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Anthropogenic activities have caused pollutions of water sources with organic micro
pollutants most of which are recalcitrant and not easily degradable in nature. In recent
years, such pollutants have been frequently detected in various water sources and are
considered to be one of the major threats to water quality. Among organic micro
pollutants, imidacloprid which is the first introduced neonicotinoid insecticide and the
most commonly used one, receives a high attention since its widespread presence in water
bodies and persistence to conventional biological and chemical water/wastewater
treatment methods. Imidacloprid pollution of aquatic systems has been found in several
countries. Advanced oxidation processes (AOPs) has been successfully applied to oxidize
recalcitrant organic pollutants in water and wastewater treatments. Vacuum ultraviolet

(VUV) based AOP has gained attention in recent years to treat organic contaminants in



water. Unlike to other AOPs, VUV irradiation is capable of generating hydroxyl radicals

in water without addition of oxidants and catalysts.

Primary goal of this doctoral study was to investigate effectiveness of VUV process on
the degradation of imidacloprid in water. Additionally, effects of various experimental
parameters, flow rate, initial pH of solution, initial imidacloprid concentration, presence
of inorganic ions (HCOg", COs%*, NO3"), water matrix, presence and absence of dissolved
oxygen on the VUV induced photooxidation of imidacloprid was investigated.
Independent performance verification of the VUV process was executed by discoloration
of commercially available reactive textile dyes (Synozol Red KH-L and Synozol Yellow
KH-L) in water. Effects of sleeve materials (clear fused quartz and high purity synthetic
quartz) were also investigated during the discoloration study.

The results showed that imidacloprid and reactive textile dyes were rapidly degraded by
the VUV process. pH of the experimental solution played an important role in the
degradation of imidacloprid by the VUV process. Significant decrease (15.33%) in the
rate of degradation of imidacloprid was observed at basic pH=11 condition. Presence of
inorganic ions (HCOs", COs%, and NOg) also noticeably impacted the decomposition of
imidacloprid via VUV photons. Among the experimental parameters water matrix
affected the VUV photooxidation of imidacloprid the most due to presence of natural
organic matters (NOM). Nevertheless, complete imidacloprid reduction was attained in
less than 5 minutes of reaction time even in the presence of inorganic ions and natural
organic matters. It was found that presence of dissolved oxygen did not have a significant
impact on the degradation and mineralization processes. Kinetic analyses showed that
degradation of imidacloprid by the VUV process under the all tested experimental
conditions followed a pseudo first order reaction kinetic. Observed reduction rate
constants of imidacloprid (Co =5 mg/L) depending on the experimental conditions varied
between 1.3877 min? and 1.9213 min?. Almost 80% of 10 mg/L imidacloprid was
mineralized by the VUV process within 2 hours of irradiation. LC/MS Q-TOF analyses
revealed the generation of several byproducts during the VUV induced photooxidation of

imidacloprid.



Separate hydrolysis experiments revealed that imidacloprid was very stable under acidic
(pH=3) and natural (original, pH=6.469) conditions during 104 days of hydrolysis time.
Hydrolytic degradation of imidacloprid significantly increased under tested basic
(pH=11) condition. First order kinetic pattern with the hydrolytic rate constant of 0.0083
day? and half-life of 83.51 days was observed at the tested alkaline solution.

Additionally, it was found that Synozol Red KH-L and Synozol Yellow KH-L were also
effectively removed by the VUV process. Textile dye experimental results showed that
purity of the quartz sleeve used in the VUV photooxidation system had significant impact
on the discoloration efficiency.

Keywrods: Organic micro pollutants, Imidacloprid, Neonicotinoids, VUV irradiation,
Advanced Oxidation Process, Photooxidation, Hydroxyl radicals, Hydrolytic
degradation, Synozol Red KH-L, and Synozol Yellow KH-L



OZET

SU ORTAMINDA BULUNAN NEONIKOTINOIDLERIN (iIMiDAKLOPRID)
VAKUM UV ISIK iLE TETIKLENEN ILERI OKSIDASYON PROSESLERI iLE
GIDERIMI

Halil DERIN

Doktora, Cevre Miihendisligi Boliimii
Tezdamismani: Dog. Dr. Selim Latif SANIN

Subat 2021, 158 sayfa

Antropojenik faaliyetler, ¢ogu inat¢1 olan ve dogada kolayca par¢alanamayan organik
mikro Kirleticilerle su kaynaklarmin kirlenmesine ¢esitli yollarla neden olmustur. Son
yillarda, organik mikro kirleticiler ¢esitli su kaynaklarinda siklikla tespit edilmekte ve su
kalitesine yonelik en biyik tehditlerden biri olarak kabul edimektedir. Organik mikro
Kirleticiler arasinda, ilk piyasaya siiriilen ve en yaygim kullanilan neonikotinoid insektisit
olan imidakloprid, su kaynaklarinda yaygin bir sekilde bulunmasindan, geleneksel
biyolojik ve kimyasal su ve atiksu aritma yontemlerine karsi direngli olmasindan dolay1
su kaynaklarmin korunmasi agisindan biiyiik ilgi gormektedir. Yiizey ve yeralt1 sularinin
imidakloprid kaynakli kirliligi birgok iilkede tespit edilmistir. Inatc1 organik kirleticilerin
su ve atiksudan gideriminde ileri oksidasyon prosesleri (IOP) basariyla uygulanmaktadhr.

Vakum ultraviyole (VUV) bazh ileri oksidasyon siireci, bu tir Kirleticilerin sudan
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gideriminde etkinliginden dolay1, son yillarda dikkatleri iizerine gekmistir. Diger IOP’den
farkli olarak, VUV 1s1ma herhangi bir oksitleyici ya da katalizor ilavesine gerek
duymaksizin ¢ok kuvvetli bir oksitleyici olan hidroksil radikallerini su ortaminda
olusturabilmektedir.

Bu doktora ¢alismasmin birincil amaci, VUV 1gimanin imidaklopridin sudan giderimi
iizerindeki etkinligini tespit etmektir. Ayrica, akis hizi, ¢Ozeltinin baglangic pH’1,
imidakloprid baslangic Konsantrasyonu, inorganik iyonlarin varligi, su matrisi, ve
¢oziinmiis oksijenin varlig1 gibi ¢esitli deneysel parametrelerin imidaklopridin VUV ile
fotooksidasyonu tizerindeki etkileri arastirilmistir. VUV 1simanin bagimsiz performans
dogrulamas ticari olarak temin edilebilen reaktif tekstil boyalarinin (Sinozol Kirmizi ve
Sinozol Sar1) sudan aritilmasiyla gergeklestirilmistir. VUV 1simada kullanilan kilif
malzemelerinin (berrak erimis kuvars ve yiiksek saflikta sentetik kuvars) Kirleticilerin

sudan giderimine olan etkileri de bu doktora caligmasi kapsaminda arastirilmstir.

Sonuglar, imidakloprid ve reaktif tekstil boyalarmin incelenen tiim deneysel parametreler
altinda VUV 1s1ma ile sudan hizli bir sekilde giderildigini gostermistir. Cozelti pH’1
imidaklopridin VUV 1s1ma ile bozunumunda 6nemli bir rol oynamustir. Bazik (pH=11)
kosullar altinda imidaklopridin bozunma oraninda énemli diisiis (15.33%) gdézlenmistir.
Inorganik iyonlarin (HCO3", CO3* ve NO3) varliginin da imidaklopridin VUV fotonlar
ile sudan giderim siirecini etkiledigi tespit edilmistir. Deneysel sonuclar imidaklopridin
VUV 1smma ile aritimini en ¢Ok etkileyen deneysel parametrenin dogal organik
maddelerin yiizey sularmdaki varhigindan dolay1 su matrisi oldugunu gostermistir. Fakat
imidaklopridin VUV 1s1ima ile sudan tamamen giderimi, inorganik iyonlar ve dogal
organik maddelerin varliginda bile 5 dakikadan daha kisa bir siirede gerceklesmistir.
Coziinmiis oksijenin imidaklopridin VUV foton ile bozunma ve mineralizasyon strecleri
Uzerinde 6nemli bir etkiye sahip olmadigi tespit edilmistir. Kinetik analizler, test edilen
tiim deneysel kosullar altin imidaklopridin VUV 1s1ma ile gideriminin birinci derece bir
reaksiyon Kkinetigini izledigini gOstermistir. Denyesel kosullara bagli olarak
imidaklopridin (Co = 5 mg/L) belirlenen bozunma hiz sabitleri 1.3877 giin? ile 1.9213
gun? arasinda degisiklik gdstermistir. 10 mg/L baslangic konsantrasyonuna sahip

imidaklopridin yaklasik 80% lik mineralizasyonu 2 saat VUV 1sima sonucunda elde



edilmistir. Imidaklopridin VUV 1s1ma ile bozunumu sirasinda bazi yan (ara) trunlerin

olustugu sivi kromatografi kiitle spektrometresi ile tespit edilmistir.

Bagimsiz hidroliz deneyleri imidaklopridin 104 gunliik hidroliz stiresi boyunca asidik
(pH = 3) ve dogal (orijinal, pH = 6.469) kosullar altinda oldukga kararli olup
bozunmadigini géstermistir. Imidaklopridin hidrolitik bozunmasi, test edilen bazik (pH =
11) kosul altnda 6nemli &lgiide artmustir. 0.0083 giin™ birinci derece hidrolitik hiz sabiti

ve 83.51 giin yarilanma 6mrii alkali ¢6zeltide tespit edilmistir.

Ayrica, deney bulgulart VUV 1simmanin tekstil boyalarinin sudan aritiminda da oldukga
etkili bir yontem oldugunu gostermistir. Kullanilan kuvars kilifin safligmin VUV
fotooksidasyon ile Kirleticilerin sudan gideriminde ¢ok 6nemli bir etkiye sahip oldugu da

tekstil boyasi deneyleriyle ortaya konulmustur.

Anahtar kelimeler: Organik mikro kirleticiler, imidakloprid, Neonikotinoid, Vakum UV
1s1ma, Ileri Oksidasyon Prosesi (IOP), Fotooksidasyon, Hidroksil radikali, Hidrolitik

Bozunma, Sinozol Kirmizi ve Sinozol Sari
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1. INTRODUCTION

1.1. Background

Technological improvements have led to production of various chemicals in our daily
life. In order to treat various diseases of human and animals as well as to increase
production of agriculture and also for other reasons, consumption of these chemicals is
necessary. Such chemicals (i.e. pesticides) are called as organic micro pollutants or
alternatively as emerging pollutants. The reason why they are called as organic micro
pollutants is due to their presence at low concentrations ranging from ppt to ppb in water
systems. However, most of anthropogenic chemicals are not easily degradable as they are
not designed for and yet such chemicals are persistent to conventional biotic and abiotic
treatments. Pharmaceuticals, pesticides, herbicides are examples of the persistant
pollutants and are considered to be one of the major threats to water quality [1][2]. In
recent years, such pollutants have been detected in various water sources and recognized
as serious problem of water sources not generally because of their concentration level but
because of their persistent nature. Apparently, consumption of these chemicals have
caused environmental pollution specifically water pollution. There is an increasing
concern about the presence of such pollutants in aquatic systems since they can impair

the quality of water bodies and adversely affect the aquatic organisms.

Fresh water is utmost important for human, flora and fauna lives and yet it is very limited.
Only 3 % of water on earth is fresh water and only 0.3 % of fresh water is in rivers [3].
Majority of fresh water resides in glaciers. This very limited amount of fresh water is too
valuable and required to be protected from further pollution. Contamination of fresh water
by these compounds can be directly or indirectly. Industrial and residential wastewaters
cause direct pollution whereas run-off from agricultural lands and leakage from waste
lands result in indirect pollution. Among these contaminants, new group of insecticides
named neonicotinoids (i.e. imidacloprid) receive a high attention since they are widely
used and not easily removed with conventional biological and chemical treatment
methods and yet frequently encountered in water sources. Neonicotinoids are synthetic
derivatives of nicotine. They have unique physicochemical properties which allow them
to be useful for wide range of application. They are mostly used for foliar and seed
treatments as well as soil drench and stem application within agriculture and floriculture

[4]1[5]1[6][7]. They are also present in several household products which are used against



insects, cockroaches, termites as well as parsite treatment of animals [6][8]. Only 1.6 to
20% of applied neonicotinoid insecticides used for soil and seed treatments is uptaken by
the plants [9] while majority, 80 to 98.4 %, of them is left in the environment, soil, aquatic

system, in which they have raised concerns [10].

They have high solubility value in water matrix. They are able to travel far from discharge
points and cause impairments in surface water quality as well as underground water.
Moreover, their impact to environment and living beings which are dwell in is not entirely
very well understood. Representative of the first generation neonicotinoid insecticides,
namely Imidacloprid was placed on the market in 1991 and since its launch, products
containing imidacloprid are registered in more than 120 countries for use over 140
agricultural crops, and is one of the fastest growing insecticides in terms of sales [11][7]
[12].

So as to minimize adverse effects of insects on agricultural crops and accordingly to be
able to increase agricultural production and to meet increasing population’s agricultural
demand, neonicotinoid insecticides have been widely used in all around the world as well
as in Turkey. Neonicotinoid insecticides are applied directly to soil or sprayed over crop
fields and hence, released directly to the environment. As a result of these applications,
they are entered into soil and consequently into ground water due to their low to medium
soil adsorption coefficients or especially into surface water by runoff. Their widespread
presence in surface water of several countries including United States, particularly across
the agriculturally intensive states, was reported [13]. Biotic environment including human

have been exposed to neonicotinoids subsequently.

Imidacloprid is the first introduced neonicotinoid insecticide and the most commonly
used one. But, there has been growing concern over the usage of imidacloprid due to its
potential adverse effects on bee populations [14][15] [16] and aquatic living organisms
[11][17]. Imidacloprid finds its way to water body due to its physico-chemical properties.
It is, in deed, frequently found in water sources including rivers and ground water
[18][19][20][21]. However, its presence in water resources causes various environmental
problems due to its high water solubility and low biological and chemical degradations
[22]. Unfortunately, imidacloprid was even found in finished drinking water and tap water
in United States [13]. Levels of neonicotinoids (i.e. imidacloprid) residues in drinking

water are of public concern with human health risk.



Imidacloprid was included in the priority list of contaminants in United States EPA and
watch list substances for European Union-Wide Monitoring. According to the European
Union Directive on water quality (COUNCIL DIRECTIVE 98/83/EC), the maximum
admissible concentration for each individual pesticide is 0.1 pg/L whereas it is 0.5 pg/L
for the sum of pesticides including their metabolites. Since imidacloprid adversly affects
various species (bees, nontarget aquatic organisms), shows resistence to conventional
chemical and biological oxidations and thus even was found in potable water and poses a
potential threat to human, it is very important to effectively remove imidacloprid from
water matrices. Therefore, feasible, safer, greener and effective removal of imidacloprid

from water is primarily aimed in this doctoral study.

Similar to imdacloprid, reactive textile dyes are commonly exploited in textile undustry
with the exception of being micro pollutants. Instead reactive dyes can be named among
the macro pollutants. Textile industry generates large amount of highly colored
wastewater that is generally toxic aquatic lively beings and resistant to be destructed by
conventional treatment methods [23]. Synthetic dyes are the major textile industry
contaminants to receiving water bodies [24]. Among the synthetic dyes, reactive dyes are
widely used in textile industry due to their various properties. The reactive dyes
containing highly colored industrial wastewater exerts environmental impacts and hence
cause environmental concerns due to the less amount of sunlight penetration and
increased oxygen depletion in the water body as well as the persistence to biological
decomposition and high hydrolytic stability in nature, and subsequently a longer staying
periods in aquatic ecosystems [23][25]. Therefore, such wastewaters produced in textile
industry must be treated properly before they are discharged into receiving water body.
Effective removal of two reactive dyes (Synozol Red KH-L and Synozol Yellow KH-L)

from water is secondarily aimed in this doctoral study.

1.2. Advanced Oxidation Processes

Advanced oxidation processes (AOPs) which basically rely on generation of very reactive
and unselective hydroxyl radical (HOe¢) have been used to treat and oxidize such
pollutants effectively. Various combination of oxidants, catalysts, and radiations have
been developed (O3, fenton, photo-fenton, electro photo-fenton, hydrodynamic cavitation
(HC), UV/H202, O3/H202, UV/O3, UV/TIO,, Vis/TiOz, UV/O3/TiO2, etc.) as AOPs to
remove recalcitrant pollutants including imidacloprid from aqueous solutions. All these

mentioned AOPs require addition of chemicals, catalysts or combination of them to



generate highly reactive radicals, particularly hydroxyl radical (HOe) which is a very
strong oxidant (2.8 V) and capable of oxidizing and mineralizing organic pollutants [26].
However, added chemicals may cause additional challenges for the treatment of water
sources and burden on the available budget. pH adjustment and accordingly close
monitoring of system’s pH, increase in sludge production, additional treatment steps to
remove the added chemicals from sludge and/or water/wastewater, management of the
chemicals, requirement of skilled personnels, and ect. can be given as examples of the
challenges. Nonetheless, these challenges can be and sometimes must be accepted to meet
legislative requirements of water and wastewater treatments. Unlike to above mentioned
AOPs, vacuum ultraviolet (VUV) irradiation of water generates high concentration of
highly reactive *OH which initiates several simultaneous and sequential advanced

oxidation processes with no need of addition of chemicals or catalysts [27].

Conventional treatment methods are not capable to sufficiently remove reactive dyes
from aqueous media either [28]. Advanced Oxidation Processes (AOPS) are, on the orher
hand, the promising technology for effective removal of the reactive dyes from aqueous
media. Alternative AOPs , H.02/UV, UV/TIOg, electron beam irradiation, O3z, H202/O3,
fenton processes have been utilized for the treatment of such contaminats
[23][24][25][28]. Addition of H20, and Oz hovewer increases operational expenses like
transporting and storing chemicals and risks that may be resulted from handling of
chemicals and generating ozone at the site. In contract, Vacuum UV irradiation of water

is an alternative and greener AOP.

1.3. Research Summary and Scope

In this PhD thesis study, it is aimed to sustainably and effectively oxidize and remove
aqueous imidacloprid from water without addition of oxidants and/or catalysts by using
a laboratory scale VUV photooxidation system which consists of a photoreactor, a low
pressure mercury lamp, a solution reservoir, a magnetic stirrer, and a peristaltic pump.
For this purpose, a low pressure mercury lamp (a VUV lamp) emitting both at 254 nm
and 185 nm photons was utilized as an Advanced Oxidation Process (AOP) to produce
*OH in situ and to remove imidacloprid from aqueous solution. Effects of experimental
parameters like initial imidacloprid concentration, flow rate and initial pH of the solution,
water matrix, presence of inorganic ions (HCOgz, CO3%, NO3), presence and absence of
dissolved oxygen on the VUV induced degradation of aqueous imidacloprid were

investigated and determined for the merit of scientific research as well.



Effectiveness of the constructed VUV photooxidation system on discoloration of two
reactive textile dyes, Synozol Red KH-L and Synozol Yellow KH-L, was also
investigated within the scope of the research.

Detailed information about the objectives of this research is presented in Chapter 3.

1.4. Thesis Structure

This chapter (Chapter 1) describes backgroung information of the thesis subject,
application of AOPs for removal of aquatic pollutants, summary and scope of the

research.

The following chapter (Chapter 2) presents literature review about imidacloprid, its
environmental fate and concerns, its removal from aqueous solutions as well as VUV
based AOP.

In Chapter 3, objectives of the thesis are presented

Chapter 4 provides information on the materials and methods used to execute experiments

in this doctoral study.

In Chapter 5, results of investigation of the VUV induced photooxidation of aqueous
imidacloprid and reactive textile dyes, effects of applied method as well as experimental
conditions such as various flow rates, initial pH, initial compound concentration, presence
of inorganic ions and natural organic matters, oxygen saturated and oxygen free
conditions on the degradation of the tested compounds, imidacloprid and reactive textile

dyes, were discussed.

Chapter 6 describes the conclusions of the conducted doctoral study presented in earlier

chapters.

Finally, Chapter 7 provides recommendations for the future work.



2. LITERATURE REVIEW

2.1. Neonicotinoids

Neonicotinoids are new group of insecticides, derived from nicotine. Due to their
physicochemical properties, they have a wide range of application including seed
treatment, foliar treatment, and stem application [5][7]. During the last decade they are
the fastest growing insecticides for agricultural application in terms of sales [29]. They in
fact contained 24% of insecticide overall and 80% of insecticidal seed treatments of
Europe in 2008 [6][30]. They are highly soluable in water and capable of traveling far
from where they are discharged and cause contamination in surface water as well as
underground water. Supposedly, they are generally low in toxicity to mammals, birds,
and fish [31]. They show resistance to conventional biological and chemical treatment
methods. Moreover, their impact to environment and water living beings is not entirely
very well understood and under the investigation by researchers. The use of Imidacloprid
in USA as a first marketed neonicotinoid was approved in 1994 and an almost decade
(2004) later four neonicotinoids: imidacloprid, thiacloprid, acetamiprid, and

thiamethoxam were approved in the European Union for agricultural use [11][7].

2.2. Imidacloprid

Imidacloprid [1-[(6-Chloro-3-Pyridinyl) methyl]- N-nitro -2- Imidazolidinimine] is an
insecticide that was developed to mimic nicotine. Nicotine is naturally found in many
plants, including tobacco, and is toxic to insects. Imidacloprid, a new chloronicotinyl
compound is used to control and proven to be effective against sucking insects, termites,
some soil insects, some species of chewing insects and fleas on pets and utilized for soil
treatments, seed dressing, and foliar treatment [32]. Representative of the first generation
neonicotinoid insecticides, Imidacloprid was placed on the market in 1991 and since its
launch, products containing imidacloprid have gained registrations in about 120 countries
for use over 140 agricultural crops, and is one of the fastest growing insecticides in terms
of sales [11][12][7]. Physical and chemical properties of Imidacloprid are presented in
Table 2.1.



Table 2.1 Physical and Chemical Properties of Imidacloprid[33].

Chemical structure of Imidacloprid

N/NOZ

A

NZ" N
| NH
\ \\/
Cl
Molecular weight 255.662 g/mol
Solubility (in water) 610 mg/L at 20 °C

Octanol-Water Partition Coefficient | 0.57 at 21 °C

(Kow)

Vapor pressure 3 x 10" mmHg at 20 °C
Henry's constant 1.7 x 10'° Pa-m*/mol

Soil Sorption Coefficient (Koc) 156-960, mean values 249-336
Melting Point 144°C

Products containing imidacloprid come in many forms, including liquids, granules,
dusts, and packages that dissolve in water. Imidacloprid products may be used on

agricultural crops and soils, houses, or used in flea products for.

Imidacloprid is a systemic insecticide, which means that plants take it up from the soil
or through the leaves and it spreads throughout the plant's stems, leaves, fruit, and
flowers. Insects that chew or suck on the treated plants end up eating the imidacloprid
as well. Once the insects eat the imidacloprid, it damages their nervous system and they

eventually die pets[34].

Chloronicotinic insecticide Imidacloprid is a relatively stable and has a moderate to high
leaching potential. Imidacloprid also has a relatively high water solubility. Therefore, it

can pose a risk for pollution to ground and surface water matrices, especially right after



flush flood due to runoff and may eventually cause negative environmental and health
effects [35][36]. People could be exposed to imidacloprid if they are applying a product
to their gardens, agricultural crops or on a pet. Besides, because imidacloprid is a systemic
insecticide, people could be exposed to imidacloprid if they ate the fruit, leaves, or roots
of plants that were grown in soil treated with imidacloprid. Reportedly Imidacloprid may

cause apathy, spasms and thyroid lesion due to acute exposure [37][38][39].

Imidacloprid is classified as moderately hazardous (Class 1) by World Health
Organization (WHO). US Environmental Protection Agency (EPA) calssified
Imidacloprid as moderately toxic by ingestion (oral II), very low toxicity by dermal

contact (dermal 1V), and variable toxicity by inhalation (inhalation I (aerosol), 1V (dust)).

