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ABSTRACT
Benzotriazoles, benzothiazoles and benzosulfonamides are three classes of organic compounds
which have been considered as emerging contaminants in the aguatic environment.

In this thesis, we developed an integrated LC-(ESI+)MS/MS analytical methodology for the
simultaneous determination of four benzotriazoles and four benzothiazoles in wastewater (both
dissolved phase and particulate phase) and sewage sludge. The target benzotriazoles include 1H-
benzotriazole, 1-hydroxy-benzotriazole, tolyltriazole (the mixture of isomers 4-methyl-1H-
benzotriazole and 5-methyl-1H-benzotriazole), and xylyltriazole (or 5,6-dimethyl-1H-
benzotriazole) while the target benzothiazoles are benzothiazole, 2-hydroxy-benzothiazole, 2-
methylthio-benzothiazole, and 2-amino-benzothiazole). A solid-phase extraction (SPE) protocol
and an ultra-sonication procedure were optimized for the extraction of the compounds from the
dissolved phase and biosolid samples, respectively. Quantitative mean relative recoveries (> 89
%) with good precision (< 14%) were obtained for all the benzotriazoles and benzothiazoles in
both dissolved and biosolid samples, except for 2-methylthiobenzothiazole with mean relative
recoveries of 71% and 64% in dissolved and biosolid samples, respectively. The limits of
detection (LODs) ranged from 0.08 (2-methylthio-benzothiazole) to 17 ng L™ (benzothiazole) in
dissolved samples and from 0.04 (2-methylthio-benzothiazole) to 13 ng g* (benzothiazole) in
biosolid samples. This analytical approach was proven to be highly selective and sensitive and
was applied successfully for the determination of the target compounds in wastewater and

sludge.

We aso developed a method for the quantification of three benzosulfonamides
(Benzenesulfonamide, ortho-toluenesulfonamide and para-toluenesulfonamide) in wastewater
based on pseudo-selected reaction monitoring (Pseudo-SRM) mass spectrometry. A solid phase
extraction procedure was optimized for pre-concentration and extraction of the compounds from
wastewater. Extracts were analyzed with LC-(ESI-)MS/MS in Pseudo-SRM mode. Absolute
recoveries of the extraction method ranged from 83 to 118%. Method limits of detection (LODS)
were 0.01 pg L™ for p-toluenesulfonamide and 0.09 pg L™ for both benzenesulfonamide and o-
toluenesulfonamide in wastewater. Good precision of less than 13% for all the
benzosulfonamides was achieved with the method. The developed method was employed for the

determination of the three benzosulfonamides in wastewater.

Finally, we studied the occurrence of the target benzotriazoles, benzothiazoles and

benzosulfonamides in raw wastewater, treated wastewater and sludge samples from sewage

treatment plants of Athens; as well as their removal and fate during treatment processes. The

highest mean concentrations of 3028 ng L™ for tolyltriazole and 254 ng L™ for benzothiazole
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were found in treated wastewater for both classes of benzotriazoles and benzothiazoles,
respectively. A significant part, ranging up to 14% for 1H-benzotriazole and 20% for
benzothiazole, was found in the particulate phase of wastewater influent. In sewage sludge, the
highest mean concentrations were observed for tolyltriazole (146 ng g* dw) among the
benzotriazoles and, for 2-hydroxylbenzothiazole (52 ng g dw) among the benzothiazoles. 1-
hydroxybenzotriazole, benzothiazole and 2-methythio-benzothiazole were highly removed
during wastewater treatment whereas tolyltriazole, 1H-benzotriazole and  2-
hydroxybenzothiazole were only partially removed. Biodegradation/biotransformation was the
major mechanism responsible for the removal of benzotriazoles and benzothiazoles during
wastewater treatment.

Among the benzosulfonamides, highest concentrations were found for p-toluenesulfonamide (up
to 1473 ng L™ in both influent and effluent wastewater samples. Benzenesulfonamide was
largely removed, p-toluenesulfonamide was partially removed and o-toluenesulfonamide was
formed during wastewater treatment.

This study demonstrates the need for thorough control and environmental monitoring of the
target benzotriazoles, benzothiazoles and benzosulfonamides in the aquatic environment as a
result of their ubiquitous occurrence in wastewater and sludge, and incomplete removal during
wastewater treatment.

