triadimenol and acetochlor were detected in all
samples and mean concentrations of them were 2.3, 23.3, 2.7 and 2.0 ng/L,
respectively.
According to Xie et al. [52], the reason for occurrence of these pesticides in sea water
is river input and wastewater effluent discharge into Bohai and Yellow Sea [52].
Papadakis et al. [53] conducted a monitoring study in the main river and lakes in
Northern Greece. Twenty-four pesticides including 9 herbicides, 12 insecticides and
acaricides, 1 fungicide and 2 pesticide metabolites were detected. Metolachlor,
prometryn and alachlor which belong to herbicide group were the most frequently
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observed pesticides. Moreover, the highest concentration of pesticides was detected
during initial rain runoff right after pesticide application [53].
Köck-Schulmeyer et al. [54] conducted a study on the pesticide occurrence in influent
and effluent of wastewater in 3 WWTPs in Catalonia. The most widespread pesticides
were diazinon and diuron and these were detected in more than 80% of 48 influent
wastewater samples. Furthermore, in the effluent samples, the most frequently
detected pesticides were diazinon, diuron, atrazine and tertbuthylazine [54].
Aforementioned studies clearly show that micropollutants including pharmaceuticals,
personal care products, pesticides, endocrine disrupting chemicals are ubiquitous in
the surface waters. Therefore, not only presence of these pollutants but also their
adverse effects on human health and aquatic life should be taken into consideration,
and it is crucial to observe long-term trends of micropollutant (esp. pesticide)
concentration in the surface waters to understand about their adverse effects [55].

Adverse Effects
It is well-known that micropollutants have been introduced into the water environment
for many years. Therefore, over the past decades, there has been growing concerns
about unintentional existence of micropollutants in aquatic environments such as
water, sediment and biota [56]. Micropollutants can be very harmful to both human
health and aquatic life since they may enter in the food chain via reuse of wastewater,
effluent discharges into water bodies and sludge applications as fertilizer during the
agricultural activities. The awareness of micropollutant presence in the water
environment has been increased enormously due to the increased chance of cancer,
extraordinary physiological processes and reproductive deterioration in humans,
augmentation of antibiotic-resistant bacteria and potential raise of chemical mixture’s
toxicity [2].
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Pharmaceuticals which are continuously being released into the environment can
cause serious undesired adverse effects on aquatic lives and humans via consumption
of contaminated water [1]. For instance, endocrine hormone pharmaceuticals are
biologically reactive even at very low concentrations such as ng/L or µg/L and
endocrine disrupting chemicals (EDCs) alter endocrine system by mimicking,
blocking or hinder hormone functions [57]. Therefore, EDCs can lead to several
reproductive and sexual abnormalities in both humans and aquatic organisms that live
at downstream of WWTP effluent [58]. According to Purdom et al. [57], presence of
vitellogenin which is an indicator protein for estrogenic stimulation in female fish liver
was observed in male fish liver living near WWTP effluent downstream [57].
Although pesticides have several benefits on crop protection and efficiency, they may
cause numerous adverse effects on not only aquatic life, but also animals [59]. For
instance, malathion and chlorpyrifos which are organophosphate pesticides can lead
to neurobehavioral injuries in the salmon olfactory system [60]. Moreover,
organochlorine pesticides (e.g. DDT) can cause to either estrogenic or androgenic
contamination effect on birds, mammals and aquatic life forms [61]. In addition to
organophosphate and organochlorine pesticides, other pesticides groups such as
carbamates, thiocarbamates, pyrethroids, triazoles, and triazines are extremely
responsible for chronic toxicity and thyroid disruption in birds, fish and amphibians
[62].
Pesticides may unintentionally intoxicate not only aquatic life and animals but also
humans due to improper and excessive usage of pesticides [59]. People can be exposed
to pesticides via direct routes (e.g. inhalation, oral, dermal) and indirect routes (e.g.
food consumption and agricultural application) [63]. As stated by Jones et al. [59]
healthy

children

were

suffered

from

gastrointestinal

symptoms

due

to

organophosphate or carbamate residues in crops [59]. Cao et al. [64] studied effect of
dermal exposure and inhalation of imidacloprid (IMI) on humans during backpack
spraying treatment in cotton fields in China. They claimed that pesticide usage way
and spraying techniques highly affects the exposure pattern. For example, while total
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exposure was 188 mg/kg of applied IMI during backward walking, it increased to 2059
mg/kg of applied IMI during forward walking [64]. Besides agricultural workers,
residents near to agricultural lands were also negatively affected by the pesticide
applications due to pesticide loss via volatilization or drift. Larsen et al. [65] observed
more than 500,000 birth from 1997 to 2011 in San Joaquin Valley, California where
is agriculturally dominated area. Their study showed that pesticide exposure during
pregnancy can adversely affect the birth weight and the duration of pregnancy as well
as it may cause birth abnormalities. They observed 5 to 9% increase in the adverse
birth outcome in this agriculturally dominated area [65].
Neonicotinoid systemic pesticides (IMI, nitenpyam, acetamiprid, thiamethoxam,
thiacloprid, clothianidin and dinotefuran) are known as that they cause severe acute
consequences on bees [66]. Henry et al. [67] tested indirect sublethal effect of
thiamethoxam on rise of honey bees’ death rate. Thiamethoxam was found in nectar
and pollen while right after the initial visits of honey bees. They revealed that
thiamethoxam lead to intoxication and disrupt homing ability which consequently
causes high mortality of honey bees [67]. In other study, Stanley et al. [68] revealed
that 10 ppb of thiamethoxam exposure to bumble bee colonies caused to lessen
visitation rates that eventually led to decrease of pollen collection from the apple trees.
As pollination decreases, apples were produced with 36% less seeds which adversely
affects crop yields [68].

Treatment Options
In recent decades, water bodies contaminated with micropollutants has received rising
both scientific and public awareness [69]. Since current treatment plants’ prior aim is
removing organic matter and nutrients [70] and they are not especially designed for
the removal of micropollutants at low concentrations [71], the majority of
micropollutants readily pass through treatment plant and are discharged into receiving

17

water body [4]. Hence, the treatment plants become major point sources for the
micropollutants [4].
Conventional WWTPs generally consist of primary and secondary treatment
processes [2]. Tertiary treatment can be also applied if higher quality water is desired.
Primary treatment comprises of grit chamber and sedimentation tank which aim to
remove suspended solids [72]. The micropollutants might be removed during primary
treatment [72], or their concentration might increase, as well [73]. Literature studies
have proved that primary and secondary treatment are not capable to degrade and
eliminate micropollutants. Carballa et al. [72], studied removal of micropollutants
including cosmetic ingredients, pharmaceuticals and hormones through municipal
WWTP in Galicia, NW Spain. During primary treatment process, around 40% of
fragrances and 20% of hormone (i.e. 17β-estradiol) were removed. On the other hand,
pharmaceuticals such as ibuprofen and naproxen were not significantly removed and
remained stable. These results showed that the main removal mechanism during
primary treatment was adsorption of these pollutants onto the solid particles [72]. Nie
et al. [73], investigated removal of EDCs including estrone, 17β-estradiol, 17αethinylestradiol, estriol, bisphenol A and 4-nonylphenol in municipal WWTP in
Beijing, China. They concluded that after aerated grit chamber, concentration of
bisphenol A and 4-nonylphenol increased due to detachment of these compounds from
grits. Moreover, remaining micropollutants were almost remained stable [73].
In the secondary treatment, micropollutants may be subjected to biodegradation,
physical or chemical transformation and sorption [74]. However, removal during
secondary treatment highly depends on micropollutant chemical properties and
characteristic of biodegradation [75]. For instance, although pharmaceuticals belong
in same therapeutical group, they may reveal different biodegradation results. Salgado
et al. [76] investigated that ketoprofen or ibuprofen exhibited higher degradation
(75%), yet diclofenac showed low biodegradation (25%). Moreover, many polar drugs
and biocides were partially degraded or absorbed onto sludge and some antiepileptic
drug such as carbamazepine nearly remained stable [77]. Köck-Schulmeyer et al. [44]
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investigated removal of 22 pesticides in three different domestic WWTPs in Spain.
These WWTPs were those each having only biological, biological plus tertiary and
biological plus P and N removal units. Concentration of 22 pesticides in both influent
and effluent were measured. All three WWTPs demonstrated almost no removal for
all pesticides studied [44]. Stamatis et al. [78] investigated removal of widely used
fungicides (cyproconazole, penconazole, pyrimethanil, tebuconazole, triadimefon)
from municipal WWTP in Greece. This WWTP receives both sewage and runoff water
near to agricultural land. The WWTP consisted of pre-treatment (grit chamber),
secondary treatment (conventional biological treatment) and tertiary treatment (sand
filtration and chlorination) units. After primary and secondary treatment, removal of
cyproconazole, penconazole, pyrimethanil, tebuconazole, triadimefon were 40, 49, 31,
39 and 65%, respectively. Stamatis et al. proved that primary and secondary treatments
were not adequate to remove the studied fungicides and tertiary treatment was needed
[78].
Although conventional WWTPs are not specifically designed for elimination of
micropollutants, biodegradable, hydrophobic and volatile micropollutants can be
removed. On the contrary, refractory and hydrophilic compounds were still existed in
the treated wastewater [79]. For this reason, implementation of advanced treatment
processes is more and more kept in sight by WWTP managers and decision makers
[80]. The improvement of the treatment processes for effluent of conventional
treatment plants may curtail the amount of micropollutants that discharged into
receiving water bodies. Furthermore, these implementations can even mineralize or
convert micropollutants into less harmful compounds [81].
In the literature studies, micropollutant abatement have been performed by numerous
advanced treatment processes such as adsorption (activated carbon [5,82], biochar
[18,83,84], carbon nanotube [85]), AOPs (ozonation [86-94], ozone/H2O2 [95],
ozone/H2O2/UV [96], ozone/UV [97], photocatalytic ozonation [98], photocatalysis
[99], Fenton [100], photo-Fenton [101]), UV radiation, electroperoxone [97],
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chlorination [78], membrane filtration (microfiltration, reverse osmosis [102]). Some
of these studies are summarized below:

Adsorption
Margot et al. [82] investigated removal of micropollutants in municipal WWTP in
Lausanne, Switzerland. They designed a powered activated carbon treatment pilot
plant which receives influent bearing 70 dissolved organic micropollutants such as
pharmaceuticals, biocides, pesticides and EDCs. While the biological treatment was
able to remove only 50 of these micropollutants on average by less than 50%,
advanced treatment with a dose of 13 mg/L activated carbon was able to remove an
average more than 70% of the remaining micropollutants [82].
In the adsorption process, biochar is one of the low-cost adsorbents that have recently
being used in water treatment. Mandal and Singh [18] investigated the removal
efficiency of atrazine and Imidacloprid from water by both normal (RSBC) and
phosphoric acid treated (T-RSBC) rice straw biochars. They implemented single, two
and three-stage adsorber plant model in order to come up with the most economical
removal method. In the single-stage adsorber plant (volume: 1000L) 2.47, 3.05, 3.90,
5.36, and 8.84 kg of RSBC was used to remove, 75, 80, 85, 90, and 95% of 10 ppm
atrazine, respectively. For the same degree of atrazine removal, 1.65, 1.95, 2.38, 3.05,
and 4.47 kg of T-RSBC were needed, respectively. In two-stage adsorber plant system,
95% of atrazine was removed by using approximately 68% less adsorbent amount than
single-stage system. In fact, this result showed that, when the two-stage was
performed, much less adsorbent was adequate to achieve the same degree of atrazine
removal. In the three-stage system, same percent of atrazine removal required lower
amount of adsorbent, as expected. However, application of the three-stage system will
require greater system and maintenance cost since it is immensely complex system.
Considering the cost analysis, the two-stage system was found more feasible than the
three-stage. Biochars have been widely applied as an adsorbent to eliminate not only
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pesticides but also pharmaceuticals [83] and veterinary medicines [84] from water.
Jung et al. [83] reported the abatement efficiency of the acetaminophen and naproxen
by 94.1% and 97.7%, respectively. Huang et al. [84] obtained the sulfamethazine, a
common veterinary medicine, sorption capacity of 10.95 μmol/g for biochar and 23.42
μmol/g for graphene oxide-coated biochar.
Dehghani et al. [85] studied the diazinon removal from water by carbon nanotube
(CNT) adsorption at lab-scale. Diazinon is widely applied organophosphorus
insecticide in agricultural and farm animal activities in order to control insects. The
results showed that 100% removal of diazinon with an initial concentration of 0.3 ppm
was achieved within 15 min contact time and with 0.1 g/L adsorbent dose. They
concluded that adsorption process via CNT application has high capability to obviate
organophosphorus pesticides from water [85]. Furthermore, several pharmaceuticals
such as amoxicillin [103], ciprofloxacin [104], nofloxacin [105] and ibuprofen [106]
were eliminated by 90% to 100% via the application of CNT as an adsorbent during
water treatment.

Advanced Oxidation Processes (AOPs)
Advanced oxidation processes (AOPs) have been found to be one of the most
promising advanced treatment techniques to degrade wide range of micropollutants
[8]. The AOPs are mainly based on production of hydroxyl radicals (OH•) which are
highly reactive [107], non-selective and have powerful oxidizing ability [108].
Various AOPs, specifically ozonation and UV radiation have been well settled and
operated at full-scale WWTPs for many years [109]. Ozonation process for the
micropollutant abatement has been described as an effective treatment method [93].
Evaluation of real wastewater treatment plant consist of primary treatment,
conventional biological treatment and sand filtration in Dübendorf, Switzerland was
carried out by Bourgin et al [93]. The ozonation and biological post-treatment units
were established in order to eliminate 43 frequently detected micropollutants after
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secondary treatment. They examined the efficiency of ozonation processes for
degradation of micropollutants. When the specific ozone dose of 0.35 g O3/g DOC
was applied, 20 out of 43 micropollutants were removed by 80% since these
compounds have high ozone reactivity. After specific ozone dose was increased to
0.97 g O3/g DOC, these compounds were removed up to 93% (<LOD). On the other
hand, compounds with low ozone affinity were removed by less than 30% and 71% at
0.35 g O3/g DOC and 0.97 g O3/g DOC specific ozone doses, respectively. They
concluded that ozonation as a tertiary treatment has significantly reduced the
micropollutant concentration in the effluent [93]. Almomani et al. [94] investigated
the removal of various pharmaceuticals including estrogens, antibiotics, acidic and
neutral from surface water, synthetic and effluent of wastewater treatment plant. The
average specific ozone dose and optimum ozone input dose for estrogens, antibiotics
and neutral pharmaceuticals was found as, 1.11, 2.05 and 1.30 O3/DOC and 222.3,
188.1 and 222.4 mg/h, respectively [94].
Moreover, O3 can be combined with H2O2 or UV so as to enhance reaction rate and
increase removal efficiency of pollutants [97]. These ozone-based AOPs are
successful for degradation of various micropollutants [110]. Yao et al. [97] evaluated
the removal of several micropollutants including diclofenac naproxen, gemfibrozil,
bezafirate, clofibriz acid, ibuprofen and chloramphenicol by ozonation, O3/UV and
electroperoxone (E-peroxone) processes in the pilot scale WWTP. Three different
water matrices (surface water, groundwater and secondary effluent wastewater) were
evaluated. Some of the micropollutants (diclofenac, naproxen, gemfibrozil, and
bezafibrate) were removed by more than 90% by ozonation for all water matrices. On
the other hand, others that have low affinity toward to ozone (ibuprofen, clofibric acid,
and chloramphenicol) were degraded by 68-91%, 32-68% and 73-90% for surface
water, groundwater and secondary effluent wastewater during ozonation, respectively.
To enhance the abatement of ozone-resistant micropollutants, O3/UV and E-peroxone
processes were applied and significant advancement for all water matrices was
observed [97]. Moreover, the addition of H2O2 to ozonation process also improves
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removal of not only micropollutants but also TOC [111]. Catalkaya and Kargi [111]
investigated the degradation and mineralization of simazine by peroxone (O3/H2O2)
process. Simazine with an initial concentration of 2.0 mg/L disappeared by 95%
within 5 min treatment when 75 mg/L H2O2 was applied. Nevertheless, even after 60
min of peroxone application, mineralization was not completely achieved due to
formation of some intermediate compounds. Moreover, they reported that the
maximum removal of pesticide (94%) and TOC (82%) was obtained at 75, 11 and 0.5
mg/L of H2O2, pH, simazine concentrations, respectively [111]. LekkerkerkerTeunissen et al. [96] investigated the application of sequential O3/H2O2 and UV
process in order to remove 14 micropollutants including pharmaceuticals, pesticides
and EDCs from pre-treated surface water in a pilot plant WWTP in Netherlands. They
reported that more than 70% and 90% of atrazine and isoproturon were degraded,
respectively, by O3/H2O2/UV process. They concluded that 8 out of 14
micropollutants were degraded by more than 90% through the application of 1.5 mg/L
ozone and 6 ppm H2O2 concentration [96].
Regarding the use of Fenton’s process to remove the micropollutants from water,
several researches were performed using both Fenton (H2O2/Fe2+) and photo-Fenton
(H2O2/Fe2+/UV) processes [100,110,112,113]. For instance, Sanchis et al. [100]
investigated the degradation of herbicides namely, alachlor, atrazine and diuron and
TOC removal by Fenton process. They reported that complete conversion of alachlor,
atrazine and diuron with an initial concentration of 180, 27 and 27 mg/L, respectively,
was achieved within 30 min treatment when Fe2+/H2O2 molar ratio was kept at 1/10.
Moreover, reduction of TOC and COD hardly reached by 50–55% and 60–65%,
respectively, at most within 180 min treatment [100]. De la Cruz et al. [113]
investigated abatement of 32 micropollutants including pharmaceuticals, pesticides,
and corrosion inhibitors by photo-Fenton process (H2O2/Fe2+/UV) from the secondary
treatment effluent of the pilot scale treatment plant. The highest removal (97%) was
obtained within 5 min, at 50 and 5 mg/L concentrations of H2O2 and Fe2+, respectively.
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Chlorination
Stamatis et al. [78] examined the removal of fungicides (cyproconazole, penconazole,
pyrimethanil, tebuconazole, triadimefon) in a WWTP having tertiary treatment units
(sand filtration and chlorination). The overall removal of cyproconazole, penconazole,
pyrimethanil, tebuconazole and triadimefon attained in the secondary level increased
from 40, 49, 31, 39, 65% to 55, 68, 46, 57, 93%, respectively, with the application of
tertiary treatment.
As understood from all these literature studies, conventional biological treatment was
not adequate to remove micropollutants from water and wastewater [72-79].
Therefore, treatment plants have been compelled to be improved by implementation
of several advanced treatment processes [80-113].

Imidacloprid
Neonicotinoid insecticides are systemic, selective insecticides and impact as agonists
of the postsynaptic nicotinic acetylcholine receptors (nAChRs) in the central nervous
system of the insects [66]. The term “neonicotinoid” was formerly suggested for
imidacloprid and similar insecticidal compounds that have resemblance to insecticidal
alkaloid (S)-nicotine with an analogue mode of action [114]. Before the invention of
the neonicotinoids, organophosphates, pyrethroids and carbamates were widely used
in the agrochemical market which caused to the pest resistance and cumulative
exposure concerns of these chemicals. As a partial reaction to these concerns,
neonicotinoids were invented [115].
One of the significant benefits of the use of neonicotinoids instead of traditional and
long-established organophosphates, pyrethroids and carbamates is that there is no
cross-resistance between the neonicotinoids and the above-mentioned chemical
classes since neonicotinoids have different mode of action than them [66]. Another
benefit of neonicotinoid insecticide is being immensely toxic to insects, yet they have

24

lower toxicity to mammals than its replacements [116]. For that reason, conventional
insecticides such as chlorinated hydrocarbons, carbamates, pyrethroids and
organophosphorus pesticides have been being replaced by neonicotinoids [117].
Neonicotinoid insecticides are very active and efficient against to insecticides since
they are effective for broad spectrum of insecticides, are powerful at low doses, make
long-term control possible, have high potency of crop safety and are systemic [66].
Since neonicotinoid insecticides are absorbed by the leaves or roots and transported
into all tissues of the plant, they are classified as systemic insecticides [118].
Moreover, neonicotinoid insecticides can be applied in several ways such as seed
dressing, foliar spray, drench and tree injection [119] .
In 1991, the first neonicotinoid insecticide, IMI, was launched by Bayer Crop Science
and has become the most selling insecticide for many years [120]. As seen in Figure
4, subsequent to launch of the IMI, other neonicotinoids named as nitenpyam,
acetamiprid, thiamethoxam, thiacloprid, clothianidin and dinotefuran released into the
market in 1995, 1995, 1998, 2000, 2001 and 2002, respectively [121].

Figure 4. Significant neonicotinoid insecticides released to the market in
chronological order [121]
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These neonicotinoids can be categorized into 2 groups; the nitro group containing
chemicals such as IMI, nitenpyram, thiamethoxam, clothianidin and dinotefuran and
the cyano group containing chemicals such as acetamiprid and thiacloprid [122,123].
In a commercial market, IMI can be found as Admire, Gaucho, Confidor and Provado
[124]. While the Admire and Gaucho are used for soil application and seed treatment,
Confidor and Provado are used for foliar application [66]. IMI is used for oilseed rape,
sunflower, maize and cotton [125]. By 2008, neonicotinoids have been registered in
more than 120 countries for use on more than 140 different crops [126] and they have
25% market sale in 2014 [121]. However, IMI have shown adverse effect on nontarget organisms especially on honeybees [67]. For that reason, in 2013, European
Union introduced a temporary ban on the IMI [117].

Physicochemical Properties
IMI (CAS No:138261-41-3 and IUPAC name: 1-(6-chloro-3-pyridylmethyl)-Nnitroimidazolidin-2-ylideneamine) is chloronicotinyl nitroguanidine containing
systemic insecticide with the chemical formula of C9H10ClN5O2. Figure 5 shows the
chemical structure of IMI [127]. IMI molecule consists of chloro-pyridine and
imidazolidine rings.

Figure 5. Molecular Structure of IMI [127]

IMI is stable, hydrophilic, non-volatile and colorless crystal with a weak characteristic
smell [128]. Solubility of neonicotinoids highly depends on the pH of the solution,
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temperature and the pesticide’s physical state [129]. IMI has solubility of 610 mg/L
(at 20ºC) in water which shows that it is highly soluble in the water [128]. The
pesticide’s water solubility must be known since the solubility determines possible
degradation pathways. For example, highly soluble pesticides like IMI will stay in the
water and it has low tendency to be adsorbed in the soil. It is fairly stable to hydrolysis
at acidic and neutral pHs in the aqueous solution, but hydrolysis of IMI accelerated at
basic conditions [130]. Moreover, it shows rapid photolytic degradation which lasts
less than 2 hours [127]. It has vapor pressure of 1×10-7 mmHg (at 20ºC) and Henry’s
constant of 6.5×10-11 atm.m3/mole which indicates that it has low volatility and low
vapor pressure [128]. IMI’s octanol-water partitioning coefficient (log Kow) is 0.57 (at
21ºC) [128] and soil adsorption coefficients Kd and Koc ranges are 0.956-4.18 and 132310, respectively. Since IMI has high water solubility and low adsorption coefficient
Kd value, it is not likely to adsorb into soil [127]. Physicochemical properties of IMI
are tabulated and given in Table 2.