2.2.1. Environmental Fate of Imidacloprid

Imidacloprid can stay variably in soil depending on characteristics of the soil. Sorption
of imidacloprid to soil generally increases with soil organic matter content [40]. Sorption
tendency also depends on imidacloprid concentration in the soil. Sorption is decreased at
high imidacloprid concentrations of soil. As imidacloprid moves away from the area of

high concentration, sorption again increases, limiting further movement [41].

Imidacloprid's sorption to soil also decreases in the presence of dissolved organic carbon
in soil. The mechanism may be through either competition between the dissolved organic
carbon and the imidacloprid for sorption sites in the soil or from interactions between
imidacloprid and the organic carbon in solution. Owing medium to high mobility in soil,
Imidacloprid may leach from soil into groundwater under some conditions and leaching
into ground water would increase in the presence of dissolved organic carbon [42].

Imidacloprid was reported to be found in groundwater in Netherlands and USA.

Imidacloprid is broken down in water by photolysis [40]. Imidacloprid is stable to
hydrolysis in acidic or neutral conditions, but hydrolysis increases with increasing

alkaline pH and temperature [43].

Volatilization potential of imidacloprid is low due to its low vapor pressure (Table 2.1).

Therefore, imidacloprid is not expected to volatilize from water.

2.2.2. Concern of Imidacloprid

Imidacloprid is much more toxic to insects and other invertebrates than it is to mammals

and birds because it binds better to the receptors of insect nerve cells [31]. On the other



hands, there has been serious concern because of its impact on bee populations and other
beneficial insects [14][15][16][17][44]. Usage of Imidacloprid’s commercial product
Gaucho following to its widespread use was banned in 1999 for application on sunflower
seeds in France after death of 1/3™ of bees. For same reason it was also banned for
application onto sweetcorn seeds in 2004. Evidently, bee population has risen again
following the ban. Furthermore, in 2008 its usage for some seed treatments was
suspended in Germany because of mass bee deaths. Seed drilling application in
agricultural land and the dust which was resulted from the drilling application moved over
and descended the neighbor crops where the bees reportedly had been feeding. Due to
state government of California’s pressure in USA Imidacloprid in 2011 voluntarily
withdrawn from application on almonds which are major crop for bees. The mobility of
lady beetles was also affected and limited by Imidacloprid [38]. Scientists are actively
studying the effects of imidacloprid on bees and other invertebrates rigorously.

It has also raised concern due to potential harmful effects on aquatic environment
[11][17]. Presence of imidacloprid in water streams causes potential environmental

problems due to its high solubility, non biodegradability and persistence in nature [39].

Moreover, it was reported that birds feed on insects have also been exposed to
neonicotinoids via food chain [45]. A recent study conducted in Netherland revealed that
decrease in population of birds was observed due to application and usage of imidacloprid
[46].

Since the first neonicotinoid’s launch, contamination of surface waters with
neonicatinoids have been observed and increased [47]. Wide application and chemical
properties of neonicatinoids have caused their increase in surface waters. Recent nation
wide studies conducted in U.S. have revealed that neonicatinoids were detected in 63%
of 48 rivers [19][20][21]. Another recent study in U.S. also revealed presence of residual
Imidacloprid in surface water. A similar study conducted in Canada has also reported that
neonicotinoids were detected in 91% of samples which were collected from various
wetlands [18]. Neonicotinoids, especially imidacloprid were also detected in several
rivers of Sidney City in Australia [30]. Similar findings were too reported in Netherlands
[48], Sweden [49] and Vietnam [50]. 89 to 100% of cases in surface water confirmed the
presence of Imidacloprid. And residual concentration of Imidacloprid mostly above the

benchmarks for aquatic beings’ protection.



Imidacloprid was detected in river that is receieved effluent of waste water treatment plant
of a city located in Spain [51]. This Study has also revealed that conventional waste water
treatment plants are not caple of treating imidacloprid effectively and they are also
potential direct source of neonicotinoid contamination. Sadaria [22] reported in their
study that 6 different neonicotinoids icluding imidacloprid were poorly removed in
conventional wastewater treatment plant and wetland in U.S. Therefore, ineffective
removal of neonicotinoids in conventionl waste water treatment plants has increased

concern of neonicotinoids in water matricies.

A recent study conducted in lowa U.S. reported very interesting and worrying results that
neonicotinoids were not removed properly even in drinking water treatment plants [13].
Ineffective removal of imidacloprid was reported from drinking water samples which

were taken from drinking water treatment plants of lowa University and lowa City.

Due to widespread application and poor removal with treatment methods human was
exposed to neonicotinoids at different concentrations. 1142 neonicotinoids exposure
cases were reported between 2000 and 2012 at 6 different poison center lacated in Texas,

U.S. 77% of these cases were imidacloprid exposures [52].

2.2.3. Imidacloprid removal from aqueous solution

Imidacloprid either in standard form or in commercial product form (i.e. Confidor) is
susceptible to photolytic irradiation as well as photocatalytic and other advanced
oxidation processes. Moza [53]; Wamhoff and Schneider [54], Schippers and Schwack
[55], Wei [56], Lavine [57] used different light sources for photolytic irradiation of
aqueous imidacloprid and reported first order degradation pattern with several

photoproducts.

Early study of photolysis of aqueous imidacloprid solution was executed by Moza [53]
with utilization of high pressure mercy lamp (4 >290nm). 2 mg/L initial imidacloprid
concentration in deionized water with total volume of 200 mL was irradiated during 4
hours of reaction time. First order disappereance rate constant of imidacloprid was
reported as 1.6 x 10 s™L. 4 hours of irradiation resulted in 90% removal of initial

imidacloprid along with several photoproducts.

Another photolysis study of standard imidacloprid (Co = 1.5 x 1073 M) and Confidor
imidacloprid (Co = 1.5 x 1073 M) by Wamhoff and Schneider [53] was exercised utilizing

the sunlight with duration of 650 min reaction time. They used HPLC grade water and
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tap water for photolysis experiments. They also tried to enhance Confidor imidacloprid
degradation in tap water by applying TiO>. Rate constant of standard Imidacloprid
photolysis in HPLC grade water was recorded as 105.8 x 102 st with first order
degradation kinetic. Commercial product imidacloprid experiment in tap water resulted
much slower rate constant of 5.5 x 1073 s™X. When TiO2 added to Confidor imidacloprid
solution, rate constant was unexpectedly decreased further down to 4.8 x 1073 s, First
order disappearance was also observed for Confidor imidacloprid degradation.

Wei [56] investigated direct photolysis and sensitized photooxidation of aqueous
imidacloprid solution via middle pressure lamp, UV lamp and black light fluorescent
lamp respectively. Different intensity of lamps (24 W and 125 W), wavelengths (254 nm
and 365 nm) as well as sensitizers (TiO», acetone, and H202) were studied to observe their
effects on disappereance of dissolved imidacloprid. Higher light intensity at the same
wavelength (254 nm) shortened half life of aqueous imidacloprid from 9 to 5.4 min. On
the other hand, half life of imidacloprid was increased notably to ~1090 min by higher
wavelength of 365 nm at the same light intensity (24 W). 6.4 x 104, 0.077, and 0.128
min’t first order photolysis rate constants were observed for black light fluorescent lamp
(24 W, 365 nm), UV lamp (24 W, 254 nm), and middle pressure lamp (125 W, 254 nm)
respectively. Studied initial imidacloprid concentration of 20 mg/L in 200 mL doubly
distilled water was fully removed in quartz reactor by direct UV photolysis after 40 min
of irradiation. TiO> and black light fluorescent lamp induced photocatalysis of
imidacloprid achieved the highest degradation comparing to other sensitizers (acetone
and H20).

Dell’ Arciprete [59] studied photolysis of aqueous imidacloprid along with two other
neonicotinoids in the presence and absence of H>Ox. In order to produce hydroxyl radical
(HOe) in the photooxidation system, H>O> was added into the solution and subjected to
irradiation of low pressure mercury lamp (UV lamp, Amax = 254 nm). 80 mg/L
imidacloprid solution with volume of 250 mL was irradiated by the UV lamp during the
photolysis experiments of 3 hours. On the other hand, photooxidation experiments which
rely on HO- initiated reaction of the target compound were carried out using 5 mM initial
concentration of H2O2 by keeping all the other experimental conditions of the photolysis
unchanged. Experiments were executed at original pH (close to neutrality) values of the

tested solutions. Pseudo first order Kinetic pattern was reported for depletion of
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imidacloprid with observed rate constants of 9.2 x 10* s* and 1.2 x 10 s for the

photolysis and the photooxidation of aqueous imidacloprid respectively.

Another set of experiment, namely flash photolysis was executed to determine rate
constants of the reaction between HO< and imidacloprid. Thiocyanate ion (SCN") was
used as HO« scavenger in the competition method so as to determine rate constant of
imidacloprid with HO-. Diffusion controlled rate constant of 6 x 10%° M s was reported
for the reaction of HO- and imidacloprid.

Several byproducts of imidacloprid were reported by Dell’ Arciprete [59] as in line with
what was reported by other researchers. TOC reduction analysis of aqueous imidacloprid
confirmed the production of the byproducts since extent of mineralization was very low
(< 3%).

More recent photolysis study of aqueous imidacloprid along with its reduction products
in doubly distilled water was exercised by Lavine [57]. 2 x 10 M initial concentration
of imidacloprid with 300 mL volume was subjected to irradiation of UV lamp with a
quartz filter (wavelength > 210 nm) to simulate sunlight. Similar to other photolysis
studies first order reaction kinetic was observed along with several photoproducts. It took
2 hours to degrade imidacloprid from aqueous solution with disappearaence half life of
0.314 h.

Literature review shows that mostly TiO> in various state and form as well as ZiO and
other catalysts were used for photocatalytic degradation experiments[7] [60][61][12][62]
[63][64]. As in the case of photolytic irradiation, first order degradation pattern was

observed along with organic byproducts for photocatalytic application as well.

Aguera [60] studied photocatalytic potential of TiO2 and natural sunlight on aqueous
imidacloprid and commercial product Confidor Imidacloprid degradation in a pilot plant.
Experimental aqueous solutions with 50 mg/L initial imidacloprid concentration were
prepared with water received from Desalination Plant. They used Confidor Imidacloprid
directly to prepare experimental solution without extracting Imidacloprid from
commercial formulation that also contains other ingredients. They exposed the
imidacloprid solution to sunlight from 9 am to 6 pm. Entire degradation of Confidor
Imidacloprid (C, = 50 mg/L) was experienced after 270 min photocatalytic natural
sunlight irradiation with initial TiO2 concentration of 210 mg/L. In contrast, complete

removal of standard imidacloprid solution with same initial concentration was achieved
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after 140 min. The observed difference in reduction rate was attributed to presence of
coexisting compounds in formulated Confidor solution since they competed with
imidacloprid for hydroxyl radicals (HO«).

Mineralization study by monitoring TOC reduction was also investigated. It took more
than 700 min to decrease 90% of inital TOC for Confidor Imidacloprid solution (Co= 50
mg/L) under natural light induced photocatalytic degradation whereas 200 min was
enough for same level of removal in case of standard Imidacloprid.

Typically mineralization rate is lower than degradation rate as also was in the case of this
study. This result showed the existience of byproducts which were stable to applied
photocatalytic TiO. and natural sunlight irradiation. Performed analytical measurements
also confirmed several degradation products. Photocatalytic irradiation required 450 min
to completely degrade the byproducts of Confidor Imidacloprid solution (Co= 50 mg/L).

Degradation and mineralization of aqueous imidacloprid with 20 mg/L initial
concentration in doubly distilled water was investigated using photoelectrocatalytic
(TiO2/Tielectrodes and +1.5 V applied potential) process under irradiation of UVA lamp
with max at 365 nm in a batch type photoelectrochemical reactor by Phillippidis [62].
Application of photoelectrocatalytic process resulted significant enhancement (249%
increment) in observed rate constant of aqueous imidacloprid disappereance compared to
those observed with photolytic and photocatalytic processes. Spectrophotometrically
followed photoelectrocatalytic degradation of imidacloprid fitted to first order kinetic
regime with rate constant of 0.00936 min at initial pH 5.6. Higher rate constant was
reported for photoelectrocatalytic degradation in acidic condition. Shifting initial pH of
test solution from 3 to 9 resulted significant decrease in photoelectrocatalytically induced
degradation rate constant of Imidacloprid from 0.01362 min* to 0.00252 min™. 82% of
initial imidacloprid (Co = 20 mg/L) was removed from the tested solution after 3 hours of
photoelectrocatalytic oxidation. Even though application of photoelectrocatalytic process
improved dissolved organic carbon (DOC) reduction compared to photolytic and
photocatalytic treatments, it was also still low in terms of mineralization efficiency. It
achieved only 66% decreament after 18 h of photoelectrocatalytic oxidation while

photocatalytic treatment resulted only 36%.

Another research [7] investigated photocatalytic removal of imidacloprid along with two

other neonicotinoids (thiamethoxam and clothianidin) by utilizing 6 low-pressure
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mercury fluorescent lamps with UVA (max. at 355 nm) radiation and immobilized
titanium dioxide (TiOz). Double deionized water was used for preperation of aqueous
solution of neonicotinoids with initial concentration of 100 mg/L for degradation
experiments. Photocatalytic irradiation was executed up to 120 minutes. All tested
neonicotinoids, imidacloprid being the highest removed insecticide were effectively
disappeared after 120 minutes of irradiation. Photocatalytic degradation with
immobilized TiO successfully performed 98.8% imidacloprid disappearance within 2
hours of treatment. Observed rate constant of Imidacloprid decay which followed the first
order kinetic regime was recorded as 0.035 min™.

Efficiency of mineralization was monitored by measurements of total organic carbon
(TOC). However, the rate of mineralization was low for all tested neonicotinoids. Even
tough the highest mineralization was experienced for Imidacloprid, achieved TOC
reduction of imidacloprid was only 19.1% after 2 hours of photocatalytic degradation
with immobilized TiO. This finding points out that other organic byproducts were
formed from Imidacloprid as in the case of other reported studies. Existence of organic

byproducts were also determined via chromatographic measurements.

Fenoll [63] investigated zinc oxide (ZnO, 200 mg/L) and titanium dioxide (TiO2, 200
mg/L) induced photocatalytic degradation of aqueous imidacloprid (Co= 0.1 mg/L) along
with 2 other neonicatinoids by applying natural light and UV artificial light (8W low
pressure mercury lamp with major emission output at 366 nm) irradiation of 2 hours. ZnO
achieved better reduction result than TiO> in terms of effect of catalysts. Application of
Sodium Persulfate (Na2S20g, 250 mg/L) as electron acceptor along with the catalysts
considerably increased removal rate of imidacloprid compared to individual ZnO and
TiO2 based photocatalysis. ZnO/Na>S20sg and TiO2/Na2S>0g application under UV light
irradiation succeded total degradation of all neonicotinoids in 10 and 30 min respectively.
Imidacloprid had the highest disappearance rate constant among the tested neonicotinoids
via applied systems. In terms of neonicotinoids removal efficiency, solar irradiation gave
better result than artificial light since greater percentage of solar light was absorbed by
catalysts compared to UV light. Observed degradation kinetic fitted pseudo first order
with rate constants of Imidacloprid varied from 0.0171 min* (TiO, under UV light) to
2.4110 min (ZnO/Na;S,0s under solar light) under different light sources and various
catalysts. The highest apparent reduction rate constant (2.4110 min™) of imidacloprid was

experienced during ZnO/Na»S,0g treatment under solar light with half life of 0.3 min.
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DOC analysis revealed low mineralization efficiency of the tested systems along with

production of several byproducts which were also detected by analytical measurements.

Amir Akbari Shorgoli and Mohammad Shokri [64] more recently studied photocatalytic
degradation as well as mineralization of aqueous imidacloprid (30% purity) with
immobilized TiO2 nanoparticles (Co = 200 mg/L) in presence of UVC light (max at 254
nm). 400 mL volume of various initial imidacloprid concentrations (20, 40, and 60 mg/L)
were illuminated via 15 W UVC lamp during 180 min of treatment time to assess
efficiency of immobilized TiO2 nanoparticles on photocatalytic oxidation of imidacloprid.
Disappereance of aqueous imidacloprid was followed spectrophotometrically at its
absorbance peak (270 nm). Observed degradation Kkinetic of imidacloprid followed
pseudo first order for all studied initial concentrations and associated rate constants of
0.0704, 0.0594, and 0.0445 min™ were respectively reported for 20, 40, and 60 mg/L of
initial imidacloprid concentrations during 30 min of reaction. As expected, the highest
reduction was observed at the lowest initial concentration tested. Decrement of initial pH
of the tested solution from 8 to 5 resulted marginal increment in the oxidation efficiency.
68% mineralization (TOC reduction) after 180 min reaction was achieved by the tested
photocatalytic method whereas observed degradation of aqueous imidacloprid (Co = 20
mg/L) was 90.24% at the same time period. This result revealed the generation of organic

byproducts from imidacloprid by the studied photocatalytic method.

Research [65] was conducted on ozanation of imidacloprid in ultrapure water -
acetonitrile mixture (99:1, v/v). 25, 50, and 100 g/m* ozone concentrations in the inlet
gas were applied to 39 mg/L initial imidacloprid concentration during 90 minutes of
treatment time. Pseudo-first order reaction with reaction rates of 0.147 and 0.129 min
for standard imidacloprid solution and seed loading solution were calculated respectively
when concentration of ozone was 100 g/m®. Applied 100 g/m® ozone concentration
resulted more than 99% imidacloprid removal in both tested solutions at 45 minutes of

reaction with ozone.

Applied 50 and 25 g/m? inlet ozone concentration resulted 99.9 and 96.5% degradation
of seed loading solution respectively at 90 minutes of ozonation. However, to reach
99.8% degradation, it took 45 minutes for 100 g/m?® ozone concentration. Determined
degradation rate constants of seed loading solution were 0.036, 0.071 and 0.129 min! for
25, 50 and 100 g/m® ozone concentrations respectively. It was reported that thirteen

degradation products were observed during the ozonation.
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A recent study [66] focused on degradation of aqueous imidacloprid solution via
hydrodynamic cavitation (HC) and combination of HC along with several AOPs
(HC+fenton, HC+photofenton, HC+photolytic, and HC+photocatalytic). Influence of
inlet pressure (5-20 bar) and operating pH (2-7.5) were initially investigated and
optimized during 2 hours of HC alone experiments. Reported experiments were executed
with 5 L imidacloprid solution having initial concentration of 25 mg/L. Optimum inlet
pressure and solution pH of HC were found experimentally as 15 bar and 2.7. Further
decrement in solution pH from 2.7 to 2 achieved an only slight increase in removal.
Unlike to pH, increase of inlet pressure beyond 15 bar resulted a decrease in degradation.

Experimentally determined these optimal conditions were applied to subsequent
combined HC and AOP processes. Same amount of solution volume and initial
concentration of Imidacloprid were exercised during the followingly performed
experiments as well. First order degradation of imidacloprid was observed during the HC
alone application. 26.24% imidacloprid removal was obtained with reaction rate constant
of 2.565 x 10~ min™! after 120 minute of HC treatment.

Substantial enhancement in the disapperance rate of imidacloprid was observed via HC
+ Fenton process which resulted an almost 98% removal of imidacloprid in 15 min
recorded with reaction rate constant of 250.749 x 10~2 min~* using applied molar ratio of
imidacloprid:H20; as 1:40. First order degradation pattern was also observed for HC +
Fenton treatment method. Removal rate of imidacloprid increases with an increment in
the molar ratio of imidacloprid:H2O: till 1:40 and decreases at the 1:50. Optimal molar
ration was reported as 1:40. On the other hand, fenton process itself without HC was able
to remove only 64.43% percent of initial imidacloprid with rate constant of 66.711 x 1073

min~ during the same period of time.

Expected increment in degradation rate of imidacloprid was experienced for HC +
photofenton process as well. Photo-fenton treatment of aqueous imidacloprid degraded
81.60% of initial concentration recorded with 99.372 x 102 min™! rate constant in 15 min
of reaction time. Combination of photo-fenton with HC however, concluded 99.23%
removal along with 297.012 x 10~3 min! rate constant at the same experiment time. First

order degradation was reported for HC + photo-fenton process as well.

Increased removal rate constants and percentages were also experienced by applying

combined HC + photolytic and HC + photocatalytic processes compared to indivual
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photolytic and photocatalytic processes. 200 mg/L niobium pentoxide (Nb2Os) was used
as catalyst both in photocatalytic and HC + photocatalytic processes. 45.46% and 55.18%
imidacloprid degradation was recorded after 120 min of treatment for photolytic and
photocatalytic methods respectively. Likewise to aforementioned processes, first order
degradation regimes were also observed with 5.034 x 10~° min™* and with 6.837 x 1073

min~?! rate constants for photolytic and photocatalytic processes respectively.

Effectiveness of the tested processes were also investigated and compared in regards of
mineralization potential during the disapperance of imidacloprid. Treatment of
imidacloprid by HC resulted very small reduction (9.89%) in TOC even after 3 hours of
operation. Low mineralization capacity of HC indicated presence of organic byproducts
that showed resistance to further degradation by HC. Higher extents of mineralization of
48.25% and 48.96% were observed for combined HC + Fenton, HC + Photofenton
respectively. The results showed that combined AOPs substantially increased TOC
elimination as compared to HC alone process. Altough HC + photolytic, and HC +
photocatalytic processes were capable of reducing TOC at higher degree than individual
HC, they were still not effective in terms of mineralization. Only small portion of
imidacloprid, 13.34% and 19.78% were mineralized by HC + photolytic, and HC +
photocatalytic processes respectively. Hybrid HC + Fenton, HC + Photofenton processes
were the most effective ones among the tested processes. Overall results showed that
generated intermediate or endproducts were stable to further degradation by the all tested

processes.

Iglesias [67] investigated disappereance of aqueous imidacloprid in distilled water under
electro-Fenton system with ironalginate gel beads (EF-FeAB). 100 mg/L initial
concentration of standard imidacloprid was degraded in a batch electro-Fenton reactor
with 150 mL effective volume. Various initial FeAB concentration as well as initial pH
of solution were executed to report their effects on degradation of imidacloprid. Higher
removal of imidacloprid was observed by lowering the initial FeAB load within the
exercised range (4.27 — 16.84 g). 95 % imidacloprid reduction was experienced for all
tested FeAB load under electro-Fenton oxidation. Acidic condition was more favorable
for reduction of imidacloprid under the tested pH range (2 — 7). Increment in degradation
efficiency was observed with decrement in initial pH of solution. First order degradation
pattern was observed for imidacloprid under the electro-Fenton process with immobilized

Fe ions (EF-FeAB) oxidation as well as for electro-Fenton with free Fe ions and
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electrochemical processes. Increase of reduction rate constant in the order of EF-FeAB >
EF with free ions > electrochemical processes was reported with 0.0405 min, 0.0264
min™, 0.0112 min™ respectively in 120 min of treatment.