SUBJECT AREA: Environmental Analytical Chemistry

KEYWORDS: Wastewater, sewage sludge, benzotriazoles, benzothiazoles, benzosulfonamides,
LC-MS/MS
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NMEPIAHYH
Ov Peviotpralorec, Pevioberaldrec war to PeviocovApovouidlo ewvor TPeES Katnyopieg

OPYOVIK®V EVOGEWV, 01 0TToieg Bewpohvtal avadvdeEVOl pOTTOL 6TO VOATIVO TEPPAALOV.

>t mopovoa epyacio, £ywve avamtuén pog oAokAnpouévng avaAvtikng pebodoroyiog LC-
(ESI+H) MS/MS yia tov To0TOYpOVO TTPoGdlopiopd tecalpmv PBeviotpraloddv Kot Tecodpmv
Bevlobeialordv oe vypd amdPfinto (S10AvT Ko coOUOTIOWK) Pacn) kot o gvepyd 0. Ot
Bevlotpraloreg mephdpPoavav v 1H-Beviotpraldin, 1-vdpo&u-Peviotpraloin, toAvAtplaloin
(uelypo Tov wopepodv 4-uebvro-1H-Beviotpraldin kot 5-pebvro-1H-Beviotpraldin) kot v
Evlvdtpraldin (M 5,6 duebvro-1H-Beviotpraloin), evd otig Peviobeialdieg mepreddupavovtay
ot PevioBealoin, 2-vdpolv-Peviobealoin, 2-puebvrobero-PevioBelaloin, kot M  2-auvo-
BevloBewloAn. T v ekydAlon 1OV evocewv omd TN SWALT KOl Tn OTEPEN @dom
ypnoporomdnke ekyOMon otepeds eAong Kot AovTpd vIEPNYWV, avticToyo. MEcec oyeTikég
avaktioelg (>89%) e wovoromrikn akpifeta (<14%) napovoiacav 6iec ot Peviotproldreg Kat
BevloBelaldAeg oe S1aAbTN KOl oTEPEN QAON, eKTOG TG 2-peBviobelo-Peviobetaldoin pe péoeg
oyetiké avoktnoelg 71% kot 64% ce S1oAHTN Kol oTEPEN (AGT, avtioTotya. Ta 6pta aviyvevong
kopaivovtay amo 0,08 (2-pebviobeto-Beviodeialoin) éwc 17 ng L™ (BevioOewaldoin) o Stokvth
pGon, kot omd 0,04 (2-pebvrobeto-Peviodetnloin) ¢oc 13 ng g (BeviodewloAn) ot otepe
@aon. H avaivtiky péfodog kpinie 6TL 1OV EKAEKTIKY KOl [E IKOVOTOIMTIKY| gvaicOncio kot

EQOUPUOCTNKE Y10 TOV TPOGOIOPIGHO TOV AVOAVTAOV GE LYPA aOPANTO KoL TAD.

Emniong, avartoybnke péboo0g yio tov mocotikd mpocdlopicud tpidv Peviocovipovapidiov
(Bevievooovipovapidto, 0pbHo-toA0VOA0GOVAPOVALISIO KOl TOPU-TOAOVOAOGOVAPOVAISD) GE
VYPA amOPANTO pE VYpOYpUATOYPAPia-PacuoTOpETpio pnalag, pe TV TEXVIKY wevdo-SRM. H
ekyOMon otepedc eaong (SPE) PeltiotonomOnke yioo Ty TpocuyKEVIP®OT Kot Toparapr Tov
evooewv amo ta osiypata. Ta exyvAiiopoto avorvdnkov pe LC-(ESI-)MS/MS pe yevdo-SRM.
Ot amoivteg avaktnoelg amd v SPE kopaivovtav amo 83% smg 118%. Ta 6pa aviyvevong g
neb6dov frav 0,01 pg L™y 10 mopa-torovorosovigovauido kar 0,09 pg LT ywo to
Bevievoocovipovapuidlo kot opBo-toAovorocovApovapidlo  oe  vypd  amoPfinta. H
avamapayoyodtnto e nebddov (oRSDR) Ntav pikpdtepn and 13%. H uébodog epapudotnke
yw tov mpoodopiopud twv Peviocovipovapwiov oe vypd amoPfinta and 0 Kévipo

EneEepyaciag Yypov Avpdtov me Yottdrewag (KEAW).