Table 2. Physicochemical properties of IMI [127,128]
Physicochemical Property

Value

CAS Number

Molecular Formula

138261-41-3
1-(6-chloro-3-pyridylmethyl)-Nnitroimidazolidin-2-ylideneamine)
Colorless Crystal
Systemic insecticide which binds to
nicotinic acetylcholine receptors of
the insect [66]
C9H10ClN5O2

Molecular Weight

255.7 g/mole

Water Solubility

610 mg/L (at 20ºC)

Melting Point

143 °C

Vapor Pressure

1 x 10-7 mmHg (at 20ºC)

Hydrolysis Half-life

> 30 days (at 25ºC and pH 7)

IUPAC Name
Form
Mode of Action
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Physicochemical Property

Value

Aqueous Photolysis Half-life

< 2 hours (at 24ºC and pH 7)

Henry's Constant

6.5 x 10-11 atm m3/mole

Octanol-water Coefficient (Kow)

0.57

Soil Adsorption Coefficient (Kd)

0.956-4.18

Soil Adsorption Coefficient (Koc)

132-310

Occurrence and Adverse Effect of IMI in Water
IMI is amenable for in broad range of agricultural activities such as production of corn,
soybean, canola and tomato production in several countries as United States, Canada
[131], Netherlands, Sweden and Vietnam [132] due to its properties like being highly
water soluble [128] and systemic insecticide [66].
There are several different ways of IMI access into water bodies. Since the solubility
of IMI is high and partitioning (log KOW) and soil adsorption (log KOC) coefficients
are low (Table 2), IMI migration through surface and subsurface runoff is promoted.
In other words, IMI can effortlessly reach into the water bodies [133]. The
environmental conditions such as pH, light, temperature and turbidity or the
formulation of pesticide can alter the persistence of IMI in the water bodies such as
that increasing the pH and turbidity cause to strengthen the persistence [134].
IMI may leach into the groundwater and it consequently appears in the surface water.
Moreover, treated seeds decay in the water and application of pesticide by spray
nozzle are other ways of water contamination [125]. On the other hand, according to
Hladik et al. [135], rainfall run-off causes larger part of the water body contamination.
Table 3 shows IMI occurrence in several WWTPs and surface waters.
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Table 3. Imidacloprid levels in wastewater and surface water
Occurrence Area

Sample Type

Concentration

Bucharest WWTP,
Romania

WWTP influent
WWTP effluent
WWTP influent
WWTP effluent

60.8-80.2 ng/L
53.6 ng/L
60.5 ng/L
55.8 ng/L
14.96 ng/L (max.)
1.66 ng/L (mean)
19.2 ng/L (max.)
2.2 ng/L (mean)
207 ng/L (max.)
23 ng/L (mean)
67 ng/L (max.)
25 ng/L (mean)
42.7 ng/L (max.)
<2 ng/L (mean)
9.2 ng/L (max.)
<2 ng/L (mean)
24.9 ng/L (max.)
<2 ng/L (mean)
27.9 ng/L (max.)
<2 ng/L (mean)
17.1 ng/L (max.)
<2 ng/L (mean)

USA
Ebro River, Spain

Surface water

Guadalquivir River,
Spain

Surface water

Turia River, Spain

Surface water

Llobregat River, Spain

Surface water

Old Mans Creek, USA

Surface water

South Fork Iowa River,
USA

Surface water

Little Sioux River, USA

Surface water

Nishnabotna River, USA

Surface water

Missouri River, USA

Surface water

Reference
[136]
[137]
[138]
[139]
[140]
[141]
[135]
[135]
[135]
[135]
[135]

Fate of IMI in Water
Several physical processes such as adsorption, biodegradation, volatilization and
sedimentation control the distribution of pesticides in the environment. After
distribution, chemical and biological processes cause to degradation of the pesticides.
Chemical reactions such as oxidation, reduction, hydrolysis and photolysis mainly
take place in the water or the atmosphere. Biological degradation of pesticides occurs
via utilization of oxidation, reduction, hydrolysis and conjugation processes in soil by
the living organisms. Therefore, aforementioned physical processes control the
pesticide distribution and the degradation is controlled by the environmental media
like soil, water or air [142].
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Adsorption
The environmental fate of the pesticides is primarily determined by their behavior in
soil since the numerous physicochemical and biological processes regulate their
movement, transport and dissipation towards other environmental media such as
water, air and soil [143]. These physicochemical properties involve soil texture,
organic matter content, pH, moisture and electrical conductance [127]. Sorption
process, which means the migration of chemical solute from the aqueous phase to the
solid adsorbent’s surface, primarily plays a crucial role for the pesticide retention time
in the soil [144].
Desorption is conversely related to sorption and when the sorption is great then the
desorption is small or vice versa [145]. Sorption-desorption processes are important
for the pesticide availability for the living organisms, target species and plants and
pesticide’s attitude in surface and groundwater pollution [146,147].
Bajeer et al. [148] investigated the IMI’s adsorption and leaching potential though the
alluvial soil in both column and field study. In contrast to Cox et al. [149], Oi et al
[150], and Zheng and Liu [130], Bajeer et al. conducted a study in sodic and alkaline
soils. They used the soil that has high percent of sandy loam, high pH and low in
organic matter. In these experiments both high purity and commercial IMI was
applied. They concluded that since these soils have low organic matter and high pH,
IMI had great potential to leach and they found that IMI leached up to 60 cm soil
depth. In other words, in basic and low organic matter containing soils tend to have a
high leaching of IMI and is of potential danger for environment [148]. According to
Liu et al. [151], the most affecting factor for soil sorption is soil organic matter. For
instance, the more organic carbon soil has, the more IMI sorption occurs [151].
Therefore, half-life of IMI in soil changes related to organic matter. For instance, halflives for IMI were found as 455-518 days, 233-366 days, 34-45 days and 36-46 days
in sandy loam, silt clay loam, alluvial and coastal alkaline soils, respectively [152].
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Furthermore, as the temperature increases, sorption rate also increases for different
soil types [153].
IMI has been classified as ‘persistent’ with a ‘high leaching’ potential by Pest
Management Regulatory Agency of Canada (PMRA). According to European Food
Safety Authority, soil surface spraying of IMI results in higher persistence in soil than
seed treatment [154]. For instance, Selim et al. [155] found that leaching of IMI was
around 27-69% and 97% in contrasted textures and sand column, respectively [155].
For these reasons, IMI may cause groundwater contamination. Indeed, Groundwater
Ubiquity Score (GUS) leaching potential index of IMI was found as 3.76, which also
indicates the high leachability [156].

Biodegradation
Bacterial biodegradation may be performed either biodegradation by microbial
consortia or by pure bacterial cultures. Moreover, bacterial biodegradation can be
divided into two categories: catabolic and cometabolic. In the former, organic matter
serves as a sole source of carbon or nitrogen for growth, whereas the latter stands for
additional carbon or nitrogen sources provided for growth [157].
Biodegradation of IMI has been investigated by several researches. In one of these
studies, IMI was successfully degraded at most by 78% within 7 days at 30 °C by
isolated bacterium Klebsiella pneumoniae strain BCH1 in agricultural soils [158].
Furthermore, biodegradation of IMI yielded to formations of

nitrosoguanidine,

imidacloprid guanidine and 6-chloronicotinic acid [158] which is mainly found as soil
metabolite of IMI [159]. The biodegradation of IMI by an isolated microorganism was
also conducted by Anhalt et al [160]. The IMI was degraded by Leifsonia sp. strain
PC-21. Degradation of IMI with an initial concentration of 25 mg/L was in the range
of 37-58% within 3 weeks [160].

31

The IMI degradation and characterization and isolation of bacteria from vegetable
farms in Malaysia was investigated by Sabourmoghaddam et al. [161]. They revealed
that among 50 soil bacterial isolates, only 5 of them (Bacillus sp., Brevibacterium sp.,
Pseudomonas putida F1, Bacillus subtilis and Rhizobium sp.) were able to degrade
IMI with an initial concentration of 25 mg/L within 25 days. They also concluded that
these bacterial strains might be promising for bioremediation [161]. In addition to
these isolated bacterial strains, Bacillus aerophilus [162], Brevundimonas sp. [163],
Burkholderia cepacia strain CH9 [164] and Mycobacterium sp. strain MK6 [165] were
responsible for IMI degradation in sugarcane, cotton and agricultural field soils,
respectively.
As seen, these biodegradation studies belong to the degradation of IMI in soil, but not
in the water environment.

Photolysis
For the photolysis of IMI, there are several studies conducted. Moza et al. [166]
examined the photolysis of the IMI in the aqueous solution under the 290 nm
irradiation and concluded that 90% of the IMI degraded in 4 hours. The degradation
followed the first-order kinetics and the half-life was determined as 1.2 hours. These
results pointed out that degradation of IMI was fairly rapid under the UV light. The
same IMI solution was kept in the dark as a control and it was observed that the IMI
concentration did not decrease. The proposed photodegradation pathway was
determined and degradation compounds were identified by GC-MS. Photodegradation
of IMI resulted in formation of eight photoproducts. The main photoproducts were 6Chloro-nicotinaldehyde,

N-methylnicotinacidamide,

1-(6-chloronicotinyl)

imidazolidone and 6-chloro-3-pyridyl-methylethylendiamine [166].
Wamhoff and Schneider [167] also investigated the photodegradation of IMI. They
found that under the wavelength greater than 280 nm, half-lives of the IMI in HPLC
grade water, in tap water and in tap water with TiO2 were 43, 126 and 144 minutes,
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respectively. The photodegradation followed the first-order kinetics. The degradation
pathway was proposed, and eight photoproducts were identified. Among these eight
products, 1-[(6-chloro-3-pyridinyl)methyl]-2- imidazolidone (IMI urea) were the most
abundant one [167].
In other study, Liu et al. [151] examined the sorption, hydrolysis and photodegradation
of IMI. During the photodegradation experiments mercury lamps with 254 nm were
used. IMI photodegradation followed the pseudo-first order kinetics. The rate constant
depends on the initial IMI concentration which may be due to limited photons.
Moreover, as the temperature was increased, photodegradation rate of the IMI also
increased. The degradation mechanism for photodegradation of IMI was determined
and various intermediate compounds were observed. Similar to Moza et al [166] and
Wamhoff and Schneider [167], Liu et al. [151] also determined imidacloprid-urea as
the main photoproduct. The proposed pathway of IMI photoproducts formation can
be depicted in Figure 6.
Ding et al. [168] have conducted the most recent study for the photodegradation of
IMI. They observed that 95% of the initial IMI solution (2×10−4 M) was decomposed
in 40 hours under the 280 nm UV light. The degradation followed first-order kinetics
and the degradation half-life was determined as 10.2 hours. Ding et al. [168] explained
the reason for having longer half-life time than Moza et al.'s study as photon flux and
stirring rate were not same. Similar to other researches, Ding et al. [168] also identified
several photoproducts including the IMI urea, IMI olefin, and IMI desnitro [168].
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Figure 6. The proposed mechanism for photo degradation of IMI [169]

Hydrolysis
According to Zheng and Liu [130], IMI hydrolysis greatly depends on the pH of the
solution. In order to examine the pH effect on the IMI hydrolysis, they worked with
the pH values of 3, 5, 7 and 8. IMI exhibited minor hydrolysis in acidic and neutral
conditions. At pH 7, the hydrolyzed portion of IMI was only 1.5% after three months.
On the other hand, at pH 9, the hydrolysis became faster and the 20% of the IMI
disappeared after three months. Moreover, the temperatures of 10 ºC, 20 ºC, 30 ºC, 40
ºC, 50 ºC and 60 ºC were studied and they reported that the temperature increase also
caused hydrolysis to rise significantly.
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Figure 7. The proposed mechanism for hydrolysis of IMI [130]

The proposed mechanism for hydrolysis of IMI is given in Figure 7 and there was only
one main product, namely 1-[(6-chloro-3-pyridinyl)methyl]-2- imidazolidone (IMI
urea), after the hydrolysis. IMI urea was observed at basic conditions and remained
stable [130].
Sarkar et al. [170] investigated the hydrolysis of IMI in water, based on formulation
types of the pesticide. Commercial IMI pesticides namely Confidor 200 SL and
Gaucho 70 WS were used. The hydrolysis followed the first-order kinetic rate. Apart
from the other researches, Sarkar et al. pointed out that the powder formulation has
longer hydrolysis half-life than the liquid formulation indicating that the powder
formulation is more persistent in the environment compared to the liquid formulation
[170]. Another study which was conducted by Malato et al. [171] revealed that IMI
was stable in aqueous solution. In the dark conditions and at pH values of 2.7, 5 and
8, IMI was chemically stable and did not undergo hydrolysis in 36 hours [171].

Volatilization
Since IMI has low volatility (1 x 10-7 mmHg) [127], it is not commonly present in the
air for a long time. During spray application, IMI can be observed as aerosols in the
air, but then it is quickly photodegraded [127]. Another possibility of IMI presence in
the air can be due to dust and dispersion which may occur during seed sowing
machines planting the treated seeds [156].
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Removal of IMI from Water
The removal methods for IMI from water can be classified into three categories as
biological, physical and chemical treatment. For the IMI removal from real
wastewaters, biological treatment such as activated sludge, physical removal methods
such as activated carbon adsorption, membrane filtration and chemical treatment such
as AOPs are evaluated in this section.

Biological Treatment
Biological treatment at WWTPs are usually performed by means of activated sludge
process. Removal of IMI via biological treatment was investigated by Sadaria et al.
[137]. They examined removal efficiency in both constructed wetland and WWTP.
IMI influent and effluent concentrations at WWTP were 54.7 and 48.6 ng/L,
respectively. Conducted mass balance over the WWTP proved almost no IMI removal.
Moreover, influent and downstream concentrations of IMI at constructed wetland
were 54.4 and 49.9 ng/L, respectively. Similar to WWTP, constructed wetland also
showed almost no IMI degradation. These results indicated that IMI could be
identified as recalcitrant wastewater constituent [137]. Furthermore, the treatment of
IMI during Bucharest WWTP was evaluated by Iancu et al. [136]. They observed a
slight IMI removal since IMI concentration measured in the influent and effluent were
60.8-80.2 ng/L and 53.3 ng/L, respectively.

Physical Treatment
Physical treatment processes include adsorption and membrane filtration [6,18,172175]. For the removal of IMI, adsorption has been widely applied by implementation
of various adsorbents such as rice straw biochar, coconut shell, natural sepiolite,
powdered and granular activated carbon [18,172-175]. Among these adsorbents,
generally, powdered and granular activated carbon are used for pollutants removal in
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WWTPs [5]. Zahoor and Mahramanlioglu [5] investigated the IMI removal from
water by using adsorbents of powdered (PAC) and magnetic activated carbon (MAC),
in a comparative way under different pH values and initial IMI concentrations. The
XRD measurements showed that PAC had higher surface area and micropore volume
than MAC. The IMI removal data fitted Langmuir adsorption isotherm with curve
types of H and L for PAC and MAC, respectively. Although increase in the initial IMI
concentration resulted in higher equilibrium time for both adsorbents, significant
removal was achieved for both 25 and 50 mg/L initial IMI concentrations. Since the
pH of solution also highly affects the adsorption processes, thereby pollutant removal
efficiency, different pHs (1-8) were investigated for both adsorbents. The acidic pHs
caused to iron oxide production and loss of magnetization for MAC. Moreover,
changing pH from 4.8 to 8 did not result in notable IMI removal for both PAC and
MAC [5]. Similar findings were also reported by Daneshvar et al. [175] for IMI
abatement by granular activated carbon (GAC) at pH 4 and 7. They also investigated
the IMI removal at different temperatures ranging from 25 to 55 °C. The IMI with 25
ppm initial concentration was removed at least by 80% within 90 min for all
temperatures. The removal kinetics fitted to second-order model [175]. Although
activated carbon is one of the most widely used adsorbent in WWTPs, due to its high
cleanup cost, more economical, and environmentally friendly adsorbents are being
used in recent years [18,172-174]. These adsorbents include agricultural waste
biochars such as corn cob (CCBC), bamboo chips (BCBC), eucalyptus bark (EBBC),
rice husk (RHBC), rice straw (RSBC) and acid treated RSBC (T-RSBC) [172].
Mandal et al. [172] investigated IMI removal from water through these biochars.
Firstly, they pyrolyzed these feedstocks under similar conditions. However, due to
their different natures, biochar characteristics, in turn their adsorption capacity altered.
For instance, the most efficient IMI removal was achieved by RSBC (up to 77.7%),
but CCBC exhibited the least removal ability (up to 20.1%). Furthermore, phosphoric
treatment of the most effective biochar (RSBC) improved the IMI removal from
77.7% to 89.5%. The IMI sorption data fitted well to the Freundlich isotherm with a
Freundlich coefficient of 1706 for RSBC.
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Further study was conducted by Mandal and Singh [18] and they investigated the
removal efficiency of atrazine and IMI from water by both normal (RSBC) and
phosphoric acid treated (T-RSBC) rice straw biochars. They implemented singlestage, two-staged and three-stage adsorber plant model in order to evaluate the most
economical removal method. In the single-stage adsorber plant (volume: 1000L) 1.38,
1.65, 2.03, 2.64, and 3.97 kg of RSBC was used to remove, 75, 80, 85, 90, and 95%
of 10 ppm IMI. For the same degree of IMI removal, 1.66, 1.94, 2.31, 2.87, and 3.98
kg of T-RSBC were needed, respectively. In two-stage adsorber plant system, 95% of
IMI was removed by using 69% less RSBC amount than single-stage system. In fact,
this result showed that, when the two-stage was performed, much less adsorbent was
adequate to achieve same degree of IMI removal. At the three-stage system, same
percent of IMI removal requires lower amount of adsorbent, as expected. However,
application of the three-stage system will require greater system and maintenance
costs since it is immensely complex system. Considering the cost analysis, two-stage
system has been found to be more feasible than the three-stage [18]. Furthermore,
activated carbon obtained from coconut shell was also used as adsorbent to remove
IMI from water [173]. Kouakou et al. [173] compared the IMI removal from
wastewater by both laboratory-made coconut shell activated carbon (CAS) and
industry-made activated carbon (NORIT) which had similar surface area (721 m2/g).
The isotherm test results showed that for both adsorbents, Langmuir and Freundlich
models were followed and IMI adsorbed quite better onto NORIT than CAS. Similar
to previous studies, Kouakou et al. [173] also observed that the pH of solution did not
significantly affect the IMI removal by NORIT activated carbon. On the other hand,
CAS was highly efficient for IMI adsorption at pH 3.84 and these results proved the
pH of solution affect the adsorption process [173]. Apart from agricultural feedstocks
and its biochars, inexpensive natural geological stones such as sepiolite was applied
as an adsorbent during IMI removal [174]. Gonzalez-Pradas et al. [174] conducted
column experiments in order to examine IMI removal from synthetic wastewater by
using the natural sepiolite which is a magnesium silicate clay with a fibrous structure.
The IMI removal data well fitted the Langmuir isotherm model. The equilibrium was
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reached within 50 min and 99.9% of IMI (20×10-4cmol/dm3 initial concentration) was
removed from water [174].
Apart from adsorption processes, membrane filtration techniques (nanofiltration,
reverse osmosis and membrane bioreactor) were also applied to remove
micropollutants [6,102,176]. In this respect, Genc et al. [6] investigated IMI removal
by reverse osmosis by using three different membranes (BW30, LFC-3, CPA-3) with
a polyamide basis. Apart from IMI removal, they also examined TOC and TDS
removal, as well. They reported that IMI, TOC and TDS removal were by 97.8%, 98%
and 97.5%, respectively, with BW30 at pH 11. Furthermore, they examined permeate
flux which is an important membrane operation parameter. They observed more cake
layer and membrane fouling with the membranes BW30 and LFC-3. Despite the
fouling observed, for all membrane types, more than 95% IMI rejection was achieved
with the main rejection mechanism of size exclusion [6]. Literature studies showed
that physical treatment of IMI mainly depends on adsorption techniques.

Chemical Treatment
Chemical removal techniques include AOPs such as ozonation, O3/UV, O3/H2O2,
Fenton and photo-Fenton processes [81]. Several AOPs have been established as the
most commonly used techniques for IMI removal including photochemical
degradation processes such as photo-Fenton [19] and photocatalysis [20,177,178],
catalytic ozonation [21], cavitation [24,179] and ozonation [22,23].
Furthermore, hybrid processes were also applied to promote IMI degradation. These
processes aim to decompose organic pollutants to less complex form and to mineralize
them [81]. Photo-Fenton (H2O2/Fe2+/UV) process is known to be effective for not only
pesticide degradation but also TOC removal [19].
Segura et al. [19] investigated IMI degradation and TOC reduction by photo-Fenton
process. The effect of Fe2+ concentration on the IMI removal was apparent since the
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increase of Fe2+ concentration resulted in less time for 80% IMI degradation. At 35
mg/L Fe2+ and 150 mg/L H2O2 initial concentrations, 50% of IMI was degraded in
only 1 min and then reaction was slowed down until the IMI was fully degraded. On
the other hand, H2O2 concentration played an important role in TOC reduction. The
maximum TOC removal (77%) was achieved at 23 mg/L Fe2+ and 393 mg/L H2O2
initial concentrations. Moreover, acute toxicity to Daphnia magna and genotoxicity
to Bacillus subtilis was presented in both raw IMI and degraded IMI due to produced
by-products. However, after reasonable mineralization occurred by photo-Fenton,
both acute toxicity and genotoxicity were significantly decreased and disappeared
eventually [19].
In addition to photo-Fenton process, heterogeneous photocatalysis has gained growing
interest in recent years. Malato et al. [20] examined removal of four pesticides
including IMI by photo-Fenton and heterogeneous photocatalysis (solar energy) with
TiO2 at pilot-scale treatment plant. The initial concentration of IMI, TiO2 and Fe were
50 mg/L, 100 mg/L and 0.05 mM, respectively. While the IMI was fully degraded
within 120 min by TiO2, it lasted only 20 min with photo-Fenton process.
Furthermore, not only degradation of IMI but also TOC removal was enhanced by the
application of photo-Fenton. The 90% TOC removal was achieved in more than 400
min and 200 min for TiO2 and photo-Fenton, respectively. These findings clearly
showed that photo-Fenton was more successful in mineralization of both IMI and
degradation by-products [20]. Another research conducted by Zabar et al. [177] also
obtained similar results with the previous study. They conducted pesticide degradation
including IMI by immobilized-TiO2 photocatalysis. The results showed that fully IMI
disappearance was lasted 120 min. Nevertheless, 120 min degradation was not
adequate to complete mineralization indicating a need for more treatment [177].
Similarly, Kitsiou et al. [178] also investigated homogeneous and heterogeneous
photocatalytic treatment for IMI degradation. Unlike for previous researches, Kitsiou
et al. [178] applied UV-A and visible illumination combined with TiO2 and Fenton.
The removal of IMI by TiO2/UV-A was quite slow and required more than 240 min
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of treatment. On the other hand, when the TiO2 was coupled with Fe3+ and H2O2
removal efficiency was significantly enhanced due to synergistic effect [178].
Although removal efficiency of TiO2 (photocatalysis) is generally comparable with
photo-Fenton process, TiO2 can be coupled with ozone such as O3/TiO2/UV process
to enhance production of OH•, in turn to improve IMI degradation. Cernigoj et al. [21]
examined neonicotinoid insecticides (IMI and thiacloprid) removal by O3/TiO2/UV as
well as the effect of pH and ozone dose in the TiO2 photocatalysis. They found that
half-life of IMI at pH 10 was 1.5 months indicating that the IMI was easily affected
by hydroxide anions at alkaline pH. The degradation of IMI was quite slow by O2/UV
at 300 nm UV-A light emission. Since the IMI has maximum adsorption at 270 nm,
during the UV radiation photons were efficiently absorbed by IMI. Moreover, for
further degradation by O3/TiO2/UV, thiacloprid was investigated since it has higher
stability than IMI [21].
Other than photocatalysis processes, several AOPs have been applied to enhance OH•
production, which, in turn, is directly related to the increased removal efficiency of
IMI [24]. Cavitation process which can be hydrodynamic [24] or ultrasound-based
treatment system can be also regarded as oxidation process since it enhances the
generation of OH• in the solution [180]. The cavitation leads to bubble formation,
growth and consequent collapse of formed bubbles. Indeed, hydrodynamic cavitation
is promoted by liquid flow through basic mechanical constriction like venture and
orifice [181]. Raut-Jadhav et al. [24] investigated the IMI degradation by
hydrodynamic cavitation (HC) and its hybrid processes with several AOPs such as
HC/Fenton, HC/photo-Fenton, HC/UV and HC/UV/Nb2O5 processes. The initial
concentration of IMI was 25 ppm, and the pressure was set at 15 ppm. At this
condition, nearly 26% IMI degradation was achieved by HC application. Effect of pH
on the IMI removal was evident and the removal sharply decreased when the pH
increases from 3 to 4. The maximum IMI removal (26%) was observed at pH 2. To
promote OH• production and to enhance IMI removal, hybrid processes were applied.
The percentage of IMI degradations were 97.77% and 99.23% within 15 min of the
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applications of HC/Fenton and HC/photo-Fenton, respectively. While the synergistic
effect was apparent for both HC/Fenton and HC/photo-Fenton processes, HC/UV did
not show any synergistic effect since the reaction rate constant of the combined
HC/UV process was lower than the one obtained in HC and UV processes. Within 120
min treatment time, while the IMI removal efficiency was 45.56% for HC/UV
application, it slightly increased to 55.18% with addition of niobium pentoxide as a
photocatalyst (HC/UV/Nb2O5) [24].
When the cavitation is promoted by ultrasound rather than liquid flow, it is called as
ultrasound-based cavitation which is induced by high frequency sound waves in the
range from 16 kHz to 1 MHz. The liquid molecules are pulled apart to create cavities
while the ultrasound passing through liquid media [179]. The IMI degradation by
ultrasound-based cavitation was investigated by Patil et al [179]. Experimental results
clearly showed that degradation of IMI by ultrasonic horn (US) was strongly affected
by pH and H2O2. When the pH decreased from 11 to 3, IMI degradation increased
from ~35% to 70% since the cavitation is favored at acidic pHs. Similarly, increase of
H2O2 from 15 to 80 ppm, cause the IMI removal to enhance since H2O2 provides OH•
which has further degradation ability. Moreover, combination of US and H2O2/UV
was examined to achieve complete degradation of IMI and higher TOC removal. It
was mentioned that 84% IMI and 79% TOC removal were achieved upon 35 ppm
H2O2 addition within 120 min. In all degradation methods studied in this research
apparently demonstrated that combination of US/H2O2/UV resulted in the best TOC
removal, in turn, complete mineralization of IMI [179].
Ozonation is one of the most typical AOPs to degrade micropollutants [81]. Although
ozone has been widely applied for water and wastewater disinfection purposes for
several decades [9], it has also been used in recent years to remove or degrade many
micropollutants including IMI. Bourgin et al. [22] examined the removal of IMI from
synthetic wastewater by injecting standard and seed loading solutions in semi-batch
reactor. Furthermore, occurrence and degradation of by-products were also
investigated. Degradation of IMI yielded to production of 13 degradation by-products.
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The IMI degradation pathway which would enlighten the production of these byproducts was proposed. They applied different ozone concentrations such as 25, 50
and 100 g/m3 in order to examine the IMI removal and degradation kinetics. As
expected, an increase in the ozone concentration resulted in higher IMI degradation
within a shorter time. The degradation yields of IMI within 90 min were 96.5, 99.9
and 99.8% for ozone concentrations of 25, 50 and 100 g/m3, respectively. In turn, the
higher ozone concentration lead to the faster IMI degradation. The reaction kinetic
was found to follow a pseudo-first order reaction with rates constants between 0.129–
0.147 min-1 [22].
Another IMI ozonation study which was conducted in batch reactor also showed that
the degradation of IMI followed pseudo-first order reaction kinetics with a rate
constant of 0.121 min-1 at pH 7.0 [23]. Furthermore, in this study, Chen et al. [23] also
examined the effects of pH on the IMI degradation. The findings showed that as the
pH increased from 6.02 to 8.66, the degradation rate constant improved more than
four-fold. On the other hand, degradation of IMI was negatively affected by the
alkalinity increase from 0 to 250 mg/L as CaCO3. The reason could be a decrease of
available OH• in the solution for IMI degradation due to the reaction of CO3- with
OH•. Therefore, they also concluded that the OH• plays a significant role during IMI
removal [23].