Disppereance and mineralization of aqueous imidacloprid with initial concentration of 20
mg/L were investigated by Patil [68] using ultrasound (US) based oxidation processes
individually or combination with several AOPs (US+H.0O,, US+CuO, US+Advanced
Fenton Process (AFP), US+ H,O>+UV (max. at 365 nm). Laboratory scale ultrasonic horn
and larger scale ultrasonic bath were utilized as source of sonication to treat 100 mL and
7 L aqueous imidacloprid solution respectively. Various initial pH of solution, copper
oxide (CuO) loading, H20: loading experiments were carried out to determine their
effects on the degradation of aqueous imidacloprid as well as to optimize the experimental
conditions. US driven reduction of aqueous imidacloprid increased by decreasing initial
pH of solution under the tested pH range (3 — 11). Switching solution pH value from 11
to 3 resulted substantial increment in removal from 38% to 68.7% during 2 hours of US
treatment. Since there was only slight increase in removal of imidacloprid at pH 3 as
compared to pH 5 (66.8% reduction), further experiments were carried out at pH 5 as
chosen optimized value. Increasing H202 concentration from 15 to 35 mg/L resulted
higher reduction of imidacloprid. However, 80 mg/L H.O did not improve the removal,
actually slight decrement was observed compared to 35 mg/L. Therefore, 35 mg/L was
determined as optimal H20- loading. Similarly, increasing CuO concentration from 250
mg/L to 2000 mg/L resulted higher degradation from 68.8% to 77.7%. Defined optimal
conditions were used in subsequent experiments. Higher degradation yield of aqueous
imidacloprid was observed for combined processes especially for US+H,0,, US+AFP,
and US+UV+ H>0,. The highest degradation efficiency (98.5%) and extent of
mineralization (79% TOC reduction) were recorded for US+UV+ H,O; oxidation process
during 2 hours of treatment. 66.8%, 77.7%, 92.7%, 96.5%, and 98.5% degradation of
aqueous imidacloprid was reported for US, US+CuO, US+H,0,, US+AFP, and US+
H>0,+UV respectively. First order degradation Kinetic of imidacloprid was reported
under the all tested methods with exception of second order kinetic under US+AFP.
Observed first order rate constants were 0.008861 min*, 0.0127 min* ,0.02695 min™,
0.039 min? for US, US+Cu0O, US+H,0,, and US+ H,0,+UV respectively. Observed
second order rate constant of US+AFP was reported as 0.01282 min™ L/g. As in the case

of degradation efficiency, extent of mineralization (TOC reduction) was reported to
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increase in the same order for the all tested processes. Substantial increment was observed
in TOC reduction (71%) of imidacloprid solution via US+AFP process after 2 hours of
treatment as compared to 15% reduction obtained by individual US. Lastly, higher
degradation yield of aqueous imidacloprid was experienced via ultrasonic horn in
comparison to ultrasonic bath due to higher cavitation capacity of ultrasonic horn.

Even though same order of reaction was experienced by all these authors, rate constants
were different owing to application of different reactor designs, amount of catalaysts,
lamp powers and intensities, radiation sources and wavelengths. Furthermore,
mineralization degree of aqueous imidacloprid with sunlight or UV light induced direct
photolysis was quite low. On the other hand, effectiveness of photocatalyctic oxidation

on imidacloprid mineralization showed differences from low to medium level.

So, not only full degradation but also high mineralization of aqueous imidacloprid via
any treatment method would make big difference in environmental fate of imidacloprid
and associated concerns as well as protection of water resources and lively beings and in

turn human helth.

Our goal was to investigate photodegradation of imidacloprid in aqueous solution by
VUV induced photooxidation and to determine removal efficiency and rate constant of
the process. Furthermore, effects of initial imidacloprid concentration, flow rate, initial
pH and dissolved oxygen, presence of commonly found inorganic ions, water matrix,
presence and absence of dissolved oxygen were investigated. Lastly, we tried to

determine degradation products of imidacloprid with VUV photolysis.

2.3. Vacuum UV based Advanced Oxidation Process (AOP)

Vacuum UV based Advanced Oxidation Process (AOP) has gained importance to treat
contaminants in water since it does not require addition of catalyst or other chemicals for
the generation of highly reactive hydroxyl radicals (HO«) in contrast to other AOPs. VUV
photolysis is in fact, a photochemical process just like UV photolysis. But, photons of the
VUV lamp, namely, 185 nm photons are primarily absorbed by water molecules in water
based system and degradation of contaminats are initiated by HOe whereas in UV
photolysis, photons (254 nm photons) are mainly absorbed by the target contaminats
which are then excited and degraded accordingly. The reason behind absorption of VUV
photons mainly by water molecules is that water has high absorptivity at vacuum-uv range

(200 nm < A <200 nm) and typically has a higher molar concentration (55.5 M) compared
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to the contaminats in aqueous solution. Due to high absorption coefficient of water at this
wavelength, 90% of 185 nm radiation is absorbed at approximately 5.5 mm thick water
layer close to the VUV lamp surface [69]. Low penetration depth of the VUV irradiation
into water solution is main drawback of the VUV induced AOP. As a result, any reactor
either flow through annular photoreactor or else which has diameter > 5.5 mm in radiation
direction will have two seperate reaction zones. The first zone which is closer to the lamp
surface, is where VUV photolysis of water takes place and accordingly is where highly
reactive and non-selective oxidant HO- and other radicals (He, e aq) which are responsible

of oxidation and mineralization of compounds in water are produced.

Low pressure mercury lamps with special high purity quartz envelope, in other words
Vacuum UV lamps, generate high energy photons (i.e. 185 nm photon). Spectral
irradiance output of low pressure mercury lamps at 185 nm wavelength is reportedly
around 8 to 10% of the irradiance at 254 nm. Nevertheless, photonic energy at 185 nm is
greater than that of 254 nm. Produced high photonic energy (6.7 eV) is transferred to the
water molecule since it exhibits high absorption at these short wavelengths. As a result,
water molecule is excited and high concentration of highly reactive *OH radical is
produced due to deactivation of the exiceted water molecule without adding any other

chemical reagent or catalysts [70].

VUV light induced water photolysis occurs via water homolysis (2.1) and water

ionization (2.2).

H>O + Avvuv — HO-e + He (2.1)

H20 + Avwuv — HO* + H" + €7y (2.2)

The Quantum yield in other words, quantum efficiency of 185 nm reported for the
formation of *OH radical is 0.33 [71][27] and 0.045 [27] for water homolysis (equation

2.1) and water ionization (equation 2.2), respectively.

The hydroxyl radical (HO¢) is one of the most powerful non-selective oxidants. It has the
second largest oxidation potential, with a value of 2.80 V [72][73], after fluorine (Table
2.2). HO- reacts rapidly and unselectively with other organic substances with reaction
rate constants in the order of 108to 10*° M? s [74]. HO- basically reacts with organic

compounds by three different ways; 1. addition of HO+ to double bonds, 2. H-atoms
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abstraction, which yields carbon centered radical 3. reaction mechanisms where HO«

acquires an electron from an organic substance.

Table 2.2 Oxidation potential of some oxidants [75].

Oxidant Oxidation potential [V]
Fluorine 3.06

Hydroxyl radical 2.8

Ozone 2.07

Hydrogen Peroxide 1.8

Chlorine Dioxide 1.5

Chlorine 14

Generation of highly reactive HO+ by VUV lamp with no addition of chemicals or
catalysts is very appealing for feasible, greener, and safer treatment of water with AOP
since it eliminates transportation, storage, handling of chemicals and associated costs as
in the case of other AOPs.

2.3.1. VUV based photooxidation (removal) of organic pollutants

VUV photolysis was found to be a promissing method in the decomposition of

contaminats from aqueous water and wastewater solutions.

Al-Momani [76] investigated VUV pholysis of three textile commercial dye families,
namely Intracron reactive dyes, Direct dyes, and Nylanthrene acid dyes along with actual
textile industry wastewater that contains mixture of the same dyes. Initial BODs/COD
values of the all studied textile dye solutions and the industrial wastewater were either
zero or almost zero which means that they are not practically biodegradable. 100 mg/L
initial concentration of 420 mL textile dye solution was irradiated by a low pressure
mercury lamp (VUV lamp, 120 W) which emits both 254 nm and 185 nm photons, in
batch operating circular photoreactor. Experimentation was executed at room temperature
without buffering pH of the dye solution. Color disappereance of the tested dye solutions
and the textile industry wastewater was followed by a UV Vis spectrophotometer. >90 %
discoloration of all the tested textile dyes was achieved by the VUV lamp induced

photooxidation after 7.5 minutes of treatment time while it took 13 minutes to reach same
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level of color removal for the actual textile wastewater. Intracron reactive dye family was
the most susceptible one for the VUV illumination whereas Nylanthrene acid dyes were
the least. Apparently, biodegradability of the dye solutions and the textile wastewater
were increased by the VUV irradiation. Meanwhile, more or less 30 % COD elimination
of the dye solutions was achieved for the time (7.5 min) required for >90 % discoloration.
On the other hand, 18 % COD reduction of the real textile wastewater was observed after
13 minutes of VUV irradiation. They also compared UV and VUV photolysis in terms of
COD reduction of the experimental solutions. In order to block 185 nm photon of the
same VUV lamp they used Infrasil quartz. Therefore, only irradiation of 254 nm light
reached the solutions to study UV photolysis of the solutions. The VUV photolysis (185
nm + 254 nm) was superior to UV one (only 254 nm) in reduction of the textile dyes. 25

% decrement was observed via UV photolysis compared to the VUV one.

Azrague and Osterhus [2] examined UV, VUV photolysis, and semiconductor TiO> based
photocatalytic oxidation of two organic micro pollutants, sulfamethoxazole and atrazine,
from natural water. In addition, effectiveness of the tested processes on the degradation
of para-chlorobenzoic acid (pCBA) which is usually used as probe compound for OH in
AOPs were investigated in both natural and distilled water. Effects of solution pH which
is an important parameter in AOPs and dissolved organic carbon (DOC) were examined
as well. Experimentation was carried out using a circular type photoreactor which had
340 mL effective solution volume, working in batch mode. Photolytic and photocatalytic
experiments were exercised in presence and absence of immobilized TiO2. Two 15 W
low pressure mercury lamps emitting only at 254 nm and both at 185/254nm were utilized
as source of photons and located at the center of the photoreactor. Experimental solutions
were circulated through the photoreactor under turbulent flow regime during the

degradation of the tested compounds.

In terms of degradation efficiency of sulfamethoxazole, atrazine, and pCBA, the VUV
photolysis was reported to be the most effective one for all three tested compounds.
Pseudo first order kinetic pattern was observed for the investigated pollutants via applied
treatment processes. Higher degradation rate of pPCBA via VUV irradiation was observed
at lower pH of buffered experimental solution. Presence of DOC originating from natural
organic matter (NOM) resulted decrement in removal rate since NOM consumed some
of the available radicals (i.e. OH) produced upon irradiation. They also studied effects of

total inorganic carbon (TIC) by adding appropriate amount of NaHCO3z on reduction
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efficiency. Apparently, degradation rate constants of the all tested pollutants showed
decrement because of reactions took place between OH and carbonic species (carbonate
(COs%) and bicarbonate (HCO3)). However, influence of DOC onto degradation of the
pollutants was reported to be greater than TIC.

Photolysis of two taste and odour compounds, geosmin and 2-methylisoborneol (2-MIB),
by 11 W low pressure mercury UV (254 nm) and VUV (185 + 254 nm) lamps in ultrapure
and natural water was studied by Kutschera [77]. Effects of various solution pH (3 to 11)
modified using HCI and/or NaOH, were also investigated. 100 ng/L initial concentration
of geosmin and 2-MIB solutions with total volume of 100 mL were circulated in
laboratory scale flow through photoreactor during experimentation. UV photolysis was
reported to be inadequate to degrade the tested compounds while VUV induced
photooxidation was very effective in contrast. The VUV process was able to fully degrade
the both tested pollutants in reaction time of 30 second. Pseudo first order Kinetic pattern
was reported for degradation of the both pollutants via VUV photolysis. Observed
reduction rate constant of geosmin was greater than that of 2-MIB, which was attributed
to the higher reaction rate constant of geosmin with OH compared to reaction rate
constant of 2-MIB. Rate constants of the both pollutants were lower in natural water due
to presence of natural organic matter (NOM) which showed scavenging effects of OH
produced by VUV photolysis of water molecule. This finding was also confirmed by
increasing dissolved organic carbon content of experimental solutions in ultrapure water
which accompanied decreased rate constants of the pollutants. Moreover, presence of
bicarbonate, also a well known OH scavenger, using potassium hydrogen carbonate in
ultrapure water lowered the apparent rate constants. Evidently, water matrix played an

important role in the degradation of the pollutants in VUV initiated AOP.
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3. RESEARCH OBJECTIVES

Primary goal of this doctoral study was to effectively degrade imidacloprid from water
(ultrapure water, tap water, and pond water) safely and environmentally without addition
of catalysts or chemicals by a VUV lamp that emits both at 254 nm and 185 nm
wavelengths as an AOP. Additionally, effects of various experimental parameters, flow
rate, initial pH of solution, initial concentration, presence of inorganic ions (HCOs", CO3*
and NO3"), water matrix, presence and absence of dissolved oxygen on the VUV induced
photooxidation of imidacloprid were investigated. Degradation Kkinetic, rate constant and
removal percentage of dissolved imidacloprid were examined in flow through

photooxidation system and reported accordingly.

Independent performance verification of the VUV based AOP was executed by
discoloration of commercially available reactive textile dyes (Synozol Red KH-L and
Synozol Yellow KH-L) in water. As in the case of imidacloprid degradation, Kkinetic
regime, rate constant, and removal percentage were examined and presented as a part of

this doctoral thesis.

Lastly, Effects of sleeve materials (clear fused quartz and high purity synthetic quartz)
were also investigated during the discoloration studies and comparison of observed rates

and disappereance percentages were reported as well.
In this perspective, overall objectives were:

e To investigate effectiveness of VUV lamps to degrade and remove imidacloprid

from water

e To compare observed VUV induced reaction kinetic and rate constant of
imidacloprid with previously reported ones that were obtained via other AOPs and

treatment methods

e To investigate effects of different initial imidacloprid concentration on VUV

induced degradation of imidacloprid

e To investigate effects of different flow rates and initial pH values of experimental

solution on VUV induced degradation of imidacloprid

e To investigate effects of presence and absence of dissolved oxygen on VUV

induced degradation and mineralization of imidacloprid
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To investigate effects of water matrices on removal of imidacloprid by VUV lamp

To investigate effects of inorganic ions (HCO3", CO3%, and NOs") on imidacloprid

disapperance rate

To investigate effectiveness of VUV lamps to discolor reactive textile dyes from

water

To compare effects of quartz and high purity synthetic quartz on discoloration of
the textile dyes
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4. MATERIALS AND METHODS

4.1. Chemicals

The chemicals used in this doctoral study and their purity along with supplier information

are listed in Table 4.1. The chemicals were used as received from the suppliers.

Table 4.1 List of chemicals.

Chemical

Purity

Supplier

Imidacloprid (CoH10CINsO32)

Analytical Standard
(99.8%, wiw)

Dr. Ehrenstorfer

Imidacloprid (CoH10CINsO32)

Analytical Standard
(99.8%, wiw)

Bayer Corp Science
(Turkey)

Confidor SC 350

Not reported

Commercially available

(Imidacloprid) insecticide
Methanol (CH3OH) >0099.9, gradient grade | Merck
for LC-MS
Acetonitrile (C2H3N) >0099.9, hypergrade for | Merck
LC-MS
Sulfuric Acid (H2S04) 95-97% Merck
Hydrochloric Acid (HCI) 37-38% Sigma Aldrich
Nitric Acid (HNO3) 65% Merck
Formic Acid (CH20,) Reagent Agilent Technologies

Acetic Acid (C2H402)

99.88-100.5%, puriss

Sigma Aldrich
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Chemical Purity Supplier
Sodium Hydroxide (NaOH) | 98-100.5%, puriss Sigma Aldrich
Sodium Bicarbonate >9099.7, ACS reagent Sigma Aldrich
(NaHCO:s)

Sodium Carbonate (Na.COs) | 99.5-100.5%, puriss Sigma Aldrich
Sodium Nitrate (NaNO3) 99-100.5%, extra pure Merck
Potassium Hydrogen Reagent Merck
Phthalate (CsHsKO4)

Oxygen gas 99.999% Ankara Gaz
Nitrogen gas 99.999% Ankara Gaz

Synozol Red K-HL

Not reported

Kisco Corp. (Turkey)

Synozol Yellow K-HL

Not reported

Kisco Corp. (Turkey)

4.2. Aqueous Solvents

During the VUV induced photooxidation of imidacloprid degradation experiments, three
types of water samples, ultrapure water, tap water, and pond water, were used as solvents.
Most of the photooxidation experiments were executed with ultrapure water so as to
eliminate matrix effects of water samples that may directly or indirectly impact the
decomposition of imidacloprid. Experimentation with ultrapure water in which there is
no impurities or at the least level would allow to determine actual degradation kinetics of
imidacloprid induced solely by the VUV photooxidation. On the other hand, experiments

carried out with tap and pond water showed effects of water constituents on the observed

rate constant and removal efficiency of imidacloprid.
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4.2.1. Ultrapure Water

Ultrapure water with resistivity of 18.2 MQ.cm was obtained from Elga PureLab
ultrapure water system and used for preparation of stock and experimental solutions as
well as calibration studies of UV-Vis Spectrophotometer, LC/MS, and GC/MS.
Optimization of the VUV photooxidation system under various flow rates and pH values
were also executed with ultrapure water. pH and conductivity values of ultrapure water

were measured as 6.937 and 0.0552 puS/cm, respectively.

4.2.2. Tap Water

Tap water from the Unit Operation Lab of Environmental Engineering Department of
Hacettepe University was used for comparison experiments to observe effects of water
constituents on the degradation of imidacloprid. Tap water was used immediately after it
was collected without filtration or any other application. pH and conductivity values of
tap water used were measured as 7.325 and 405.582 pS/cm respectively.

4.2.3. Pond Water

In October pond water sample was collected from a pond (hameless) located in Hacettepe
University to investigate effects of natural organic matter (i.e. humic substances) on the
disapperance of imidacloprid. Pond water, shortly after sampling was filtrated with
cellulose acetate membrane filter (0.45 um) by means of vacuum filtration unit for its use
in the degradation experiments. Right after its collection and following to filtration, pH
and conductivity values of the pond water used were measured as 8.011 and 1268.98

pS/cm respectively.

4.3. Experimental Solutions
4.3.1. Preperation of Imidacloprid Stock and Working Solutions

Stock solution was prepared from standard imidacloprid (99.8% purity) which is in solid
form. Appropriate amount of the standard imidacloprid was weighed and dissolved in
ultrapure water. Teflon covered magnetic stirrer bar was used to have imidacloprid fully
dissolved within the solution. High quality glasswares which had previously and
thoroughly cleaned with ultrapure water were used for preparation of the stock solution.
By dilution with ultrapure water, stock solution containing 200 mg/L imidacloprid in total
volume of 1000 mL was obtained and refrigerated at 4 °C in the dark. Periodic UV-Vis

measurements of samples of the stock solution showed that obtained stock solution was
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stable and steady against degradation for several months at 4 °C in the dark. Working
solution, on the other hand, at desired concentration of imidacloprid were obtained daily
by diluting the stock solution with ultrapure water.

4.3.2. Preperation of Confidor Imidacloprid Stock and Working Solutions

Unlike to standard imidacloprid, commercially available confidor imidacloprid was in
concentrated suspension form. In other words, commercial product was in liquid form
with very high concentration of imidacloprid. According to manufacturer (Bayer Corp
Science) its imidacloprid concentration is 350 g/L (350,000 mg/L). In this case,
appropriate volume of formulated solution was obtained with volumetric micro pipets and
diluted with ultrapure water to prepare stock solution of imidacloprid at 350 mg/L
concentration. Prepared stock solution likewise to standard one was stored in a fridge (4
°C) and kept in the dark. Even though confidor imidacloprid stock solution also contains
additional formulation ingredients, the stock solution was stable for several months as
well under the beforementioned storage condition. Finally, experimental working

solutions were prepared daily by diluting the stock solution with ultrapure water.

4.3.3. Preperation of Reactive Textile Dyes Stock and Working Solutions

As in the case of preperation of imidacloprid stock solution, ultrapure water was used to
prepare stock solutions of the reactive textile dyes. Commercially available two reactive
dyes, namely Synozol Red KH-L (hereafter Red) and Synozol Yellow KH-L (hereafter
Yellow) were used to prepare stock solutions of their own. Reactive dyes were also in
solid state. Two seperate reactive dye stock solutions with 5000 mg/L concentration were
prepared by weighing appropriate amount of Red and Yellow and then dissolving in
ultrapure water seperately. Obtained stock solutions were kept in dark at 4 °C and also
stable against discoloration for several months under this storage conditions. Working
solutions of desired concentration were obtained daily by diluting the stock solution with

ultrapure water.
4.4. Experimental Setup

4.4.1. VUV Photooxidation System

A VUV lamp was mounted into stainless steel annular reactor in which experimental
solution was continuously circulated by a peristaltic pump at a pre-defined flow rate. The

VUV lamp emitting both at 254 nm and 185 nm was surrounded by clear fused quartz
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glass wall to allow transmission of both 254 and 185 nm wavelengths radiations as oppose
to soft glass or Ti-doped quartz that both allow only passage of 254 nm wavelength
radiation while blocking 185 nm radiation. The VUV lamp was encolosed into high purity
synthetic quartz sleeve to not only allow passage of 185 nm photons into experimental
solution but also to protect the VUV lamp against air flow, water flow and leakage,
temperature fluctuations and breakage. Teflon tube was used to minimize additional
negative effects (i.e. adsorption) in the VUV photooxidation system. A schematic
diagram and picture of the photooxidation system used during this doctoral study are
presented in Figure 4.1 and 4.2 respectively.
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Figure 4.1 Scheme of VUV Photooxidation System.
1: Annular photoreactor; 6: Peristaltic pump;
2: Experimental solution; 7: Reservoir;
3: Quartz sleeve; 8: Magnetic stirrer;
4: Space between sleeve and VUV lamp; 9: N2 cylinder;
5: VUV lamp; 10: Oz cylinder;
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Figure 4.2 The VUV Photooxidation System.

4.4.2. Photoreactor

Circular stainless steel flow through reactor with working pressure of 800000 Pa (8 bar)
and volumetric flow capacity of 7571 mL/min (2 gpm) was used as photoreactor during
the VUV induced photooxidation of aqueous imidacloprid. Total length and inside (inner)
diameter of the photoreactor were 265 mm and 50 mm respectively. However, there are
two attached joints jutting out at the both sides of the photoreactor which eventually
reached total length of 298 mm with 2 lids on. Empty volume of the photoreactor was
485 mL whereas effective water volume was 360 mL after the VUV lamp and the
synthetic quartz sleeve enclosed in. The reactor gap, in other words radial distance
between inside wall of the annular reactor and outside wall of the synthetic quartz sleeve,
in which solution flows, was 13.5 mm. Experimental solution was fed into the flow
through photoreactor from the bottom of the reactor. Specifications and dimensions of

the photoreactor is given in Table 4.2.
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Table 4.2 Specifications and Dimensions of Photoreactor.

Working Pressure 800000 Pa
Volumetric flow rate capacity 7571 mL/min
Length 265 mm
Length with joints and lids 298 mm
Inner Diameter 50 mm
Empty Volume 485 mL
Effective Volume 360 mL

4.4.3. VUV Lamp

A low pressure mercury lamp (LightTech, GPH287T5/VH/4) was used as a source of 254
nm and 185 nm irradiations. Clear fused quartz was used to make the body of the VUV
lamp to allow transmission of energy at both 185nm and 254nm wavelengths. The VUV
lamp had coaxial radiation field and positive energy direction (outward). Power of the
lamp was 14 W. The VUV lamp had 207 mm arc length (effective ilimunation length)
out of 287 mm total length. Diameter of the body wall of the VUV lamp was 15 mm. UV
output of the VUV lamp at 254 nm was 4 W while UV output at 185 nm was 0.4 W (8-
10% of 4 W) according to manufacturer. It was also reported [78][79] that 185 nm
irradiation comprises 5 to 16% of 254 nm fluence depending on the specification of VUV

lamps. Specifications and dimensions of the VUV lamp is presented in Table 4.3.

Table 4.3 Specifications and Dimensions of the VUV lamp.