Térog, éywve pedétm g Vmopéng tov  Pevlotpaloidv, PevioBewaloAdv Kol TOV
Bev{ocovAipovoudiov oe aveneEeépyaota Kol EneSepyacuéva vYpa amdPANTa Ko deiypoTo 100G
and to KEAY AOnvag, kaBmg emiong peAetOnke 1 amopdkpouven Kot 1 «toyn» Toug Kot
dwpkewr g emefepyaciag. Ov péoeg vynldtepec ovykevipwoels Ppédnkav vy v
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ToAAoTpraloAn (3028 ng L™) kar  Beviobealdoin (254 ng L™ ota enetepyaopéva amdpinta
v v opdoa twv Beviotpraloimv kor Bevioberaloimv, avtictorya. XnUaviikd T0cG0oTd MG
14% vy v 1H-Beviotpraldin ko 20% vy ) PevioBealoAn aviyvELTNKE OTN COUATIOWKN
@aon TV ewoepyOUEVOV amoPANTOV. v evepyd A0, o1 LVYNAOTEPES HEGEC GLYKEVIPMOELS
nopatnprnkav ya ™ tolvitpaloin (146 ng g dw) amd Tic Peviotpralddeg kat y T 2-
v8po&u-Peviofeaoin (52 ng g dw) omd Tic Peviodealorec. H 1-v8po&v-Bevioderalorn, 1
BevloBeraloAn kat 1 2-pebovrobeio-feviofeal6An amopakpHVOVTOY CHUOVTIKA KOTE T S1dpKeELL
g enefepyooiag, evd n toAvAoTplaloin, n 1H-Beviotpraldin ko n 2-vdpoéu-Pevioferaldin
amopakpivovtay pepikads. H Prooamowcodounon froav o KOPLog unyavicros omodkpuvong Toug

Kato TN Odpkela g enelepyaciag.

And ta  PevlocovApovouidlo o€ LYNAOTEPN  CLYKEVIPMOY  OVIXVEDTNKE OTO  T-
T0AOVA00GOVAQOVapido (edc 1473 ng L™) ot ewoepyopeva kat eepydpeva vypd omdpinta. To
BevievoovApovauidlo amopokpdvetor o€ peydao Padbud, 10  T-TOAOVOAOGOVLAPOVOLIOLO
OTOLOKPVVETOAL LEPIKADGS, EVA TO 0-TOAOVOAOGOVAPOVALIO0 oynuatiletal Kotd ) ddpKewn TG

eneéepyaciog.

H gpyacio ot vrodeviel v avaykn yioo evoeAeyn Kot cuveyn EAeyyo kot mePPaAlovTiKn
TOPOKOAOVONON TOV EVOGE®MY LTO®V 6T0 VOATIVO TEPPdALOV, AdYy®m ¢ Vmapéng tovg o€
enefepyacpuéva vypd amdfAnta kot Adomn AOY® NG HEPIKNG OMOUAKPUVONG TOVLG KOTE TN

dlapKew TG enesepyaciog.

OEMATIKH ITEPIOXH: ITepiBarirovtikny Avorvtikny Xnueio

Agac-Kiawdio: Yypd oandPfinta, evepydg W0, Pevlotpalores,  PevioBeraldieg,
BevlooovAgovauidw, LC-MS/IMS
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PREFACE

In recent years, ‘emerging contaminants has become a highly relevant topic in environmental
science and technology because of their increasing release into the environment, potential
adverse effects on human health or ecosystem safety and the need for development of suitable

analytical methods for their determination in the aquatic environment.

The main points of collection and subsequent release of these emerging contaminants into the
environment are wastewater treatment plants, where they enter via domestic and hospital
sawages or industrial discharges. Some of them are even likely to accumulate in sewage sludge
due to their physicochemical properties. With the rising need to study the occurrence, fate and
transport of these emerging contaminants in the environment, it is necessary to unambiguously
identify and quantify these compounds with sensitive analytical methods.