Ozonation Process
AOPs are widely applied to remove organic pollutants such as pesticides from
wastewater treatment plants. AOPs include implementation of O3, UV, H2O2, Fenton
process, photocatalysis [81]. Among these processes ozonation is one of the most
typical and promising treatment method [25], and it has been applied for wastewater
treatment due to high oxidation efficiency for several decades [9].
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Physicochemical properties of O3
Ozone was firstly discovered by the German scientist C. F Schönbein in 1840. The O3
name originated from Greek word “ozein” which means “to smell” due to its very
distinctive odor. In 1856, Thomas Andrews discovered that ozone was formed by only
oxygen atoms. In 1863, it was shown that three volumes of oxygen are equal to two
volumes of O3 [182]. Formation of ozone is endothermic process and the O3 is
thermodynamically unstable which means it spontaneously comes back into oxygen
atom. Since O3 is an unstable gas, it should be generated “in-situ” [183].
O3 is a pale blue gas with a higher density than air. O3 is an allotrope of oxygen [184]
and the chemical properties are subjected to molecule structure of O3 [185]. The
resonance structure of O3 is illustrated in Figure 8 [186]. Molecular O3 may react as a
dipole, an electrophilic or nucleophilic agent due to its resonance structure. Hence, O3
is highly unstable and reactive [183].

Figure 8. Resonance structure of O3 [186]

Furthermore, half-life of O3 may differ from a few seconds to few minutes depending
on several properties such as pH, temperature, organic and inorganic compounds’
concentration [185].
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Table 4. Oxidizing potential values for common oxidants [187]
Oxidizing Species
Fluorine
Hydroxyl radical (OH•)
Ozone (O3)
Persulfate anion (S2O82-)
Hydrogen peroxide (H2O2)
Permanganate ion (MnO4-)
Peroxymonosulfate
anion (HSO5-)
Chlorine
Oxygen

Oxidation Potential (E0)
3.03 V
2.80 V
2.07 V
2.10 V
1.78 V
1.68 V
1.40 V
1.36 V
0.40 V

The chemistry of O3 is generally carried out by its strongly electrophilic nature. Table
4 shows oxidation potential of several oxidizing species. Ozone is highly reactive with
an oxidation power of 2.07 V [183]. It has more oxidation potential than both chlorine
(1.36 V) and oxygen (0.40 V). Since it is unstable and very reactive, it cannot be stored
or transported. Therefore, it has to be produced in-situ. Furthermore, it is very
explosive even at low concentrations. It also shows toxicity to humans, but due to
distinctive smell, it can be detected before it comes dangerous level. Furthermore,
solubility of O3 in water is ten times higher than the oxygen [188]. Further
physicochemical properties of O3 is given in Table 5.

Table 5. Physicochemical properties of O3 [183,187]
Property
Form
Molecular weight
Density (gas) (at 0 °C)
Melting point
Boiling point
Solubility in water (at 0 °C)
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Value
Pale blue gas
48 g/mole
2.144 km/m3
-192.7 °C
-110.5 °C
2.2×10-2 M

Property
Solubility in water (at 20 °C)
Henry’s constant (at 0 °C)
Henry’s constant (at 20 °C)
Explosion threshold

Value
1.19×10-2 M
35 atm/M
100 atm/M
10% ozone

The mechanism of O3 action
As mentioned previous section, both O3 and hydroxyl radicals (OH•) are one of the
strongest oxidants after fluorine (Table 4). Chemical oxidation during ozonation can
occur by two ways, direct reaction or indirect reaction [189]. While the former one
represents that the degradation of compound is occurred by only O3, the latter
represents various radical species, which are formed as a result of O3 decomposition,
also play a role in addition to O3 [189]. Therefore, indirect reaction is also named as
radical-type reaction.
Radical species such as OH•, superoxide radicals (O2-•), hydroperoxyl radicals (HO2•)
attracted the most attention in AOPs due to their highly reactive and powerful
oxidizing ability. Indeed, these radical species are strong enough to initiate AOPs and
oxidize pollutants in the water [108].
Moreover, ozone action towards to micropollutants strongly depends on nature of
organic pollutant and pH of the solution [188], which is further discussed in the
following sections. These two degradation pathways are illustrated in Figure 9.

Figure 9. Ozone reactivity mechanism toward to pollutant, R [185]

46

Direct Reaction
Direct oxidation of pollutants by ozone is an extremely selective reaction with a
typical kinetic reaction rate between 1 to 106 M-1s-1 [190]. Due to dipolar structure of
ozone, ozone molecule attacks to unsaturated bonds of pollutant compound and it
leads to bond splitting. This process is called as Criegee mechanism and proposed
reaction pathway is illustrated in Figure 10 [191].

Figure 10. Proposed reaction pathway for Criegee mechanism [191]

O3 is strong electrophile and reacts quickly with organic and inorganic compounds.
The electrophilic reaction is limited to certain aromatic compounds and sites that have
strong electronic density. For instance, electron donor groups (OH, NH2 etc.) are
strongly reactive with O3 due to their high electronic densities.
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As illustrated in Figure 11, O3 quickly reacts with electron donor group (shown as D)
of aromatic compound [183]. Other than aromatic compounds, O3 has selective
reactivity towards double bonds, secondary and tertiary amines (non-protonated) and
sulfur species [192]. On the other hand, electron withdrawing groups (-COOH, -NO2
etc.) are less O3 reactive [9]. In this case, O3 acts as a nucleophile depending the
nucleophilicity degree of compound [185]. Moreover, pH affects the reaction
mechanism since the decomposition of O3 highly depends on the pH [88]. Indeed,
direct mechanism is favored at acidic pH (i.e. pH<7), since the concentration of OHand in turn, decomposition of O3 is less [189].

Figure 11. Proposed reaction pathway of ozone and aromatic compound [185]

Indirect Reaction
The second degradation pathway is indirect reactions. It is also named as radical-type
reaction since decomposition of O3 forms several radicals. The radicals have unpaired
electron which make them highly unstable. The unpaired is generally represented by
“•”. Moreover, the reaction rates of the most radicals are generally high since they
prone to undergo reaction with a pollutant immediately. While the direct reaction is
dominant at acidic pHs (i.e. pH<7), indirect mechanism is favored at basic pHs (i.e.
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pH>7) [88]. Therefore, at basic pHs, decomposition of O3 increases due to highly
available amount of OH- [189].
The O3 decomposition occurs with chain reactions including initiation, propagation
and termination steps [189]. The overall ozone degradation pathway is illustrated in
Figure 12 and these steps and reactions are further discussed in this section.

Figure 12. Overall mechanism for ozone decomposition [185]

Initiation step:
Ozone decomposition starts with attack of OH- to ozone and this rate-determining step
lads to formation of one superoxide radical ion (O2-•) and one hydroperoxyl radical
HO2• (Eq. (1)) The second equation represents the regeneration of O2-• since HO2• is
in acid-base equilibrium with O2-• [189].
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𝑘1

O3 + OH- →
HO2•

HO2•+ O2-•

𝑘2

↔ H+ + O2-•

k1 = 70 M-1s-1

(1)

k2 = 10-4.8

(2)

Propagation step:
This step includes ozonide anion (O3-•) production by attack of ozone to O2-•. Further
reactions constitute OH• [189].

O3 + O2-•

𝑘3

→
𝑘4

H+ + O3-• ↔
HO3

𝑘5

→

k3 = 1.6 x 109 M-1s-1

(3)

HO3

k4 = 5.2 1010 M-1s-1

(4)

k5 = 1.1 x 105 s-1

(5)

k6 =2.0 x 109 M-1s-1

(6)

k7 = 2.8 x 104 s-1

(7)

HO• + O2
𝑘6

HO• + O3 →
HO4

O3-• + O2

HO4

𝑘7

→ HO2 + O2

Termination step:
Several organic and inorganic compounds react with OH• to form secondary radicals
which not further form superoxide radicals such as HO2• and O2-• (Eq. (8) and Eq. (9))
[189]. 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 reaction of two radicals (Eq. (10)).

HO• + CO32-

𝑘8

→ OH- + CO3-•
𝑘9

HO• + HCO3-• → OH- + HCO3•
HO• + HO2•

𝑘10

→

O2 + H2O

k8 = 4.2 x 108 s-1

(8)

k9 = 1.5 x 107 s-1

(9)

k10 = 3.7 x 1010 s-1
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(10)

There are several compounds that may act as an initiator, a terminator or a scavenger.
Some of the examples of these substances are given in Table 6. As seen from Table 6,
humic acid may act as either promoter or scavenger.

Table 6. Examples for initiators, terminators and scavengers act during ozone
decomposition [92]
Initiator
OHH2O2 / HO2Fe2+

Promoter
Humic acid
Aryl-R
Primary and
secondary alcohols

Scavenger
Tert-butyl acohol (TBA)
HCO3-/ CO32PO34NO3-, NO2
Cl-, BrHumic acid

The presence of scavengers in the wastewater may cause consumption of the radical
species. These scavengers may consume OH• or compete with micropollutants for
indirect degradation reactions. Scavengers may include organic matters like humic or
fulvic acids, proteins and amino acids, or inorganic matter such as sulfide, carbonate,
bicarbonate, bromide and nitrate [92]. The scavenging effect should be taken into
consideration while applying ozonation treatment in WWTPs.

Factors affecting the treatment efficiency of O3
The operational parameters, such as ozone dose, pH, water matrix have an impact on
both ozone decomposition and pollutant degradation [193,194]. Hence, their effects
are discussed further in the following sections.
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Effect of Ozone Dose
Ozonation is an energy intensive treatment process. Therefore, it is highly crucial to
maintain micropollutant removal by using optimum amount of ozone in WWTPs.
Indeed, based on lab-scale experiments ozone dose is determined and it gives essential
concept of ozone application at WWTPs, since ozone dose is key parameter for
estimation of operational costs [192]. Moreover, different pollutants may need
different amount of ozone during ozonation process [91]. Antoniou et al. [91]
investigated ozonation of 6 different secondary effluent wastewaters which were
spiked with 42 micropollutants including PPCPs. They performed several ozone doses
between 0.5 to 12.0 mg/L in lab-scale experiments. They concluded that each
micropollutant has different ozone consumption during treatment. For example, for all
wastewaters, degradation of Carbamazepine and Naproxen showed an increase with
the increase of applied ozone dose. According to this study, required ozone dose
should be specified based on target pollutant compound [91]. Tetracycline
hydrochloride which is well-known antibiotic group was treated from water by labscale semi-batch ozonation treatment [194]. In this study, 3 different ozone doses (i.e.
0.53, 0.86 and 1.13 mmol/L) were applied to remove tetracycline with an initial
concentration of 2.08 mmol/L. The obtained results showed that as the ozone dose
increases, removal of tetracycline also increases due to raise of ozone equilibrium
concentration in the liquid phase.
Bourgin et al. [22] investigated the IMI removal by ozonation and formation of
degradation by-products. They applied 3 different doses (i.e. 25, 50 and 100 g/m3)
during 90 min ozonation. The results showed that as the ozone dose increases, IMI
degradation rate increases. Indeed, 96.5% and 99.9% IMI removal were achieved
within 90 min ozonation for ozone doses of 25 and 50 g/m3. On the other hand, just
within 45 min 99.8% of IMI was degraded with 100 g/m3 ozone dose [22]. Orhon et
al. [90] applied 5 different ozone doses (i.e. 5, 10, 15, 24 and 70 mg/L) during
ozonation of triclosan which is a well-known antimicrobial compound and belongs in
personal care products. The findings showed that application of 24 and 70 mg/L ozone

52

resulted in almost complete degradation just in 2 min ozonation. Contrarily, longer
time was needed to complete triclosan degradation at low ozone doses. For example,
98% triclosan removal was achieved in 1 and 10 min with the application of 70 and 5
mg/L ozone doses, respectively [90]. Hansen et al. [89] evaluated the effect of pH on
the pharmaceutical removal from hospital wastewater by ozonation. They investigated
the impact of ozone dose on the removal of several pharmaceuticals such as
mefenamic acid, diclofenac, naproxen, gemfibrozil ketoprofen, ibuprofen, triclosan
and clofibric acid from wastewater. At ozone dose of 2.9 mg/L, removal efficiencies
range from 25% to 85% at pH 5.00. On the other hand, increase of ozone dose from
2.9 to 18 mg/L resulted in almost complete degradation of all studied pharmaceuticals
at the same pH [89].

Effect of pH
Besides ozone dose, efficiency of micropollutant removal highly depends on
characteristic of wastewater, such as pH [88]. Significant changes of pH will affect
the ozone half-life, treatment efficiency and in turn, required ozonation tank size in
WWTPs [89].
For these reasons, pH effect on the micropollutant removal was investigated by several
studies. For instance, degradation efficiency of triclosan by ozonation was evaluated
under 4 different pHs (i.e. 6, 7.3, 8 and 10) [90]. According to Orhon et al. [90], more
than 96% triclosan removal was achieved at all pHs. Although increase of pH up to 8
resulted in increase of degradation efficiency, when the OH• are abundant in the
solution at pH 10, the degradation efficiency decreased. Ozonation process may lead
to produce some degradation by-products. In this case, Orhon et al. [90] concluded
that acidic ozonation by-products may be the reason behind degradation efficiency
decrease [90]. Furthermore, pharmaceutical removal from hospital wastewater by
ozonation showed dependency on pH [89]. Hansen et al. [89] evaluated the effect of
different initial pHs, such as 5.00 and 6.25 on the degradation efficiency at same ozone
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dose. While the pH increase from 5.00 to 6.25 resulted in slightly higher removal
efficiencies for ketoprofen, ibuprofen, triclosan and clofibric acid, removal efficiency
decrease was observed for mefenamic acid, diclofenac, naproxen and gemfibrozil at
ozone dose of 2.9 mg/L [89]. In another study, gemfibrozil, clofibric acid and
methicillin showed almost no change of removal rate at pH range of 5-10. In addition,
triclosan and fenoterol removal rate was increased with pH increase from 5 to 8, but
the rate remained constant with further pH increase to 10. Some other micropollutants
like

equilenin,

butylated

hydroxyanisole,

17α-ethinylestradiol

and

phenol

demonstrated an increasing trend with the increase of pH [195].
Changes in pH may affect not only the target micropollutant removal but also COD
and TOC in wastewater. Jung et al. [196] investigated effect of initial pH on the
removal of ampicillin, COD and TOC. Ampicillin is widely used penicillin-type
bacteriostatic antibiotics in human and veterinary applications. Performed kinetic
study under different pHs (5.0, 7.2 and 9.0) showed that as the pH increased, reaction
rate for ampicillin degradation also increased. The rate constants 2.2×105, 4.1×105 and
5.4×105 M-1s-1 were obtained at pH 5.0, 7.2 and 9.0, respectively. It was clearly seen
that pH increase from 5.0 to 7.2 almost doubled the reaction rate. Moreover, COD
removal also showed dependency on pH since COD removal rates were 60%, 70%
and 80% at pH 5.0, 7.2 and 9.0, respectively. However, TOC removal did not show
any significant differences between the studied pHs and the removal trends were
almost same. After 90 min of ozonation, TOC removal range was between 35-42%
which suggested that there were still oxidation by-products remained in the aqueous
solution [196].

Effect of Water Matrix
Although treatment of micropollutants and obtaining reaction kinetic constants using
ultrapure water spiked with the pollutant can be used as a primary approach for
establishing full-scale treatment units, treatment studies involving real wastewater
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effluents must be investigated at lab-scale and pilot-scale before verifying the removal
efficiencies at full-scale treatment plants [92]. Moreover, as mentioned before, ozone
leads to production of several radical species which have non-selective oxidation
ability. However, some organic and inorganic compounds such as HCO3-, CO32-, NO3, NO2-, Cl- and Br- in wastewater cause scavenging of these radicals [92]. In addition
to scavenging effect, chemical properties of the micropollutants also alter the ozone
requirement of the system. For instance, if the treatment objective is to remove most
of the pollutants rather than ozone reactive ones, then required ozone amount and
hence the energy demand of the ozonation process should be determined by ozone
resistant ones in the water matrix [97]. For these reasons, several ozonation studies
involve real wastewater effluents or compare removal efficiency of micropollutants
using different water matrices.
Some studies showed that the degradation rate of pharmaceutical compounds
decreased or residence time for the same abatement percentage increased during
ozonation of real wastewater effluent with respect to ultrapure water matrix [90,197].
Orhon et al. [90] performed water matrix effect on triclosan removal by using 2
different water matrices (Milli-Q water and surface water). For 90% removal of
triclosan with an initial concentration of 3 mg/L, 3 and 6 min was required in Milli-Q
water and surface water, respectively. They also investigated the initial triclosan
concentrations 1 and 5 mg/L and noted that triclosan degradation after 5 min of
ozonation was nearly same in both water matrices [90]. In fact, during ozonation, even
different wastewater effluents exhibit different pollutant degradation efficiency due to
various properties of wastewater such as COD and alkalinity [91]. Antoniou et al. [91]
investigated removal of 42 micropollutants in 6 different wastewater matrices.
Effluent 1 and 3 have less COD values (29 and 30 mg/L, respectively) with respect to
others. Therefore, competition for O3 and OH• between micropollutants and organic
matter in the wastewater was also low. This turned out the highest removal efficiencies
(50-100%) at lowest ozone dose (0.5-0.6 mg/L O3) among the all wastewater effluents.
On the other hand, at the low O3 dose, effluent 5 was the most recalcitrant to ozonation
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due to high COD (90 mg/L) and alkalinity values (250 mg HCO3-/L). All
micropollutants exhibited less than 50% abatement. Although O3 dose was increased
to 8.9 mg/L, up to 90% removal for only 18 out of 42 micropollutant was achieved,
whereas the same removal was achieved for 36 and 39 out of 42 micropollutant for
effluent 1 and 3, respectively [91].
In addition, comparison of several types of water matrices were conducted by
researchers. Benitez et al. [198] examined the impact of different water matrices on
degradation of four pharmaceuticals (metoprolol, naproxen, amoxicillin, and
phenacetin) by ozonation process. They performed ozonation in groundwater (PZ),
reservoir water (PA), and 3 different wastewater effluents obtained by municipal
treatment plants of Alcala (AL), Badajoz (BA) and Mostoles (MO) in Spain. For
instance, residual phenacetin concentration (initial concentration=1 µM) for water
matrices PZ, PA, AL, BA and MO were 0.0, 0.58, 0.71, 0.80 and 0.90 µM, respectively
at 1 mg/L ozone dose. When 3 mg/L ozone dose was applied, removal of phenacetin
increased, and the remaining phenacetin concentrations were 0.0, 0.0, 0.52, 0.56 and
0.57 µM for the corresponding water matrices. The water matrix effect on phenacetin
degradation was apparent during both applied ozone doses. For instance, groundwater
had lower DOM content regarding other water matrices, lowest ozone decomposition
and the highest removal were observed in groundwater. The least removal percentages
were observed in all 3 wastewaters. Indeed, the lowest removal was observed for the
wastewaters having highest COD and TOC values [198].