Radiation Geometry Positive (outward)
Lamp Power 14 watt

Tube Diameter 15 mm

Arc Length 207 mm

Total Length 287 mm

UV output @ 254 nm 4 watt

UV output @ 185 nm 0.4 watt
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4.4.4. High Purity Synthetic Quartz Sleeve

Special high purity synthetic quartz sleeve domed shaped with open at one side was used
to allow passage of 185 nm light into the experimental solution along with 254 nm light
for degradation of aqueous imidacloprid. The VUV lamp was inserted into the synthetic
sleeve. The Synthetic quartz sleeve not only allowed higher transmission at the desired
wavelengths (185 nm) of the VUV lamp for oxidation of the target compound but also
protected the VUV lamp against air flow, water flow and leakage, temperature
fluctuations and breakage. Inside and outside diameters of the synthetic sleeve were 20
and 23 mm respectively which resulted 1.5 mm wall thickness. Length of the high purity
synthetic sleeve was 295 mm. Physical dimensions of the sleeve is summarized in Table
4.4,

Table 4.4 Dimensions of the High Puriy Synthetic Quartz Sleeve.

Inside Diameter 20 mm
Outside Diameter 23 mm
Length 295 mm
Wall thickness 1.5mm

4.4.5. Clear Fused Quartz Sleeve

A clear fused quartz sleeve with the identical physical dimensions of the high purity
synthetic quartz sleeve described above was used in comparison experiments of
discoloration of two model compounds, Red and Yellow dyes, to investigate efficiency
of 185 nm light passage into the experimental solution. The clear fused quartz sleeve
apparently contains higher concentration of impurities compared to the high purity
synthetic quartz sleeve. As a result, higher absorption of 185 nm irradiation by the clear
fused quartz sleeve was expected. In the light of this information, importance of materials
which were used to make the VUV lamp and the sleeve, in other words, purity of materials
and their relavant effects on decomposition of the target compounds was evaluated by

comparing the observed rate constants and removal percentage.
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4.4.6. Peristaltic Pump

Cole-Parmer Masterflex L/S variable speed analog console peristaltic pump with led
display was used during the VUV induced degradation and discoloration experiments.
The peristaltic pump can fluid in either direction with reversible motor. Magnitude and
direction of flows are controlled on the variable speed analog console of the peristaltic
pump. Maximum pump speed is up to 600 rpm which is equivalent to 1000 mL/min
volumetric flow rate with L/S 25 tube used during the experimentations. The pump was
assembled (mounted) with Easy Load 3 Pump Head 77800-50 for connection of
circulating tube.

4.4.7. Circulating Tube

Teflon tube was used during the disappereance experiments in order to minimize
adsorption of the target compound and possible contamination that might be resulted from
the tube itself.

4.4.8. pH and conductivity meter

Seven excellence laboratory pH and conductivity meter (Mettler Toledo) was used to
measure pH and conductivity values of the tested solutions. Calibration of the pH and
conductivity meter was periodically exercised by means of buffer solutions at pH 4.0, 7.0
and 10.0.

4.5. Experimental Method
4.5.1. Adsorption Experiment

Adsorption experiment of aqueous imidacloprid and reactive textile dye (i.e. Red)
solutions were carried out in the photooxidation system without turning the VUV lamp
on in order to investigate if there is any potential loss of the target compounds due to
adsorption onto materials used in the photooxidation system other than the
photooxidation induced. Tested solutions with 10 mg/L initial concentration were
prepared with ultrapure water. Therefore, effects of water matrix which may positively
increase adsorption potential of the compounds were avoided. Adsorption experiments
were carried out at room temperature (22 * 2). Quatitative degradation of aqueous
imidacloprid and discoloration of Red dye in the adsorption experiment was followed

spectrophotometrically.
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4.5.2. Hydrolysis Experiment

Hydrolysis experiments of aqueous imidacloprid were studied under various initial pH,
namely acidic, natural, and alkaline conditions. Studied solutions were prepared in
ultrapure water to eliminate effects of impurities that may exist in water sample.
Experimental solutions with initial concentration of 10 mg/L were prepared at predefined
initial pH values of 3, 6.469 (natural=original), and 11 by using H.SO4 and NaOH since
these pH modifiers do not generate additional 269/270 nm absorbance behavior at which
Imidacloprid displays the highest absorbance peak. Tested solutions were refrigerated at
4 °C and kept in dark during the hydrolysis experimentation. 1 mL aliquots of hydrolyzed
solutions were periodically taken from the tested solutions and hydrolytic degradation of
imidacloprid was followed by UV Vis measurements at 269/270 nm wavelength.

4.5.3. Degradation Experiment

4.5.3.1. VUV induced Imidacloprid Degradation

VUV induced photodegradation of aqueous imidacloprid experiments were executed with
flow through photooxidation system previously described in section 4.4.1 (Figures 4.1
and 4.2). Ultrapure water with resistivity of 18.2 MQ.cm was used for preparation of
experimental solutions. Stock solution was prepared from standard imidacloprid (99.8%
purity) at the concentration of 200 mg/L with ultrapure water and stored at 4 °C in the
dark as mentioned in section 4.3.1. Working solution of desired concentration of
imidacloprid (10 mg/L, 5 mg/L and 2.5 mg/L) were obtained daily by diluting the stock
solution with ultrapure water. Comparison experiments were executed with tap and pond
water to study effects of water matrix (i.e. natural organic matter, inorganic ions) on the

VUV induced photooxidation of aqueous imidacloprid.

500 mL working solution was recirculated between a flow through photoreactor and a
reservoir at desired flow rate by a peristaltic pump during the VUV irradiation process
for photooxidation process. The VUV lamp which has positive radiation geometry was
placed at the center of the annular photoreactor. First of all, various flow rates (500
mL/min, 750 mL/min and 1000 mL/min) were investigated to determine optimum flow
rate condition of the laboratory scale VUV photooxidation system used during the
experimentation. Therefore, effects of hydrodynamics within the photoreactor were
defined and recorded. Second of all, different initial pH values (acidic at pH 3,

natural=original at pH =~6.5, and alkaline at pH 11) of the experimental solution were
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studied to determine effects of initial pH of the solution on decomposition of aqueous
imidacloprid. As an outcome of the tested experimental conditions, flow rate (500
mL/min) and initial pH (natural=original at pH ~6.5) of the solution were chosen and
used in the all following experiments. After that, effects of initial concentration (2.5 mg/L,
5 mg/L, and 10 mg/L) on the degradation kinetic and rate constant of imidacloprid were
studied under the predefined optimal conditions of flow rate and solution pH. Ultrapure
water was spiked with appropriate amount of imidacloprid stock solution to prepare
desired concentration right before the irradiation experiments. Another set of
experiments, oxygenated and deoxygenated experiments, in order to investigate their
effects on the degradation as well as mineralization of aqueous imidacloprid were carried
out by sparging Oz (> 99.999% purity) and N2 (> 99.999% purity) with flow rate of 600
mL/min into the solution in the reservoir. Introduction of O, and N2 were respectively
started 20 and 30 min before the start of the experiments and continued during the
experimentation. Further experimental analysis of imidacloprid degradation were
executed in presence of inorganic ions (HCOs", COs*, NOs) since they are commonly
found in natural water bodies to study their scavenging effects of HO« produced in situ
and impacts on removal rate constant as well as kinetic pattern of aqueous imidacloprid

under the tested photooxidation process.

The VUV lamp was turned on 30 minutes before the photooxidation to warm up the lamp
and to reach stable output. 1 mL aliquots of irradiated solutions were collected at
predefined treatment times for analysis. Collected samples subjected to analysis of
LC/MS QTOF were immediately injected into chromatographic amber glass vials so as
to avoid interaction with sunlight. In the case of UV-Vis measurement, the quartz cuvettes
were used instead. Initial and final pH and conductivity values of the tested aqueous
solutions were measured in situ. Quantitative measurements were carried out by UV-Vis
spectrophotometer and LC/MS QTOF.

Degradation experiments were carried out at room temperature (22 + 2). All the presented
results are the averages of 3 separate experiments and the error bars show the standard

deviation of the measured values.

4.5.3.1.A. Screening of pH Adjusters (Modifiers) for Acidic and Alkaline Conditions

Same photooxidation system was used for the irradiation experiments under both acidic

and basic conditions. Irradiation volume, warm up period, and aliquot volume were same
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as well. Furthermore, experimentally defined and chosen flow rate (500 mL/min) was
used in these set of experiments. Samples were measured by the same UV-Vis
spectrophotometer and LC/MS QTOF.

Sulfuric Acid (H2SOs), Hydrochloric Acid (HCI), Nitric Acid (HNOs), and Sodium
Hydroxide (NaOH) were evaluated to be used for adjustment of acidic and alkaline
conditions. Firstly, these compounds were investigated individually by scanning between
200 and 800 nm wavelengths in UV-Vis spectrophotometer to determine their absorbance
characteristics (Figure A.1.1). Therefore, it was determined that if any individual tested
compound presents additional 269/270 nm absorbance behavior at which Imidacloprid
displays the highest absorbance peak. Other than HNO3, none of the tested compounds
showed 269/270 nm absorbance behavior (Figures A.1.2 and A.1.3) and therefore they
are suitable for further screening and pH adjustment applications. On the other hand,
HNO:s displayed considerable 269/270 nm absorbance behavior (Figures A.1.1 and
A.1.2). Secondly, molar absorption coefficients of these compounds at 185 nm photon
were compared to choose the one that has the least molar absorption coefficient at this
wavelength. This was also necessary to minimize inner filter effects (absorption of 185
nm photon) of the compounds that simultaneously exist in the experimental solution. By
choosing the least keen compound to 185 nm photon for pH adjustment, majority of 185
nm photon will exclusively be absorbed by water molecule within the experimental
solution and hence production of Hydroxyl Radical (¢OH) will not be jeopardized.
Among the tested compounds and their dissociated ions, it was previously reported that
Nitrate (NO3") ion has the highest molar absorption coefficient at 185 nm photon followed
by Chloride (CI") and Sulfate (SO4*) ions respectively [80][81]. NOs and CI ions have
high molar absorption coefficients of 185 nm whereas SO+ ion has negligible. Findings
in this doctoral study (Figure A.1.1) were consistent with previously reported ones.
Besides, Figure A.1.2 clearly displays that NOs™ can also absorp photon at 254 nm as
oppose to CI- and Sulfate SO4%. This observation is also in agreement with what was
reported on PhD Thesis of Clara Duca [82]. According to previous and this study, NO3
and CI" can act as inner filters and thus less photons will be available for the photolysis
of water via 185 nm photon. Moreover, it is known that SO4? react slowly with «OH
radicals [83] so that it cannot act as *OH scavenger or as inner filter due to its negligible
absorption at 185 nm. Lastly, it was also experimentally determined in this study that

H2>SO4 does not generate additional 269/270 nm absorbance either (Figures A.1.1 and
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A.1.2). Therefore, SO4% based H.SO4 would be more suitable for acidic pH adjustment
and accordingly were used as acidic pH modifier in the irradiation experiments of this
doctoral study.

For adjustment of alkaline pH condition, NaOH was used not only since Na* does not
absorb at 185 nm but also does not scavenge *OH [82]. Furthermore, it was also
experimentally determined in this study that NaOH does not generate additional 269/270
nm absorbance either (Figures A.1.1 and A.1.2).

In brief, for pH adjustment it is important to choose a compound that not only has
negligible molar adsorption coefficients at 185 nm but also does not generate additional
269/270 nm absorbance at which Imidacloprid shows the highest absorbance peak.
Furthermore, this compound should not tend to willingly react with Hydroxyl Radical
(*OH), in other words should not behave as *OH scavenger so that «<OH would then be
completely available for degradation of Imidacloprid and organic byproducts generated
during the photooxidation process. When all these considered, H>SOs and NaOH were
used for pH adjustments of the experimental solution since they both do not generate
additional 269/270 nm absorbance and have negligible molar absorption coefficients at
185 nm photon in the form of SO4* and Na*. On top of that they do not act as *OH

scavenger either.

Absorbance spectrum of Sulfuric Acid (H2SOs), Hydrochloric Acid (HCI), Nitric Acid
(HNOs3), and Sodium Hydroxide (NaOH) along with Confidor Imidacloprid were
reported in Appendix1.1.

4.5.3.1.B. VUV induced Imidacloprid Degradation in presence of Inorganic ions

NaHCO3, Na,CO3, NaNO3 were used to investigate effects of inorganic ions (HCOs",
COs3%, and NOs) on the degradation of aqueous imidacloprid since these ions are
ubiquitously found in natural water bodies. HCOs", CO3%, and NOs™ might affect the
degradation process either by absorbing 185 nm light and acting as inner filter or by
scavenging HO- produced via water homolysis and ionization of 185 nm irradiation.
688.42 mg NaHCOs, 883.12 mg Na:COs, and 685.35 mg NaNOs were individually
weighed and dissolved in ultrapure water to prepare three seperate 1000 mg/L HCOs",
COs%, and NOs stock solutions in total volume of 500 mL. Working solutions of the
desired inorganic ions concentration (i.e. 5 mg/L) were prepared by diluting the stock

solution with ultrapure water. Imidacloprid was then added into the experimental
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solutions to achieve intended working concentration. lonic experiments were executed
with 5 mg/L initial imidacloprid concentration. Potential effects of the tested inorganic
ions on the VUV induced photooxidation of imidacloprid degradation were investigated
using the concentration ratio of imidacloprid:inorganic ion as 1:1. Generally, natural
water contains more than 5 mg/L HCOs and COs?, typically between 50 and 200 mg/L
and even more depending on the water source. However, the reason behind the 1:1 ratio
was to observe how fastly and effectively imidacloprid react with «OH in presence with
the same initial concentration of HCO3 and CO3? which are well known «OH scavengers
and react with *OH at the rate constants 0f 8.5 x 10° M* s*and 4 x 108 M* s respectively
[74]. Experiments in the presence of the single ion were carried out seperately to
determine individual effects of the ions on the tested process and degradation of
imidacloprid.

Initial pH values of experimental solutions that contain 5 mg/L HCO3", CO3%, and NOs"

were measured to be 7.738, 9.911, and 6.292 respectively.

4.5.3.2. VUV induced Reactive Textile Dyes Degradation

Commercially available two reactive textile dyes, Synozol Red K-HL (hereafter Red) and
Synozol Yellow K-HL (hereafter Yellow) were used for discoloration experiments under
the VUV light. Appropriate amount of Red and Yellow textile dyes was weighed and
dissolved in ultrapure water to prepare 5000 mg/L stock solution seperately. Working
solutions of desired concentration (10 mg/L, 25 mg/L, and 50 mg/L) were obtained by

diluting the stock solution.

Same photooxidation system of Imidacloprid experiments described above was used for
the irradiation experiments of the textile dyes. Flow rate, irradiation volume, warm up
period, and aliquot volume were same as well. Initial and final pH and conductivity values
were measured by the same pH and conductivity meter. Samples were measured by the
same UV-Vis spectrophotometer to observe decoloritazion of the reactive dye solutions

and to obtain disappereance kinetics along with rate constants.

All the presented results are the averages of 3 experiments and the error bars show the

standard deviation of the measured values.
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4.5.4. Mineralization Experiment

Mineralization rate is usually much slower than the disappearance rate of compounds (i.e.
pesticides). As a result, several byproducts are generated within the time required for
complete degradation of the compounds. It is important to study effectiveness of VUV
induced photooxidation onto mineralization of imidacloprid to understand decomposition
of imidacloprid better. Therefore, investigation of mineralization degree of imidacloprid
by the VUV photooxidation was separately performed with TOC measurements.

Mineralization experiments of aqueous imidacloprid were carried out under oxygenated,
natural, and deoxygenated conditions so as to understand effects of oxidants and radicals
produced in situ on the extent of mineralization of aqueous imidacloprid. Experimental
solutions with initial concentration of 10 mg/L were prepared in ultrapure water to
eliminate effects of impurities that may exist in water sample and subjected to the VUV
irradiation with duration time of 2 hours. The tested solutions were sparged by O (>
99.999% purity) and N2 (> 99.999% purity) gases for oxygen saturated and oxygen free
conditions respectively with flow rate of 600 mL/min in the reservoir. Introduction of O
and N2 were respectively started 20 and 30 min before the start of the experiments and
continued during the experimentation. Mineralization experiments were carried out at
room temperature (22 * 2). Finally, TOC reduction of agueous imidacloprid solutions

were followed by TOC analyzer to determine extent of mineralization.

4.6. Actinometric Measurement of Photon Flux of the VUV Lamp
4.6.1. Methanol Actinometry

Photon Flux (Pvuv) of the VUV lamp at 185 nm was determined using methanol
actinometry method [84][85]. Methodology behind the methanol actinometry, because it
does not react with Oz and nor does it absorb 254 nm light and being at low concentration
(100 mM) compared to molar concentration of water (55.5 M), is disppereance of
methanol during the VUV irradiation is principally due to reaction with HO-. It can be
assumed that almost all the photons are absorbed by water under this circumstances and
accordingly, HO- is produced due to 185 nm light induced water photolysis. Therefore,
Pvuv value is proportional to VUV induced degradation rate of methanol (k%ps) in
aqueous solution as presented in equation 4.1. Zero order rate constant k°ps value was
experimentally determined at 0.1 M (100 mM) initial methanol concentration since all

methanols would react exclusively with hydroxyl radical («OH) at low initial methanol
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concentration [85][86]. VUV (185 nm) light induced degradation of methanol was
measured via Gas Chromatography Mass Spectrometry (GC/MS) which is described in
detail in section 4.7.3. Defined degradation rate (k%s) was utilized to calculate absorbed
photon flow (UV intensity at 185 nm) of the VUV lamp using equation 4.1.

The factor of 0.946 refers to the production of methanol (5.4 %) by the disproportionation
reaction of hydroxymethyl radicals which slows down the «OH induced degradation of
methanol [84][85].

1 0 \Y
Pvuv = —— X K%ps X Z -
0.946 ¢H20 x 3H20 + ¢CH30Hx 3CH30H

4.1)
Pvuv: Photon Flux of the VUV lamp at 185 nm (Molphoton S™)

K%bs: VUV light induced zero order degradation rate of methanol (mol Lt s)

V: total irradiated volume of methanol solution (500 mL =0.5L)

dH20: total quantum yield of water photolysis (0.33 + 0.045 = 0.375)

3ne0: fraction of photons absorbed by water

dcHaon: total quantum yield of methanol photolysis (0.88)

Jcnson: fraction of photons absorbed by methanol

Two unknowns, 3n20 and Jcrson in equation 4.1 were calculated from the molar
absorption coefficients of water (en20) and methanol (ecHson) at 185 nm using equation
4.2. The molar absorption coefficients of methanol (ecrzon) at 185 nm was previously
reported as 6.3 M cm™ [80]. On the other hand, by using equation 4.3, the molar
absorption coefficients of water (en20) can be calculated from linear absorption

coefficients of water (knz0) which was also found by Weeks [80] as 1.8 cm™,

‘3 _ €CH30H x Cmethanol (4.2)
CH3OH = . CH30H x Cmethanol+ ¢H20 x Cwater '
Kn2o = €H20 X CHz0 (4.3)

3H20 = 1 - 3cHzoH (4.4)

Cwater: concentration of water molecules (55.5 M)

Chmethanot: Initial methanol concentration (0.1 M)
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Firstly, by substituting k2o and Chzo into equation 4.3, the molar absorption coefficients
of water (er20) was calculated as 0.0324 M™ cm™ which is in agreement with literature
[87]. Secondly, fraction of photons absorbed by methanol (3crson) was calculated as
0.2594 through equation 4.2. After that, fraction of photons absorbed by water (3120) was
calculated to be 0.7406 by using equation 4.4.

In order to check if the calculated values above are correct or not, another calculating
equation (equation 4.5) was used to determine 3120 and 3crson.

S = kH20 (45)
H20 kH20+ (eCH30H x Cmethanol) '

All the values in equation 4.5 are known and hence, 3+20 was calculated to be 0.7407. As
a result, 3chson was found as 0.2593 using equation 4.4. Calculated values were very
similar to each other. 0.7407 and 0.2593 were selected as ultimate values of 3n20 and

Jchson respectively to calculate Pyuy.

Experimentally determined degradation rate of methanol (k%ns) and accordingly
calculated photon flux of the VUV lamp at 185 nm were presented in results and

discussion chapter.

4.7. Analytical Methods
4.7.1. UV-Vis Spectrophotometer

Thermo Fisher Scientific Genesys 10S UV-Vis spectrophotometer was used for
quantitative analysis of irradiated imidacloprid and textile dyes solution. Quartz glass
cuvettes were used for absorbance measurements of imidacloprid samples since
characteristic absorbance peak of imidacloprid was previously recorded as 269/270 nm.
Typical polystyrene cuvettes block wavelengths below 300 nm whereas the quartz
cuvettes allow passage of light down to 190 nm. And hence, degradation of imidacloprid
could be followed spectrophotometrically. Optical path length of the quartz glass cuvettes
used was 10 mm. Dimensions of the quartz glass cuvettes were 12,5 mm x 12,5 mm x 45

mm (w x d x h).

Standard Imidacloprid was scanned between 200 and 900 nm wavelengths in UV-Vis
spectrophotometer to determine absorbance peak of imidacloprid (Figures A.1.4). As a
result, the highest peak was observed at 269/270 nm as in line with previously reported

findings for imidacloprid samples.
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Similar methodology was followed for reactive textile dyes between 300 and 900 nm to
determine their absorbance peaks by using polystyrene cuvettes with same dimensions
(12,5 mm x 12,5 mm x 45 mm) instead. Absorbance peaks at 518 nm and 417 nm were
recorded for Red and Yellow dyes respectively.

UV-Vis calibration study of imidacloprid solutions was executed with standard
Imidacloprid. Appropriate amount of standard Imidacloprid (%99.8 purity) was dissolved
in ultrapure water to prepare 100 mg/L imidacloprid stock solution. From this stock
solution, 20, 10, 5, 2.5, 1.25, 0.625, 0.3125, and 0.15625 mg/L imidacloprid
concentrations were prepared and used for calibration study of UV-Vis
spectrophotometer (Figures A.1.5). Average of three separate measurements was used to
construct calibration curve and correlation coefficient (R?). Error bars represent the
standard deviation of three replicates.

Constructed calibration curve and absorbance peaks of aqueous imidacloprid measured

using UV-Vis were presented in Appendix 1.2.

4.7.2. Liquid Chromatography and Quadrupole Time of Flight Mass Analyzer
(LC/MS Q-TOF)

Quantitative and qualitative analysis of irradiated imidacloprid solutions were analyzed
by an Agilent 1200 series Liquid Chromatography and Quadrupole Time of Flight Mass
Spectrometry (LC/MS Q-TOF) system comprised of a solvent holder, a binary pump, a
vacuum degasser, an autosampler, a diode array detector, a thermostated column
compartment, a 6530 Accurate-Mass Q-TOF detector and MassHunter data managing
software (Agilent Technologies). The analytical colum used for separation of aqueous
imidacloprid and its degradation products was a Zorbax 300 SB-C18 (100 mm X 4.6 mm
i.d., 3.5 um particle size), protected by a security guard cartridge Zorbax 300 SB-C18
(12.5 mm x 4.6 mm i.d.), both from Agilent Technologies. Imidacloprid samples were
quantified at 270 nm wavelength using the diode array detector (DAD) while qualitative
analysis (detection of byproducts) were executed with the Q-TOF mass spectrometry

(MS). Peak areas were used for quantitative analysis of imidacloprid.

So as to define omptimal eluent composition that would provide the best separation and
detection response of aqueous imidacloprid by LC/MS Q-TOF, firstly, methanol (MeOH)
and acetonitrile (ACN) were tested. Secondly, formic acid (FA) and acetic acid (AA)

were evaluated with both solvents along with ultrapure water (H2O). As a result of eluent
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screening process, optimum composition was defined as mixture of acetonitrile and water
acidified with 0.1% formic acid for mobile phase although both solvents resulted good
responses. After that, various injection volumes, column flow rates, and column
temperatures with previously defined mobile phase were studied to obtain the best
choromatographic results. 20 pL, 0.5 mL/min, and 40 °C were selected as optimal values
for injection volume, column flow rate, and column temperature respectively. Finally,
gradient and isocratic elutions were exercised under aforementioned conditions. Altough
both tried elution methods achieved good absorbance peak, isocratic eluention (30% ACN
+ 70% H20 with 0.1% FA) resulted slightly narrower peak and hence, was selected for
separation and detection of aqueous imidacloprid samples. Retention time of imidacloprid
was 3.698 min under applied optimal conditions.