The objectives of this thesis were to develop sensitive and selective analytical methods for the
determination of three classes of emerging contaminants (benzotriazoles, benzothiazoles and
benzosulfonamides) in wastewater and sewage sludge by LC-MS/MS, as well as to study the
occurrence, removal and fate of these compounds in sewage treatment plant.

The thesis comprises the description and definitions of emerging contaminants, brief discussion
on some emerging contaminants most commonly detected in the aguatic environment, the state
of the art of analysis of emerging contaminants and structures, properties, uses and toxicity of
benzotriazoles, benzothiazoles and benzosulfonamides. An elaborate review of the existing
analytical methodologies, occurrence in the environment, and removal in sewage treatment
plants is undertaken for benzotriazoles, benzothiazoles and benzosulfonamides. Experimental
sections detail the instrumentation and chemicals used throughout the experiments, as well asthe
experimental procedures for (1) simultaneous determination of benzotriazoles and
benzothiazoles in wastewater and sludge (2) determination of benzosulfonamides in wastewater
and (3) occurrence, removal and fate of benzotriazoles, benzothiazoles and benzosulfonamidesin
sawage treatment plant. The results of the findings are thoroughly discussed and areas of further
research in the future are suggested.

It is hoped that these studies will provide a major step forward in better understanding methods
of determination, occurrence and fate of these compounds of emerging concern in the aquatic

environment.

Athens, February 2013
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CHAPTER 1
EMERGING CONTAMINANTS

Every day, industries, agricultural practices and the general population are using
water and releasing many compounds into wastewaters and eventually, into other
environmental water compartments. Indeed, agricultural practices, industrial
discharges and human beings play an important role on the issue of pollutants in
wastewater and other aguatic environments. All these practices have generated
various pollutants and altered the water cycle causing a global concern linked to their
eventual impact on wildlife and human health [1, 2]. A wide range of these man-made
chemicals which are designed for use in industry, agriculture, and as consumer goods,
and chemicals unintentionally formed or produced as by-products of industria
processes or combustion, are potentially of environmental concern [3-5]. In addition
to already recognized environmental pollutants, numerous new chemicals are still
being synthesized and released into the environment with little or no iota of

unforeseen adverse environmental consequences.

Moreover, more than 180 million organic compounds are known at present.
Consequently, even if only a small portion of these substances exhibit properties
leading to environmental problems, the number of organic contaminants is still high
and, in principle seems unlimited, as the development of new substances continues
[6]. Approximately 2,000 substances are presently estimated to be environmentally
relevant, of which 100-300 compounds are summarized in lists of substances to be
treated with priority by various international organizations, such asthe EU (EU-Water
Framework Directive; EU-WFD) and OSPAR Commission(for the protection of the
Marine Environment of the North-East Atlantic [7].

For decades, environmental scientists have focused on the study of chemicals whose
presence in the environment has been regulated through the various list of criteria or
priority pollutants included in the different legislations. Traditionally hydrophobic
persistent organic pollutants (POPs), that have very high potential to accumulate in
sediments and enrich along food chains, used to be the focus of extensive studies [6,
8]. However, the perspective on contamination of agueous environment by
anthropogenic trace pollutants has experienced a remarkable change in the past few

years. Numerous studies combining chemical and biological approaches to hazard
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assessment of complex environmental mixtures have indicated that priority pollutant
concentrations are a poor indicator of toxicity. It is therefore, evident that the aim to
assess and forecast the impact of chemical pollution cannot be met on the basis of
priority pollutant analysis alone [9-11]. Meanwhile, there is already an increase in
awareness that polar contaminants may also pose significant problems to water
quality, especially if they are not well degradable [6,12—15]. In recent years, new
classes of aguatic pollutants have received attention from environmentalists, scientists
and regulators due to their introduction into the environment, unforeseen effects
associated with them, or enhanced analytical techniques presently capable of
detecting them [16]. Several research articles have reported the presence of these new
compounds, caled “emerging pollutants’ in wastewater and other aquatic
environments [17-19]. The introduction of new, more sensitive analytical equipment
for the detection and quantification of these new compounds in complex sample
matrices on the one hand, and a growing knowledge about their ecotoxicological
effects on the other hand, have drawn keen attention to these new compounds which
have been largely outside the scope of monitoring and regulation [3,8, 20—24]. For
most of these new chemicals, occurrence, risk assessment and ecotoxicological data
are not available and, therefore, it is difficult to predict what health effects they may
have on humans and aquatic organisms. Potential threats from these emerging
pollutants continue to be a driving force -if not a rallying cry- for innovation in
environmental research [8, 25].