Reaction Kinetics
As mentioned at the previous part, ozonation may take place either direct or indirect
reaction [199]. The direct ozonation of IMI was exhibited pseudo first-order kinetics,
as following;
−

𝑑 [𝐼𝑀𝐼]
= 𝑘𝑜3 [𝐼𝑀𝐼]
𝑑𝑡

(11)
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where;
[IMI]: Concentration of IMI
kO3: Pseudo first-order rate constant at excess O3 supply

Bourgin et al. [22] stated that the degradation of IMI showed pseudo-first order
kinetics since increase of ozone concentration resulted in degradation kinetics at
excess amount of IMI (39 mg/L). Moreover, ln(C/C0) versus time graph showed
linearity which also confirms the pseudo-first order kinetics. Therefore, they stated the
rate law of IMI removal as;

r = kIMI*COzone*CIMI

(12)

where;
kIMI: Reaction rate constant
COzone: Ozone concentration
CIMI: IMI concentration

Ozone/UV Process
Although ozonation is highly effective treatment process, several AOPs can be
combined in order to increase treatment efficiency by enhancing radical production.
Indeed, combination of ozone with H2O2, iron salts with H2O2 and TiO2 with UV
irradiation yields OH• production [179].
Combination of O3 and UV is one of the AOPs and it has many benefits on improving
micropollutant degradation in aqueous media. In addition to removal of
micropollutant by ozone, this AOP provides 3 more degradation ways by [183];
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•

H2O2

•

UV

•

OH•

Therefore, the overall evaluation of AOP should be performed by considering all these
removal ways. Apart from degradation by O3 and UV, OH• and H2O2 production and
their oxidizing abilities should be further investigated.
For instance, H2O2 is produced by UV irradiation of O3 (Eq. (13)). Furthermore,
generated H2O2 enhances the production of OH• (Eq. (14)) which has the highest
oxidation potential (2.80 V) after fluorine (3.03 V) [189]. However, generation of OH•
is quite slow since the k14 is much lower than k13 at 254 nm UV irradiation [200].
Some fraction of H2O2 is dissociated into HO2- with pKa value of 11.8 (Eq. (15))
[201]. After that, produced HO2- reacts with soluble O3 and produce some radicals
such as HO2• and O3-• (Eq. (16)) [202].
ℎ𝑣

O3 + H2O →

ℎ𝑣

H2O2 + O2

k13 = 3.3 x 103 M-1s-1

(13)

H2O2

→

2OH•

k14 = 19.6 M-1s-1

(14)

H2O2

→

HO2- + H+

pKa = 11.8

(15)

HO2- + O3 → HO2• + O3-•

(16)

In the literature, several studies investigated removal of micropollutants by O3/UV
and the studies even compared the degradation efficiencies of O3 and O3/UV. Irmak
et al. [203] investigated abatement of endocrine disrupters such as 17β-estradiol (E2)
and bisphenol A (BPA) by O3 and O3/UV processes. Experiments were conducted at
semi-batch mode for ozonation and O3/UV processes. Complete degradation of E2
with 0.1 mmol initial concentration was achieved within 55, 75 and 90 min of
ozonation with corresponding ozone doses of 15.78×10−3, 12.25×10−3 and 9.78×10−3
mmol/min. In the case of O3/UV process, applying same ozone doses provided
complete degradation within 45, 55 and 67 min, respectively. For removal of BPA,
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three different ozone doses (i.e. 18.67×10−3, 15.78×10−3 and 10.33×10−3 mmol/min)
were applied for 0.1 mmol initial BPA concentration. Although BPA degradation was
not improved by UV addition as much as E2 did, reaction rates of BPA obtained during
O3/UV process became faster than rates of BPA for ozonation process. The results
showed that reaction between ozone and BPA was slower than the one with E2 during
ozonation. Indeed, O3/UV process decreased the consumed O3 amount during
treatment and 1 mole of BPA and E2 reacted with 21.1 and 18.9 moles of O3.
Therefore, O3/UV process was more effective at removing E2 and BPA than only O3
process.
Accordingly, Chen et al. [204] observed synergistic effect of O3/UV process during
removal of N-Nitrosopyrrolidine (NPYR) which is a nitrogen containing
micropollutant. In 300 seconds of treatment by UV, O3 and O3/UV processes showed
degradation efficiencies of 60%, 65% and 100%, respectively. The effect of pH was
also studied. The obtained results at pH 4 showed that while single ozonation did not
achieve any removal of NPYR, more than 80% removal was achieved by O3/UV
process. On the other hand, with the increase of pH to 7 and 8, NPYR degradation was
enhanced significantly. For instance, for O3 and O3/UV processes, degradation
efficiency at pH 7 were 70% and 60% and at pH 8 were 65% and 100% in 300 seconds,
respectively. In addition, NO2-, the well-known by-product of NPYR, was formed less
in the O3/UV than ozonation alone [204]. Cernigoj et al. [21] investigated Thiacloprid
degradation by O3 and O3/UV. The results showed an apparent difference between
these treatment processes due to photo degradation of O3. Thiacloprid with an initial
concentration 2×10-4M was treated around 80% and 93% in 30 min of O3 and O3/UV
treatment, respectively [21]. Lau et al. [205] examined removal of carbofuran by UV
(254 nm), O3 and O3/UV processes. Carbofuran, which is a carbamate insecticide and
known as potential EDC, is widely found in surface water and wastewater.
Degradation efficiency of carbofuran with an initial concentration 0.2 mM was 35, 82
and 100% in 30 min by UV, O3 and O3/UV application, respectively. Furthermore,
effect of pH was investigated within the pH range between 3 and 11. Degradation rate
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of carbofuran by UV application was 0.02 min-1 and remained same from pH changes
from 3 to 9. During ozonation, the degradation rate was around 0.05 min-1 up to pH 7
and then increased up to 0.10 min-1 at pH 9. On the other hand, O3/UV application
showed higher degradation rates for all pH range. The kinetic rate constant accelerated
with respect to pH increase during O3/UV process, especially the pH ranges that
ozonation kinetic rate constant remained same. Therefore, O3/UV provided high
removal efficiencies compared to single ozonation and UV for all pH ranges [205].
Various studies proved that ozonation process coupled with UV becomes more
effective AOP technique than merely ozonation process since it leads to generation of
radical species that have further oxidation capability.
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CHAPTER 3

3.

MATERIALS AND METHODS

IMI Concentrations Studied
IMI is an insecticide that belongs to neonicotinoid pesticide group. It is widely used
during production of sugar beet, grape, apple, pear and tomato. IMI is colorless
crystals that is highly soluble in the water (0.61 g/L) and has low octanol-water
coefficient (log Kow) 0.52 at 21 °C and at pH 7 (further physicochemical properties
are given in Sec. 2.2.1). Therefore, IMI can easily reach to water bodies [126]. For
example, the IMI concentration in Yeşilırmak river basin range from 0.0143 to 0.3193
µg/L [206]. Indeed, evidently, IMI was detected in the municipal and industrial
WWTPs in the basin, namely, Çorum, Erbaa, Tokat (municipal) and Dimes
(industrial), as also stated in Sec 1.3. Although IMI was observed above the EQS
values at these effluent discharge points, IMI was below the EQS value at upstream
and downstream stations for Erbaa, Tokat and Dimes WWTP cases, possibly due to
natural degradation or dilution effects. On the other hand, IMI was observed above
the EQS value at Çorum downstream station possibly due to non-point sources such
as agricultural activities around this area. Despite these differences in cases, so far,
IMI did appear in the WWTPs within the range between 0.0255 to 0.7570 µg/L (Table
1 and [206]).
On the other hand, during the measurement of IMI at HPLC, LOD was found as 5 ppb
(µg/L) which is much higher than the concentrations observed in Yeşilırmak basin
(Table 1). So, in order to be able to observe the concentration of IMI after the treatment
it was deemed necessary to work with some higher initial concentrations as such
possibly to give 5 ppb final concentration with at least 95% removal. In this way, it
would be also possible to follow the degradation kinetics, as well as the by-product
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formation. Additionally, occurrence levels of IMI in secondary effluents (Table 3) and
possible higher IMI concentration in industrial wastewaters originating from the IMI
formulating and manufacturing plants was also taken into consideration while
determining the initial IMI concentration to study. Therefore, in this thesis study, IMI
concentrations between 100 and 1000 ppb were studied.

Water Samples and Sample Preparation
In the ozonation and O3/UV experiments three types of water samples, namely, MilliQ water and two different secondary level treated wastewaters, were used. The former
is the ultra-pure water obtained from Milli-Q water system (Millipore) with a specific
resistance of 18.2 MΩ•cm. Milli-Q water was used as a control to figure out ozone
decomposition factors by eliminating the matrix effect of wastewater and perform a
parametric study. This Milli-Q water was spiked with the desired IMI amounts prior
to experimentations.
The latter two were belonging to different wastewater matrices used in order to
understand matrix effect on the degradation of IMI by ozonation and O3/UV processes.
One of these secondary level treated wastewaters was collected from full-scale
Vacuum Rotating Membrane Bioreactor plant (VRMBR) which is in operation at
METU Campus, Ankara. The plant composed of two tanks while the first tank is for
biological sludge aeration, the second one is for vacuum rotating membrane unit.
Before and after membrane bioreactor treatment, COD (i.e. influent) and COD (i.e.
effluent) were 426 mg/L and 19 mg/L, respectively. The high COD removal efficiency
could be due to absence of IMI. The treated wastewater sample was collected in 30liter bottle and transferred to the laboratory urgently. Before sampling, the bottle was
washed with Alconox which is concentrated, anionic powder detergent. Later the
bottle was rinsed firstly with tap water, then with pure water and finally rinsed
thoroughly with Milli-Q water. The treated wastewater was filtered through a 0.45 μm
Millipore membrane filters via vacuum filtration unit within 24 hours after sampling.
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The filtration was applied in order to remove impurities which may cause to clogging
of HPLC column and avert inaccurate measurements during the analysis of samples.
After filtration, treated wastewater was poured into 2.5-liter amber glass bottles that
were primarily washed with Alconox and rinsed thoroughly with tap water, pure water
and Milli-Q water, respectively. These 2.5-L amber glass bottles were stored in
refrigerator at +4 °C in the dark. This real wastewater sample was spiked with IMI at
desired concentrations prior to ozonation experimentations.
The second water matrix was biologically treated wastewater (Bio WW) which was
obtained from the operation of laboratory scale instantaneous fed-batch reactor (FBR)
receiving IMI (as spiked) in its influent. The purpose of applying ozone and O3/UV to
Bio WW is to mimic real wastewater treatment plant that consist of secondary and
tertiary treatment. This Bio WW was produced during the study by Kocaman [207] as
also part of the TÜBİTAK project mentioned earlier. Kocaman [207] operated labscale FBR seeded with activated sludge taken from Tatlar WWTP (Ankara, Turkey)
and acclimated to IMI. After acclimation, various concentrations of IMI were spiked
to the reactor and treated biologically up to certain levels. Before and after biological
treatment, COD (i.e. influent) and COD (i.e. effluent) were 500 mg/L and 247 mg/L,
respectively. Since FBR was initially injected by IMI, which creates inhibition, the
removal efficiency of COD in the Bio WW was lower than the one obtained by
VRMBR WW.
The treated Bio WW, provided by Kocaman [207], was filtered through a 0.45 μm
Millipore membrane filters via vacuum filtration unit within 24 hours after sampling.
The filtration was applied in order not to clog HPLC column due to impurities. After
filtration, treated wastewater was poured into 0.5-liter plastic bottles and stored in the
refrigerator at +4 °C in the dark. After biological treatment, remaining IMI was treated
with ozone and O3/UV.
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Experimental Set Up
Ozone Generator
The laboratory scale ozonation experiments was carried out in semi-batch mode and
consisted of an ozone generator, ozonation reactor and gas washing bottle. All
ozonation experiments were done in Unit Operations Laboratory in the Department of
Environmental Engineering at METU. Ozone gas was produced on-site by WEDECO
(OSC-Modular 4HC-AirSep AS 12) ozone generator (Figure 13).
The ozone generator feed-gas is air. The ozone generator has maximum ozone
production of 4 g/h with an operation pressure of 0.5 bar. The ozone generator, which
is shown in Figure 13, has dimensions as 600 mm length, 210 mm width and 600 mm
height. Concentration and flowrate of the output ozone gas can be adjusted between 0
to 200 mg/L and 10 L/h to 140 L/h, respectively.

Figure 13. Ozone generator
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In order to achieve preferred ozone doses to be sparged through the reactor,
potentiometer and gas flow buttons were manually adapted as stated in generator’s
performance curve (given in Appendix A) and concentration and flowrate of ozone
gas was kept constant during the ozonation experiments. The desired ozone dose was
calculated by the multiplication of ozone concentration and ozone flowrate as showed
in following equation.

mOzone = COzone * QOzone

(17)

where,
mOzone: Ozone dose (mg/h)
COzone: Ozone concentration (mg/L)
QOzone: Gas flowrate (m3/h)

During determination of potentiometer setting, once the desired ozone concentration
and flowrate were known potentiometer number was selected by using generator’s
performance curve (given in Appendix A). In that graph, a parallel line to x-axis was
drawn from the ozone concentration point which was selected from the y-axis. The
line was intersected with selected flowrate curve. Then a parallel line to y-axis was
drawn from the intersection point to determine potentiometer number.

Ozonation Reactor
The ozonation experiments were conducted in a 1000 ml borosilicate glass reactor at
semi-batch conditions in which ozone was continuously purged and the water was
stable. The cylindrical glass reactor has dimensions as 6 cm diameter and 35 cm
length. The flowrate of sparged ozone gas to the reactor was altered via button and the
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concentration was adjusted by potentiometer on the generator panel. The reactor was
connected to an ozone generator by a PTFE pipe.
The ozonation experimental system is shown in Figure 14. The ozone that is produced
by ozone generator was entered from top of the reactor then, it reached to bottom of
the reactor via cylindrical glass rod that has a spherical glass frit end. Therefore, the
ozone continuously bubbled through that fritted spherical glass diffuser from the
bottom of the reactor in order to increase ozone solubility in the water. The reactor
was covered with aluminum foil to avoid IMI degradation due to photolysis.

Figure 14. Experimental setup for ozonation

As seen in Figure 14, while the inlet of the reactor was connected to an ozone
generator, the outlet of the reactor was connected to gas washing bottle which contains
500 ml of 2% KI solution and 2N H2SO4. The escaping ozone was quantified by the
iodometric titration method [199]. The amount of escaped ozone is significant to
determine ozone consumption by IMI in the reactor.
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Ozone/UV Reactor
Similar to ozonation experiments, O3/UV process was also carried out via semi-batch
process. The experimental system of O3/UV process is shown in Figure 15.

Figure 15. Experimental setup for O3/UV

The jacketed reactor is made of borosilicate glass with the dimensions of diameter and
height of 13.5 and 25 cm, respectively. The working volume of the reactor was 1 L
for all water matrices. The temperature of the water matrices was maintained at 24°C
±0.1°C by circulating water through the cooling jacket of the reactor via Julabo F12
cooling water circulator. The reactor was magnetically stirred by Isolab magnetic
stirrer during the experiments. The UV lamp, has a power of 10 Watt and produced a
monochromatic emission at wavelength of 254 nm, was firstly placed into a quartz
tube and the tube was immersed vertically at the center of the reactor. The quartz tube
which is heat-resistant was used in order to prohibit water contact with UV lamp. The
reactor was covered with aluminum foil to avoid adverse effects of UV irradiation. In
like manner to ozonation experiments, ozone inlet and outlet kept as same and gas
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washing bottle which contains 500 ml of 2% KI solution 2N H2SO4 was placed to
determine escaped ozone amount from the reactor.

Experimental Methods
Ozone Consumption in the Ozonation System
Better treatment assessment of the ozonation for water treatment could be determined
by evaluating the specific ozone consumption of pollutants. Therefore, in this thesis
study, amount of ozone consumption by IMI was comprehensively investigated. The
ozone mass balance was applied to the reactor which was chosen as control volume.
Prior to determination of ozone consumption by IMI, other constituents in Eq. (18)
must be established. The influent ozone was adjusted via control panel of the ozone
generator, kept constant during the experiment and continuously monitored. The
unreacted and escaped ozone entered into the gas washing bottle. The escaped ozone
reacted with the potassium iodide (KI) in the gas washing bottle which contains 500
ml 2% of KI and 5 ml 2N H2SO4. Titration of liberated iodine with 0.025 M Na2S2O3
and the amount of titrant was calculated to determine escaped ozone amount.
The unused ozone was determined by using N,N-diethyl-p-phenylenediamine (DPD)
reagent via Hach pocket colorimeter. The ozone consumption by the system was
calculated by ozonation of Milli-Q water without addition of IMI. Since the water
matrix was Milli-Q water and IMI was not added, Xorganic and XIMI were eliminated in
Eq. (18). Therefore, ozone consumption by the system was calculated by subtracting
unused ozone and escaped ozone amounts from influent ozone. When the water matrix
was wastewater, organics in the water also consumed ozone. Therefore, ozonation was
applied to wastewater without addition of IMI.
In order to find ozone consumption by the organics, unused ozone, escaped ozone
amounts and system ozone consumption, which were calculated as aforesaid, were
subtracted from influent ozone amount. After calculation of each constituent in the
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Eq. (18), amount of ozone consumed by IMI was calculated by conducting
experiments with an addition of IMI.

Xinflow = Xorganic + Xsystem + Xunused + Xescaped + XIMI

(18)

where;
Xinflow : Ozone inflow to system (mg)
Xorganics: Ozone consumption by organics in wastewater (mg)
Xsystem : Self-decomposition (mg)
Xunused : Dissolved and unused ozone in solution (mg)
Xescaped : Unreacted and escaped ozone from the reactor (mg)
XIMI : Ozone consumption by IMI (mg)

Ozonation of IMI
All ozonation experiments were done at room temperature (24°C ±1°C) with a
working volume of 1 L. In order to eliminate possible experimental errors, all the
experiments were conducted in duplicate, the average of these results were calculated,
and error bars are shown in the figures. Unless otherwise stated, water matrices were
buffered by using 0.1 M phosphate buffer and the pH was adjusted at 7.25 ± 0.1.
Throughout the ozonation experiments, samples were withdrawn at 0, 1, 5, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 110, 120, 150 and 180 min, if not defined otherwise.
Sampling times were purposely selected to observe not only IMI degradation, but also
production and removal of degradation by-products, if any. At each sampling times,
15 ml of sample was withdrawn from the reactor for measurement of dissolved ozone
(DO), pH, IMI and degradation by-products. While the DPD reagent was immediately
added into 5 ml of the sample for the DO measurement, the rest of the sample’s pH
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was recorded firstly. Then it was urgently quenched with N2 gas for 5 min to stop the
further reaction between IMI and ozone, before the HPLC analysis. This quenching
step is crucial to remove any residual ozone and hydroxyl radicals to get more accurate
result. After quenching the sample, 0.5 ml of the samples was withdrawn with
automatic pipette and was analyzed by HPLC equipped with UV detector in triplicate
for quantification of IMI and determination of by-products. For the by-product
analysis, selected experiments’ samples were stored at most for 14 days in refrigerator
at +4 °C in the dark until analysis was performed. The selected experiments are MilliQ water and VRMBR WW with an initial IMI concentration of 1000 ppb ozonation.
Prior to VRMBR WW ozonation experiments, unspiked wastewater samples were
withdrawn and analyzed in order to determine IMI concentration and there was not
greater IMI concentration than LOD value. Gas washing bottle which has 500 ml of
2% KI solution and 2N H2SO4 was placed next to the reactor to be able to determine
escaped ozone amount [208]. At each of aforementioned sampling times, 10 ml of
sample was withdrawn from the gas washing bottle and put into Erlenmeyer flasks for
iodometric titration.
Before and after each ozonation experiments, the reactor, gas washing bottle,
Erlenmeyer flasks, volumetric flasks, graduated glass pipettes and burette were
washed with Alconox that was prepared with warm water and were rinsed firstly with
tap water, then with pure water and finally rinsed thoroughly with Milli-Q water. At
the beginning of each experiment for Milli-Q water and VRMBR WW, desired
amount of IMI was spiked from stock solution. The aqueous IMI stock solution with
100 mg/L concentration was prepared by dissolving an accurate quantity of IMI in
acetonitrile in 250-ml borosilicate glass volumetric flask. Once the IMI stock solution
was added into the reactor, in order to get homogeneous solution, firstly the top of the
reactor was closed with parafilm and then the reactor was shaken upside down for
several times.
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Effect of Buffer
For the investigation of phosphate buffer effects on the ozonation, experiments were
conducted with and without buffer. Ozonation experiments were performed at
constant ozone dose of 2400 mg/h and ozone concentration of 24 mg/L in 1 L of MilliQ water that was spiked with 500 ppb IMI. While the unbuffered experiment was
maintained without adding any buffer solution, buffered experiments were conducted
with 0.1 M phosphate buffer addition and the pH was adjusted at 7.25 ± 0.1. The pH
of the solution was also measured during the experiment. The further experiments
were conducted at buffered conditions.

Effect of pH
The effect of pH on the IMI degradation was performed at three different pHs of 6.20,
7.30 and 8.25 in 1 L of Milli-Q water. The constant ozone dose of 1200 mg/h that
correspond to 40 mg/L ozone concentration and constant 500 ppb IMI concentration
were applied in these experiments. The desired pHs were attained by using 0.1 M
phosphate buffer solution and pH was measured at each sampling times during the
experiments.

Effect of Ozone Dose
Throughout determination of optimum ozone dose, ozonation of IMI was conducted
at three different ozone doses in Milli-Q water. Ozone doses of 600, 1200 and 1800
mg/h were applied for 180 min at constant flowrate of 30 L/h with corresponding
ozone concentrations of 20, 40 and 60 mg/L, respectively. In these experiments the
initial IMI concentration was kept same (500 ppb) and it was achieved with the spike
of IMI into 1 L of Milli-Q water. During the 180 min ozonation of water, not only IMI
degradation, but also production and removal of degradation by-products were
observed. The further experiments were performed at ozone dose of 1200 mg/h.
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Effect of Ozone Gas Flowrate
Prior to ozonation experiments, the optimum flowrate was determined. The aim was
to figure out effect of ozone flowrate on the degradation of IMI and solubility of ozone
in the water. By keeping the ozone dose constant (1200 mg/h), three different ozone
gas flow rates as 15 L/h, 30 L/h and 100 L/h were conducted in 1 L of Milli-Q water
that was spiked with 500 ppb IMI. To get desired amount of ozone dose, while the
flowrate button was adjusted to 15 L/h, 30 L/h and 100 L/h, the potentiometer was set
to 4.1, 3.4 and 2.5, respectively. These ozone flowrates were selected according to gas
flowrates indicated at ozone generator’s performance curve (Appendix A). The further
experiments were conducted at optimum flowrate determined by this experiment.

Effect of Initial IMI Concentration
Another ozonation experiments were carried out to understand the effect of initial IMI
concentration on the degradation. In this respect, by keeping the ozone dose constant
at 1200 mg/h, three different initial IMI concentrations, which were 100 ppb, 500 ppb
and 1000 ppb, were investigated. The desired initial IMI concentrations were attained
with a spike from IMI stock solution into 1 L of Milli-Q water. For the by-product
analysis, samples of 1000 ppb IMI at the sampling times of 5, 70, and 180 min were
further analyzed by the LC-MS/MS.

Effect of Water Matrix
Subsequently, in addition to Milli-Q water, two wastewater matrices (i.e. VRMBR
and Bio WW) were ozonated separately in order to comprehend effect of wastewater
matrix on the IMI and by-product removal. The ozonation of VRMBR WW was
performed in duplicate at ozone dose of 1200 mg/h at pH 7.25 ± 0.1. Higher IMI
concentration (i.e. 1000 ppb) than previous experiments (i.e. 500 ppb) was spiked into
the reactor to detect not only IMI but also ozonation by-products, if any by LC-
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MS/MS. Before the experiment, the wastewater was filtered through 0.45 µm filter
and sampling was done as aforesaid sampling times. For the by-product analyses,
samples that were taken at 5, 90, and 180 min were further analyzed by the LCMS/MS. Secondly, biologically treated wastewater was ozonated at ozone dose of
1200 mg/h without any IMI addition and further filtration.

Photo-ozonation (O3/UV) of IMI
After determination of optimum ozone dose, ozone gas flowrate and pH at ozonation
experiments, O3/UV experiments were conducted in order to increase degradation
efficiency of IMI and by-products, if any. All O3/UV experiments were done at ozone
dose of 1200 mg/h and ozone gas flowrate of 30 L/h with 1000 ppb initial IMI
concentration and at constant temperature (24°C ±0.1°C) with a working volume of 1
L. In order to get homogeneous solution throughout the experiments, the reactor was
continuously stirred by magnetic stirrer at 600 rpm. Unless otherwise stated, water
matrices were buffered by using 0.1 M phosphate buffer and the pH was adjusted at
7.25 ± 0.1. In order to eliminate possible experimental errors, all the experiments were
conducted in duplicate, the average of these results were calculated, and error bars
were shown in the figures. During the O3/UV experiments, samples were withdrawn
at 0, 1, 3, 5, 10, 20, 30, 40, 50 and 60 min, if not defined otherwise. Sampling times
were purposely selected to observe not only IMI degradation, but also production and
removal of degradation by-products, if any. As stated in the ozonation experiments,
sampling for dissolved ozone (DO), pH, IMI and degradation by-products
measurement, was performed in the same manner with the ozonation experiments. At
each sampling times, 15 ml of sample was withdrawn from the reactor for
measurement of DO, pH, IMI and degradation by-products.
While the DPD reagent was immediately added into 5 ml of the sample for the DO
measurement, the rest of the sample’s pH was recorded firstly. Then it was urgently
quenched with N2 gas for 5 min to stop the further reaction between IMI and ozone,
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before the HPLC analysis. This quenching step is crucial to remove any residual ozone
and hydroxyl radicals to get more accurate result. After quenching the sample, 0.5 ml
of the samples was withdrawn with automatic pipette and was analyzed by HPLC
equipped with UV detector in triplicate for quantification of IMI and determination of
by-products. For the by-product analysis, selected experiments’ samples were stored
at most for 14 days in refrigerator at +4 °C in the dark until analysis was performed.
The selected experiments are Milli-Q water and VRMBR WW with an initial IMI
concentration of 1000 ppb O3/UV experiments. Prior to VRMBR WW O3/UV
experiments, unspiked wastewater samples were withdrawn and analyzed in order to
determine IMI. Gas washing bottle which has 500 ml of 2% KI solution and 2N H2SO4
was placed next to the reactor to be able to determine escaped ozone amount [208]. At
each of aforementioned sampling times, 10 ml of sample was withdrawn from the gas
washing bottle and put into Erlenmeyer flasks for iodometric titration with 0.025 M
Na2S2O3.
Before and after each O3/UV experiment, the reactor and all other used glassware was
washed and rinsed as stated in the ozonation experiments. At the beginning of each
experiment for Milli-Q water and VRMBR WW, desired amount of IMI was spiked
from stock solution to get 1000 ppb initial IMI concentration. The same aqueous IMI
stock solution (100 mg/L), this is previously stated in the ozonation experiments, was
used. Once the IMI stock solution was added into the reactor, in order to get
homogeneous solution, the solution was magnetically stirred for 10 min at 600 rpm.
For the Bio WW, additional IMI was not spiked, and existing IMI was subjected to
degradation.