Furthermore, different operating conditions of the MS detector equipped with
electrospray jet stream ionization source (ESI), were also exercised to obtain the best
detection results. Various gas temperature, drying gas flow, nebulizer pressure, and
capillary voltage (VCap) of the ESI were studied and compared to optimize conditons of
MS. After rigorous study and comparison, nebulizer pressure and VVCap were defined as
the most influeincing parameters. MS detection of samples was carried out in positive

ionization mode. Full scan was obtained by scanning from m/z 60 to 400.

External standard calibration method was carried out for analysis of aqueous
imidacloprid. Eight standard imidacloprid solutions, 0.15625, 0.3125, 0.625, 1.25, 2.5, 5,
10, and 20 mg/L were analyzed by LC/MS Q-TOF to construct calibration curve which
was obtained by plotting peak areas against concentrations of the target compound.
Average of three separate measurements was used in calibration study. Error bars

represent the standard deviation of three replicates.

Optimal separation and detection conditions along with calibration curve and
choromatogram of aqueous imidacloprid were presented in Appendix 1.3. In addition,
mass spectrum of parent compound (imidacloprid) and byproducts were also reported in
Appendix 1.3.

4.7.3. Gas Chromatography Mass Spectrometry (GC/MS)

Quantitative degradation of methanol samples was followed by means of an Agilent
Technologies Gas Chromatography Mass Spectrometry consists of 7890A Gas
Chromatography (GC) System, a 5975C Inert Mass Selective Detector (MSD) with
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Triple-Axis, and CTC PAL autosampler. MassHunter data managing software (Agilent
Technologies) was used for quantitative analysis of the samples. Helium was used as
carrier gas with flow rate of 1 mL/min and pressure of 8.2317 psi (0.568 bar). Electro
Impact ionization source was 70 eV. An Agilent J&W DB FFAP (0.32 mm, i.d. x 30 m,
length x 0.50 um, film thickness) capillary column was used to separate methanol samples
by using temperature gradient presented in Table 4.5. The DB FFAP column was
purposely selected since it is a polar column and suitable for analysis of alcohols. Sample
Injection volume was 0.1 pL using the split mode with a split ratio 20:1. Injector
temperature was set at 150 °C. Selected lon Monitoring (SIM) mode was used to detect
methanol using characteristic ions of methanol (m/z 29, 31, and 32). Molar concentration
of methanol was determined by external standard method using 0.25 M, 0.50 M, 1 M, 2
M, and 4 M HPLC grade methanol for GC/MS calibration.

GC/MS analysis of methanol in ultrapure water was carefully executed since water
molecules can seriously damage the MS detector in GC injection method. First of all,
methanol sample which had not been subjected to the VUV irradiation was analyzed via
GC/MS by applying the scan mode in order to define detection time of methanol and
water. Threfore, the time at which water molecules reach the detector was recorded.
Residence times of methanol was recorded as 1.476 min whereas water molecule was
detected around 2.5-2.7 min. Second of all, GC analysis was carried out to detect any
other compound which might have been resulted from ionization of methanol or from
washing solvents during the total run time of 9 min. No compound was detected especially
after detection time of water molecules. Third of all, MS detector was programated to be
off at 2.4 min which was earlier than the residence time of water molecule and more
importantly safely later than the residence time of methanol. Therefore, mass detector
was protected from probable damage of the water molecules. Finally, determined detector

off time was set in the SIM mode which was used for GC/MS analysis of methanol.

Various washing solvents which may also have ions at m/z 29, 31, and 32 within their ten
largest peaks were investigated in order not to get confused with methanol in SIM mode.
Acetone, n-heptane, and ethanol were eliminated since they have one or more ions at m/z
29, 31, and 32 within their ten largest peaks. On the other hand, acetonitrile did not have

and hence chosen as washing solvent for GC/MS analysis of methanol.

Calibration curve, GC mass spectrum and choromatogram of methanol were presented in
Appendix 1.4.
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Table 4.5 Temperature gradient profile of GC column.

Temperature Rate

Temperature Value

Hold Time

Run Time

(°C/min) ("€) (min) (min)
Initial 60 3 3
Ramp 1 |40 100 1 5
Ramp 2 |40 220 1 9

4.7.4. Total Organic Carbon Analyzer (TOC)

A Shimadzu TOC-NL analyzer was used to determine TOC content of the aqueous

imidacloprid samples. The combustion of the samples was carried at 680 °C. Potassium
Hydrogen Phthalate (KCgHs04) was used to calibrate TOC analyzer.
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5. RESULTS AND DISCUSSION

5.1. Photon Flux of the VUV Lamp

Methanol actinometry method was used to determine photon flux (Pvuv) of the VUV
lamp at 185 nm [84][85]. Methodology of the methanol actinometry was previously
explained in Section 4.6.1. In order to calculate Pvyv of the VUV lamp used in
photooxidation experiments carried out throughout the doctoral study, reduction rate of
methanol (k°s) in ultrapure water solution was experimentally determined to be 4 x 10°
"mol L s (Figure 5.1). Subsequently, Pvuv was calculated as 4.18 x 107" molpnoton S *
by substituting defined kps into equation 4.1 presented in chapter 4.
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3
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= . y=-4E-07x +0.0999
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Figure 5.1 MeOH reduction via VUV irradiation.

5.2. Adsorption of Imidacloprid

Adsorption experiments of aqueous imidacloprid and reactive textile dye (i.e. Red)
solutions were carried out in the photooxidation system without turning the VUV lamp
on in order to investigate if there is any potential loss of the target compounds due to
adsorption onto materials used in the photooxidation system other than the

photooxidation induced one. Adsorption experiments were deliberately extended to 60
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minutes which was safely longer than the time required to degrade both imidacloprid and
red dye within the photooxidation system during the VUV irradiation in order not to fail
to notice the potential adsorptional reduction of the target pollutants which may exhibit
after repetitive circulation and contact with the used materials. Results obtained from the
adsorption experiments were presented in Figure 5.2. and Figure 5.3. for imidacloprid
and red textile dye solutions respectively. As seen in Figures 5.2. and 5.3., no loss due to
adsorption was observed for both imidacloprid and red dye solutions within the VUV
photooxidation system used in this doctoral work. As a result, degradation of the tested
pollutants within the VUV system was solely attributed to photooxidation mechanism

with no influence of adsorption mechanism.

——#—Imidacloprid 10 mg/L

0 10 20 30 40 30 60

Time (min)

Figure 5.2 Adsorptional loss of Imidacloprid (Co=10 mg/L) without turning the VUV
lamp on as a function of irradiation time.
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Figure 5.3 Adsorptional loss of Red dye (Co=10 mg/L) without turning the VUV lamp
on as a function of irradiation time.

5.3. Hydrolysis of Imidacloprid

Hydrolysis experiments of aqueous imidacloprid with 10 mg/L initial concentration were
studied under acidic (pH=3), natural (original, pH=6.469), and alkaline (pH=11)
conditions. In agreement with literature imidacloprid was stable under acidic and original
pH conditions during 104 days of hydrolysis time [43][88]. As presented in Figure 5.4,
on the other hand, hydrolytic degradation of imidacloprid significantly increased under
tested basic condition. Similar findings were also reported in literature[43][89][90]. It
was found that hydrolytic degradation of imidacloprid in basic solution followed first
order Kinetic pattern (R? > 99) with the hydrolytic rate constant of 0.0083 day™* (Figure
5.4). The half-life of imidacloprid obeying first-order hydrolytic Kinetic, then was

calculated to be 83.51 days in this doctoral research.
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Figure 5.4 Hydrolictic degradation of Imidacloprid (Co=10 mg/L) under basic (pH=11)
condition.

5.4. Degradation of Imidacloprid by VUV photooxidation

Results of the VUV initiated photooxidation of aqueous imidacloprid experiments were
presented and discussed herein. Supplementary data of the all following subsections and

related experiments were reported in Appendix 2.

5.4.1. Effects of Flowrate of the experimental solution

As previously reported, low penetration depth of the VUV irradiation (185 nm) into water
solution is main drawback of the VUV induced AOP. As a result, any reactor either flow
through annular photoreactor or else which has diameter > 5.5 mm in radiation direction
will have two seperate reaction zones. The first zone which is closer to the lamp surface,
is where VUV photolysis of water takes place and accordingly is where highly reactive
and non-selective oxidant HO< and other radicals (He, ea) which are responsible of
oxidation and mineralization of pollutants in water are produced. Second zone, on the
other hand, lacks the produced reactive species (HOs., He, €74q). As a result, mass transfer
limitation plays an important role on the photooxidation of the target pollutant. This
limitation can be overcome to some extent by manipulating hydrodynamic conditions of
the system. Therefore, in order to understand effects of hydrodynamic conditions on the
VUV initiated degradation of aqueous imidacloprid, various solution flowrates (500

mL/min, 750 mL/min and 1000 mL/min) were investigated in this research.
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Figure 5.5 VUV induced photodegradation of Imidacloprid (Co = 5 mg/L) under Q =
500 mL/min flow rate condition. The results are average of three replicates.
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Figure 5.6 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) under Q =
750 mL/min flow rate condition. The results are average of three replicates.
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Figure 5.7 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) under Q =
1000 mL/min flow rate condition. The results are average of three replicates.
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Figure 5.8 VUV initiated degradation of Imidacloprid (C, =5 mg/L) under various flow
rate conditions. The results are average of three replicates.
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Effects of solution flow rate onto photodegradation of imidacloprid with laboratory scale
VUV photooxidation system were presented herein. Figures 5.5, 5.6, and 5.7 present
VUV initiated degradation of aqueous imidacloprid under different flow rates conditions.
Figure 5.9 shows that pseudo-first order degradation kinetic was observed for all the
tested flowrates. Pseudo-first order degradation kinetic of aqueous imidacloprid by other
AOPs was also reported previously [91][7][63][64]. Even though «OH, which is the
responsible reactive in degradation of pollutants in AOPs based treatment, reacts with
organic compounds in second order rate, pseudo first order degradation kinetic was
observed with imidacloprid since generation rate of *OH was equal to consumption rate
and reached very quickly to steady state condition, so *OH concentration was considered
as constant. Therefore, reduction of imidacloprid by VUV based AOP took place as a
function of only its own concentration, rather than concentration of both imidacloprid and
*OH, which explains the observed degradation kinetic well.

Degradation kinetic of aqueous imidacloprid by VUV based AOP was shown in Eq. 5.1
-dC/dt = K.on,imp X [*OH] x [C] (5.1)

[C]: imidacloprid concentration

[*OH]: steady state hydroxyl radical concentration

K.om,mp: 2" order reaction rate constant of sOH and imidacloprid

As explained before, since generation and consumption rates of *OH were equal to each
other and *OH steady state condition was established very rapidly, concentration of «OH

considered to be constant. Degradation of imidacloprid was then expressed by Eqg. 5.2 as;
-dC/dt =k’ x [C] (5.2)
k" = K.on,imp X [*OH], which is pseudo-first order degradation rate constant.

Rate of degradation of aqueous imidacloprid increased with an increment in flow rate as
expected (Figure 5.9; Table 5.1). This was probably due to better mixing of solution
within the reactor at higher flow rate and hence increasing contact of imidacloprid with
*OH that is primarily responsible for oxidation of imidacloprid. As mentioned before,
highly strong oxidant «OH with a very short half life (104 — 10"7 s) in aqueous solution
was produced and consumed within a narrow layer where oxidation takes place. It is very
crucial for degradation of the target compound to be present within the oxidant active

zone in order to have reaction with hydroxyl radical (*OH). Even though there was no
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substantial difference on observed degradation rate constants of aqueous imidacloprid
with tested flow rates, slightly higher degradation rate constant was observed at 1000
mL/min flow rate value, the highest flow rate provided by the peristaltic pump used in
this study, due to slightly higher turbulent hydrodynamic condition and accordingly better
mixing that 1000 mL/min flow rate generated in the photoreactor. This result shows that
in terms of degradation of pollutants in water, drawback of low penetration depth of VUV
(185 nm) irradiation into water can be lessened to some extent by providing high turbulent
hydrodynamic regime in the experimental reactors either with manipulating flow rates or
else to increase mixing and allowing contact between the coexisting species (*OH and
imidacloprid) in water. Nonetheless, increments in observed rate constant in this
particular study were only 1.29% and 1.57 % for 750 mL/min and 1000 mL/min
respectively. The reason behind this marginal increase in the rate constant is mass transfer
limitation of imidacloprid within the photoreactor at studied flow rates. First of all, tested
higher flow rates were not able to generate high enough turbulent within the reactor to
sufficiently overcome the mass transfer limitation. Second of all and more importantly,
water displays high absorptivity towards VUV light and hence 185 nm light could only
be able penetrate in narrow zone of experimental solution even in presence of higher flow
rate. The flow rate has influence neither on the absorption of water at 185 nm wavelength
nor on the penetration depth. Therefore, the target compound that resides in the bulk
solution, in other words out of the narrow oxidant active zone, cannot react with *OH and
other radicals (He, e7aq) unless the target compound is efficiently transported into the first
zone. Lastly, *OH was produced and consumed very quickly within the oxidant active
zone. So, *OH exist only in this narrow zone and was consumed instantly before reaching
outside of this zone at tested flow rates. As a matter of fact, there is no flow regime that
can carry *OH out of the narrow zone before it is consumed. So, all the effort of testing
higher flow rates was to transport higher amount of imidacloprid of the bulk solution into
this narrow zone which was provided only small addition of imidacloprid infiltration into
reactive zone by the tested flow rates. As a result, small increment of rate constant was
observed at 1000 mL/min flow rate which can be attributed to slight increase of turbulent

flow and mixing in the photoreactor.

However, VUV initiated photodegradation of aqueous imidacloprid was very rapid
indeed. 100 % removal efficiency of 5 mg/L initial concentration of imidacloprid was

observed by the VUV photooxidation under the all tested flow rates in less than 3.5
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minutes of irradiation (Figure 5.10). The results showed that VUV based AOP was, in
fact, very effective for degradation of aqueous imidacloprid irrespective of flow rates.
Observed high degradation rate constants under various flow rates revealed that even at
low flow rate, VUV photooxidation of aqueous imidacloprid was significant and VUV
based AOP was proven to be very effective method to degrade imidacloprid from water.

Since there is no much difference of observed rate constants between the tested flow rates,

500 mL/min flow rate value was chosen and used for the all following experiments.
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Figure 5.9 Pseudo first-order degradation of Imidacloprid (Co = 5 mg/L) under various
flow rate conditions. The results are average of three replicates.

Table 5.1 VUV induced degradation rate constants of Imidacloprid (C, = 5 mg/L) under
various flow rate conditions.

Flow Rate Pseudo First Order Degradation Equation
500 mL/min y =-1.8891x — 0.0061
R2=0.997
750 mL/min y =-1.9134x - 0.1693
R2=0.9854
1000 mL/min y =-1.9188x — 0.2499
R2=0.9813
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Figure 5.10 Imidacloprid (Co = 5 mg/L) removal efficiency by VUV induced
photodegradation under various flow rates. The results are average of three replicates.

5.4.2. Effects of initial pH of the experimental solution

Solution pH plays an important role in most of AOPs. For example, basic condition is
desired for Oz based AOP since it increases decomposition of Oz and more OH" is
available under this circumstances to react with O3 to generate *OH. On the other hand,
strong acidic condition is required for fenton based AOP to generate high enough «OH
which is the responsible reactive species for oxidation of pollutants by AOPs. Therefore,
effects of initial pH of experimental solution on the VUV induced photodegradation of
aqueous imidacloprid were studied under natural (original, pH~6.5), acidic (pH= 3), and

basic (pH= 11) conditions and presented in this doctoral research.
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Figure 5.11 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) under
natural (original, pH~6.5) condition. Error bars represent the standard deviations of

three replicates.
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Figure 5.12 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) under acidic
(pH=3) condition. Error bars represent the standard deviations of three replicates.
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Figure 5.13 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) under basic
(pH=11) condition. Error bars represent the standard deviations of three replicates.
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Figure 5.14 VUV initiated photodegradation of Imidacloprid (Co = 5 mg/L) under
different pH conditions. Error bars represent the standard deviations of three replicates.
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Effects of solution pH onto photodegradation of imidacloprid with laboratory scale VUV
photooxidation system were presented herein. Figures 5.11, 5.12, and 5.13 display VUV
initiated degradation of aqueous imidacloprid under various pH conditions. Figures 5.14
and 5.15 reveal that pseudo first order degradation kinetic with R? > 0.99 was observed
for all tested pH conditions as in the case of flow rates. Higher degradation rate constant
was observed in the following order of acidic > natural (original) > basic conditions
(Figures 5.14 and 5.15, Table 5.2). Considerable decrease (15.33 %) in the rate of
degradation of imidacloprid was observed at basic condition at pH=11. Inhibition of
degradation of target compounds under basic condition was also reported by other
researchers [92][83][93][94]. This result might be attibuted to reduction of oxidation
potential of *OH and/or conversion of *OH to *O radical in strong alkaline solution
(Equation 5.3). First explanation and maybe the driving force of decrement in rate
constant with the increase of solution pH might be reduction of oxidation potential of
*OH in alkaline media. Yang [83] reported that solution pH not only affected the redox
potential of *OH but also its production rate. They observed significant decrease in pseudo
first order degradation rate constants of alachlor, chloroneb, and atrazine by VUV
irradiation when solution pH was increased from 5 to 9. Decline of oxidation power of
*OH from 2.59 V at strong acidic condition to 1.65 V at alkaline condition was also
reported by Koppenol and Liebman [92]. Moreover, similar finding was published by
Chen [94] is that oxidation potential of *OH was declined from 2.62 V to 2.15 V with
increment of solution pH from 3 to 11. Gholamreza Moussavi [93] experienced decline
in cloxacillin degradation percentage by VUV photooxidation from 83.6% to 65.5% when
the solution pH was increased from 3 to 10 as well. The observed removal decrement was
attributed to the reduction of the oxidation potential of «OH at high solution pH. To
support above findings, in addition, oxidation potential of «OH was reported to be Eo =
2.8V and E1s = 1.96 V for strong acidic and basic conditions by Kim and Vogelpohl [95].

It is known that reaction between OH" and *OH is enhanced at alkaline condition and *OH
is rapidly converted to its conjugate base *O” with k = 1.2 x 10%° L mol? s [74] under

high pH condition.
*OH + OH < <O + H.0 (5.3)

O radical with redox potential of 1.78 V [94] is less reactive than «OH and has a lower
rection rate constant with organic compounds compared to *OH. At pH=11, produced

*OH was converted to <O according to Equation 5.3. Therefore, not only less amount of
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*OH but also less reactive «O” were coexisting and available for oxidation of imidacloprid
at pH =11 and might be the another reason behind this experimental findings as second
explanation. Another explanation is that when the pH was raised to 11, O™ might be the
primary reactant rather than «OH and since «O" reacted more slowly than «OH with
aqueous imidacloprid, lower degradation rate was accordingly recorded for pH=11.

These above mentioned facts might explain the decrese in observed rate constant of
aqueous imidacloprid by VUV process in elevated pH condition and explicitly show the

primary role of *OH in the disappereance of imidacloprid under normal circumstances.

The highest degradation rate was observed for acidic (pH= 3) initial pH condition of
imidacloprid solution (Table 5.2). This finding can again be attributed to the highest
oxidation potential of *OH which is experienced under strong acidic condition. Similar
finding was also published by Iglesias [67] who investigated effects of pH on the
reduction of imidacloprid by electro fenton system with ironalginate gel beads. They also
reported higher degradation efficiency of imidacloprid at lower pH condition which was
related to the higher oxidation power of «OH at low solution pH. As mentioned before,
solution pH not only affects the redox potential of *OH but also its production rate [83].
Therefore, improved degradation efficiency can also be attributed to higher generation
rate of «OH which was experienced by Patil [68] as well. Moreover, because
recombination reaction of «OH radicals is distrupted in acidic condition, higher reduction
rate of imidacloprid might have been observed in tested low pH as another explanation.
Enhanced reduction of aqueous imidacloprid might also be due to the fact that,
imidacloprid transforms from ionic to molecular state in acidic pH [66] and hence might
have been located at nearby the oxidant active first zone experienced in VUV
photooxidation and accordingly might have been more effectively reacted with «OH.
Increased degradation efficiency of pesticides by VUV based or other AOPs which are
characterized by generation of *OH, at low solution pH was also reported in literature as

in agreement with our observation.

Observed degradation rate in acidic solution was slightly (only 1.7 %) higher than that of
natural (original, pH~6.5) condition since the difference of oxidation power of *OH in
tested acidic and original pH conditions was not significant as reported by Koppenol and
Liebman [92].
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Figure 5.16 shows that it took only 3.5 minutes of irradiation to observe complete removal
of 5 mg/L initial concentration of imidacloprid by the VUV photooxidation under acidic
(pH= 3) and natural (original, pH~6.5) conditions whereas it was recorded to be 4 minutes
for basic (pH=11) condition. The results clearly showed that VUV photooxidation was
unlike to other AOPs most of which require certain pH range, very effective for
degradation of aqueous imidacloprid under the all tested pH conditions. Observed high
degradation rate constants under various initial pH of solution also showed that the VUV
photooxidation does not require specific pH arrangement nor does pH monitoring to

degrade imidacloprid from water.

Since there is no much difference of observed rate constants between the tested natural
(original) and acidic pH conditions, natural (original) pH condition was chosen and used

for the all following experiments.
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Figure 5.15 Pseudo first-order degradation of Imidacloprid (Co, =5 mg/L) under
different pH conditions. The results are average of three replicates.
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Table 5.2 VUV induced degradation rate constants of Imidacloprid (Co =5 mg/L) under
various pH conditions.

Solution pH Pseudo First Order Degradation Equation
Natural (original, pH=6.5) y =-1.8891x — 0.0061
R? =0.997
Acidic (pH=3) y =-1.9213x + 0.1016
R? =0.9928
Basic (pH=11) y =-1.5994x + 0.1457
R? =0.9934
;:«." —eo— Natural (original, pH=6.
% . —eo—Acidic (pH=
o Basic (pH=

3 o o

Irradiation Time (min)

Figure 5.16 Imidacloprid (Co = 5 mg/L) removal efficiency by VUV induced
photodegradation under various pH conditions. The results are average of three
replicates.
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5.4.3. Effects of initial concentration of Imidacloprid

Concentration of pollutants in real raw water and water treatment plants is not always
constant and may fluctuate in the influent. Therefore, effectiveness of applied process to
treat various concentrations of the target pollutants should be evaluated before its
application. Besides, pollutants may show different pattern in degradation kinetic at
various concentration level under the same treatment process. Investigation of this
possibility is important before desinging the configuration of the treatment units. For
these reasons, various initial concentrations of aqueous imidacloprid, 2.5, 5, 10 mg/L
were investigated to observe degradation efficieny of VUV induced AOP and degradation
Kinetics of imidacloprid at tested initial concentrations in this doctoral study and results

were presented in this subsection.

» Imidactoprid 2.5 mg/L

C (mg/L)

Irradiation Time (min)

Figure 5.17 VUV induced photodegradation of Imidacloprid (C, = 2.5 mg/L). Error bars
represent the standard deviations of three replicates.
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Figure 5.18 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L). Error bars
represent the standard deviations of three replicates.
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Figure 5.19 VUV induced photodegradation of Imidacloprid (C, = 10 mg/L). Error bars
represent the standard deviations of three replicates.
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Figure 5.20 VUV initiated photodegradation of Imidacloprid under various initial
concentrations. Error bars represent the standard deviations of three replicates.