1.1. Description and Definitions of Emerging Contaminants

While “classical” POPs are mostly non polar, lipophilic compounds and belong to a
few compound classes only- such as chlorinated hydrocarbons (PCB, DDT, dioxins,
etc.) or polycyclic aromatic hydrocarbons (PAHS)- new, emerging pollutants exhibit
properties which are different from “classical” pollutants [6]. The new compounds are
often more polar, less volatile and belong to many quite different compound classes

and origin from a great number of different applications.

“ Emerging contaminants’ is a phrase commonly used to broadly classify chemicals
that do not fall under standard monitoring and regulatory programmes but may be
candidates for future regulation once more is known about their toxicity and health
effects. They are not currently covered by existing water-quality regulations, have not
been studied before, and are thought to be potential threats to environmental
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ecosystems and human health and safety. Little is known about them, from their
production volumes, to their physical-chemical properties, to their effects on humans
and the environment, to how best to regulate the unknown risks they pose [1, 9, 20,
21, 25, 26]. According to the network of reference laboratories for monitoring of
emerging environmental pollutants (NORMAN), emerging contaminants are defined
as contaminants that are currently not included in routine monitoring programmes and
which may be candidates for future regulation, depending on research on their
ecotoxicity, potential health effects, public perception, and on monitoring data
revealing their occurrence in different environmental compartments [27].

The term ‘emerging’ can be misinterpreted as an indication that the chemical’s
presence in the environment is new, when in fact it means the chemical has just
recently gained the interest of scientific and regulatory communities. For instance,
chemicals such as polybrominated diphenyl ether (PBDE) flame retardants, musk
fragrances, and pharmaceuticals have been present in the environment since their first
use decades ago [28—-31] but only recently have they been considered and measured
due to advances in monitoring techniques and the increased understanding of their
toxicological impact. On the other hand, other chemicals such as nanomaterials, can
truly be defined as emerging, that is ‘new’ because though they have been present in
research laboratories since the early 1980s, it has only been since the early 2000s that

nanomaterials have been produced in sufficient quantities for consumer use [32, 33].

It has been reiterated that the definition of an emerging contaminant is a bit elusive,
because what is emerging is a matter of perspective as well as timing [34]. The US
Geological Survey (USGS) has defined emerging contaminants (ECs) as any synthetic
or naturally occurring chemicals or microbial constituents that have not historically
been considered to be contaminants [35]. These synthetic or naturally occurring
chemicals or microorganisms are not commonly monitored in the environment but
have the potential to enter the environment and cause known or suspected adverse

ecological and (or) human health effects.

A contaminant may also be ‘emerging’ because of the discovery of a new source or
technology, a new pathway to humans, or a new method of detection [36]. Many
review articles have also tried to articulate different definitions, but most articles
agree that emerging contaminants are unregulated chemicals, which have become of
environmental concern either through advances in analytical techniques to detect
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them, their association with a newly reported effect, or through their recent

introduction into the environment [3,16,37-39].

The term ‘emerging contaminants does not necessarily refer to ‘new substances
only, i.e. newly introduced chemicals and their degradation products and/or
metabolites or by-products but aso refers to naturally occurring compounds, with
previously unrecognized adverse effects on ecosystems [3]. In some cases, release of
chemical or microbial contaminants to the environment has likely occurred for a long
time, but may not have been recognized until new, more sensitive detection methods
were developed. In other cases, synthesis of new chemicals or changes in use and
disposal of existing chemicals can create new sources of emerging contaminants.