Effect of Wastewater Matrix
For the O3/UV experiments, firstly Milli-Q water with 1000 ppb IMI initial
concentration was used in order to eliminate any matrix effect. After that, O3/UV
applied to the two wastewater matrices (i.e. VRMBR WW and Bio WW) in order to
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understand matrix effect on the removal of both IMI and by-products. The purpose of
conducting experiments with 1000 ppb initial IMI concentration is to get enough byproduct amount to further analysis with LC-MS/MS. The O3/UV application to
VRMBR WW was performed in duplicate at ozone dose of 1200 mg/h and 1000 ppb
initial IMI concentration. Before the experiment, the wastewater was filtered through
0.45 µm filter and sampling was done as aforesaid sampling times. For the by-product
analysis, both Milli-Q water and VRMBR WW samples that were taken at 5, 10 and
60 min were further analyzed by the LC-MS/MS. These sampling times are
intentionally selected to observe IMI degradation and by-products’ both production
and degradation. Secondly, O3/UV was applied to biologically treated wastewater was
at ozone dose of 1200 mg/h without any IMI addition and further filtration. All
experiments were done at pH 7.25 ± 0.1 by stabilizing the pH by phosphate buffer.

Hydroxyl Radical Analysis for Ozonation and O3/UV

Tert-butanol (TBA) Addition
In order to establish the influence of radical pathway on the ozonation and O3/UV
experiments, tert-butanol (TBA) was presented in 1L of Milli-Q water. TBA is a wellknown OH• scavenger which quickly reacts with OH• but reacts slowly with O3 (k=
0.001 M-1s-1) [209]. Therefore, TBA is mainly degraded by O3 instead of OH•.
In the ozonation experiments, at ozone dose of 1200 mg/h, which correspond to 40
mg/L ozone concentration, and constant 500 ppb IMI concentration, was conducted
with and without TBA addition. At pH 7.25 ± 0.1 and temperature 24°C ±1°C, 100
mM TBA was spiked into the Milli-Q water to inhibit OH• reactions. Sampling was
done at 0, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 150 and 180 min. IMI
was analyzed by HPLC equipped with UV detector in triplicate for quantification. In
order to eliminate possible experimental errors, all the experiments were conducted in
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duplicate, the average of these results were calculated, and error bars are shown in the
relevant figures.
In the O3/UV experiments, UV light was applied in addition to 1200 mg/h ozone dose
and 500 ppb IMI concentration. Since UV irradiation enhances OH• production, in
order to inhibit OH• adequately, more TBA than as the case with ozonation
experiments were added. The 200 mM of TBA was introduced into Milli-Q water at
pH 7.25 ± 0.1 and temperature 24°C ±0.1°C to investigate OH• effect on IMI
degradation. Samples were withdrawn at 0, 1, 5, 7, 10, 20, 30, 40, 50 and 60 min.

P-chlorobenzoic Acid (pCBA) Addition
In order to measure OH• concentration pCBA was used as a probe compound. The
reaction rate of pCBA with ozone is very low (k< 0.15 M-1s-1), whereas its reaction
rate with OH• is significantly high (k=5.2×109 M-1s-1) [210]. Indeed, consumption of
OH• by pCBA gives significant understanding about the indirect degradation process.
Therefore, consumption of OH• during ozonation and O3/UV experiments were
investigated in order to evaluate indirect reaction kinetics of IMI with OH•. For both
ozonation and O3/UV experiments, 5 µM pCBA was spiked into the Milli-Q water to
monitor OH• reactions at pH 7.25 ± 0.1 and temperature 24°C ±1°C. The ozone dose
of 1200 mg/h, which correspond to 40 mg/L ozone concentration was applied.
Sampling was performed at 0, 1, 5, 10, 20, 30, 40, 50 and 60 min. In order to eliminate
possible experimental errors, all the experiments were conducted in duplicate, the
average of these results were calculated, and error bars are shown in the relevant
figures. pCBA was analyzed by HPLC equipped with UV detector in triplicate for
quantification.
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Analytical Methods
IMI Measurement
Analysis of IMI and degradation by-products were performed via Agilent 1200 highperformance liquid chromatograph (HPLC). HPLC is equipped with (from top to
bottom) a 1200 Series vacuum degasser (4-channel vacuum container), a 1200 Series
high-pressure binary pump, a 1200 Series autosampler (6-port injection valve unit), a
1260 Infinity II thermostatted column compartment and a 1260 Infinity II variable
wavelength UV detector (Figure 16). Data acquisition and processing were performed
with the Chemstation software.

Figure 16. Agilent HPLC
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HPLC method properties are given in Table 7. The elution was performed under the
gradient conditions, where A is acetonitrile (ACN) and B is Milli-Q water (Table 8).

Table 7. Properties of IMI detection method in the HPLC
HPLC Brand
Column Properties
Detector Type
Wavelength
Injection Volume
Column Oven Temperature
Mobile Phase
Flowrate
Retention Time of IMI

Agilent 1200 Series
ZORBAX Rapid Resolution Eclipse Plus
C18 column (4.6 × 100 mm, 3.5-µm
particle size)
UV Detector
270 nm
20 µL
30 °C
ACN and Milli-Q water
0.5 ml/min
~6.30 min

Table 8. HPLC gradient conditions for IMI
Time (min)
0.0
0.1
4.0
7.0
10.0

A (ACN)
20
20
50
20
20

B (Milli-Q Water)
80
80
50
80
80

Flow rate (ml/min)
0.5
0.5
0.5
0.5
0.5

The aqueous stock solution of IMI (100 mg/L) was prepared by dissolving an accurate
quantity of IMI in acetonitrile (ACN) in 250-ml borosilicate glass volumetric flask,
protected from light and stored at +4 ℃ in the dark. Different standard solutions of
IMI with concentration range from 5 to 1000 µg/L were prepared by dilution of IMI
stock solution (100 mg/L) with Milli-Q water. Ten-point calibration curve was
generated by injecting standard solutions with concentrations of 1000, 800, 600, 500,
400, 200, 100, 50, 10 and 5 µg/L. As seen in Figure 17, calibration curve with a
coefficient of determination value of 0.9998 was obtained. The R2 > 0.99 was
considered satisfactory and hence high linearity was observed.
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Concentration (ppb)

1000
800
y = 4,9351x
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Figure 17. Calibration curve for IMI

HPLC Method Development
While the development of HPLC method, not only IMI but also by-products were
taken into consideration. Therefore, the HPLC method was developed to get high
efficiency and excellent peak shapes for both IMI and by-products and good
separation between them. For that purpose, several HPLC methods were tested with
various flowrates, column temperatures, injection volumes and gradient ratios. In all
tried HPLC methods, wavelength chosen as 270 nm, the column oven was kept at 30
⁰C and the injection volume was 20 µL. For the all elution methods, A and B represent
ACN and Milli-Q water, respectively. Performed HPLC methods are summarized in
Table 9.
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Table 9. HPLC method optimization for both IMI and by-products
Injection Oven Elution
Flow rate
Volume Temp. condition (ml/min)

A-B % (v,v)

20 µL

30 °C

Isocratic

0.75

50:50

20 µL

30 °C

Isocratic

0.50

50:50

20 µL

30 °C

Gradient

20 µL

30 °C

Gradient

20 µL

30 °C

Gradient

t=0 min, A–B
(30:70); t=4.0
0.40
min, A–B
(50:50)
t=0 min, 0.5 t=0 min, A–B
ml/min;
(30:70); t=2.5
t=2.5 min,
min, A–B
0.75 ml/min (50:50)
t=0 min, A–B
(20:80); t=0.1
min, A–B
(20:80); t=4
min, A–B
0.50
(50:50); t=7
min, A–B
(20:80); t=10
min, A–B
(20:80).

Separation
Performance
Good for IMI
Poor for byproducts
Poor for both
IMI and byproducts
Good for IMI
Poor for byproducts
Poor for both
IMI and byproducts

Excellent for
both IMI and
by-products

LOD and LOQ Determination
The aim of the analytical methods is to supply accurate, reliable and consistent data.
Therefore, external impacts and method limitations must be determined. For this
reason, “validation” plays significant role in providing proper results. Validation
includes several parameters like statistical, operating and economical [211]. Limit of
Detection (LOD) and Limit of Quantification (LOQ) are two fundamental validation
terms in analytical measurements [212].
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LOD is the minimum concentration that can be trustworthily distinguished from
background noise signal, with a 5% significance level. If the analyte concentration is
<LOD, then it would create uncertainty. Hence, it must be mentioned as
“concentration is less than LOD” instead of “concentration is zero”. The LOQ is the
minimum concentration that can be quantitatively determined with an acceptable
accuracy and precision [211].
In this study, during LOD and LOQ determination, ANOVA statistical method was
applied with the help of ten-point calibration curve. LOD and LOQ were calculated
and found as 5 and 16.9 µg/L, respectively.

pCBA measurement
pCBA analysis were performed via Agilent 1200 HPLC with a reverse phase C18
column (ZORBAX Rapid Resolution Eclipse Plus; 4.6 × 100 mm, 3.5 µm) and a UV
wavelength detector. Further properties for HPLC method are given in Table 10.

Table 10. pCBA detection method in the HPLC
HPLC Brand
Column Properties
Detector Type
Wavelength
Injection Volume
Column Oven Temperature
Mobile Phase
Flowrate

Agilent 1200 Series
ZORBAX Rapid Resolution Eclipse
Plus C18 column
(4.6 × 100 mm, 3.5-µm particle size)
UV Detector
240 nm
100 µL
30 ⁰C
60% Methanol; 40% Milli-Q water
(10 mM phosphoric acid)
1 ml/min

The aqueous stock solution of pCBA (100 mg/L) was prepared by dissolving an
accurate quantity of pCBA in methanol in 100-ml borosilicate glass volumetric flask,
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protected from light and stored at +4 ℃ in the dark. Quantification was performed
using eight-point, linear calibration curve for each solution in the concentration range
of 5-1000 µg/L. As seen in Figure 18, the calibration curve with a coefficient of
determination value of 0.9918 was obtained. The R2 > 0.99 was considered
satisfactory and high linearity was observed.

Concentration (ppb)

1000
800
y = 1,6308x
R² = 0,9918

600
400
200
0
0

100

200

300

400

500

600

Area (mAu)

Figure 18. HPLC Calibration curve for pCBA

Ozone Measurement
Ozone that comes from generator passes through the reactor. Ozone in the reactor is
either dissolved in the water and used by the IMI and by-products or dissolved in the
water but are not consumed by the pollutants. The former one is named as ozone
consumption by IMI, the latter one is named as unused ozone. Unused ozone
represents the portion of ozone that was dissolved but not used by the IMI. The amount
of unused ozone in water medium was determined with addition of N,N-diethyl- pphenylenediamine (DPD) Free Chlorine Reagent Powder Pillows into the 5 ml of
sample. Oxidizer in the water sample gives reaction with the DPD and the color
changes from clear to pink. The more oxidizer presents in the water; the darker pink
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color

appears.

The

dissolved

ozone

concentration

was

measured

spectrophotometrically via Hach pocket colorimeter by using method 10069.
Although DPD colorimetric method is a well-known method to determine chlorine,
any oxidant in the water can be measured by that method. This method can be applied
by using test kits and it is fast and straight forward [213-215]. Some portion of ozone
escaped from the reactor and comes in gas washing bottle that contains 500 ml of 2%
KI and 5 ml of 2N H2SO4. 10 ml of samples were withdrawn at aforesaid sampling
times from the gas washing bottle and put into the Erlenmeyer flasks. In order to
measure the escaped ozone amount, the liberated iodine in the sample was titrated
with 0.025 M Na2S2O3 using a starch indicator [208]. The volume of titrant was used
to calculate escaped ozone amount.

By-Products’ Determination
The LC-MS/MS analyses of possible by-products produced during ozonation and
O3/UV processes were conducted by METU Central Laboratory, Molecular Biology
and Biotechnology Research and Development Center, Mass Spectroscopy
Laboratory (Ankara, Turkey). These possible by-products were analyzed by
AGILENT 6460 Triple Quadrupole System (ESI+Agilent Jet Stream) coupled with
AGILENT 1200 Series HPLC. Further information and operating parameters of LCMS/MS are given Appendix B. The selection of fragmentation of ions for LC-MS/MS
analyses were coordinately conducted. Prior to LC-MS/MS analyses, IMI and byproducts screened at both positive and negative ESI modes. Since the IMI and byproducts were better observed at the positive mode than the negative mode, further
analyses conducted at ESI positive mode. The 3 different samples for each treatment
processes for both Milli-Q and VRMBR WW were analyzed by LC-MS/MS. The
details of the selected samples were given in Table 11.
Indeed, the first sampling time represents the beginning of the treatment processes and
includes IMI with some possible by-products. The second sampling time depicts the
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treated IMI (i.e. <LOD) and possible by-products. The last sampling time shows the
end of the treatment processes.

Table 11. Selected samples for analysis of possible by-products

O3
O3/UV

5
5

Sampling Times (min)
Milli-Q Water
VRMBR WW
70
180
5
90
180
10
60
5
10
60

pH Measurement
The pH was measured via Hach HQ40D portable multimeter (Hach, USA) during both
ozonation and O3/UV experiments.

UV Light Intensity Determination via KI/KIO3 Actinometer
Prior to the O3/UV experiments, in order to determine UV light intensity and quantum
yield (ϕtri), iodide–iodate (KI/KIO3) actinometer was applied. The KI/KIO3
actinometer is reliable and timesaving method since it takes less than 2 hours to
complete [216].

The following photochemical reaction takes place during the

KI/KIO3 actinometer [217];

8I- + IO3- + 3H2O + hv → 3I3- + 6OH-

(19)

Triiodide complex (3I3-), photoproduct of the above equation, can be easily analyzed
at 352 nm due to its maximum spectral absorption. Another advantage of this
actinometer method is easily applicable at room light since it is unimpressionable that
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UV irradiation range (i.e. λ > 320 nm). The molar absorptivity (Ɛ) of 3I3- is given as
2.76×104 L/mole.cm at 352 nm [218].
In the actinometry experiment, 99.6 g KI, 21.4 g KIO3 and 2.0122 g Na2B4O7 were
put into the same 1 L of Milli-Q water to get 0.6 M KI, 0.1 M KIO3 and 0.01 M
Na2B4O7 solution. The same reactor which was also performed during O3/UV
experiments was used since the geometry of the reactor affects UV light intensity. UV
lamp with 10-Watt power was placed into the center of the reactor. In order to obtain
homogeneous solution, the reactor was continuously stirred by magnetic stirrer at 600
rpm during the experiments. The samples were withdrawn at 0, 60, 120, 180, 240, 300,
360, 420, 480 and 540 seconds.
The absorbance values of the samples obtained from spectrophotometer (Hach 3900)
were multiplied with molar absorptivity (Ɛ) and they were plotted against time (Figure
19). Thus, the slope of the graph (i.e. 1.2422) shown in Figure 19 gives concentration
of I3- (µM) per unit time (i.e. Ctri/t).

800
700

I3- (µM)

600
500
400

y = 1,2422x
R² = 0,9906

300
200
100
0
0
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Time (sec)

Figure 19. Time course variation of absorbance of I3- at 352 nm

85

Quantum yield of I3- (ϕtri) for KI/KIO3 actinometer (at 253.7 nm, 20°C) was calculated
according to below equation [216].

Φtri = (0.71± 0.02) + (0.0099 ± 0.0004)*(t-24)

(20)

In the Eq. (20), t is the solution temperature with a unit of °C. Since the experiment
performed at 24 °C, Φtri was found as 0.71. Then, photon flux, I0, was calculated
according to below equation [219].
1

𝐼0 = 𝐶𝑡𝑟𝑖 ∗ 𝑉 ∗ 𝜙

1

𝑡𝑟𝑖

∗𝑡

(21)

where;
I0: Photon flux (µEinstein/s)
Ctri: Concentration of I3V: Volume (L)
Φtri: Quantum yield of I3t: time

As mentioned before, Ctri/t was obtained from slope of the I3- vs. time graph (Figure
19). ϕtri was also found as 0.71. Thus, I0 was obtained as 1.7496 µEinstein/s.
Avg. Intensity =

𝐼0
𝜋∗𝑟 2

(22)

Average UV light intensity per unit area was calculated by above equation. The
average UV light intensity was obtained as 12.2×10-3 µEinstein/cm2.s.
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Chemicals Used
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), potassium iodate (≥
99.7% purity), sodium thiosulphate 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), 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.
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CHAPTER 4

4.

RESULTS AND DISCUSSION

Ozonation of IMI
In this chapter, the results obtained from the experiments conducted are provided and
discussed in the light of similar literature studies in order to have a deeper
understanding about the ozonation of IMI. To this purpose, effect of buffer, pH, ozone
dose, ozone gas flowrate, initial IMI concentration and water matrix, reaction kinetics
and possible production pathway of by-products are presented and discussed explicitly
in the following sections.

Effect of Buffer
In several studies conducted with ozonation process, pH decrease during ozonation
were observed due to ozone degradation mechanism [21,220,221]. In the light of these
studies, the ozone decomposition rate highly depends on solution pH and it eventually
affects micropollutant degradation. For that reason, effect of buffer was studied
primarily. The pH of the solution in the reactor was continuously measured throughout
the ozonation experiments in order to understand whether a buffering is needed or not.
To this purpose, when an unbuffered Milli-Q water solution spiked with IMI was
ozonated, it was observed that its initial pH of 7.7 decreased continuously and reached
to 4.4 at the end of 180 min. Similarly, the pH of Milli-Q water without IMI also
decreased from 7.4 to 6.3 during 180 min of ozonation as can be seen from Figure 20.
For the investigation of phosphate buffer effects on the IMI degradation, experiments
were presented with or without buffer and results are shown in Figure 21.
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Figure 20. Variation of solution pH during the ozonation with and without buffer
addition (Milli-Q water, O3 dose= 2400 mg/h, O3 flowrate= 100 L/h, C0= 500 ppb, T
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Figure 21. Degradation of IMI with and without buffer addition. (Milli-Q water, O3
dose= 2400 mg/h, O3 flowrate= 100 L/h, C0= 500 ppb, T =24°C ±1°C.)
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As seen in Figure 20, not only Milli-Q water with IMI but also the one without IMI
experienced a decrease in pH with time. Therefore, the consumption of OH- was
evident even when there is no IMI in the medium. Indeed, one should expect this to
observe as OH- will be consumed during the initiation reaction of ozonation as
indicated in Eq. (1). Accordingly, pH of the solution will decrease due to the
concentration of OH- lessened.
The ozone decomposition boosts at basic condition since OH- will be more readily
available, and ozone and OH- reacts in order to initiate the generation of OH• [222].
Throughout the experiments, since there was relatively higher OH- concentration in
the buffered solution (at pH 7.25 ± 0.1) as compared to the unbuffered solution, both
direct and indirect ozonation reactions occurred in buffered solution. On the other
hand, at acidic conditions due to low OH• concentration, direct ozonation mechanism
dominates [199]. In other words, the relative lack of OH• indicates that IMI and
possible by-products are mainly attacked by ozone at acidic conditions.
When Figure 20 and Figure 21 are examined together, the effect of buffer is evident.
As it can be seen in Figure 21, the disappearance of IMI for both buffered and
unbuffered solutions were similar at first 5 min of ozonation since the pH difference
between buffered and unbuffered solutions was not yet remarkable (Figure 20). This
indicates that the ozonation reactions and removal mechanisms reactions were similar
for both buffered and unbuffered cases within this time interval. After 5 min, the pH
of unbuffered solution decreased dramatically, which led to the decrease of OH•
production rate and resulted in the slower degradation of IMI. At the end of 20 min,
67.5% and 44.9% of IMI was degraded in buffered and unbuffered solutions,
respectively. Moreover, 40 min of ozonation was enough to remove 90% of IMI in
buffered solution, whereas, at least 80 min was required to achieve almost the same
percentage of IMI disappearance in unbuffered solution. Based on these findings, it is
clear that IMI degradation is a highly pH dependent process and to get a proper
understanding of IMI degradation, pH has to be controlled by a buffer solution.
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These observations were in accordance with the relevant literature studies. For
example, similar results were obtained in case of removal of Thiacloprid, which
belongs in the same chemical group with IMI, by ozonation [21]. These results
reported by Cernigoj et al. [21] showed that the pH of unbuffered solution declined
from 6.2 to 3.2 during 100 min of ozonation due to organic and inorganic acid
production. Because of pH decrease, decomposition rate of ozone and in turn,
production rate of OH• was lowered. Therefore, the removal efficiency of Thiacloprid
was decreased and they did use a pH buffer in their subsequent experiments. In
agreement with the foregoing, Restivo et al. [220] observed that during ozonation of
Metolachlor, the pH value decreased from 6.7 to 3.9 for semi-batch mode and to 5.0
for continuous mode at the end of the experiments. Because of the ozone
decomposition and OH• production rates declined, the degradation of by-products was
also slowed down. In a similar study, Lucas et al. [221] performed the treatment of
winery wastewater by ozone-based AOPs (O3, O3/UV and O3/UV/H2O2). The
wastewater with three different initial pHs (i.e. pH 4, 7 and 10) were investigated
during 300 min of O3/UV application. Initial pH of 4 exhibited a negligible decrease
so that the final pH was 3.8. On the other hand, in the experiments with the initial pH
of 7 and 10, the pH of the solutions decreased sharply to 3.8 and 4.0, respectively. The
decrease of the solution pH was attributed to the production of dicarboxylic acids, CO2
and carbonic acids as a result of the mineralization of organic matter. In our study,
although Milli-Q water was used instead of wastewater, decrease of pH from 7.7 to
4.4 was observed which is very similar to results obtained by Lucas et al [221].
The results obtained by Cernigoj et al. [21], Restivo et al. [220] and Lucas et al. [221]
revealed that pH decrease may also be due to the formation of acidic intermediates.
Accordingly, in our case, the reason of pH decrease might also be due to acidic
intermediates formed during the ozonation of IMI. According to Bourgin et al. [22] 6chloronicotinic acid (C6H4ClNO2), a type of carboxylic acid, was formed during the
ozonation of IMI. Although they did not mention whether the pH changed or not, 6-
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chloronicotinic acid may be the factor for the pH decrease that was observed during
our experiments.
Thus, our results were in agreement with the aforementioned literatures in terms of
both observing a pH decrease due to formation of acidic compounds and slowing down
the removal of target chemical compound. Cernigoj et al. [21], Restivo et al. [220] and
Lucas et al. [221] clearly indicated that the pH of the solution, ozone decomposition
and hydroxyl radical production rates are very important parameters, which in turn
determine the processes efficiency. Taking into account that ozonation mechanism
and degradation efficiency are highly affected by the pH, subsequent experiments
were conducted at the presence of pH buffer with a constant initial pH 7.25 ± 0.1.

Effect of pH
It is well known that the pH is highly significant during ozone decomposition and
production of hydroxyl radicals. As the pH rises, hydroxyl ions trigger the ozone
decomposition and the hydroxyl radicals in the solution become higher (Eq. (1)) [189].
Hence, the degradation of IMI is boosted by the increase of hydroxyl radicals in water.
At acidic pHs, ozone-based degradation is dominant, on the contrary, at basic pHs
hydroxyl radicals contributes to IMI degradation as well. In order to determine the
effect of pH on the IMI degradation, 500 ppb IMI spiked into Milli-Q water and 1200
mg/h ozone dose was applied at pHs of 6.20, 7.30 and 8.25. The desired pHs were
attained with the use of phosphate buffer solution. The samples were taken at 1, 5, 10,
20, 30, 40, 50, 60, 70, 80 and 90 min, and each sample was analyzed by HPLC for
three times in order to observe IMI degradation. During pH 8.25 experiments in
addition to aforementioned sampling times, samples at 7 and 15 min were also taken
to investigate IMI degradation more precisely. The results obtained are shown in
Figure 22.

93

C/C0

1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0,0

(a)

pH 6.20
pH 7.30
pH 8.25

Removal (%)

0

10

20

30

40

50 60 70
Time (min)

80

90

100
90
80
70
60
50
40
30
20
10
0

100 110 120

(b)
pH 6.20
pH 7.30
pH 8.25

0

10

20

30

40

50
60
70
Time (min)

80

90

100

110

120

Figure 22. Time course variation of (a) IMI concentration (b) Removal efficiencies
at different pHs (Milli-Q water, C0= 500 ppb, O3 dose= 1200 mg/h, O3 flowrate= 30
L/h T=24°C ±1°C.)