Effects of initial concentration of agueous imidacloprid on the photodegradation of itself
by VUV process were presented herein. Figures 5.17, 5.18, and 5.19 present VUV
induced degradation of aqueous imidacloprid with various initial concentrations. Figures
5.20 and 5.21 show that pseudo first order degradation kinetic with R? > 0.99 was
observed for all the tested initial imidacloprid concentrations as in the case of flow rates
and solution pH. Observed degradation rate and removal efficiency were decreased with
the increment of initial imidacloprid concentration (Figures 5.21 and 5.22; Table 5.3).
The reason behing this finding might be reduction of ratio of hydroxyl radical («OH) to
imidacloprid since the amount of produced *OH by the VUV process was constant even
though concentration of imidacloprid was increased. This result might also be attributed
to the fact that higher amount of *OH reacted with imidacloprid at higher concentration
and hence available steady state concentration of [*OH] became less. In other words,
depletion of «OH went up with increased concentration of imidacloprid. As a result, since
pseudo first order degradation rate constant, k' = k.on,c X [*OH], is proportional to the
steady state concentration of [*OH], decrement in [*OH] might have caused the decrease
in the observed rate constant. Several researchers also reported decrement in the pseudo
first order degradation constant of target compounds with higher initial concentration in
agreement with our results [96][97][93][98][99].
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Other researchers also investigated the degradation of aqueous imidacloprid by various
AOPs. Bourgin [65] conducted ozanation of imidacloprid (Co = 39 mg/L) in ultrapure
with 25, 50, and 100 g/m® ozone concentrations in the inlet gas during 90 minutes of
treatment time. Pseudo-first order degradation rates of 0.147 and 0.129 min? were
reported for standard imidacloprid solution and seed loading solution respectively when
concentration of ozone was 100 g/m®. Zabar [7] investigated photocatalytic removal of
imidacloprid along with immobilized titanium dioxide (TiO2). They observed 98.8%
imidacloprid (Co, = 100 mg/L) disappearance within 2 hours of treatment with rate
constant of s 0.035 min. Study by Raut-Jadhav [66] focused on degradation of aqueous
imidacloprid (Co = 25 mg/L) via hydrodynamic cavitation (HC) and combination of HC
along with several AOPs (HC+fenton, HC+photofenton, HC+photolytic, and
HC+photocatalytic). Substantial enhancement in the disapperance rate of imidacloprid
was observed via HC + Fenton process which resulted a rate constant of 250.749 x 1072
min~! using molar ratio of imidacloprid:H-O; as 1:40. Combination of photo-fenton with
HC concluded even higher removal rate constant of 297.012 x 10~ min™2. Iglesias [67]
investigated disappereance of aqueous imidacloprid (Co = 100 mg/L) in distilled water
under electro-Fenton system with ironalginate gel beads (EF-FeAB). Increase of
reduction rate constant in the order of EF-FeAB > EF with free ions > electrochemical
processes was reported with 0.0405 mint, 0.0264 min, 0.0112 min* respectively in 120
min of treatment. In another study, Fenoll [63] examined zinc oxide (ZnO, 200 mg/L) and
titanium dioxide (TiO2, 200 mg/L) induced photocatalytic degradation of aqueous
imidacloprid (Co = 0.1 mg/L) in presence and absence of Sodium Persulfate (Na2S20s,
250 mg/L) as an electron acceptor by applying natural light and UV artificial light.
ZnO/Na2S20s and TiO2/Na2S20g application under UV light irradiation succeded total
degradation of imidacloprid in 10 and 30 min respectively. Observed degradation rate
constants of imidacloprid varied from 0.0171 min* (TiO2 under UV light) to 2.4110 min-
1 (ZnO/Na2S,0s under solar light) under different light sources and various catalysts. The
highest apparent reduction rate constant (2.4110 min) of imidacloprid was experienced
during ZnO/Na>S.0g treatment under solar light with half life of 0.3 min. Amir Akbari
Shorgoli and Mohammad Shokri [64] more recently studied photocatalytic degradation
of aqueous imidacloprid with immobilized TiO> nanoparticles (Co = 200 mg/L) in
presence of UVC light. Observed reduction rate constants of 0.0704, 0.0594, and 0.0445
mint were respectively reported for 20, 40, and 60 mg/L of initial imidacloprid

concentrations during 30 min of reaction.
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Experienced performance and rate constants by all these authors were different due to
application of different experimental conditions, reactor designs, amount of catalaysts

and target compound, lamp powers and intensities, radiation sources and wavelengths.

Performance of VUV initiated photodegradation of aqueous imidacloprid at various
initial concentrations was found to be significant in this study. Figure 5.22 shows that it
took only 2.5 min, 3.5 min, and 4.5 min of VUV irradiation to observe complete removal
of 2.5 mg/L, 5 mg/L, 10 mg/L initial concentration of imidacloprid respectively.
Rozsa[100] also reported complete degradation of aqueous imidacloprid (1 x 10 M) by
VUV process within 10 minutes as in accordance with result of this study. VUV induced
degradation rate constants of 2.1814 min*, 1.8891 min, 1.6307 min* were determined
in the same order of concentration (Figure 5.22; Table 5.3). Table 5.4 presents the
comparison of reduction rates of aqueous imidacloprid obtained by the VUV process of
this research and those of previously reported AOPs. VUV based AOP actually presented
better performance than others in regards of decomposition of imidacloprid. Similar
findings of improved degradation efficiency of organic pollutants by VUV process over
the other AOPs were also previously reported [93][98] as in agreement with ours.
Observed increment in degradation efficiency can be attributed to generation of higher

amount of *OH by the VUV process.

Irradiation Time (min)

Ln (Ct/Co)

4 b
o

Figure 5.21 Pseudo first-order degradation of Imidacloprid under various initial
concentrations. The results are average of three replicates.
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Table 5.3 VUV induced degradation rate constants of Imidacloprid with various initial
imidacloprid concentrations.

Initial Concentration (mg/L) Pseudo First Order Degradation Equation
2.5 y =-2.1814x - 0.1764
R2=10.9901
5 y =-1.8891x — 0.0061
R2=0.997
10 y =-1.6307x + 0.0061
R2 =0.9907
E —o—2.5mg
% 4 —e—img/L
7 .

3 5 N~

Irradiation Time (min)

Figure 5.22 Imidacloprid removal efficiency by VUV induced photodegradation under
various initial concentrations. The results are average of three replicates.
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Table 5.4 Reported reduction rates of Imidacloprid by VUV and other AOPs.

Process Imidacloprid Rate Reference
concentration constant
(mg/L) (min™)
VUV 2:5 2.1814 Present study
5 1.8891
10 1.6307
O3 39 0.147 [65]
UVA/TiO2 100 0.035 [7]
HDC/fenton 25 0.2507 [66]
HDC/photofenton 25 0.2970
EF-FeAB 100 0.0405 [67]
Solarlight/ZnO/Na;S20s | 0.1 24110 [63]
UVC/TiO2 20 0.0704 [64]
nanoparticles

5.4.4. Effects of Inorganic ions

Inorganic ions, HCOs", CO3%, and NOs", are commonly found in natural water bodies.
Presence of these ions may affect the degradation process either by absorbing 185 nm
photon and acting as inner filter or by scavenging HO« produced via water homolysis and
ionization of 185 nm irradiation. Therefore, effects of such inorganic ions on the removal

rate constant as well as kinetic pattern of aqueous imidacloprid by VUV process were

evaluated separately in this doctoral study and presented herein.
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Figure 5.23 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) in absence
of inorganic ions. Error bars represent the standard deviations of three replicates.
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Figure 5.24 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) in presence
of carbonate ion (CO32=5 mg/L). Error bars represent the standard deviations of three

replicates.
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Figure 5.25 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) in presence
of bicarbonate ion (HCOs=5 mg/L). Error bars represent the standard deviations of

three replicates.
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Figure 5.26 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) in presence

of nitrate ion (NOz=5 mg/L). Error bars represent the standard deviations of three
replicates.
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Figure 5.27 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) in presence
of various inorganic ions. Error bars represent the standard deviations of three
replicates.

Effects of presence of inorganic ions on the photodegradation of aqueous imidacloprid
by VUV process were reported in this subsection. Figures 5.23 through 5.26 present VUV
induced degradation of aqueous imidacloprid in the absence and presence of inorganic
ions (HCOs, CO3%, and NOs). Figures 5.27 and 5.28 show that pseudo first order
degradation kinetic with was observed for all the tested conditions. Observed degradation
rate and removal efficiency were decreased in the presence of inorganic ions as expected
(Figures 5.28 and 5.29; Table 5.5). Higher inhibition of imidacloprid degradation was
observed in the order of CO3*> HCO3> NOs presence. Decrement of 10.68%, 9.88%,
and 8.87% in the degradation rate constant of imidacloprid were recorded for COs?,
HCOs, and NOs" respectively. These results can be attributed to scavenging of HO+ by
HCO3 and CO3s? which are well known *OH scavengers, according to equations 5.4 and
5.5 [74] and absorption of 185 nm photon as well as *OH scavenging by NO3™ which has
high molar absorption coefficient of 185 nm photon [81]. HCOs and CO3?” competed with
imidacloprid to react with «OH and as a result, less amount of *OH were available for
imidacloprid as first explanation of decrease in degradation of imidacloprid. Second

explanation is that even though carbonate radical (CO’s") generated in the presence of
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HCOs and COs%, with oxidation potential of 1.78 V at pH 7 [72][2] is capable of
oxidizing pollutants including imidacloprid, it is less reactive than <OH, which
accordingly resulted lower removal rate of imidacloprid. So, not only less amount of *OH

and but also presence of less reactive of CO"3” might have caused the observed reduction.
HCOs + «OH — CO%3" + H20 (5.4)
CO3% + «OH — CO'3 + OH" (5.5)

Reaction rate constants of HCOz and COs? with *OH in equations 5.4 and 5.5 are 8.5 x
106 Mt stand 4 x 108 M? s respectively [74]. COs? react with OH more or less 47
times faster than that of HCOs". Adrian Serrano Mora [81] also reported that COs? has
28 to 45 times faster reaction rate than HCO3™ with «OH [74][101][102]. Therefore, these
rate constants can explain observing the highest degradation inhibition in presence of
COs%. There was no significant difference in observed rate constants in presence of
HCOs and COs?. This can be attributed to the pH values of carbonated (COs%) and
bicarbonate (HCO3") experimental solutions. As presented in chapter 3 of this doctoral
thesis, pH values of experimental solutions that contain 5 mg/L HCOs and CO3s? were
7.738 and 9.911 respectively. Equilibria between carbonic species (HCOs and COs?,
H>CO:s) in water is pH dependent. At pH 7.738 carbonic species are only in the form of
HCOs which makes up around 90% of total carbonic species at this measured pH and
H2COs. On the other hand, at pH 9.911 carbonic species are only in the form of CO3% and
HCOs which is again around 60%. So, at observed higher pH value, concentration of
CO3% was not enough high that might have resulted further degradation of imidacloprid
compared to one experienced in the presence of HCOs". It can be concluded that
scavenging effects of HCOs and COs?* might exhibit differences in accordance with

solution pH.

Presence of NO3™ has resulted slightly less inhibition than carbonic species since NO3™ has
less reactivity with «OH. Despite this fact (less reactivity with «OH), decrease in rate
constant in the presence of NOs™ was almost as high as presence of other ions (Figure
5.28; Table 5.5) and could be attributed to high absorption coefficient of NO3™ at 185 nm
photon. NOs™ might have acted as inner filter and absorbed some of the VUV photon. As
a result, less amount of 185 nm might have excited the water molecules and subsequently
less amount of «OH might have produced which could explain the onservation of almost

same level inhibition of imidacloprid degradation rate. Our observation is in agreement
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with previously reported literatures. Moussavi [98] reported decrease of cyanide
degradation in presence of HCO3", COs%, and NOg3™ in the same order of inhibition that is
experienced in this doctoral study. Decrement in imidacloprid degradation rate in the
presence of HCOs", CO3s% which are well known «OH scavengers, shows once again that
*OH is the primary reactive species in the VUV induced degradation of imidacloprid.

Despite of decrease in observed degradation rates, which were 10.68%, 9.88%, and 8.87%
in the presence of COs*, HCOg3, and NO3 respectively, VUV process was very effective
in the degradation of imidacloprid (Figure 5.28). 100 % removal efficiency of 5 mg/L
initial concentration of imidacloprid was observed in the presence of all studied ions in
less than 4 minutes of VUV irradiation (Figure 5.29). These results also manifest that
reaction rate of imidacloprid with «OH is higher than HCOjs, COs®, which is in

accordance with literatures.
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Figure 5.28 Pseudo first-order degradation of Imidacloprid (Co =5 mg/L) in presence of
various inorganic ions. The results are average of three replicates.
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Table 5.5 VUV induced degradation rate constants of Imidacloprid (Co =5 mg/L) in

presence of inorganic ions.

Inorganic lon

Pseudo First Order Degradation Equation

Imidacloprid (alone)

y = -1.8891x — 0.0061
R2 = 0.997

Carbonate lon (COs?)

y = -1.6873x — 0.0397
R2 = 0.9849

Bicarbonate lon (HCO3)

y = -1.7024x + 0.1146
R2=0.979

Nitrate lon (NO3)

y =-1.7215x + 0.0406

R2? =0.9849
o °
i
° 6
< —e— Imidacloprid
,"05 —e— Imidacloprid + HCO3
2 . o e
T 4 Imidacloprid + CO3
£~ By . 2O
—e— Imidacloprid + NO3
o
3 p Y
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Figure 5.29 Imidacloprid (Co = 5 mg/L) removal efficiency by VUV irradiation in
presence of inorganic ions. The results are average of three replicates.

75




5.4.5. Effects of Water Matrix

Water matrix can affect VUV induced photodegration of target pollutants either by
absorbing 185 nm photon and acting as inner filter or scavenging produced radicals,
especially «OH. Tap water may contain mixture of common inorganic ions such as
bicarbonate, carbonate, nitrate, chloride whereas pond water additionally accomodates
natural organic matter (NOM) and other impurities. Effects of individual presence of
inorganic ions, bicarbonate, carbonate, and nitrate on the imidacloprid degradation were
investigated and reported in previous section. Synergistic effects of mixture of these ions
along with natural organic matter and other impurities may result further inhibition on the
degradation efficiency and rate constant. It was mostly reported in the literature that
AOPs were affected at varying degrees by inorganic ions and NOM in the degradation of
target pollutants. For these reasons, performance of VUV based AOP on the degradation
of aqueous imidacloprid and degrees of inhibition exerted by such impurities of water

were investigated in the presence of tap and pond water.
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Figure 5.30 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) in tap water.
Error bars represent the standard deviations of three replicates.
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Figure 5.31 VUV induced photodegradation of Imidacloprid (Co, =5 mg/L) in pond
water. Error bars represent the standard deviations of three replicates.
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Figure 5.32 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) in various
water matrices. Error bars represent the standard deviations of three replicates.
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Effects of water matrix on the VUV induced photodegradation of imidacloprid with 5
mg/L initial concentration were presented in Figures 5.30, 5.31, and 5.32 . It was found
that degradation of imidacloprid in tap and pond water followed pseudo first order kinetic
pattern as in the case of ultrapure water (Figures 5.32 and 5.33). As shown in Figures 5.33
and 5.34, removal of imidacloprid was decreased both in tap and pond water. Inhibition
of degradation was the highest in the pond water due to presence of natural organic
matters (NOM) which usually reported to have higher scavenging effects on <OH
compared to inorganic ions. Similar findings were also reported by other researchers for
the degradation of organic pollutants with AOPs [2][99]. This can then be attributed to
high rate constant of 3 x 108 Mcarbon-* s-* between NOM and +OH [99][103]. NOM may
influence the degradation of target pollutants in various ways. NOM can compete with
the target pollutant to react with radicals. In the case of VUV irradiation, concentration
of generated primary radicals was constant. Presence of oxidizable compound which was
NOM in the pond water, would lower the amount of oxidants available for degradation
of imidacloprid and subsequently efficieny of the VUV process, which might have been
the primary reason for the decrement in rate constant of imidacloprid. Moreover, NOM
might have absorbed some of the 185 nm photons in the VUV photooxidation system that
hence, reduced photolysis of water by VUV photons and accordingly concentration of
primary radicals, particularly «OH. Therefore, lower removal efficieny of imidacloprid
can also be attributed to inner filter effect of NOM. Clara Duca [82] found in her doctoral
research that NOM exhibited high absorption coefficient at 185 nm photon which
supports the later explanation. Decrements in the observed rate constant of imidacloprid
degradation were 22% and 26.54% for tap and pond water respectively as shown in
Figure 5.33 and Table 5.6. So, it can be expressed that water matrix, in other words, water
quality considerably affected the performance of VUV process in the removal of
imidacloprid. It was found that observed degradation rates were also less than what was
attained in the individual presence of inorganic ions. This result can be attributed to
synergistic effects of inorganic ions along with existance of natural organic matter and
other impurities. Reduction of rate constant of imidacloprid in tap water can be attributed
to presence of inorganic ions which not only can scavenge VUV produced *OH, He, €4
but also can produce less reactive species by reacting with them. For example, it was
reported that CI- can form less reactive species of CIOH<", Cle, Cl,O*™ by reacting with

*OH [99] which might have caused decrease in rate constant of imidacloprid.
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Nonetheless, VUV initiated oxidation of aqueous imidacloprid was still very rapid in
different water matrices. Complete removal efficiency of 5 mg/L initial concentration of
imidacloprid was observed in less than 4.5 minutes of VUV irradiation under the
investigated conditions (Figure 5.34). Observed degradation rate constants of
imidacloprid in tap and pond water by the VUV process were greater than what were

reported with other AOPs which was previously presented in Table 5.4.
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Figure 5.33 Pseudo first-order degradation of Imidacloprid (Co =5 mg/L) in various
water matrices. The results are average of three replicates.

Table 5.6 VUV induced pseudo first order degradation rate constants of Imidacloprid
(Co =5 mg/L) in various water matrices (ultrapure water, tap water, and pond water).

Water Matrix Pseudo First Order Degradation Equation
Ultrapure water y =-1.8891x — 0.0061
R2 =0.997
Tap water y =-1.4677x + 0.3292
R2 =0.9881
Pond water y =-1.3877x + 0.298
R2=0.9893
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Figure 5.34 Imidacloprid (Co = 5 mg/L) removal efficiency by VUV induced
photodegradation in various water matrices. The results are average of three replicates.

5.4.6. Effects of Oxygenated and Deoxygenated conditions on the degradation of

Imidacloprid

Effects of dissolved oxygen on the degradation as well as mineralization of organic
pollutants has been widely studied in AOPs. The reason behind this is that oxygen can
react both with generated radicals including intermediate radicals in AOPs and target
pollutants and accordingly may alter the degradation performance of applied process
positively or negatively depending on the structure and concentration of the target
pollutants. Primary radicals of VUV photolysis of water are established to be «OH, He,
and eaq. In the presence of dissolved oxygen, target compound and oxygen compete with
each other to react with these radicals. In order to observe, therefore, effects of dissolved
oxygen on the VUV initiated degradation of imidacloprid, oxygen saturated and oxygen
free experiments were carried out within the scope of this research and compared with

the degradation experiments of imidacloprid executed with no gas sparging.
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Figure 5.35 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
oxygenated and deoxygenated solutions. Error bars represent the standard deviations
of three replicates.
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Figure 5.36 Pseudo first-order degradation of Imidacloprid (Co =5 mg/L) in
oxygenated and deoxygenated solutions. The results are average of three replicates.
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Effects of presence and absence of dissolved oxygen on the reduction of imidacloprid by
VUV process were presented in Figures 5.35 and 5.36. Pseudo first order degradation
kinetics were observed for all the tested conditions as shown in Figure 5.36. Observed
rate constants and were very comparable to each other (Table 5.7). Less than 1%
increment was observed in the removal rate constant for the oxygenated condition
whereas less than 0.17% decrement was for the deoxygenated one. This results showed
that dissolved oxygen had negligible impact on the degradation rate of imidacloprid by
the VUV process as in agreement with [100]. It is known that reductive He and e7,q are
rapidly converted to oxidative HO2+/O2+~ by reacting with oxygen [74] through Eq. 5.6
and 5.7.

He + Oz — HO2* k=21x10°M?*Ls? (5.6)
€aq+ 02 — Ope k=1.9x10°M?*Ls?t (5.7)
In the pH range of 6 to 9, HO2+ disproportionates to O, by Eq. 5.8 [104].
HOze = H* + O+ pKa =4.8 (5.8)

In the presence of oxygen, oxidative HO2¢/O2+~ would coexist with HO-. So, contribution
of HO2+/O>+" to reduction of imidacloprid was negligible. Furthermore, oxygen absorbs
185 nm photon to produce Oz in oxygenated solutions. Evidently, Oz had negligible effect
on degradation of imidacloprid by VUV photooxidation as well since only marginal
increment was observed in reduction rate. On the other hand, in deoxygenated solution,
reductive He and e,q coexisted with HO«. He and eaq apparently did not have much
contribution on the degradation of imidacloprid either due to their low reactivity
compared to HO«. This result was in accordance with literature [27][77][99][87]. Results
showed that HO« was primary oxidant in degradation of imidacloprid by VUV based
AOP.

In conclusion, VUV initiated photodegradation of aqueous imidacloprid was very rapid
in both oxygenated and deoxygenated solutions. Complete removal of 5 mg/L initial
concentration of imidacloprid was observed by the VUV photooxidation under the tested
conditions in less than 3.5 minutes of irradiation (Figure 5.37). The VUV based AOP was
very effective for degradation of aqueous imidacloprid irrespective of presence of

oxygen.
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Table 5.7 VUV induced Imidacloprid (Co = 5 mg/L) degradation rate constants in
oxygenated and deoxygenated solutions.

Solution Condition Pseudo First Order Degradation Equation
Imidacloprid (no gas sparging) y =-1.8891x — 0.0061
R2=10.997
Oxygenated y =-1.9048x + 0.2041
R2=10.9905
Deoxygenated y =-1.8859x + 0.1712
R2=0.9952
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Figure 5.37 Imidacloprid (Co = 5 mg/L) removal efficiency by VUV irradiation in
oxygenated and deoxygenated solutions.

83



5.5. Mineralization of Imidacloprid by VUV photooxidation

Degradation of pollutants (i.e. pesticides) is usually faster than its mineralization.
Therefore, several byproducts may exist within the treated water once the complete
degradation of target pollutants was achieved. It is therefore important to determine the
effectiveness of applied process on the mineralization of the target pollutants. In order to
determine the performance of VUV process for the destruction of byproducts of
imidacloprid, TOC reduction experiments were exercised within the scope of this
research. Additionally, effects of presence and absence of dissolved oxygen on the TOC
reduction by the VUV irradiation were also studied since oxygen mostly influence the

mineralization of organic pollutants.

5.5.1. Effects of Oxygenated and Deoxygenated conditions on the mineralization of
Imidacloprid
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Figure 5.38 Zero-order mineralization (TOC reduction) of Imidacloprid (C, = 10 mg/L)
in oxygenated and deoxygenated solutions.

84



Ms Irradiation Time (min)

3y,
4

Ln (TOCtTOCo)

Figure 5.39 First-order mineralization (TOC reduction) of Imidacloprid (Co = 10 mg/L)
in oxygenated and deoxygenated solutions.