When these pHs are compared, it can be clearly seen from Figure 22, the highest
removal efficiency was achieved at the pH 8.25, whereas the pH 6.20 showed the least
removal efficiency. To explain more, during the first 30 min of the ozonation, IMI
removal efficiencies were 69%, 95% and 99% at pHs 6.20, 7.30 and 8.25, respectively.
Furthermore, 60 min and 20 min were enough to 99% (<LOD) disappearance of IMI
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at pHs 7.30 and 8.25, respectively, on the other hand, at least 120 min were required
for the same amount of IMI degradation at pH 6.20. The reason might be that OH- has
a significant role initiation reaction (Eq. (1)) and chain reaction which produces
radicals stated by Staehelin and Hoigne [189]. As concentration of OH- gets higher in
alkaline solution, more radicals which also have oxidizing capacity are produced.
Therefore, as the pH gets higher (i.e. pH 8.25), IMI removal efficiency increases due
to degradation by both ozone and radicals. On the other hand, at low pH value (i.e. pH
6.20), the rate of ozone decomposition and radical formation are very slow. So,
degradation of IMI was mainly due to ozone. Cernigoj et al. [21] reported similar
results in the case of Thiacloprid removal by ozonation [21]. Thiacloprid is one of the
pesticides belongs to neonicotinoid chemical group like IMI. In that study,
disappearance rate constant of Thiacloprid was given at different pHs such as 2.75,
5.50, 8.25 and 11.0. Although increase of pH from 2.75 and 5.50 was hardly affect the
disappearance rate, after increasing pH from 5.50 to 11.0, the disappearance rate
increased almost 8 times.
Another ozonation study conducted to degrade two pesticides (i.e. Bromoxynil and
Trifluralin) by Chelme-Ayala et al. [223] also obtained similar results with our study.
For example, at pH 2, 98% of Bromoxynil and 50% of Trifluralin were degraded
within 2 and 5 min of ozonation, respectively. This low degradation efficiency also
showed that Trifluralin is highly robust to ozone attack since direct reaction dominates
at acidic pHs. Trifluralin has high electronegativity since it contains 3 fluorine which
eventually results in resistance toward ozone during ozonation process. Moreover, IMI
showed similarity to Trifluralin in terms of electronegativity since the IMI has chloropyridine ring which is known as highly electronegative moiety. Therefore, it can be
said that at acidic pHs, removal of ozone-resistant chemicals is less efficient since the
degradation mainly depends on direct reaction mechanism. On the other hand, at pH
7, although degradation rate of both Bromoxynil and Trifluralin increased,
degradation rate differences were more noticeable for Trifluralin [223]. Indeed, the
disappearance of IMI also showed significant improvement even at one-unit change
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in the pH scale. Therefore, ozone-resistant chemicals are generally found to be highly
removable at alkaline conditions with respect to acidic conditions.
Regarding the results of our study and referenced studies, the pH is a significant
parameter that effects micropollutant removal efficiency in ozonation. Therefore, the
pH of wastewater at the entrance of ozonation unit in the treatment plant should be
taken into consideration when implementing the ozonation in the WWTP. Ozonation
unit generally placed after biological treatment and secondary effluent of municipal
wastewaters generally have pH between 6-9 [224]. On the basis of our findings,
wastewaters containing IMI with neutral to basic pH would be treated in relatively
shorter time with consuming less ozone amount. Therefore, the treatment of municipal
wastewater containing IMI could be notably treatable, especially for higher pH, when
implementing the ozonation in the WWTP.

Effect of Ozone Dose
In this part, it was aimed to investigate how different ozone doses affect the
disappearance of IMI and the ozonation by-products and to decide about the required
ozone dose for the IMI disappearance. For this purpose, Milli-Q water with 500 ppb
of initial IMI concentration was subjected to several ozone doses under buffering
conditions. Applying the ozone doses of 600, 1200 and 1800 mg/h, which correspond
to 20, 40, 60 mg/L of ozone concentration at a constant ozone flowrate of 30 L/h,
results obtained are provided in Figure 23.
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Figure 23. Time course variation of (a) IMI concentration (b) IMI removal efficiency
at different ozone doses. (Milli-Q water, C0= 500 ppb, O3 flowrate= 30 L/h, pH=
7.25 ± 0.1, T=24°C ±1°C.)

In all ozone doses, degradation of IMI was instantly started as the ozone was
introduced into the system. As can be seen from the Figure 23, for all ozone doses
studies, there occurs two phases of IMI disappearance; a rapid decrease in IMI (at first
10 min), then followed by a gradual decline. The highest initial disappearance rate
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(during the first 10 min) was observed at1800 mg/h, whereas, gradual decline phase
took longest time at 600 mg/h of ozone dose. As it can also be depicted from Figure
23, the disappearance of IMI with time was very similar in cases of 1200 and 1800
mg/h, however, the behavior was quite distinct in the case of 600 mg/h. Hence, it can
be stated that 1200 mg/h of ozone dose provided a saturation level of ozone and/or
hydroxyl radicals, at a flowrate 30 L/h. In accordance, it can be depicted from Figure
23 that 90% of IMI can be degraded within 50, 25 and 20 min, which correspond to
500, 500 and 600 mg of applied ozone amount at 600, 1200 and 1800 mg/h ozone
doses, respectively. To clarify, IMI disappearance by at least 90% can be achieved in
25 min for the ozone doses of 1200 and 1800 mg/h, however, 50 min is required to
achieve the same removal efficiency for 600 mg/h of ozone dose. Furthermore, 95%
of IMI degradation requires 60, 30, 25 min, which correspond to 600, 600 and 750 mg
applied ozone amount for 600, 1200 and 1800 mg/h ozone doses, respectively. In other
words, different ozone doses necessitated different treatment time.
However, after 95% of IMI degraded, the further degradation process became more
difficult and it took almost half of the whole removal time period to achieve >99%
disappearance (i.e. <LOD). Initial IMI concentration of 500 ppb was decreased down
to below LOD value within 120, 60 and 50 min by applying 600, 1200 and 1800 mg/h
ozone doses corresponding to 1200, 1200 and 1500 mg ozone, respectively. On the
other hand, half of these process times i.e. 60, 30 and 25 min were necessary
additionally to increase the removal efficiency from 95% to 99%, respectively. This
observation could be explained due to ozonation of degradation by-products. It is
worthy to mention that while the amount of IMI decreases, production of by-products
increases. Indeed, the available dissolved ozone was used for both IMI and its byproducts ozonation after some treatment time. The consumption of ozone by
transformation by-products during ozonation has been also reported by several studies
[225,226].
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Figure 24.Profile of IMI degradation as a function of applied ozone amount. (Milli-Q
water, C0= 500 ppb, O3 flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

Figure 24 shows the variation of IMI disappearance as a function of ozone amount
applied. It is clearly seen from this figure that removal of IMI highly depends on the
applied ozone amount. In order to remove almost all of IMI from the solution, required
ozone amount was observed to be 1200, 1200 and 1500 mg when the ozone was
applied at 600, 1200 and 1800 mg/h, respectively. As previously mentioned, same
amount of ozone was applied to remove same degree of IMI removal in both 600 and
1200 mg/h ozone dose application. Nevertheless, 600 mg/h ozone dose required two
times higher degradation time than 1200 mg/h ozone dose application. Moreover,
consumed ozone during 600 and 1200 mg/h ozone doses were calculated as 9.3 and
10.1 mg ozone/mg IMI. It clearly showed that almost same amount of ozone was used
to degrade 1 mg IMI. Although almost same ozone amount was consumed by 1 mg
IMI for 600 and 1200 mg/h ozone doses, when the required times are considered (90
min vs. 30 min, for 600 and 1200 mg/h, respectively; Figure 23), 1200 mg/h ozone
dose seems to be more appropriate to apply in practice.
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The results presented in Figure 23 indicates that 99% IMI removal was achieved in a
shorter time for 1800 mg/h ozone dose application than for the other doses, as
expected. This can be explained as, for the same time interval an increase in the ozone
dose provides faster removal of IMI since applied ozone amount was higher. However,
when 1200 and 1800 mg/h ozone doses were compared, 1200 mg/h ozone dose
required only 10 more minutes to remove almost all of IMI. Although removing 99%
of IMI by 1200 mg/h ozone dose takes a little bit more time, the applied ozone amount
(i.e. 1200 mg) was lower than the one (i.e. 1500 mg) for 1800 mg/h 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 reaction rate constants
during the production of OH•. Kinetic constant for the initiation reaction between O3
and OH- (Eq. (1)) was determined as 70 M-1s-1 by Staehelin and Hoigne [189]. On the
contrary, subsequent radical propagation reactions rate constants are at least five
orders of magnitude larger than for Eq. (1). As aforementioned, OH• has very high
impact on the removal of IMI. Although ozone dose was increased from 1200 to 1800
mg/h, the OH• formation was not increased proportionally since the initiation reaction
(i.e. Eq. (1)) is the rate-limiting step. Therefore, the removal percentage of IMI did not
enhance proportionally as ozone dose increase from 1200 mg/h to 1800 mg/h. For that
reason, the following experiments were conducted at 1200 mg/h which was chosen as
an optimum ozone dose.
It is well known that while the ozonation removes compounds, they are not completely
mineralized and are transformed into oxidation products which can be called as byproducts [227]. Effect of ozone dose on two by-products detected by HPLC is assessed
below. 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 BP2 with respect to different ozone doses (i.e. 600, 1200 and 1800 mg/h) are presented
in Figure 25 and Figure 26, respectively. Although IMI was immediately degraded
from first minute of ozonation, by-products did not appear simultaneously.
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Figure 25. Time course variation of IMI and BP-1 at different ozone doses (Milli-Q
water, C0= 500 ppb, O3 flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

As seen in Figure 25, in all ozone doses, BP-1 was observed starting from 5th min. It
reached to its maximum area around 110 min for both 1200 and 1800 mg/h ozone
doses whereas; the plateau was not apparently reached within 180 min for 600 mg/h
ozone dose. To add more, during ozonation of BP-1, areas obtained in 1200 and 1800
mg/h ozone dose experiments were similar and it may indicate that the increase of
ozone dose did not significantly affect the amount formation of BP-1. On the contrary,
area of BP-1 at 600 mg/h ozone dose application was relatively smaller than the other
ozone doses. To add more, IMI was degraded below LOD value (i.e. 99%
disappearance) within 110, 60 and 50 min, for 600, 1200 and 1800 mg/h ozone doses,
BP-1 still continued to present during 180 min of ozonation for the same ozone doses.
Similar to BP-1, BP-2 was also presented starting with the 5th min (Figure 26). On the
other hand, BP-2 reached to its maximum area sooner but having lower area than the
BP-1. The data in Figure 26 apparently indicates that as the ozone doses were
increased, BP-2 reached to its maximum area faster and started to lessen proportional
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to ozone doses. BP-2 was almost not detected after 150 min of ozonation for 1200 and
1800 mg/h ozone doses; on the other hand, 180 min was not enough to remove almost
all of BP-2 for 600 mg/h ozone dose.
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Figure 26. Time course variation of IMI and BP-2 at different ozone doses (Milli-Q
water, C0= 500 ppb, O3 flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

It can be interpreted from Figure 23a and Figure 26 that while 110, 60 and 50 min
required to degrade 99% of IMI for 600, 1200 and 1800 mg/h ozone doses,
respectively, more than 180 min was required in order to disappear BP-1 and BP-2.
Moreover, the highest concern regarding the incomplete degradation of by-products
is due to the effect of these by-products on the aquatic environment. Unfortunately,
oxidation by-products might be more toxic than the parent compound [228].
Therefore, toxicity of the treated solution should also be taken into consideration and
it should be further investigated.
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It should be pointed here that there may be other by-products which are not detectable
by HPLC. Indeed, accordingly, a study concerning on these other possible by-products
were conducted using LC-MS/MS at a constant ozone dose and the relevant results
are provided in Sec 4.1.8.

Effect of Ozone Gas Flowrate
In this part, effect of ozone gas flowrate on the IMI degradation is evaluated.
Ozonation of 1 L Milli-Q water containing 500 ppb IMI was conducted at constant
ozone dose (i.e. 1200 mg/h) applied with different ozone flowrates, namely 15, 30 and
100 L/h. Corresponding ozone concentrations applied were 80, 40 and 12 mg/L,
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respectively. The disappearance profiles of IMI with time are presented in Figure 27.
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Figure 27. Time course variation of (a) IMI concentration (b) IMI removal efficiency
at different ozone flowrates. (Milli-Q water, C0= 500 ppb, O3 dose= 1200 mg/h, pH=
7.25 ± 0.1, T=24°C ±1°C.)

As can be seen from Figure 27, as the applied ozone gas flowrate was decreased, the
disappearance of IMI was faster. At the constant ozone dose of 1200 mg/h, 90% of
IMI degradation did occur in 20, 25 and 70 min at the ozone flowrate of 15, 30, 100
L/h, respectively. To increase IMI removal from 90% to 95%, while 5 min was enough
for 15 and 30 L/h ozone flowrate, 20 min was required at 100 L/h flowrate. To enhance
the removal further from 95% to 99.8%, almost half of the entire degradation time
period was necessary. To clarify, at 15 L/h ozone flowrate, while 99.8% disappearance
of IMI (i.e. <LOD) was obtained within 50 min, the half of it (i.e. 25 min) was for to
increase the removal from 95% to 99.8%. Similarly, at 30 L/h ozone flowrate, 60 min
were sufficient to get almost complete disappearance (<LOD) of IMI and half of it
was spent to achieve 95% disappearance. On the other hand, more than 180 min of
ozonation was necessary to get 99.8% disappearance of IMI at 100 L/h ozone flowrate.
Therefore, the operation time strongly depends on the target removal percentage. In
other words, if 95% is enough for achieving EQS value, then the ozonation time will
be selected accordingly.
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As mentioned before, the ozone dose was kept same at all flowrates studied. In other
words, the cumulative applied ozone amount (mg) was constant in every hour and also
in every minute for all flowrates. For example, within the first 5 min, 100 mg ozone
was applied at all flowrates (Figure 28). However due to the flowrate differences,
ozone concentration applied to the reactor also differs as stated previously. Therefore,
the IMI disappearances were different at each flowrate during the entire experimental
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duration, although the applied ozone amount was same.

1,0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0,0

15 L/h
30 L/h
100 L/h

0

600

1200

1800

2400

3000

3600

Applied Ozone Amount (mg)

Figure 28.Profile of IMI degradation as a function of applied ozone amount. (Milli-Q
water, C0= 500 ppb, O3 dose= 1200 mg/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

As can be depicted from Figure 28, 400 mg, 500 mg and 1000 mg ozone was enough
to degrade the IMI by 90%, 95% and 99%, respectively, at the flowrate of 15 L/h,
whereas at the ozone flowrate of 30 L/h, 500 mg, 600 mg and 1200 mg ozone,
respectively, was required to achieve the same respective removal efficiencies. It can
be stated that, although the ozone flowrate was doubled, applied ozone dose for the
same removal efficiencies were not increased dramatically. On the other hand, at the
100 L/h ozone flowrate, 1400 mg, 1800 mg and more than 3600 mg ozone amount
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was consumed in order to achieve 90%, 95% and 99% IMI disappearance,
respectively. It is here worthy to mention that these applied ozone amounts were at
least three times of the ones applied at 15 and 30 L/h.
While comparing all ozone gas flowrates, it is clearly seen that as the ozone flowrate
increases, the disappearance of IMI decreases within the same ozonation time interval.
The reason could be the rate of ozone escape from the reactor increases as ozone gas
flowrate increased from 15 to 100 mg/h. So, the reaction of ozone with IMI was
lowered.
Similar results were obtained at the study conducted by Prasetyaningrum et al. [229]
They applied different ozone gas flowrates range from 2 to 5 L/min. The dissolved
ozone concentration increased with the increase of the gas flowrate up to 4 L/min. On
the other hand, further increase of gas flowrate caused decrease of the dissolved ozone
concentration since the residence of ozone gas in the reactor becomes shorter as the
flowrate increases [229]. Similarly, Wu and Masten [230] modeled ozone
decomposition in deionized distilled water with respect to different ozone gas
flowrates (100, 200 and 400 mL/min). Their findings confirm the shorter residence
time at higher ozone gas flowrates. The residence times were 20, 10 and 5 min for
applied gas flowrates of 100, 200 and 400 mL/min, respectively [230].
Based on our findings and referenced studies, the impact of ozone flowrate on the IMI
degradation during the semi-batch ozonation process is apparent. For overall
comparison, 100 L/h of ozone gas flowrate was the least efficient one, since it resulted
in the lowest IMI removal at the same amount of applied ozone. When the 15 and 30
L/h ozone flowrates are compared, both of them achieved nearly 90%, 95% and 99%
degradation efficiency in less than 25, 30 and 60 min, respectively. Moreover, for the
same removal percentages, the applied ozone amount at 30 L/h was at most 200 mg
higher than at 15 L/h. Although 15 L/h gas flowrate showed the most effective IMI
removal with shorter time, setting the flowrate at 15 L/h at ozone generator panel was
difficult since it could not be kept constant during ozonation. Because the flowrate of
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15 L/h was very close to the minimum point (10 L/h), flow was fluctuating between
10 and 15 L/h. Therefore, considering this stability issue, 30 L/h was selected as an
optimum ozone flowrate for the further experiments.

Effect of Initial IMI Concentration
In order to understand effect of initial IMI concentration on the degradation, 3
different initial IMI concentrations (i.e. 100 ppb, 500 ppb and 1000 ppb) were studied.
The constant ozone dose (i.e. 1200 mg/h) at 30 L/h ozone flowrate applied in these
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experiments and Milli-Q water was spiked with different IMI concentrations.
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Figure 29. Time course variation of (a) IMI concentration (b) IMI removal efficiency
at different initial IMI concentrations. (Milli-Q water, O3 dose= 1200 mg/h, O3
flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

In all IMI concentrations, degradation immediately started as the ozone was
introduced into the system. As seen in Figure 29b, IMI removal efficiencies slightly
differed for different initial IMI concentrations. For 40 min ozonation, nearly 95%,
98% and 95% of IMI disappearance was observed for 100, 500 and 1000 ppb initial
IMI concentrations, respectively. Moreover, IMI was degraded below LOD value (5
ppb) within 40, 50 and 70 min corresponding 95.4%, 99% and 99.5% IMI
disappearance for 100, 500 and 1000 ppb initial IMI concentrations, respectively.
Given that only the IMI concentration was monitored in these experiments, it is
possible that IMI by-products also consumed ozone during ozonation. Indeed, the
greater the initial IMI concentration, the greater the by-product produced. Therefore,
the lowest IMI disappearance was observed for 1000 ppb.
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Ozonation Mechanism of IMI Degradation
As aforementioned, the IMI was oxidized by ozone and OH• during ozonation. When
the degradation is ozone-based, direct mechanism dominates. On the other hand, if the
radicals are responsible for the degradation, indirect mechanism is favored. In order
to find out the IMI degradation mechanism, whether it is dominated by direct or
indirect mechanisms, TBA was added during ozonation of IMI. The results are given
in this section.

O3-Only Removal Mechanism (TBA Addition)
As mentioned before, degradation is achieved with both direct and indirect ozonation.
While the former one represents degradation by only ozone, the latter is for
degradation by both ozone and radicals [199]. Ozone decomposition in the aqueous
solution produces OH• which has further oxidizing ability and cause indirect
degradation [189].
Tert-butanol (TBA) is a well-known OH• scavenger and widely applied to understand
ozone degradation mechanisms as indicated in the literature [86,98,204,231,232].
Furthermore, TBA was chosen since the reaction rate of TBA with ozone is very slow
(kO3-TBA = 1×103 M-1s-1) but it quickly reacts with OH•.
For the investigation of OH• contribution on the IMI disappearance during ozonation,
experiments were presented with and without TBA. Ozone dose of 1200 mg/h was
applied to Milli-Q water with a spike of IMI at the pH 7.25±0.1. While results obtained
by TBA addition refers to O3-only removal mechanism, IMI degradation without
presence of TBA corresponds to O3/OH• removal (Figure 30). As stated in the
literature studies, applied TBA amount range differ from 20 to 100 mM [231,233,234].
Since our working volume (i.e. 1L) is more than referenced studies, 100 mM of TBA
was introduced into the ozonation reactor.
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Figure 30. Time course variation of (a) IMI concentration (b) IMI removal efficiency
by O3 and O3/OH• i.e. with and without TBA addition, respectively. (Milli-Q water,
CTBA=100 mM, [IMI]0= 1000 ppb, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h pH=
7.25 ± 0.1, T=24°C ±1°C.)

As depicted Figure 30, at all sampling times, the removal efficiency of O3/OH•
mechanism was higher than O3 mechanism. Indeed, the difference was observed from
at the very beginning of the ozonation even at the 1st min. This can be explained by
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the fact that OH• simultaneously formed as the ozone dissolved in the aqueous solution
and IMI was readily undergone reaction with OH•. In addition, 90% disappearance of
IMI was achieved at 25 and 40 min and 95% degradation of IMI was observed at 30
and 50 min by O3/OH• and O3, respectively. IMI was measured below LOD value (5
ppb) within nearly 50 and 90 min of ozonation for O3/OH• and O3, respectively. The
contribution of OH• on the disappearance of IMI was obvious. These results indicated
that OH• was the major oxidizing species to degrade IMI and indirect mechanism was
highly effective during ozonation.
Another reason for low degradation efficiency with TBA addition (i.e. O3-only
mechanism) can be due to chemical structure of IMI. As given IMI chemical structure
previously (Figure 5), it 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 [23]. So, the chloro-pyridine ring is not easily oxidized by
electrophilic ozone. This finding is well in accordance with the previous study
conducted during IMI ozonation [23]. Chen et al. [23] showed that degradation of IMI
by ozonation highly depends on the concentration of OH•. They introduced 50 mM
TBA into the reactor at pHs of 6.02, 6.97, 7.92 and 8.64. The IMI degradation rate
constant by OH• was determined as 3.79×109 M-1s-1 at pH 7.92 which is greater than
rate constant of ozone (i.e. 10.92 M-1s−1).
Moreover, a pesticide namely Acetamiprid (ACMP), which belongs in the same
chemical class (i.e. neonicotinoid) with the IMI, was removed by ozonation [86]. In
that study, Cruz-Alcalde et al. [86] investigated degradation mechanism of ACMP.
They introduced 25 mM of TBA into the reactor and adjusted pH at 7 by adding 1 mM
phosphate buffer. Their results clearly showed that TBA addition almost blocked the
degradation of ACMP, since its reaction rate with ozone has extremely low [86].
Indeed, the common feature of IMI and ACMP is containing 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
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ozonation. Therefore, our results are in accordance with the literature studies and OH•
played a significant role in IMI degradation.

Effect of Water Matrix
As known, the effectiveness of the oxidation processes depends on both
micropollutant reaction with ozone and ozone consumption by water matrix [235].
Indeed, the water matrix strongly affects removal efficiency of micropollutants,
especially O3 resistant ones [236]. As previously stated, since IMI is ozone resistant
and the degradation mainly depends on the OH•, the water matrix seems to play a
crucial role in IMI degradation. Therefore, the effect of water matrix was investigated,
and results are given in this part. For this purpose, in addition to Milli-Q water, both
VRMBR WW and Bio WW were subjected to 1200 mg/h ozonation dose with 30 L/h
ozone flowrate. All the experiments were conducted at constant pH at 7.25 ± 0.1 by
using phosphate buffer. Prior to VRMBR WW ozonation experiments, 1000 ppb IMI
was spiked into the reactor. On the other hand, untreated IMI after biological treatment
was subjected to ozonation without further IMI addition into Bio WW. The results
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obtained are showed in Figure 31 for Milli-Q water, VRMBR WW and Bio WW.
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Figure 31. Time course variation of (a) IMI concentration (b) IMI removal efficiency
in different water matrices. ([IMI]0= 1000 ppb for Milli-Q water and VRMBR WW,
[IMI]0= 226 ppb for Bio WW, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h pH= 7.25 ±
0.1, T=24°C ±1°C.)