Effects of VUV process on the mineralization (TOC reduction) of aqueous imidacloprid
in the presence and absence of dissolved oxygen were presented in Figures 5.38 and 5.39.
Correlation coefficient (R?) of TOC reduction of imidacloprid as a function of irradiation
time (Figure 5.38) was slightly higher and comparable to that of Figure 5.39 constructed
from natural logarithm of TOC reduction. Therefore, it was found that mineralization of
imidacloprid by applied VUV based AOP followed zero order kinetic pattern (Figure
5.38). This result might be attributed to the complete degradation of imidacloprid within
4 minutes of VUV irradiation as opposed to 120 minutes of reaction time which was
required for almost 80% mineralization of imidacloprid and its intermediate products.
Imidacloprid was very rapidly degraded by VUV process that around 4% TOC reduction
was observed at the time of complete imidacloprid degradation. Therefore, initial
concentration of imidacloprid might not have effect on mineralization of imidacloprid
and its byproducts with respect to 2 hours of mineralization time. Efficient TOC reduction
was achieved in natural (no gas sparging), oxygen saturated, and oxygen free solutions as
in agreement with what was reported by Rozsa [100]. Observed TOC reduction rate
constants of oxygenated, deoxygenated and natural (no gas sparging) conditions were

very comparable to each other (Table 5.8). Same rate constant was determined for both
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oxygen free and natural (no gas sparging) solutions while only 1.61% increment was
observed in the oxygen saturated condition. This results showed that dissolved oxygen
and oxidative HO2+/O2¢~ which were coexisted with HO« in the presence of oxygen
apparently did not have much impact on the VUV induced mineralization of imidacloprid
and its byproducts either, which is in agreement with what was attained in degradation
experiments. On the other hand, reductive He and eaq had negligible effect on the
mineralization of imidacloprid and formed byproducts as well since there is no difference
observed in the oxygen free solution either. It can then be concluded that HO+ was the

responsible radical in the mineralization mechanism as in the case of degradation.

Figure 5.40 presents that almost 80% TOC reduction was sought in 2 hours of irradiation
under the all tested conditions. The attained TOC reduction efficiency in this doctoral
study showed that the VUV process is indeed superior to other previously studied
treatment processes in regards of mineralization of imidacloprid and its byproducts
[60][62][7][68][64]. Please refer to section 2.2.3 of chapter 2 for deteailed information.

Despite complete reduction of aqueous imidacloprid in 4 minutes, 2 hours was required
to reach approximately 80% mineralization. These results showed that generated
byproducts exhibited higher resistance to primary HOe. He, e7ag, and secondary radicals
HO2+/O,+~ than imidacloprid in the VUV process. Generation of several byproducts from
imidacloprid degradation by the VUV photooxidation was also detected and confirmed
in LC/MS Q-TOF analysis.

Table 5.8 VUV induced mineralization (TOC reduction) rate constants of Imidacloprid
(Co =10 mg/L) in oxygenated and deoxygenated solutions.

Solution Condition Zero Order TOC Reduction Equation
Imidacloprid (no gas sparging) y =-0.0062x + 0.9479
2=0.983
Oxygenated y =-0.0063x + 0.9462
R2=0.9821
Deoxygenated y =-0.0062x + 0.9557
R2=0.9853
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Figure 5.40 Imidacloprid Mineralization (TOC reduction) efficiency of VUV irradiation
in oxygenated and deoxygenated solutions.

5.6. VUV photooxidation Byproducts of Imidacloprid

Even though VUV based AOP attained complete removal of aqueous imidacloprid,
incomplete reduction of intermediate products might be experienced during the reaction
time of complete imidacloprid removal. Therefore, generation of possible byproducts and
effectiveness of VUV process onto the formed intermediate products were investigated
in the course of this doctoral study and presented herein. Seperation and identification of
degradation byproducts were executed with LC/MS Q-TOF in positive ionization mode
which is defined in detail at section 4.7.2. Detected compounds were considered as
intermediate products by observing increase and decrease in their peak area counts as a
function of irradiation time. Several possible byproducts some of which were identified,
were detected during the reaction time of complete imidacloprid reduction. Some of the
detected byproducts increased in their response of LC/MS as imidacloprid was degraded
while others decreased slightly. Other than imidacloprid, detected byproducts were
present at the time of complete imidacloprid destruction since 4 minutes of VUV
irradiation was inadequate for complete destruction of them. LC/MS Q-TOF
choromatograms and mass spectrums of imidacloprid along with byproducts were

reported in Appendix 1.3 and 2.8 respectively.
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Upon collisional excitation of imidacloprid m/z 256 [M + H], fragment ions of m/z 209
and m/z 175 were formed. Loss of HNO. from imidacloprid m/z 256 resulted the
formation of m/z 209 ion. On the other hand, observed ion m/z 175 was due to loss of NO.
and subsequently CI from the parent compound m/z 256. Byproducts with m/z 212, m/z
227, m/z 211, m/z 126, m/z 191 which were attributed to a loss of 44, 29, 45,130, 65 mass
units from imidacloprid and m/z 272 were generated during VUV induced imidacloprid
degradation. Imidacloprid urea (m/z 212), imidacloprid hydroxy (m/z 272 ), imidacloprid
desnitro (m/z 211), m/z 227, m/z 223, m/z 191, m/z 205, m/z 183, and m/z 126 ions were
previously reported by several researchers [60][54][105][106][107][65] [57][63][7][108].
However, According to our best knowledge this is the first time of m/z 163 to be reported
in imidacloprid degradation (Table 5.9).

6-chloronicotinc acid which was reported as main degradation product of imidacloprid in
various studies [54][56] was not observed during the VUV irradiation of imidacloprid as
in accordance with observation of Lavine [57]. This might be attributed to rapid
generation and destruction of 6-chloronicotinc acid under the applied VUV process which
also decomposed target compound, imidacloprid, very fast. Another explanation of this
observation is that 6-chloronicotinc acid was previously reported by some researchers in
literature to be the final product of imidacloprid degradation. In other words, it apperead
following the decomposition of generated intermediate products which was not the case

observed in this research due to very short reduction time of imidacloprid.

Table 5.9 Detected byproducts/fragment ions of imidacloprid in the VUV process by
LC/MS Q-TOF analysis.

Compound Name Observed m/z Literature

Imidacloprid urea 212 [63] [65] [105] [107] [57]

Imidacloprid desnitro 211 [7] [54] [57][60] [107]
[108]

Imidacloprid hydroxy 272 [7][63] [65] [107]

Imidacloprid olefin desnitro 209 [54] [65] [57][108]
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Compound Name Observed m/z Literature
Unknown A 175 [65] [105]
Unknown B 227 [57]
Unknown C 126 [65]
Unknown D 191 [65]
Unknown E 205 [63]
Unknown F 183 [54]
Unknown G 163 Not reported

5.7. Degradation of Reactive Textile Dyes by VUV photooxidation

In order to study versatility and effectiveness of the VUV based AOP to oxidize various
pollutants from water, experiments of discoloration of two commercially available
reactive textile dyes (Synozol Red KH-L and Synozol Yellow KH-L) by the same VUV
photooxidation system were also carried out in this doctoral research. Effects of solution
flowrate, initial dye concentration and sleeve materials (clear fused quartz and high purity
synthetic quartz) on the discoloration Kinetic, disappereance rate constant and percentage
were reported and discussed in the subsequent subsections. Supplementary data of the all

following subsections and related experiments were reported in Appendix 3.

5.7.1. Effects of Flowrate of the experimental solution

As mentioned before, mass transfer limitation plays an important role on the VUV (185
nm photon) initiated photooxidation of the target pollutant. This limitation can be
overcome to some extent by manipulating hydrodynamic conditions of the system (for
deteailed information please refer to section 5.4.1). Therefore, effects of hydrodynamic
conditions on the disappeareance of a target textile dye were investigated at different
solution flowrates, 350, 500, 750 mL/min in presence of clear fused quartz sleeve. Red

dye was selected and used in flow rates experiments.

89



0.1 5 Q = 350 mL/min
&
0.08 -
Y 0.06 - x
§ ' b2
z
é. 004 - . = #Synozol Red 10 mgL
S
0.02 - &
» *
%
o T T T T T T ?
0 25 5 7.5 10 12.5 15 17.5

Irradiation Time (min)

Figure 5.41 VUV induced discoloration of Red dye (C, = 10 mg/L) under Q = 350
mL/min flow rate condition. Error bars represent the standard deviations of three

replicates.
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Figure 5.42 VUV induced discoloration of Red dye (Co, = 10 mg/L) under Q = 500
mL/min flow rate condition. Error bars represent the standard deviations of three
replicates.
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Figure 5.43 VUV induced discoloration of Red (Co = 10 mg/L) under Q = 750 mL/min
flow rate condition. Error bars represent the standard deviations of three replicates.
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Figure 5.44 VUV induced discoloration of Red dye (Co, = 10 mg/L) under various flow
rate condition. Error bars represent the standard deviations of three replicates.
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Effects of solution flow rate on the VUV induced discoloration of red dye were presented
herein. Figures 5.41, 5.42, and 5.43 present VUV initiated discoloration of aqueous red
dye under 350, 500, 750 mL/min flow rates respectively. Figures 5.44 and 5.45 display
that pseudo first order disappereance kinetic (R?> 99%) was observed for the all tested
flowrates. Even though «OH, which is the responsible reactive in reduction of pollutants
in AOPs based treatment, reacts with organic compounds in second order rate, pseudo
first order disappereance kinetic was observed with red dye since generation rate of *OH
was equal to consumption rate and reached very quickly to steady state condition, so «OH
concentration was considered as constant. Therefore, discoloration of red dye by VUV
based AOP took place as a function of only its own concentration, rather than
concentration of both red dye and *OH, which explains the observed reduction Kinetic
well. Detailed information about observed pseudo first order kinetic was provided in
section 5.4.1.

Rate of disappereance of red dye increased with an increment in flow rate as in agreement
with what was observed for degradation of imidacloprid in this research (Figure 5.45;
Table 5.10). This was probably due to better mixing of solution within the reactor at
higher flow rate and hence increasing contact of red dye with «OH that is primarily
responsible for oxidation of imidacloprid. Even though there was no substantial
difference on observed disappereance rate constants of red dye with tested flow rates,
slightly higher rate constant was observed at 750 mL/min flow rate value due to slightly
higher turbulent hydrodynamic condition and accordingly better mixing that 750 mL/min
flow rate generated in the photoreactor. Increments in the observed rate constants were

4% and 5.4% for 500 and 750 mL/min flow rates respectively.

The results showed that VUV initiated discoloration of red dye was rapid even in the
presence of clear fused quartz sleeve which evidently transmits less 185 nm photon. 100
% removal efficiency of 10 mg/L initial concentration of red dye was observed by the
VUV photooxidation under the all tested flow rates within 20 minutes of irradiation
(Figure 5.46). It can be concluded that VUV based AOP was effective for discoloration

of aqueous red dye irrespective of flow rates.

Since there is no much difference of observed rate constants between the tested flow rates,

500 mL/min flow rate value was chosen and used for the all following experiments.
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Figure 5.45 Pseudo first-order discoloration of Red dye under various flow rate
conditions. The results are average of three replicates.

Table 5.10 VUV induced discoloration rate constants of Red dye (Co, = 10 mg/L) under

various flow rate conditions.

Flow Rate Pseudo First Order Discoloration Equation
350 mL/min y =-0.1861x —0.0897
R?>=0.9984
500 mL/min y=-0.1937x - 0.1074
R?=0.9918
750 mL/min y =-0.1961x —0.1253
R>=0.9907
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Figure 5.46 Red dye disappereance efficiency of VUV irradiation under various flow
rates. The results are average of three replicates.

5.7.2. Effects of initial concentration of the reactive textile dyes

Concentration of pollutants in the influent of water and wastewater treatment plants may
show variations. Therefore, it is important to determine effectiveness of applied process
to treat various concentrations of the target pollutants before its application. Besides,
pollutants may show different pattern in degradation kinetic at various concentration level
under the same treatment process. For these reasons, various initial concentrations of red
and yellow dyes, 10, 25 and 50 mg/L were investigated to observe removal efficieny of
VUV induced AOP and discoloration Kkinetics of textile dyes at tested initial
concentrations in the presence of clear fused quartz. The results were presented in

following subsections.
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5.7.2.1. Effects of initial concentration on the discoloration of red dye
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Figure 5.47 VUV induced discoloration of Red dye (Co = 10 mg/L). Error bars represent
the standard deviations of three replicates.
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Figure 5.48 VUV induced discoloration of Red dye (Co, = 25 mg/L). Error bars represent
the standard deviations of three replicates.
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Figure 5.49 VUV induced discoloration of Red dye (Co = 50 mg/L). Error bars represent
the standard deviations of three replicates.
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Figure 5.50 VUV initiated discoloration of Red dye under various initial concentrations.
The results are average of three replicates.
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Effects of initial concentration of red dye on the discoloration of itself by the VUV
process were presented herein. Figures 5.47, 5.48, and 5.49 present VUV induced
disappereance of aqueous red dye with initial concentrations of 10 mg/L, 25 mg/L, and
50 mg/L respectively. Figures 5.50 and 5.51 show that pseudo first order discoloration
kinetic was observed for all the tested initial red dye concentrations as in the case of flow
rates. Figure 5.51 shows that even though first order kinetic was observed at the tested
highest initial concentration (50 mg/L), discoloration Kinetic seemed to be shifting
towards to second order kinetic. This finding shows that red dye with initial concentration
of higher than 50 mg/L may follow second order disappereance kinetic which is
sometimes observed at high concentration of organic pollutants treated with AOPs. The
reason might be that at elevated concentration of target compound, higher amount of
degradation byproducts may be generated, which are sometimes not further degraded or
require longer treatment time than apllied one. Therefore, such byproducts coexist with

the target compound long enough to affect degradation kinetic.

Observed disappereance rate and efficiency were decreased with the increment of initial
concentration (Figures 5.51 and 5.52; Table 5.11). The reason behing this finding might
be reduction of ratio of hydroxyl radical (*OH) to red dye since the amount of produced
*OH by the VUV process was constant even though concentration of red dye was
increased. This result might also be attributed to the fact that higher amount of «OH
reacted with red dye at higher concentration and hence available steady state
concentration of [+OH] became less. As a result, since pseudo first order degradation rate
constant, k' = k.on,c x [*OH], is proportional to the steady state concentration of [*OH],

decrement in [*OH] might have caused the decrease in the observed rate constant.
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Figure 5.51 Pseudo first-order discoloration of Red dye under various initial
concentrations. The results are average of three replicates.

Table 5.11 VUV induced discoloration rate constants of Red dye at various

concentrations.

Initial Concentration

Pseudo First Order Discoloration Equation

10 mg/L y=-0.1937x-0.1074
R2=0.9918

25 mg/L y =-0.0505x - 0.2922
R2=10.9805

50 mg/L y =-0.0209x - 0.3523

R?=10.9501
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Figure 5.52 Red dye disappereance efficiency of VUV irradiation under various initial
concentrations. The results are average of three replicates.

5.7.2.2. Effects of initial concentration on the discoloration of yellow dye
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Figure 5.53 VUV induced discoloration of Yellow dye (C, = 10 mg/L). Error bars
represent the standard deviations of three replicates.
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Figure 5.54 VUV induced discoloration of Yellow dye (Co = 25 mg/L). Error bars
represent the standard deviations of three replicates.
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Figure 5.55 VUV induced discoloration of Red dye (Co, = 50 mg/L). Error bars represent
the standard deviations of three replicates.
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Figure 5.56 VUV initiated discoloration of Yellow dye under various concentrations.
The results are average of three replicates.

Figures 5.53, 5.54, and 5.55 present VUV induced disappereance of aqueous yellow dye
with initial concentrations of 10, 25 and 50 mg/L respectively. Figures 5.56 and 5.57
show that pseudo first order discoloration kinetic was observed for all the tested initial
yellow dye concentrations as in the case of red dye. Figures 5.57 and 5.58; Table 5.12
show that rate and efficiency of yellow dye disappereance were decreased with the
increase of initial concentration. The reason behing this finding was explained in the case

of red dye (please refer to section 5.7.2.1.).
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Figure 5.57 Pseudo first-order discoloration of Yellow dye under various initial
concentrations. The results are average of three replicates.
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Table 5.12 VUV induced discoloration rate constants of Yellow dye at various

concentrations.

Initial Concentration Pseudo First Order Discoloration Equation
10 mg/L y =-0.2039x + 0.0177
R2=10.9868
25mg/L y =-0.0682x — 0.1574
R*=01997
50 mg/L y =-0.0226x - 0.1242
R2=10.9905
Yellow
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Figure 5.58 Yellow dye disappereance efficiency of VUV irradiation under various
initial concentrations. The results are average of three replicates.
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5.7.2.3. Comparison of discoloration of red and yellow dyes

Co =10 mg/L

19

A8

6

1
Y
“
=
G
=
- @
- o
8 Vue oRzd
- @

G 3

- ® Y ellow

. @
@
L J
n
e @
°
® ™ -
o I 3 75 10 175 17 35 20 M5

Irradiation Time (min)

Figure 5.59 VUV induced discoloration of Red and Yellow dyes at C, = 10 mg/L. The
results are average of three replicates.
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Figure 5.60 VUV initiated discoloration kinetic of Red and Yellow dyes at C, = 10
mg/L. The results are average of three replicates.
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It was found that VUV initiated disappereance of red and yellow dyes showed same
discoloration kinetic and comparable rate constants at 10 mg/L initial concentration
(Figures 5.59 and 5.60). Observed discoloration rate of yellow dye was slightly higher
than that of red dye as presented in Table 5.13.

Table 5.13 VUV induced discoloration rate constants of Red and Yellow dyes at C, =
10 mg/L initial concentration.

Reactive Textile Dye Pseudo First Order Discoloration Equation
Red y =-0.1937x - 0.1074
R*=0.9918
Yellow y =-0.2039x +0.0177
R?=0.9868
Co =25 mg/L
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Figure 5.61 VUV induced discoloration of Red and Yellow dyes at C, = 25 mg/L. The
results are average of three replicates.
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Figure 5.62 VUV initiated discoloration kinetics of Red and Yellow dyes at C, = 25
mg/L. The results are average of three replicates.

Figures 5.61 and 5.62 show that VUV initiated reduction of red and yellow dyes at 25
mg/L initial concentration followed the same discoloration kinetic as in the case of 10
mg/L initial concentration. However, observed discoloration rate of yellow dye was
noticeably higher than that of red dye at this concentration level (Table 5.14). This might
be attibuted generation of byproducts in the case of red dye at this tested initial
concentration, which showed greater resistance to applied treatment process compared to

those of yellow dye.

Table 5.14 VUV induced discoloration rate constants of Red and Yellow dyes at C, =
25 mg/L initial concentration.

Reactive Textile Dye Pseudo First Order Discoloration Equation
Red y = -0.0505x — 0.2922

R2=0.9805
Yellow y =-0.0682x - 0.1574

RZ2=0997
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Figure 5.63 VUV induced discoloration of Red and Yellow dyes at C, = 50 mg/L. The
results are average of three replicates.
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Figure 5.64 VUV initiated discoloration kinetics of Red and Yellow dyes at C, = 50
mg/L. The results are average of three replicates.
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VUV initiated disappereance of red and yellow dyes showed same discoloration Kinetic
and comparable rate constants at 50 mg/L initial concentration (Figures 5.63 and 5.64).
Observed discoloration rate of yellow dye was slightly higher than that of red dye as
shown in Table 5.15.

Table 5.15 VUV induced discoloration rate constants of Red and Yellow dyes at C, =
50 mg/L initial concentration.

Reactive Textile Dye Pseudo First Order Discoloration Equation
Red y =-0.0209x — 0.3523

R2=0.9501
Yellow y =-0.0226x + 0.1242

R2=0.9905

5.7.3. Effects of material of quartz sleeve on the discoloration of the reactive textile

dye

Purity of quartz material used in the VUV lamp and sleeve may play an important role in
VUV based AOP. Therefore, effects of sleeve materials (clear fused quartz and high
purity synthetic quartz) were investigated with various initial concentrations of red dye
during the discoloration studies. Comparison of observed rates and disappereance

percentages were reported herein.
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5.7.3.1. Effects of quartz sleeve on the reduction of red dye with 10 mg/L initial

concentration
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Figure 5.65 Effects of materials of quartz sleeve on discoloration of Red dye (C, = 10
mg/L). The results are average of three replicates.
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Figure 5.66 Effects of materials of quartz sleeve on discoloration kinetics of Red dye

(Co = 10 mg/L). The results are average of three replicates.
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Figures 5.65 and 5.66 shows comparison of disappereance of aqueous red dye with initial
concentrations of 10 mg/L by the VUV process in the presence of clear fused quartz and
high purity synthetic quartz. Pseudo first order discoloration Kinetic was observed in
presence of both quartz sleeves. So, materials of the sleeve used in the applied process
did not affect the kinetic pattern. However, the results show that the observed
discoloration rate constant was significantly increased by using the synthetic high purity
quartz sleeve. It was found that rate constant observed in the presence of synthetic high
purity quartz sleeve was almost 5.74 times faster than that of clear fused quartz sleeve
(Table 5.16). Complete reduction of 10 mg/L red dye was sought in less than 5 minutes
of VUV irradiation by using synthetic quartz as shown in Figure 5.67. This finding can
be attributed to higher transmission of 185 nm photons into experimental solution by
synthetic quartz, which resulted generation of higher amount of «OH that was responsible
oxidant for discoloration of the target compound. It can be concluded that purity of quartz
material used to enclose VUV lamp can alter efficiency of the VUV based AOP in the

removal of pollutants from water.

Table 5.16 VUV induced discoloration rate constants of Red dye (Co, = 10 mg/L)
obtained using different materials of quartz sleeve.

Material of Sleeve Pseudo First Order Discoloration Equation
Clear Fused Quartz y =-0.1937x - 0.1074
R*=0.9918

Synthetic High Purity Quartz y =-1.1106x + 0.1647
R2=0.9918
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Figure 5.67 Effects of materials of quartz sleeve on discoloration efficiency of Red dye
(Co = 10 mg/L). The results are average of three replicates.

5.7.3.2. Effects of quartz sleeve on the reduction of red dye with 25 mg/L initial
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Figure 5.68 Effects of materials of quartz sleeve on discoloration of Red dye (C, = 25
mg/L). The results are average of three replicates.
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Figure 5.69 Effects of materials of quartz sleeve on discoloration kinetics of Red dye
(Co = 25 mg/L). The results are average of three replicates.

Effects of the sleeve material on the discoloration of aqueous red dye with initial
concentrations of 25 mg/L were presented Figures 5.68 and 5.69. As in the case of 10
mg/L, observed pseudo first order discoloration rate constant was significantly increased
by using the synthetic high purity quartz sleeve (Figure 5.69; Table 5.17). It was found
that increment in rate constant experienced with 25 mg/L initial concentration was even
higher than what was observed in 10 mg/L initial concentration. Rate constant attained
by using the synthetic high purity quartz sleeve was 8.48 times faster than that of clear

fused quartz sleeve in this applied concentration (Table 5.17).

It took only 12.5 minutes for complete reduction of 25 mg/L red dye by using synthetic
quartz whereas it required more than 80 minutes to reach same removal efficiency by
using clear fused quartz (Figure 5.70). This finding can again be attributed to the
generation of higher amount of «OH due to passage of more 185 nm photons into
experimental solution by synthetic quartz. It can be concluded that effect of synthetic

quartz on the discoloration of red dye was significant irrespective of initial concentration.
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Table 5.17 VUV induced discoloration rate constants of Red dye (Co = 25 mg/L)
obtained using different materials of quartz sleeve.

Material of Sleeve

Pseudo First Order Discoloration Equation

Clear Fused Quartz

y =-0.0505x — 0.2922
R?=0.9805

Synthetic High Purity Quartz

y =-0.4282x + 0.0425
R?»=0.9997
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Figure 5.70 Effects of materials of quartz sleeve on discoloration efficiency of Red dye
(Co =25 mg/L). The results are average of three replicates.
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5.7.3.3. Effects of quartz sleeve on the reduction of red dye with 50 mg/L initial

concentration
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i1 e
0.3 °
06 < o Clear Fused Quartz
- o Synthetic High Purity Quartz
& .
)
®
2 ®
z ©
@
. © » °
@ & Py °
0 20 30 40 3 60 70 80 9 100 110 120 130 140 130

Irradiation Time (min)

Figure 5. 71 Effects of materials of quartz sleeve on discoloration of Red dye (C, =50
mg/L). The results are average of three replicates.
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Figure 5.72 Effects of materials of quartz sleeve on discoloration kinetics of Red dye
(Co =50 mg/L). The results are average of three replicates.
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Comparison of discoloration of red dye with 50 mg/L initial concentration by using clear
fused quartz and high purity synthetic quartz was presented in Figures 5.71 and 5.72.
Once again significant influence of the synthetic quartz on the discoloration of red dye
was observed even at the highest concentration of target dye tested in this doctoral study.
Almost 5 times faster disappereance rate constant was recorded at this concentration
(Table 5.18). It can be seen from Figure 5.73 that time required for complete reduction of

red dye was considerably lessen to 50 minutes in the presence of synthetic quartz.