As seen in Figure 31, 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 difference between Milli-Q water and real wastewaters was delay of
degradation of IMI in real wastewaters. Wastewaters contains organic constituents
such as proteins, carbohydrates and humic acids and inorganic matters like carbonate
and bicarbonate ions [81]. These constituents are known as major oxidant consumers
since they consume dissolved O3 [237]. Moreover, presence of these matters causes
radical scavenger since they also deplete the available OH• [81]. Therefore, at the very
beginning of ozonation, wastewaters consume available ozone and radicals which
eventually caused delay in IMI disappearance with respect to Milli-Q water as seen in
Figure 31.
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During first 10 min of ozonation, nearly 36%, 18% and 10% of IMI was degraded for
Milli-Q water, VRMBR WW and Bio WW, respectively. It clearly showed that
organics in the Bio WW were greater than VRMBR WW and consume dissolved
ozone [238]. Indeed, COD of Bio WW effluent (i.e. 247 mg/L) was higher than COD
of VRMBR WW effluent (i.e. 19 mg/L). Therefore, VRMBR WW may be more
amenable to IMI ozonation than Bio WW.
Since Bio WW has the least IMI concentration, 97.8% IMI disappearance (i.e. <LOD)
was observed within almost 30 min. On the other hand, at least 70 and 90 min were
required 99.5% disappearance (i.e.<LOD) for Milli-Q water and VRMBR WW,
respectively. Although these duration times are approximate, the removal difference
between Milli-Q water and VRMBR WW matrices were apparent from the very
beginning to 50th min ozonation. As previously proved in our study, the impact of OH•
on IMI disappearance is discernable. Indeed, the reason for disappearance differences
might be due to presence of organics and inorganics in the wastewaters that act as a
radical scavenger [239]. When the radicals in the solution decreases, IMI
disappearance also decreases.
To the best of our knowledge, there is no literature study that investigated IMI removal
in different water matrices. Yet, water matrix effect on micropollutant degradation has
been widely investigated for pharmaceuticals and other pesticides. Benitez et al. [198]
investigated several pharmaceuticals (metoprolol, naproxen, amoxicillin, and
phenacetin) removal in different water matrices such as groundwater (PZ), reservoir
water (PA), and 3 different wastewater effluents obtained by municipal treatment
plants of Alcala (AL), Badajoz (BA) and Mostoles (MO) in Spain. Almost complete
disappearance of phenacetin, for example, was observed at groundwater and reservoir
water at 3 mg/L ozone dose. On the other hand, at most 50% phenacetin removal was
observed 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. [91] investigated removal of 42 pharmaceuticals in 6
different wastewater matrices. All the micropollutants in the wastewater which has
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high COD (90 mg/L) and alkalinity values (250 mg HCO3-/L) 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.
Although elimination of micropollutants is somewhat decreases in real wastewater
matrix with respect to Milli-Q or surface water, ozonation is a promising advanced
treatment technique especially for inadequately treated secondary effluents [7]. For
instance, MBR with post-ozonation processes are widely applied treatment technique
in order to degrade micropollutants in the WWTPs. Kovalova et al. [240] investigated
removal of 56 micropollutants by the ozonation as a post-treatment process, treating
an effluent of an MBR fed with raw hospital wastewater. MBR treatment process only
achieved 22% of removal efficiency. Addition of ozonation unit greatly improved
overall micropollutant elimination and 62% removal was achieved. Indeed, ozonation
boosted the elimination of pharmaceuticals and industrial chemicals since their
removal increased to 99% and 100%, respectively. Moreover, removal of recalcitrant
micropollutants such as iodinated X-ray contrast media increased from 1% to 51%
which shows that ozonation is one of the most promising post-treatment processes
[240].

Ozonation By-Products of IMI
Ozonation may result in incomplete degradation of pesticide molecules and this may
cause to undesirable degradation by-products formation [227]. Therefore, the possible
IMI degradation pathway and the potential ozonation by-products of IMI was
investigated and the results are given in this section. The LC-MS/MS chromatograms
of IMI ozonation in Milli-Q water and VRMBR WW are given in Figure C.2 and
Figure C.3 (Appendix C), respectively.
As seen in Figure C.4 (Appendix C), m/z 99 and 195 ions were detected in all samples
due to presence of phosphate buffer in the Milli-Q water. Another ion, m/z 239, was
detected in all samples with an almost constant concentration may show that this ion
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could be occurred due to impurities in the samples. For that reason, these ions were
neglected during evaluation of IMI degradation pathway and produced by-products.
IMI (m/z 256) significantly decreased after 70 min ozonation. After 180 min of
ozonation, IMI slightly occurred which could correspond to below LOD value in the
HPLC, as mentioned previously. As the IMI (m/z 256) degraded, m/z 188, m/z 209,
m/z 253, m/z 275 and m/z 314 increased in 70 min ozonation, but then they decreased
to some degree. Indeed, 180 min of ozonation was not enough to remove these byproducts. Moreover, m/z 270 was generated within the first 5 min of treatment, it
gradually decreased and eventually disappeared after 180 min of ozonation. The IMI
degradation pathway was proposed by fragmentation of m/z 256 in the LC-MS/MS.
As depicted in Figure 32, IMI lost HNO2 and the fragment ion m/z 209 formed. The
other way represents that IMI consecutively lost NO2 and Cl and the fragment ions
m/z 210 and m/z 175 formed, respectively.

Figure 32. The proposed degradation pathway of IMI
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Similar to Bourgin et al. [22], the opening of the imidazoline ring produced a byproduct which was detected the ion at m/z 230 ozonation in Milli-Q water. Indeed,
IMI lost C2H2 during 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 be
resulted in detection of m/z 270 ion which was also mentioned by Bourgin et al. [22].
On the other hand, different from the referenced study, fragmentation of m/z 270
yielded to m/z 253 ion by the loss of NH3 in our study. Moreover, dehydroxylated
form of IMI, which was also supposed by the referenced study, gives the fragment ion
at m/z 288. Bourgin et al. [22] stated that before the carbonylated and dehydroxylated
forms of IMI were produced, monohydroxylation of IMI was detected with an ion at
m/z 272. Nevertheless, in our study m/z 272 ion was not detected. The reason could be
that the m/z 272 might have quickly transformed into m/z 270 and m/z 288 ions.
As can be seen from the above-mentioned m/z values, 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 completely disappeared. By-products mentioned in
Sec 4.1.3, namely BP-1 and BP-2, were those detectable by HPLC. Unfortunately, it
was not possible to match BP-1 and BP-2 with those detected by LC-MS/MS due to
differences in both equipments and methods used. Nevertheless, it is for sure that any
two of 11 by-products were corresponding to BP-1 and BP-2.

Ozonation Reaction Kinetics
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 [𝐼𝑀𝐼]
= 𝑘OH•−IMI [𝐼𝑀𝐼][OH •] + 𝑘O3−IMI [𝐼𝑀𝐼][𝑂3 ]
𝑑𝑡
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(23)

where,
[IMI]: Concentration of IMI
[OH•]: Concentration of OH•
[O3]: Concentration of O3
kOH•-IMI: The second-order rate constant of OH• with IMI
kO3-IMI: The second-order rate constant of O3 with IMI

During ozonation experiments, ozone was excessively supplied into the system with
respect to IMI concentration. So, the reaction rate of ozonation mainly depended on
the concentration 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) against the time (min) graph.
The direct ozonation of IMI was exhibited pseudo first-order reaction, as following;
−

𝑑 [𝐼𝑀𝐼]
= 𝑘𝑎𝑝𝑝 [𝐼𝑀𝐼]
𝑑𝑡

(24)

where;
[IMI]: Concentration of IMI
kapp: The apparent pseudo first-order rate constant (kapp= kOH•-IMI + kO3-IMI)

The effect of different operating parameters such as buffer addition, pH, ozone dose,
ozone gas flowrate and initial IMI concentration and water matrix on the IMI
degradation kinetic rate was investigated. The obtained results were given in the
following sections.
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Effect of Buffer
The degradation kinetics of IMI was performed using the semi-batch ozonation system
with and without phosphate buffer addition. It was found that the degradation of IMI
in buffered solution (i.e. at pH 7.25 ± 0.1) was much faster compared to unbuffered
solution. The R2 values which are greater than 0.99 suggests that a quite good linear
correlation was achieved.
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Figure 33. Reaction kinetics of IMI with and without buffer addition. (Milli-Q water,
O3 dose= 2400 mg/h, O3 flowrate= 100 L/h, C0= 500 ppb, T =24°C ±1°C.)

As shown in Figure 33, the calculated slope of the fitted linear line presenting the
buffered system is 0.0527 min-1, which is almost 2 times higher than in the case of
unbuffered system (0.0294 min-1). Indeed, the improvement of reaction rate was
pronounced even in the very first minutes.
A comparison of the buffered and unbuffered reaction rate constants corroborated the
effects observed in the IMI disappearance profiles and helped to determine the
operating condition for further ozonation experiments.
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Effect of pH
The effect of the different pH on the IMI degradation kinetics was investigated. The
kinetic analysis showed that the IMI removal follows the pseudo-first order. The high
R2 values (0.9825-0.9950) suggested a quite good linear correlation (Figure 34). The
apparent rate constant for pH 6.20, 7.30 and 8.25 were calculated as 0.0436, 0.0956
and 0.2374 min-1, respectively. Degradation of IMI was much slower at pH 6.20
compared other pHs. Indeed, it was found that the increase of the solution pH from
6.20 to 7.30 caused a 2.2 times 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.
In general, the rate of degradation of IMI was faster with higher pH. Figure 34
indicates that IMI disappearance kinetic rate at basic pH is almost 5.4 times faster than
the one at acidic pH.
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Figure 34. Reaction kinetics of IMI at different pHs (Milli-Q water, C0= 500 ppb, O3
dose= 1200 mg/h, O3 flowrate= 30 L/h T=24°C ±1°C.)
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Similar results have been reported by Chen et al. [23]. Although they applied different
pHs than our study, their results showed that the least IMI ozonation kinetic rate was
observed at pH 6.02 (i.e. acidic pH) which is similar to our results. Moreover, the
increase of pH from 6.02 to 8.66 showed that the kinetic rate was almost 4.1 times
increased.
Therefore, basic conditions (pH 8.25) resulted to be the most convenient pH for IMI
removal by ozonation. This was likely due to formation of OH• through the ozone
decomposition at these conditions.

Effect of Ozone Dose
Besides pH, the ozone dose strongly affects the kinetic rate constants. The reaction
kinetics was investigated in the ozone dose range 600-1800 mg/h. The ozonation
kinetics of IMI followed pseudo-first order kinetics. The rate constants were
determined by calculating the slope of the lines given in Figure 35.
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Figure 35. Reaction kinetics of IMI at different ozone doses. (Milli-Q water, C0=
500 ppb, O3 flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)
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As seen in Figure 35, it was found that the IMI disappearance rate increased with the
increase of ozone dose. It was observed that an increase of the ozone dose from 600
to 1200 mg/h provided a pronounced increase in the reaction rate constant, even from
the very beginning of ozonation. As the ozone dose was doubled (i.e. increased from
600 mg/h to 1200 mg/h), the reaction rate also doubled from 0.0471 to 0.0956 min-1.
This confirms previous results reported by Bourgin et al. [22] where an increase in
rate constants with increasing ozone dose was found. The kinetic rate constants were
calculated as 0.036, 0.071 and 0.129 min-1 when the applied ozone concentrations
were 25, 50 and 100 g/m3, respectively.
On the other hand, increase of ozone dose from 1200 mg/h to 1800 mg/h did not
significantly affect the reaction rate since it increased from 0.0956 to 0.1148 min-1
(Figure 35). It is interesting to mention here that these results could be an indication
of a rate-limiting step of the initiation reaction (i.e. 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 as compared to ozone dose increased from 600 to 1200 mg/h.
So, the obtained kinetic rates showed that increase of the ozone dose caused overall
enhancement of reaction rate. Although the reaction rate was proportionally increased
up to 1200 mg/h ozone dose, after that point it was not followed same correlation.

Effect of Ozone Gas Flowrate
The effect of the ozone gas flowrate on the reaction kinetics was depicted in the
flowrate range 15 to 100 L/h. The high correlation coefficients R2 ranged from 0.9863
to 0.9986 proved that the apparent pseudo-first-order kinetics could fit the
experimental results well.
The apparent rate constants for ozone gas flowrate 15, 30 and 100 L/h were calculated
as 0.0335, 0.1011 and 0.1288 min-1, respectively. As shown in Figure 36, the ozone
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dose of 15 L/h presented the highest disappearance rate and higher flowrate slowed
down the reaction efficiency. Indeed, since the increase of ozone gas flowrate leads to
enhance of ozone escape from the reactor, soluble ozone decreases and hence the IMI
disappearance rate also lessen. For instance, when the ozone flowrate increased to 100
L/h, the reaction rate almost 4 times decreased.
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Figure 36. Reaction kinetics of IMI at different ozone at different ozone gas
flowrates. (Milli-Q water, C0= 500 ppb, O3 dose= 1200 mg/h, pH= 7.25 ± 0.1,
T=24°C ±1°C.)

Effect of Initial IMI Concentration
The effect of the initial IMI concentrations on the reaction kinetics was examined. The
apparent rate constants were evaluated with respect to initial IMI concentration
ranging from 100 ppb to 1000 ppb. The high R2 value (0.9797-0.9935) suggests a quite
good linear correlation was achieved. The IMI degradation was followed pseudo-first
order kinetics. The calculated apparent kinetic rates were 0.0820, 0.0956 and 0.0729
min-1 at initial IMI concentration 100, 500 and 1000 ppb, respectively.
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As shown in Figure 37, the solution with an initial 500 ppb IMI concentration
presented the highest kinetic rate, a lower or higher IMI concentration slows down the
reaction efficiency. The apparent rate constant of 500 ppb is 0.0956 min-1, which is
only 1.1 and 1.3 times than those of 100 and 1000 ppb, respectively.
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Figure 37. Reaction kinetics of IMI at different initial IMI concentrations. (Milli-Q
water, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h, pH= 7.25 ± 0.1, T=24°C ±1°C.)

While examining the rate constants, it should be noted that as the initial concentration
of IMI increases, the concentration of degradation by-products also increases. It is
well-known that besides micropollutants, degradation by-products may consume
available ozone, as well. For that reason, available ozone was used for both IMI and
its by-products degradation. So, during ozonation experiments of 1000 ppb IMI, there
was a pronounced decrease in the rate constant with respect to other concentrations.
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Ozonation Mechanism of IMI Degradation
The kinetic study of IMI degradation mechanism was investigated to determine
whether it is dominated by direct or indirect mechanisms. In this respect, TBA was
added during ozonation of IMI. Moreover, the indirect reaction rate constant of
ozonation was investigated by reference compound namely pCBA. The results are
given in this section.

O3-Only Removal Mechanism (TBA Addition)
In order to investigate the effect of OH• on the IMI removal, TBA was introduced into
the reactor during IMI ozonation. Indeed, the differences between with and without
TBA addition apparently showed impact of OH• on IMI degradation. The high R2
values (>0.99) suggested a quite good linear correlation (Figure 38). The IMI
ozonation kinetics was followed pseudo-first order kinetics.
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Figure 38. IMI degradation kinetics by O3 and O3/OH• i.e. with and without TBA
addition, respectively. (Milli-Q water, CTBA=100 mM, [IMI]0= 1000 ppb, O3 dose=
1200 mg/h, O3 flowrate= 30 L/h pH= 7.25 ± 0.1, T=24°C ±1°C.)
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As seen in Figure 38, the rate constants of IMI degradation by O3-only and O3/OH•
were calculated as 0.0595 and 0.0956 min-1, respectively. Since OH• in the solution
was scavenged by TBA, the kinetic constant was significantly affected, and almost
decreased to half of the one without TBA addition. On the other hand, without TBA
addition, both O3 and OH• took place during IMI degradation. These findings are clear
evidence that almost half of the IMI degradation was due to OH•.
Indeed, Cruz-Alcalde et al. [86] reported that, Acetamiprid degradation by ozonation
was almost completely blocked with TBA addition (i.e. O3-only removal).
Considering that Acetamiprid belongs to the neonicotinoid group like IMI, the
removal rate mainly depends on OH• during ozonation.

OH• Removal Mechanism (pCBA as a Reference Compound)
Since the OH• cannot be measured directly during ozonation process, competition
kinetics method was used to determine the second-order rate constants for the
reactions of IMI with OH•. pCBA which is a well-known reference compound is
widely applied to indirectly measure OH•. In addition, measurement of probe
compound, pCBA, is rather easy since it can be easily detected by HPLC. The pCBA
reacts only OH• (kOH•-pCBA = 5×109 M-1s-1) and not considerably reacts with other
radicals or O3 (kO3-pCBA = 0.15 M-1s-1) [210]. For that purpose, 5 µM pCBA was
introduced into Milli-Q water at pH 7.25 ± 0.1 in ozonation. The results are given in
this section.

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

𝑑 [𝐼𝑀𝐼]
= 𝑘OH•−IMI [𝐼𝑀𝐼][OH •]
𝑑𝑡

where,
kOH•-IMI: The second-order rate constant of OH• with IMI
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(25)

[IMI]: Concentration of IMI
[OH•]: Concentration of OH•

The degradation kinetics of pCBA by OH• can be described as;
−

𝑑 [𝑝𝐶𝐵𝐴]
= 𝑘OH•−pCBA [𝑝𝐶𝐵𝐴][OH •]
𝑑𝑡

(26)

where,
kOH•-pCBA: The second-order rate constant of OH• with pCBA
[pCBA]: Concentration of pCBA
[OH•]: Concentration of OH•

The ratio of integration of Eq. (25) and Eq. (26) yields to below equation;
[𝐼𝑀𝐼]

ln [𝐼𝑀𝐼] 𝑡
𝑘
0
⁄ [𝑝𝐶𝐵𝐴]𝑡 = OH•−IMI⁄𝑘
OH•−pCBA
ln [𝑝𝐶𝐵𝐴]

(27)

0

The left-hand side of Eq. (27) was calculated by the slope of the line (Figure 39). Since
the reaction rate of OH• with pCBA is 5×109 M-1s-1 [210] and the slope of the lines
were calculated, kOH•-IMI could be easily obtained. During the ozonation, the ratio of
kOH•-IMI/ kOH•-pCBA was 4.4657 M-1s-1 and hence, the second-order rate constant of IMI
by OH• (kOH•-IMI) was calculated as 2.23×1011 M-1s-1.
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Figure 39. Natural logarithm of the relative concentration of IMI vs pCBA (Milli-Q
water, CpCBA=5 µM, [IMI]0= 1000 ppb, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h
pH= 7.25 ± 0.1, T=24°C ±1°C.)

Indeed, Chen et al. [23] found the second-order rate for OH• 2.92×109 M-1s-1 during
ozonation of IMI at pH 6.97. The difference between the reaction rates found during
our study and the referenced study could be due to different experimental conditions.
Chen et al. [23] investigated batch ozonation of IMI and applied different pH value
than our study. Since the ozone was continuously supplied in this thesis 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
thesis study, i.e. 7.25 ± 0.1, was higher than the one in the referenced study, i.e. 6.97,
the production of OH• could be higher in our study.

Effect of Water Matrix
Besides aforementioned operational parameters, the water matrix strongly affects the
kinetic rate constants. So, the effect of the different water matrices on the IMI
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degradation kinetics was investigated. The degradation kinetics of IMI followed
pseudo-first order kinetics. The rate constants were determined by calculating the
slope of the lines given in Figure 40.
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Figure 40. Reaction kinetics of IMI in different water matrices. ([IMI]0= 1000 ppb
for Milli-Q water and VRMBR WW, [IMI]0= 226 ppb for Bio WW, O3 dose= 1200
mg/h, O3 flowrate= 30 L/h pH= 7.25 ± 0.1, T=24°C ±1°C.)

As shown in Figure 40, the apparent rate constant for water matrices Milli-Q, VRMBR
WW and Bio WW were calculated as 0.0725, 0.055 and 0.0964 min-1, respectively. It
should be noted that the initial IMI concentration of Bio WW (i.e. 226 ppb) is less
than the others’ concentration (i.e. 1000 ppb). As aforementioned previous sections,
1000 ppb initial IMI concentration depicted the least reaction rate constant with
respect to others. Indeed, even the Bio WW has scavenging potential, due to initial
IMI concentration differences, the reaction rate was much higher than the other water
matrices. While comparing the Milli-Q and VRMBR WW, the water matrix effect is
pronounced and even the reaction rate of VRMBR WW nearly decreased to half of
the one in Milli-Q. Since direct reaction of IMI with O3 is very slow and IMI is mainly
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degraded by OH•, the observed decrease can consequently be attributed to radical
scavenging capacity of wastewaters.

Photo-ozonation (O3/UV) of IMI
Since single ozonation process required long treatment time for IMI degradation, it
was considered necessary to apply UV irradiation in order to enhance IMI removal.
The improvement of treatment efficiencies by coupling ozone with UV irradiation was
proved for micropollutant removal [21] and wastewater treatment (e.g. COD removal)
studies, as well [241].
In this part, the results obtained from the O3/UV experiments are provided and
discussed in the light of similar literature studies in order to have a deeper
understanding about the photo-ozonation of IMI. On this target, effect of wastewater
matrix on IMI degradation during O3/UV process and reaction kinetics were given
comparatively with ozonation process. To add, possible by-products’ production
pathway was also demonstrated and discussed explicitly in the following sections.

Effect of Water Matrix
The UV irradiation effect on ozonation is a complex matter affecting several key
processes in reactions, the ozone decomposition as well as the radical production as
discussed in previous section 2.5. Indeed, it is well-known that wastewater matrix
highly affects degradation of pollutants [91]. For this reason, removal of IMI and
possible degradation by-products by O3/UV process were investigated.
In this sense, Milli-Q water, VRMBR WW and Bio WW were subjected to 1200 mg/h
ozonation dose with 10-Watt UV irradiation at pH 7.25±1 and at temperature of 24°C
±1°C. Prior to Milli-Q water and VRMBR WW O3/UV application, the synthetic and
real WW was prepared by spiking of 1000 ppb IMI into the reactor. On the other hand,
IMI was not added into Bio WW and remained IMI in that wastewater was subjected
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to ozonation. The results obtained are showed in Figure 41 for Milli-Q water, VRMBR

C /C 0

WW and Bio WW.
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Figure 41. Time course variation of (a) IMI concentration (b) IMI removal efficiency
in different water matrices. ([IMI]0= 1000 ppb for Milli-Q water and VRMBR WW,
[IMI]0= 332 ppb for Bio WW, UV lamp= 10 W, O3 dose= 1200 mg/h, O3 flowrate=
30 L/h pH= 7.25 ± 0.1, T=24°C ±1°C.)
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Figure 41, shows the time-dependent IMI degradation by the O3/UV process,
compared with ozonation, in different water matrices. As expected, 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
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 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 VRMBR WW showed slightly better removal than
Bio WW.
At the end of 20 min of O3/UV application, IMI disappearance (i.e. <LOD) was
observed for all wastewater matrices. Indeed, it was clearly seen that the wastewater
matrices may 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
addition of UV irradiation regardless of the water matrix. Our findings are in
accordance with the results obtained by Yao et al [97]. They showed that
micropollutants removal from different matrices (surface water, groundwater and
secondary effluent wastewater) were improved regardless of the water matrices by
O3/UV application compared to single ozonation [97]. The reason behind this incident
could be that, the ozone decomposition rate, in turn production rate of OH• and other
radicals was quite enhanced under UV irradiation although wastewaters have OH•
scavenging capacity [189]. Therefore, scavengers may not affect OH• concentration,
since OH• was being greatly produced during O3/UV.
On the other hand, for the same treatment time (i.e. 20 min), single ozonation resulted
in only 80.4% and 45.6% IMI removal in VRMBR WW and Bio WW, respectively.
It was also clearly obtained from Figure 41 that degradation of IMI in VRMBR WW
and Bio WW matrices were delayed at the beginning of the treatment. Moreover, since
Bio WW has higher COD value (i.e. 247 mg/L) than VRMBR WW (i.e. 19 mg/L), the
delay time was more pronounced for Bio WW. The reasons could be ozone
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consumption by organic and inorganic constituents in the wastewater [235] and/or
radical scavenging ability of these constituents [189]. Contrarily, IMI degradation was
instantly started in Milli-Q water by application of O3/UV. On the basis of these
results, the matrix of the real wastewaters could be more important during ozonation
since its effect was more apparent than O3/UV application. Accordingly, Chen et al.
[204] showed the degradation of N-Nitrosopyrrolidine (NPYR) in treated drinking
water sample by ozone and O3/UV. Within just 1 min treatment, 15% and 80% of
NPYR removal was observed by ozone and O3/UV treatment, respectively [204]. The
sharp increase of micropollutant degradation at the very beginning of the O3/UV
treatment was in agreement with our study.
More importantly, the overall IMI removal efficiency was remarkably improved by
notable production of OH• during O3/UV, which is not surprising regarding that IMI
is known as somewhat ozone-resistant due to containing electronegative moiety [23].
TBA results presented in this thesis study (given in Section 4.2.6) supported yet
another confirmation. Additionally, the research study presented by Yao et al. [97]
further confirms this idea. Their results demonstrated that ozone-resistant
micropollutants (ibuprofen, clofibric acid, p-CBA and chloramphenicol) were more
effectively abated by O3/UV compared to single ozonation for all studied water
matrices. For instance, removal of aforementioned micropollutants from groundwater
respectively increased from nearly 70, 55, 50 and 35% by ozonation to 85, 90, 85 and
75% by O3/UV. They concluded that O3/UV considerably enhanced O3 decomposition
to OH• under similar conditions of ozone reactor during the treatment of all water
matrices [97].
Similar results considering improvement of micropollutant degradation performance
have been reported in the case of thiacloprid removal from deionized water by O3 and
O3/UV [21]. Thiacloprid is one of the neonicotinoid insecticides which belongs to
same chemical group with IMI. Although Cernigoj et al. [21] applied UVA irradiation
(λ<355 nm), part of it (300<λ<320) caused to decomposition of ozone and yielded
radicals’ production. Thiacloprid removal significantly increased when UV was added
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to ozonation process. Indeed, thiacloprid with an initial concentration of 50 mg/L was
degraded to nearly 15 and 7.5 mg/L within 30 min of ozonation and O3/UV
application, respectively [21].
In the light of these studies and our results, O3/UV process for IMI degradation was
proven to be efficient process, especially for removal of ozone-resistant
micropollutants. Furthermore, the combination of biological treatment processes and
AOPs has traditionally been applied for the treatment of effluents containing bioresistant and biodegradable fractions [242]. When O3/UV process was applied to Bio
WW, the combination of biological treatment and AOPs obviously showed enhanced
IMI removal efficiency. Indeed, insufficient removal of IMI in the biologically treated
wastewater was improved and the complete disappearance of IMI was achieved by
applying O3/UV processes as an advanced treatment technique.
However, some limitations may occur for the application of O3/UV process in the real
WWTPs. Since the secondary level treated effluent may have a dark color, the
transmittance of the UV light will possibly decrease. Moreover, the total suspended
solids in the effluent may cause UV light scattering. Although it is known that effluent
of membrane bioreactor systems, which was used in this study (i.e. VRMBR WW),
has lower turbidity than that of conventional WWTP, highly turbid effluents would
need pre-treatment before O3/UV process. Indeed, these drawbacks are of concern, if
O3/UV would be used. On the other hand, for the ozonation process, that limitation
would not be a critical issue since there is no UV application.