Table 5.18 VUV induced discoloration rate constants of Red dye (Co = 50 mg/L)
obtained using different materials of quartz sleeve.

Material of Sleeve Pseudo First Order Discoloration Equation
Clear Fused Quartz y =-0.0209x — 0.3523
R2=0.9501
Synthetic High Purity Quartz y=-0.101x - 0.5773
R?=0.965
Red 50 mg/L
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Figure 5.73 Effects of materials of quartz sleeve on discoloration efficiency of Red dye
(Co =50 mg/L). The results are average of three replicates.
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6. CONCLUSION

VUV photooxidation of aqueous imidacloprid with a flow through photoreactor was
performed during this doctoral study. Effects of various experimental parameters, flow
rate, initial pH of solution, initial concentration, presence of inorganic ions (HCOs", CO3*
, NO3’), water matrix, presence and absence of dissolved oxygen on the VUV induced
degradation of imidacloprid were investigated within the scope of this doctoral thesis.
Hydrolytic degradation of imidacloprid under various solution pH was also independetly
studied. Furthermore, effectiveness of the VUV process was assessed by discoloration
experiments of commercially available reactive textile dyes (Synozol Red KH-L and
Synozol Yellow KH-L) in water. Finally, Effects of sleeve materials (clear fused quartz
and high purity synthetic quartz) were studied during the course of discoloration

experiments.
The overall conclusions of this research are summarized below:

e Separate hydrolysis experiments revealed that imidacloprid was very stable under
acidic (pH=3) and natural (original, pH=6.469) conditions during 104 days of
hydrolysis time. Hydrolytic degradation of imidacloprid significantly increased
under tested basic (pH=11) condition. First order kinetic pattern with the
hydrolytic rate constant of 0.0083 day™ and half-life of 83.51 days was observed

at the tested alkaline solution.

e Photon flux (Pvuv) of the VUV lamp at 185 nm was calculated as 4.18 x 107
MO lphoton S by Using methanol actinometry method at the beginning of irradiation

experiments.

e Imidacloprid was rapidly removed from water (ultrapure water, tap water, and
pond water) by the VUV process under the all investigated experimental
conditions. The results showed that *OH was the responsible primary radical as
opposed to He, e7q for the decomposition of imidacloprid by the VUV based APO.
VUV induced degradation of imidacloprid followed pseudo first order kinetic
pattern with no exception of experimental conditions. Observed reduction rate
constants of imidacloprid (Co = 5 mg/L) depending on these conditions varied
between 1.3877 mint and 1.9213 mint. Complete removal of imidacloprid was
attained between 3.5 and 5 minutes of VUV irradiation time for ultrapure water

and pond water respectively.
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Rate of degradation of aqueous imidacloprid increased with an increment in flow
rate due to better mixing of solution within the reactor at higher flow rate and
hence increased contact of imidacloprid with «<OH. Nonetheless, increments in
observed rate constant were marginal, only 1.29% and 1.57% for 750 mL/min and
1000 mL/min flow rates respectively, because of mass transfer limitation of
imidacloprid to the radical active narrow zone within the photoreactor at studied
flow rates. Observed pseudo first order degradation rate constants were 1.8891
min?, 1.9134 min*?, and 1.9188 min for the case of 500 mL/min, 750 mL/min,
and 1000 mL/min flow rates respectively. Complete removal of imidacloprid (Co
=5 mg/L) was sought within 3.5 minutes of irradiation time for the all flow rates.

pH of the experimental solution played an important role in the degradation of
imidacloprid by the VUV process. Higher degradation rate constant was observed
in the following order of acidic > natural (original) > basic conditions. Significant
decrease (15.33%) in the rate of degradation of imidacloprid was observed at basic
pH=11 condition due to reduction of oxidation potential of *OH and conversion
of «OH to less reactive O™ radical in strong alkaline solution. Nevertheless, the
VUV process performed very high efficiency under the all tested solution pH
conditions. It was found that it took only 3.5 minutes of VUV irradiation to obtain
complete destruction of imidacloprid (Co = 5 mg/L) under acidic (pH= 3) and
natural (original, pH~6.5) conditions while 4 minutes was required for basic
(pH=11) condition. Degradation rate constants of 1.8891 min?, 1.9213 min‘, and
1.5994 min? were obtained in natural (original), acidic, and basic solutions

respectively.

Imidacloprid removal and accordingly degradation rate by the VUV
photooxidation were decreased with the increment of initial imidacloprid
concentration since higher amount of «OH reacted with imidacloprid at elevated
initial concentration, which resulted lower steady state concentration of [*OH] and
degradation rate constant because pseudo first order degradation rate constant, k’
= k.onc X [*OH], is proportional to the steady state concentration of [*OH].
Complete removal of 2.5 mg/L, 5 mg/L, 10 mg/L initial concentration of
imidacloprid were obtained with 2.5 min, 3.5 min, and 4.5 min of VUV irradiation
respectively. VUV induced degradation rate constants of 2.1814 min?, 1.8891

mint, 1.6307 min™ were determined in the same order of concentration.
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Presence of inorganic ions (HCOs", COs%, and NOs) noticeably impacted the
decomposition of imidacloprid via VUV photons. Reduction of 10.68%, 9.88%,
and 8.87% in the pseudo first order degradation rate constant of imidacloprid were
recorded in the presence of CO3%, HCOg, and NOs™ respectively due to higher
OH scavenging capacity of COs>and HCOs™ ions compared to NOs™ which acted
as inner filter by absorbing some of VUV (185 nm) photons. Nonetheless,
complete removal of imidacloprid in the presence of these ions was observed
within 4 minutes of VUV irradiation time accompanied with the rate constants of
1.6873 min?, 1.7024 min?, 1.7215 mint in the presence of COs*, HCOs, and
NOz" respectively.

Among the experimental parameters water matrix affected the VUV
photooxidation of imidacloprid the most. Inhibition of degradation was higher in
the pond water due to presence of natural organic matters (NOM) which usually
reported to have high scavenging effects on *OH, than tap water that typically
contains mixture of inorganic ions like COs*, HCO3', NOs, and CI. Decrements
in the observed rate constant of imidacloprid degradation were 22% and 26.54%
in the solutions of tap and pond water respectively. Reduction of imidacloprid in
tap water was more pronounced than individual presence of inorganic ions due to
synergistic effects of inorganic ions. Pseudo first order degradation rate constants
for tap and pond water were determined to be 1.4677 min* and 1.3877 min
respectively.

Presence and absence of dissolved oxygen had negligible impact on the
degradation rate of imidacloprid by the VUV process. Less than 1% increment
was observed in the removal rate constant for the oxygen saturated condition
whereas less than 0.17% decrement was for the oxygen free one. Therefore,
contribution of HO2+/O2¢ as well as He and e7q to reduction of imidacloprid,
respectively, in oxygenated and deoxygenated solutions were insignificant due to
their low reactivity with imidacloprid compared to HO-. Removal rate constants
of 1.9048 min"tand 1.8859 min* were calculated in oxygen saturated and oxygen
free solutions respectively.

Presence and absence of dissolved oxygen did not have much impact on
mineralization (TOC reduction) of aqueous imidacloprid by the VUV process
either. Almost 80% TOC reduction of imidacloprid (Co = 10 mg/L) and its
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intermediate products was achieved in 120 minutes of reaction time under the all
tested conditions. Zero order mineralization kinetic was observed in oxygenated,
deoxygenated and natural (no gas sparging) conditions. Same rate constant was
determined for both oxygen free and natural (no gas sparging) solutions while
only 1.61% increment was observed in the oxygen saturated condition. This
results showed that dissolved oxygen and oxidative HO2¢/O2¢~ which were
coexisted with HOe in the presence of oxygen apparently did not have much
impact on the VUV induced mineralization of imidacloprid and its byproducts
either, which is in agreement with what was attained in degradation experiments.
On the other hand, reductive He and e aq had negligible effect on the mineralization
of imidacloprid and formed byproducts as well since there is no difference
observed in the oxygen free solution either. Therefore, HO+ was the responsible
radical in the mineralization mechanism as in the case of degradation. Despite
complete reduction of aqueous imidacloprid (Co = 10 mg/L) in 4 minutes, 2 hours
was required to reach approximately 80% mineralization which confirmed that
generated byproducts exhibited higher resistance to primary HO-. He, e-ag, and
secondary radicals HO2+/O2+~ than imidacloprid in the VUV process. Zero order
mineralization rate constants of 0.0062 mg L™ min-twas calculated both in natural
(no gas sparging) and oxygen free solutions while 0.0063 mg L* min* was in
oxygen saturated solution.

Several possible byproducts some of which were identified, were detected during
the reaction time of complete imidacloprid reduction by LC/MS Q-TOF in
agreement with findings of imidacloprid mineralization experiments. Other than
imidacloprid, detected byproducts were present at the time of complete
imidacloprid destruction since 4 minutes of VUV irradiation was inadequate for
complete destruction of them. According to our best knowledge this is the first
time of m/z 163 to be reported in imidacloprid degradation.

VUV initiated discoloration of Synozol Red K-HL (red dye) and Synozol Yellow
K-HL (yellow dye) were rapid even in the presence of clear fused quartz sleeve
which evidently transmits less 185 nm photon. Both discoloration of red and
yellow dyes followed pseudo first order disappereance kinetic under the all
investigated experimental conditions. Observed rate constant of yellow dye was
slightly higher than that of red dye. Discoloration of both textile dyes by the VUV

photooxidation were decreased with the increment of initial dye concentration due
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to reduction of ratio of hydroxyl radical («OH) to textile dyes at increased initial
concentration. Complete discoloration of textile dyes (Co = 10 mg/L) in the
presence of clear fused quartz was observed within 20 minutes of VUV

irradiation.

Rate of disappereance of red dye increased with an increment in flow rate due to
better mixing of solution within the reactor at higher flow rate and hence increased
contact of imidacloprid with «OH as in agreement with what was observed for
degradation of imidacloprid in this research. Pseudo first order disappereance
Kinetic was observed under the all tested flowrates. Even though there was no
substantial difference on observed disappereance rate constants of red dye with
tested flow rates, slightly higher rate constant was observed at 750 mL/min flow
rate. Increments in the observed rate constants were 4% and 5.4% for the case of
500 mL/min and 750 mL/min flow rates respectively.

Materials of quartz sleeve, in other words, purity of quartz sleeve largely impacted
discoloration of red dye in the VUV based AOP. The observed discoloration rate
constant was significantly increased by using the synthetic high purity quartz
sleeve due to higher transmission of 185 nm photons into experimental solution
by the synthetic quartz. Apparent rate constants were 0.1937 min and 1.1106
mint for clear fused quartz and synthetic high purity quartz respectively.
Evidently, rate constant observed in the presence of synthetic high purity quartz
sleeve was almost 5.74 times faster than that of clear fused quartz sleeve.
Complete reduction of red dye (Co, = 10 mg/L) was obtained in less than 5 minutes
of VUV irradiation by using synthetic quartz as opposed to 20 minutes of clear

fused quartz.

To sum up briefly, this doctoral research showed that VUV based AOP is indeed a very

effective treatment method for removal of imidacloprid and reactive textile dyes from

water. Reduction of the target pollutants by the VUV process was mainly achieved by

highly reactive HO-. Degradation efficiency of the VUV irradiation was significantly

boosted by using the synthetic high purity quartz sleeve. Generation of byproducts was

observed and should be carefully monitored since complete degradation of imidacloprid

was executed within a very short time of VUV irradiation. Lastly, the VUV process was

shown to be a promising and environmentally friendly AOP for the treatment of various

recalcitrant pollutants from water with no need of addition of chemicals.
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/. RECOMMENDATION

As mentioned in the thesis VUV photons (185 nm) can only penetrate into water
with a depth of around 5 to 5.5 mm due to high absorption coefficient of water at
185 nm fluence. Therefore, produced primary radicals especially HO- exist within
a very narrow zone at the interface of lamp and water solution and mass transfer
limitation becomes an important drawback of the VUV process. The efficacy of
VUV process can be improved by the development of better reactor design or
better mixing techniques. It is highly recommended to investigate this possibility.
Annular VUV photoreactor was operated in batch/semibatch mode and the target
pollutant was recirculated through the photoreactor during the treatment in this
study. Continous flow reactors are mostly preferred and used in practical water
treatments. Investigation of effectiveness of the VUV process with such reactor
designs is encouraged.

Water matrix especially presence of natural organic matter (NOM) among the
investigated experimental parameters affected the degradation of imidacloprid the
most. Presence of NOM in surface water bodies at variying degrees is
unavoidable. Studying impacts of presence of different NOM and associated
functional groups on the performance of the VUV photooxidation ought to be the

next step before maybe the possible application of VUV process in a pilot plant.
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APPENDICES

APPENDIX 1

APPENDIX 1.1. Supplementary Data for Screening of pH Adjusters for Acidic and

Alkaline Conditions
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Figure A.1.1 UV-Vis Absorbance Spectrum of H,SO4, HCI, HNO3, NaOH and

Confidor Imidacloprid (Co = 5.25 mg/L).

Absorbance

400 450 500 550

0.1 Wavelength (nm)

525mglL
m—2625mg/L
—13125mg/L
e (). 65625 mg/L
(328125 mgL
—(.1MH2504
e().1M HC1
we () 1M N2OH
(1M HNO3

650 700 750

Figure A.1.2 UV-Vis Absorbance Spectrum of various Confidor Imidacloprid

concentration along with H2SO4, HCI, HNOz and NaOH.
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Figure A.1.3 UV-Vis Absorbance Spectrum of various Confidor Imidacloprid
concentration along with H2SO4, HCI, and NaOH.

APPENDIX 1.2. Supplementary Data for UV-Vis Analysis
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Figure A.1.4 Absorbance Spectrum of Standard Imidacloprid.
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Figure A.1.5 UV-Vis Calibration Curve and Correlation Coefficient (R?) of Standard
Imidacloprid at 270 nm wavelength.

APPENDIX 1.3. Supplementary Data for LC/MS Q-TOF Analysis

Optimized seperation and detection conditions of imidacloprid samples with LC/MS Q-

TOF was presented below.

Table A.1.1 Seperation Condition of Analytical Column.

Parameter Value

Eluents 30% ACN + 70% H20 with 0.1% FA
Injection Volume 20 uL

Column Flow rate 0.5 mL/min

Column Temperature 40 °C
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Table A.1.2 Operational Condition of Q-TOF MS.

Parameter Value
Gas Temperature 300 °C
Drying Gas Flow 8 L/min
Nebulizer 40 psi
Sheath Gas Temperature 350 °C
Sheath Gas Flow 11 L/min
Capillary Voltage 3500 V
1102
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Figure A.1.6 LC/MS Q-TOF Calibration Chromatogram of Standard Imidacloprid using

DAD at 270 nm wavelength.
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Figure A.1.7 LC/MS Q-TOF Calibration Curve and Correlation Coefficient (R?) of
Standard Imidacloprid.
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Figure A.1.8 LC/MS Q-TOF Chromatogram of 5 mg/L Imidacloprid Standard at O
(zero) minute of irradiation time.
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Figure A.1.9 LC/MS Q-TOF mass spectrum of Imidacloprid Standard

APPENDIX 1.4. Supplementary Data for GC/MS Analysis
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Figure A.1.10 GC/MS Calibration Chromatogram of Methanol.
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Figure A.1.11 GC/MS Calibration Curve and Correlation Coefficient (R?) of Methanol.
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APPENDIX 2

APPENDIX 2.1. Supplementary Data for Effects of Flowrate of the experimental
solution on the degradation of Imidacloprid

Q=500 mL/min

%)

Ct/Co

0.4 e Imidacloprid 3 mg/L

Irradiation Time (min)

Figure A.2.1 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) under Q =
500 mL/min flow rate condition. The results are average of three replicates.

1.000 ® Q=750 mL/min

®Imidacloprid 3 mg/L

15

2
2

Irradiation Time (min)

Figure A.2.2 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) under Q =
750 mL/min flow rate condition. The results are average of three replicates.
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Figure A.2.3 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) under Q =
1000 mL/min flow rate condition. The results are average of three replicates.
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Figure A.2.4 VUV induced photodegradation of Imidacloprid (Co = 5 mg/L) under
various flow rate conditions. The results are average of three replicates.

137



APPENDIX 2.2. Supplementary Data for Effects of initial pH of the experimental

solution on the degradation of Imidacloprid

Natural (original) pH=6.5

Ct/Co

e Imidacloprid 3 mg/L

Irradiation Time (min)

Figure A.2.5 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) under
natural (original, pH~6.5) condition. The results are average of three replicates.

Acidic pH=3

o Imidacloprid 5 mg/L

Ct/Co

Irradiation Time (min)

Figure A.2.6 VUV induced photodegradation of Imidacloprid (Co = 5 mg/L) under
acidic (pH=3) condition. The results are average of three replicates.
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Figure A.2.7 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) under basic
(pH=11) condition. The results are average of three replicates.
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Figure A.2.8 VUV induced photodegradation of Imidacloprid (Co = 5 mg/L) under
different pH conditions. The results are average of three replicates.
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APPENDIX 2.3. Supplementary Data for Effects of initial concentration of

imidacloprid on the degradation of Imidacloprid

Ct/Co

®Imidacloprid 2.5 mg/L

2

Irradiation Time (min)

Figure A.2.9 VUV induced photodegradation of Imidacloprid (Co = 2.5 mg/L). The
results are average of three replicates.
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Figure A.2.10 VUV induced photodegradation of Imidacloprid (Co =5 mg/L). The
results are average of three replicates.
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Figure A.2.11 VUV induced photodegradation of Imidacloprid (C, = 10 mg/L. The
results are average of three replicates.
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Figure A.2.12 VUV induced photodegradation of Imidacloprid under various initial
concentrations. The results are average of three replicates.
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APPENDIX 2.4. Supplementary Data for Effects of inorganic ions on the

degradation of Imidacloprid

Ct/Co

Imidacloprid 3 mg/L

2] ? B

Irradiation Time (min)

Figure A.2.13 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
presence of carbonate ion (CO3%=5 mg/L). The results are average of three replicates.
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Figure A.2.14 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
presence of bicarbonate ion (HCO3z'=5 mg/L). The results are average of three
replicates.
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Figure A.2.15 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
presence of nitrate ion (NO3z'=5 mg/L). The results are average of three replicates.
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Figure A.2.16 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
presence of various inorganic ions. The results are average of three replicates.
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APPENDIX 2.5. Supplementary Data for Effects of Water Matrix on the

degradation of Imidacloprid

Ct/Co

Tap Water

@®Imidacloprid 3 mg/L

bl NS
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Figure A.2.17 VUV induced photodegradation of Imidacloprid (C, =5 mg/L) in tap
water. The results are average of three replicates.
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Figure A.2.18 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in pond
water. The results are average of three replicates.
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Figure A.2.19 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in various
water matrix. The results are average of three replicates.

APPENDIX 2.6. Supplementary Data for Effects of Oxygen saturated condition on

the degradation of Imidacloprid
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Figure A.2.20 VUV induced photodegradation of Imidacloprid (Co =5 mg/L) in
presence and absence of oxygen.
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APPENDIX 2.7. Supplementary Data for Effects of Oxygenated and Deoxygenated

conditions on the mineralization of Imidacloprid
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Figure A.2.21 VUV induced mineralization (TOC reduction) of Imidacloprid (Co, = 10
mg/L) in presence and absence of oxygen.

APPENDIX 2.8. Supplementary Data for VUV photooxidation Byproducts of

Imidacloprid
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Figure A.2.22 Overlapped LC/MS Q-TOF chromatograms of 5 mg/L imidacloprid at 0
and 1 min of VUV irradiation time
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Figure A.2.23 LC/MS Q-TOF mass spectrum of byproduct set 1 at 1 min of irradiation
time (at retention time of 2.623 min)
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Figure A.2.24 LC/MS Q-TOF mass spectrum of byproduct set 2 at 1 min of irradiation
time (at retention time of 2.938 min)
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Figure A.2.25 LC/MS Q-TOF mass spectrum of byproduct set 3 at 1 min of irradiation
time (at retention time of 3.203 min)
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Figure A.2.26 LC/MS Q-TOF mass spectrum of byproduct set 4 at 1 min of irradiation
time (at retention time of 3.402 min)
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APPENDIX 3

APPENDIX 3.1. Supplementary Data for Effects of Flowrate of the experimental

solution on the discoloration of Red Dye
1:% Q = 350 mL/min
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mL/min flow rate condition.

Figure A.3.1 VUV initiated discoloration of Red dye (Co, = 10 mg/L) under Q = 350

Q =500 mL/min

14
084 ¢
06 - L4
2
> &
<
0.4 - ¢ :
. # Synozol Red 10 mg/L
0.2 - *
@
*
0 T T I T T
0 2.5 5 7.5 10 15
Irradiation Time (min)

Figure A.3.2 VUV initiated discoloration of Red dye (Co, = 10 mg/L) under Q = 500

mL/min flow rate condition.
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Figure A.3.3 VUV initiated discoloration of Red dye (C, = 10 mg/L) under Q = 750
mL/min flow rate condition.
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Figure A.3.4 VUV initiated discoloration of Red dye (Co, = 10 mg/L) under various flow
rate condition.

150



APPENDIX 3.2. Supplementary Data for Effects of initial concentration of

imidacloprid on the discoloration of Reactive Textile Dyes
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average of three replicates.

Figure A.3.5 VUV initiated discoloration of Red dye (Co, = 10 mg/L). The results are
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Figure A.3.6 VUV initiated discoloration of Red dye (Co, = 25 mg/L). The results are

average of three replicates.

151



At/Ao

08

0.6

04

02

|
i *
] * # Synozol Red 50 mglL
*
* . -
0 10 20 40 50 60 70 80 90 100 110 120 130 140 150

Irradiation Time (min)

Figure A.3.7 VUV initiated discoloration of Red dye (Co = 50 mg/L). The results are
average of three replicates.
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Figure A.3.8 VUV induced discoloration of Red dye under various initial
concentrations. The results are average of three replicates.
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Figure A.3.9 VUV initiated discoloration of Yellow dye (Co, = 10 mg/L). The results are
average of three replicates.
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Figure A.3.10 VUV initiated discoloration of Yellow dye (Co = 25 mg/L). The results
are average of three replicates.
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Figure A.3.11 VUV initiated discoloration of Yellow dye (C, = 50 mg/L). The results

are average of three replicates.
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Figure A.3.12 VUV induced discoloration of Yellow dye under various initial
concentrations. The results are average of three replicates.
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Figure A.3.13 Disappereance of Red and Yellow dyes at Co = 10 mg/L. The results are

average of three replicates.
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Figure A.3.14 Disappereance of Red and Yellow dyes at Co, = 25 mg/L. The results are

average of three replicates.
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Figure A.3.15 Disappereance of Red and Yellow dyes at C, = 50 mg/. The results are
average of three replicates.

APPENDIX 3.3. Supplementary Data for Effects of material of quartz sleeve on the

discoloration of the reactive textile dyes

Red 10 mg/L

0% ‘

.08

7 @
& i @ Clear Fused Quartz
9 UUo
g b @ Synthetic High Purity Quartz
= 0.03
B 0oa e
= 0.04

® e

3 -

-

= @

®
P
<« &
]
- °
)5 5 75 3 1< R

Irradiation Time (min)

Figure A.3.16 Effects of quartz sleeve on discoloration of Red dye (C, = 10 mg/L. The
results are average of three replicates.
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Figure A.3.17 Effects of quartz sleeve on discoloration of Red dye (Co = 25 mg/L). The
results are average of three replicates.
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Figure A.3.18 Effects of quartz sleeve on discoloration of Red dye (Co, = 50 mg/L). The
results are average of three replicates.
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