Photo-ozonation Mechanism of IMI Degradation
The overall IMI disappearance should be investigated by considering several removal
ways that are aforementioned in Section 2.5. Therefore, in addition to O3 and oxidizing
radicals, the disappearance of IMI could be achieved by H2O2 and UV irradiation, as
well. As stated in Eq. (13), UV radiation causes formation of H2O2 by decomposition
of O3. As mentioned previously, H2O2 has oxidizing potential of 1.78 V (Table 4).
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Guittonneau et al. [243] proved that under 253.7 nm UV irradiation, 1 mole of O3
decomposition yields to 1 mole of H2O2 production at pH less than 1.8. For higher pH
values than 1.8, the H2O2 yield ratio decreases as the pH increases. More importantly,
under the conditions of room temperature and pH between 5 and 10, oxidation
potential of H2O2 is generally neglected [183]. Therefore, it can be clearly concluded
that H2O2 showed almost no oxidizing capability in this study since IMI ozonation
was conducted at pH 7.25.
Furthermore, as stated in Section 2.5, UV irradiation can degrade micropollutants by
itself. Ding et al. [168] investigated IMI degradation under 269 nm and its by-product
formation. They used 2×10-4 M (~51 ppm) initial IMI concentration which was 50
times more than the concentration that was used in this thesis study (i.e. 1 ppm). They
revealed that 95% of IMI was degraded within 40 hours. Furthermore, Moza et al.
[166] showed that IMI with an initial concentration of 2 ppm was degraded nearly to
90% within 2 hours under 290 nm. Since the initial IMI concentrations, UV irradiation
wavelengths and photon fluxes of referenced studies were different from our study, it
is hard to compare their results with ours and evaluate the portion of IMI removal was
achieved by UV. In spite of all, there is an overt evidence that UV irradiation also
provides very slightly IMI removal in the aqueous solution. Therefore, IMI
degradation by only UV was neglected.
In this thesis study, it was proved that the IMI disappearance strongly depends on the
radical formation. For that reason, TBA was added during IMI ozonation in order to
investigate direct and indirect mechanism during the IMI degradation.

O3-Only Removal Mechanism (TBA Addition)
TBA was introduced into the reactor during IMI ozonation, in order to examine the
effect of OH• on the IMI removal. The time-dependent degradation of IMI was further
examined with and without the presence of TBA and the results were given in Figure
42.
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Figure 42. Time course variation of (a) IMI concentration (b) IMI removal efficiency
by O3 and O3/OH• i.e. with and without TBA addition, respectively. (Milli-Q water,
CTBA=200 mM, [IMI]0= 1000 ppb, UV lamp= 10 W, O3 dose= 1200 mg/h, O3
flowrate= 30 L/h pH= 7.25 ± 0.1, T=24°C ±1°C.)

As seen in Figure 42, when TBA was added into the system, the available OH• should
have been scavenged by TBA since the removal differences between O3 and O3/OH•
was pronounced. From the first minute of O3/UV, it was highly apparent that O3-only
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mechanism did not remove IMI as much as the O3/OH• mechanism did. While the
67% of IMI was removed by O3-only (i.e. with TBA), 97% of IMI was degraded by
O3/OH• (i.e. without TBA) for the first 5 min of treatment process. In addition,
disappearance of IMI under LOD concentration was achieved in 30 min and 10 min
by O3-only and O3/OH• mechanisms, respectively.
Therefore, the high IMI removal rates during O3/UV could be associated with the
production of radicals especially OH•. As mentioned before, due to low reactivity of
IMI with O3, IMI abated almost exclusively by OH•. So, indirect mechanism was
highly effective during O3/UV. Chen et al. [204] obtained similar results during
removal of NPYR, which is known as ozone-resistant micropollutant, by O3/UV at pH
7. They conducted the experiments with and without TBA addition. After 300 seconds
of degradation, nearly 58% and more than 95% NPYR was removed with and without
TBA addition (i.e. by O3-only and O3/OH• mechanisms), respectively [204].
Likewise, the results obtained in this thesis study highlighted the significant role of
OH• for ozone-resistant micropollutant removal, as well.

Photo-ozonation By-Products of IMI
The possible IMI degradation pathway and the potential O3/UV by-products of IMI
was investigated, and the results are given in this section. First of all, unlike for
ozonation case, no-byproduct was detected by HPLC at the end of photo-ozonation
experiment. On the other hand, there were still present by-products detected by LCMS/MS, though smaller in number than in ozonation case. However, some byproducts were common in both cases. Comparative presentation of the by-products is
provided in Appendix C (Table C.1). Observing smaller number of by-products in
photo-ozonation can be considered as another indication of better performance of
photo-ozonation as compared ozonation.
The LC-MS/MS chromatograms of IMI photo-ozonation in Milli-Q water and
VRMBR WW are given in Figure C.5 and Figure C.6 (Appendix C), respectively.
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In both Milli-Q water and VRMBR WW, IMI (m/z 256) was not detected, which
shows that O3/UV is successful treatment application for IMI removal. Moreover, the
m/z 209 ion, which was also detected during IMI fragmentation in ozonation case, was
detected during O3/UV, but it disappeared after 60 min of treatment. It could be either
generated by subtracting HNO2 from IMI [22] or protonated form of IMI olefin
desnitro [168]. Although Ding et al. [168] studied by-products of IMI photolysis, they
observed protonated form of IMI olefin desnitro. In addition to m/z 209 ion, m/z 206
ion was also detected at almost same level with m/z 209 ion. 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 produced by-products.

Figure 43. Imidacloprid olefin desnitro (m/z 208) [168]

The m/z 253 ion, which was also detected during IMI fragmentation in 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.
The ion at m/z 186 was observed in only Milli-Q water analyzes (Figure C.5). During
O3/UV, m/z 186 ion was appeared from the very beginning (i.e. 5 min of treatment),
then decreased and eventually disappeared. The presence of m/z 186 could be via
fragmentation of m/z 230 which was mentioned as the way of m/z 186 production
during ozonation. However, m/z 230 was not detected during O3/UV. Indeed, this
could show that it might be 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,
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decreased continuously during O3/UV in the VRMBR WW and disappeared to signal
noise level (<1×104 area) after 60 min of treatment (Figure C.6). Hence, these studies
showed that only 4 by-products were observed and just one of them (m/z 253)
remained during O3/UV.
6-chloronicotinic acid has been reported by Moza et al. [166], Warmhoff and
Schneider [167] and Ding et al. [168] as a major degradation product of IMI. Unlike
referenced studies, 6-chloronicotinic acid was not detected in this study. One of the
reasons could be that the initial concentration of IMI was not enough to yield
detectable by-product in LC-MS/MS. Another reason, which was stated by Ding et al.
[168], 6-chloronicotinic acid is far more sensitive to negative ion ESI mode whereas,
our results were obtained in the positive ion ESI mode.

Photo-ozonation (O3/UV) Reaction Kinetics
In order to investigate the treatment efficiency of UV coupled with ozone, kinetic
study was conducted, and the results are given in this section. Indeed, water matrix
effect on the kinetic rate was examined by comparing with the results obtained by
ozonation. Furthermore, the results obtained from kinetic study of IMI degradation
mechanism was also given.
Similar to ozonation experiments, ozone was excessively supplied into the system
with respect to IMI concentration. Therefore, the degradation kinetic reactions of
O3/UV process 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) against the time
(min) graph.
The O3/UV degradation of IMI was exhibited pseudo first-order reaction, as
following;
−

𝑑 [𝐼𝑀𝐼]
= 𝑘𝑎𝑝𝑝 [𝐼𝑀𝐼]
𝑑𝑡
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(28)

where;
[IMI]: Concentration of IMI
kapp: The apparent pseudo first-order rate constant

Effect of Water Matrix
The kinetic study of IMI degradation by the O3/UV process, compared with ozonation,
in different water matrices was investigated. The degradation kinetics of IMI followed
pseudo-first order kinetics. The rate constants were determined by calculating the

-ln(C/C0)

slope of the lines given in Figure 44.
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Figure 44. Reaction kinetics of IMI in different water matrices. ([IMI]0= 1000 ppb
for Milli-Q water and VRMBR WW, [IMI]0= 332 ppb for Bio WW, UV lamp= 10
W, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h pH= 7.25 ± 0.1, T=24°C ±1°C.)
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During O3/UV process, the apparent rate constants for water matrices Milli-Q,
VRMBR WW and Bio WW were calculated as 0.5768, 0.4833 and 0.4441 min-1,
respectively. During O3/UV process, the rate constant obtained in Milli-Q water was
slightly higher than those gained in wastewaters, as expected.
On the other hand, compared to rate kinetics obtained during ozonation, O3/UV
process apparently increased the reaction rate constants regardless of water matrices.
Indeed, the reaction rate constants of 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 were quite enhanced under
UV irradiation [189]. These findings confirmed that IMI degradation kinetics strongly
depend on OH• in the solution. Furthermore, the idea that O3/UV process highly
enhanced degradation of ozone-resistant ones micropollutants was also proved in our
study [204].

Photo-ozonation Mechanism of IMI Degradation
The kinetic study of IMI degradation mechanism was conducted in order to determine
dominated mechanism. In this respect, TBA was added during photo-ozonation of
IMI. Moreover, the indirect reaction rate constant of photo-ozonation was investigated
by reference compound namely pCBA. In this section, the obtained kinetic rate
constants are given, and the results are discussed by comparison with ozonation.

O3-Only Removal Mechanism (TBA Addition)
A kinetic study was established to delineate the contribution of OH• on the IMI
degradation by introducing TBA was into the reactor during O3/UV of IMI in the
Milli-Q water. Indeed, the obtained results showed that the scavenging effect of TBA
was pronounced even from the very first minutes (Figure 45). The high correlation
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coefficients R2 ranged from 0.9521 to 0.9808 proved that the apparent pseudo-firstorder kinetics could fit the experimental results well.
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Figure 45. IMI degradation kinetics by O3 and O3/OH• i.e. with and without TBA
addition, respectively during O3/UV. (Milli-Q water, CTBA=200 mM, [IMI]0= 1000
ppb, UV lamp= 10 W, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h pH= 7.25 ± 0.1,
T=24°C ±1°C.)

When the OH• was scavenged by TBA, the removal rate constant of IMI by O3-only
mechanism was much less than the O3/OH• mechanism. Indeed, the calculated slope
of the fitted linear line presenting the O3/OH• system (without TBA
addition) is 0.5768 min-1, which is 2.6 times higher than in the case of O3-only removal
(with TBA addition) mechanism (i.e. 0.2216 min-1). It clearly showed that the high
IMI disappearance rates can be associated with the high production of OH•.
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OH• Removal Mechanism (pCBA as a Reference Compound)
Since the OH• cannot be measured directly during ozonation and O3/UV processes,
competition kinetics method was used to determine the second-order rate constants
for the reactions of IMI with OH•. pCBA which is a well-known reference compound
is widely applied to indirectly measure OH•. In addition, measurement of probe
compound, pCBA, is rather easy since it can be easily detected by HPLC. The pCBA
reacts only OH• (kOH•-pCBA = 5×109 M-1s-1) and not considerably reacts with other
radicals or O3 (kO3-pCBA = 0.15 M-1s-1) [210]. For that purpose, 5 µM pCBA was
introduced into Milli-Q water at pH 7.25 ± 0.1 in ozonation and O3/UV processes. The
results are given comparatively in this section.
The kinetics of IMI degradation by OH• can be described as follows;
−

𝑑 [𝐼𝑀𝐼]
= 𝑘OH•−IMI [𝐼𝑀𝐼][OH •]
𝑑𝑡

(29)

where,
kOH•-IMI: The second-order rate constant of OH• with IMI
[IMI]: Concentration of IMI
[OH•]: Concentration of OH•

The degradation kinetics of pCBA by OH• can be described as;
−

𝑑 [𝑝𝐶𝐵𝐴]
= 𝑘OH•−pCBA [𝑝𝐶𝐵𝐴][OH •]
𝑑𝑡

where,
kOH•-pCBA: The second-order rate constant of OH• with pCBA
[pCBA]: Concentration of pCBA
[OH•]: Concentration of OH•
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(30)

The ratio of integration of Eq. (29) and Eq. (30) yields to below equation;
[𝐼𝑀𝐼]

ln [𝐼𝑀𝐼] 𝑡
𝑘
0
⁄ [𝑝𝐶𝐵𝐴]𝑡 = OH•−IMI⁄𝑘
OH•−pCBA
ln [𝑝𝐶𝐵𝐴]

(31)
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Figure 46. Natural logarithm of the relative concentration of IMI vs pCBA (Milli-Q
water, CpCBA=5 µM, [IMI]0= 1000 ppb, O3 dose= 1200 mg/h, O3 flowrate= 30 L/h
pH= 7.25 ± 0.1, T=24°C ±1°

The left-hand side of Eq. (31) was calculated by the slope of the line (Figure 46). Since
the reaction rate of OH• with pCBA is 5×109 M-1s-1 [206] and the slope of the lines
were calculated, kOH•-IMI could be easily obtained. During O3/UV, the ratio of kOH•IMI/

kOH•-pCBA was 18.162 M-1s-1 and hence, the second-order rate constant of IMI by

OH• (kOH•-IMI) was calculated as 9.08×1011 M-1s-1. On the other hand, during
ozonation, the ratio of kOH•-IMI/ kOH•-pCBA and kOH•-IMI were obtained as 4.4657 M-1s-1
and 2.23×1011 M-1s-1, respectively. This showed that kOH•-IMI was much higher in
O3/UV than ozonation. Furthermore, this could be another evidence for that IMI is
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highly reactive toward to OH• since the production of OH• was boosted during the
O3/UV process.
The study conducted by Chen et al. [201] showed that the second-order reaction rate
of NPYR with OH• is 1.38×109 M-1s-1 at pH 7 and at ozone concentration of 1 mg/L
during O3/UV. They applied much less ozone than our study which could be the reason
for that they obtained much less reaction rate than the one we calculated in this thesis
study.
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CHAPTER 5

5.

CONCLUSION

Within the scope of this thesis study, removal of IMI from wastewater by ozonation
and O3/UV was investigated in a comparative way. Main conclusions obtained from
this study are summarized below:
•

IMI could be removed by 96% - >99% from water by ozonation, depending
on the operational conditions, such as pH buffering, solution pH, ozone
dose, ozone concentration, initial IMI concentration. The IMI removal
rates were also highly depending on these conditions with pseudo-first
order rate constants varying between 0.0335 and 0.1288 min-1. The time
required to reach to >99% removal was variable between 20 min and 180
min, accordingly. In this respect:
o The effect of pH buffer on the IMI removal was highly evident. The
IMI degradation reaction rate constant in buffered solution was
found to be nearly 2-fold of the one obtained in unbuffered
solution.
o The pH of the solution strongly affected the IMI removal
efficiency. Higher pH resulted in the higher IMI removal rates
since the OH• generation was enhanced with the increase of pH. At
pHs 7.30 and 8.25, 60 min and 20 min were enough, respectively,
to remove IMI by >99%, whereas at least 120 min was required for
the same IMI disappearance at pH 6.20 (ozone dose: 1200 mg/h).
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o Ozone dose was found to be an important operational parameter as
such that IMI disappearance by >99% was achieved within 120, 60
and 50 min when applying 600, 1200 and 1800 mg/h ozone doses,
respectively.
o Ozone gas flowrate was found to affect the IMI removal rates
remarkably as such that 99.8% of IMI disappearance occurred in
50, 60 and >180 min at the ozone flowrate of 15, 30, 100 L/h,
respectively.
o IMI was degraded below LOD value within 40, 50 and 70 min
corresponding 95.4%, 99% and 99.5% IMI disappearance for 100,
500 and 1000 ppb initial IMI concentrations (ozone dose: 1200
mg/h), respectively.
•

Indirect mechanism (i.e. by OH•) dominated the IMI disappearance. The
rate constants of IMI degradation by O3/OH• and O3-only were calculated
as 0.0956 and 0.0595 min-1, respectively.

•

Two by-products (BP-1 and BP-2) were detected by HPLC. BP-1 was not
completely removed at the end of 180 min of ozonation for all the ozone
doses applied. BP-2, on the other hand, disappeared within the same time
interval when ozone dose was applied at 1200 and 1800 mg/h, but not at
600 mg/h.

•

Radical scavenging capacity of wastewaters caused decrease in IMI
disappearance. The apparent rate constant for water matrices of Milli-Q
(spiked with IMI), secondary level treated real wastewater and secondary
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level treated synthetic wastewater spiked with IMI was calculated as
0.0725, 0.0550 and 0.0964 min-1, respectively.
•

The ozonation process coupled with 10-Watt UV improved IMI removal
remarkably as compared to ozonation regardless of wastewater matrix. IMI
disappearance by >99% became possible within only 10 min of process
operation. Although wastewaters have OH• scavenging capacity,
production rate of OH• and other radicals quite enhanced under UV
irradiation. So, the overall IMI removal efficiency was remarkably
improved compared to ozonation.

•

The IMI degradation by O3/UV followed pseudo-first order kinetics, like
for the ozonation case. However, the apparent rate constants (between
0.4441 - 0.5768 min-1 depending on the water matrix) were remarkably
different from those attained for ozonation. The kinetic study proved that
the IMI degradation rate during O3/UV was 4.6 - 8.7 times higher than
those obtained during ozonation, depending on operational conditions and
water matrices.

•

The water matrix effect on IMI removal was more pronounced during
ozonation than during O3/UV.

•

Like for the ozonation cases, IMI degradation by photo-ozonation is based
on indirect mechanism.

•

During treatment processes, total of 11 and 4 by-products were detected
using LC-MS/MS in case of ozonation and photo-ozonation, respectively.
Four of them were common in both cases. After ozonation and photoozonation treatments, 6 and 1 by-products remained, respectively. Smaller
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number of by-products detected in case of photo-ozonation indicated that
the performance of photo-ozonation is better than the ozonation to treat the
IMI containing wastewaters. Based on the by-products detected, the IMI
degradation pathway was proposed as same for both ozonation and photoozonation.

All in all, this thesis study showed that IMI is an ozone-resistant compound and its
complete disappearance is mainly achieved by virtue of OH•. As expected, IMI
removal by ozonation and O3/UV leads to the production of some by-products. Indeed,
O3/UV is more successful for the removal of these by-products than ozonation. To this
end, photo-ozonation seems as a more promising advanced treatment technique as
compared to ozonation.
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CHAPTER 6

RECOMMENDATION

The following studies can be recommended for future researches:
•

To ensure that human or aquatic health will not be impacted by IMI or its byproducts, complete removal of IMI must be achieved. Indeed, in this thesis
study, this has been followed via the measurements of both IMI and its byproducts. However, as it was not possible to remove all of the by-products even
with photo-ozonation, one cannot state that the toxicity of IMI has been totally
removed. So, toxicity of untreated and treated samples would be investigated
and correlated to the data obtained in this thesis regarding the appearance and
disappearance of the by-products. In a way, the possible adverse effects of byproducts would be clearly understood.

•

As indicated in this thesis, water matrix plays an important role. So, to clarify
this effect further, investigation of IMI treatment in the presence of different
Natural Organic Matter content is recommended.
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APPENDICES

A. OZONE GENERATOR’S PERFORMANCE CURVE
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B. LC-MS/MS METHOD INFORMATION

Equipment
AGILENT 6460 LCMSMS
Ionization source
ESI+Agilent Jet Stream
Pump
AGILENT BinPump-SL (G1312B9)
Autosampler
AGILENT h-ALS-SL+ (G1367D)
Column
AGILENT G1316B 1200 Series Thermost. Col. Compart
Compartment
SL
Micro degasser
AGILENT G1379B 1200 Series Micro Degasser
Software
AGILENT G3793AA, MassHunter Optimizer software
Nitrogen Gen.
Nitrogen generator UHPLCMS 30
Scan Mode
MRM
Gas Temp.
300 °C
Gas Flow
9ml/min
Nebulizer
45 psi
Sheath Gas Temp. 300 °C
Sheath Gas Flow
9ml/min
Capillary
400V
Nozzle Voltage
1500 V
LIQUID CHROMATOGRAPHY
Equipment
AGILENT 1200 HPLC Series
Column
Poroshell 120 SB-C18 (3×100mm, 1.2 µm)
(PN 685975-302)
Mobile phase
Solvent A: 5% H2O (5 mM Ammonium Form.
+ 0,01 % Formic Acid)
Solvent B: 95% ACN (5mM Ammonium Form.
+ 0.01% Formic Acid)
Column Temp.
65 °C
Flow
0,3 ml/min
Run Time
15 min
Flow Mode
Isocratic
Injection Volume
1 µL
Scan Method (MS2 Scan)
Segment
Start
End
Scan Fragmentor Cell
Polarity
Name
Mass Mass
Time
Accelerator
Voltage
Compound
50
1000
200
80
7
Negative
Compound
50
1000
200
80
7
Positive
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Figure C.1. LC-MS/MS chromatograms of 10 ppm IMI analytical standard (retention time: 1.524 min)

C. LC-MS/MS CHROMATOGRAMS
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Figure C.2. LC-MS/MS chromatogram of ozonation in Milli-Q water (sampling times from top to bottom: 5, 70 and 180
min)
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Figure C.3. LC-MS/MS chromatogram of ozonation in VRMBR WW (sampling times from top to bottom: 5, 90 and 180
min)
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Figure C.4. LC-MS/MS chromatogram of phosphate buffer solution
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Figure C.5. LC-MS/MS chromatogram of O3/UV in Milli-Q water (sampling times from top to bottom: 5, 10 and 60 min)
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Figure C.6. LC-MS/MS chromatogram of O3/UV in VRMBR WW (sampling times from top to bottom: 5, 10 and 60 min)

Table C.1. By-products detected by LC-MS/MS in ozonation and photo-ozonation
processes
Ozonation
m/z 148
m/z 175
m/z 186
m/z 188
m/z 209
m/z 210
m/z 230
m/z 253
m/z 270
m/z 275
m/z 314

Photo-ozonation
m/z 186
m/z 209
m/z 253
m/z 270
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Both
m/z 186
m/z 209
m/z 253
m/z 270