The term “emerging” is also used to describe not the pollutant itself, but rather a new
“emerging concern” about the contaminant, i.e. newly demonstrated toxic effect
and/or mechanism of action of an old pollutant [40—42]. As such, emerging
contaminants are often referred to as ‘chemicals of emerging concern’ or
‘contaminants of emerging concern’. This approach is highly legitimate and is often
favoured among toxicologists in comparison to classifications and definitions based
on chemical entities. Fawell and Ong even suggested that a better description of these
compounds would be ‘contaminants of emerging concern’ [23]. In redlity, however,
scientists and regulators will have to deal with both the terms “emerging
contaminants’ and “emerging concerns’, and this artificial partition is certainly not
critical for principal understanding of the problem and its possible solutions.

1.2.  Environmental issues of emerging contaminants

In 2004, the environmental campaign group World Wide Fund (WWF) tested the
blood of government ministers (Environment and health ministers) from 13 European
Union (EU) Member States for chemicals that can negatively affect human health and
wildlife. WWF found on average 37 out of the 103 tested substances in the ministers
blood [41,43]. It was clear that the EU citizens were concerned. Also, in a survey, the
impact of chemicals used in everyday products came fifth in a list of 15
environmental issues of concern. When asked about which issue they feel they lack
information, citizens cited chemicals first [44]. Do they have reason(s) to be

concerned? Undoubtedly, the answer is positive — the overview of the “chemical
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world” concentrated mainly to today’s synthetic emerging contaminants, clearly
suggests that there are real human and environmental health problems that have to be
addressed. Considering the issue of chemical contamination, all critical parties —
regulators, risk managers, industry sector, politicians, and, finally, scientists need to
offer answers and solutions needed for citizens to be less concerned.

Moreover, the contamination of natural waters by emerging chemicals is a major
concern in many parts of the world, and as new chemicals are introduced, or others
find new applications, and improvement in analytical methods, the occurrence of
these previously undetected chemicals in wastewaters and receiving waters is
frequently reported [45]. Much attention has focused on compounds known to exhibit
biological activity at low concentrations, in particular pharmaceuticals, steroid
estrogens and other endocrine disruptors. The occurrence of these pharmaceutical
compounds began to receive attention during the 1990s when they were linked to
toxicological effect in fish [46]. However, consumer products such as washing
powders containing detergents, bleaching agents and other ingredients such as
corrosion inhibitors, are used in high volumes than pharmaceuticals and may therefore
also contribute to the wide dispersive occurrence of xenobiotics in wastewater and
other environmental water compartments [47, 48].

The threat of emerging contaminants lies in the fact that the environmental and human
toxicology of most of these compounds have not yet been studied extensively and also
in the fact that many of these compounds are not or cannot be tested for in municipal
water systems [42]. In addition, when these contaminants pass through wastewater
treatment systems or water drinking systems, transformation products are sometimes
generated whose chemical properties are as yet undetermined. The danger inherent in
our inadequate knowledge with regards to these compounds is underscored by the
Handbook of Environmental Chemistry (2008) which states. “ Every day new potential
emerging contaminants are discovered and new disinfection by- products are also
generated during treatment, with a total ignorance of their potential toxicity or effect
on human health” [41, 42].

1.2.1 Determination at trace level

The need to understand the processes controlling emerging contaminant Ssources,

transport and fate in the environment, and ecologic and human health effects has
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increased the need to study environmental occurrence of these compounds down to
trace levels. There is therefore, need for sensitive analytical methods that can detect
and quantify accurately this range of emerging contaminants in the aquatic
environment. Though methods have been developed to enhance capabilities for
measuring emerging chemical and microbial contaminants and their associated
degradation products in the environment, more intensive efforts are still needed in this
area in order to determine these compounds at lower and lower levels within the realm
of possibility. Therefore, since there is a great myriad of these emerging chemicals of
concern, prioritization of compounds investigated requires evaluation for the potential
of their environmental occurrence and persistence, potential health effects, and the
appropriate level at which they should be measured. Criteria for establishing priorities
for methods development include the quantity produced and used, pathways for
release to the environment, anticipated environmental behaviour, information of
human and environmental effects, potential use as an environmental indicator or
tracer or stakeholder priorities [49,50].

1.2.2. |ssueson sources and occurrence

Evidence has been accumulating, depicting that many emerging contaminants occur at
environmentally significant levels in wastewaters and natural waters, these
compounds appear in natural waters through municipal, agricultural and industrial
waste water discharges [12, 51-55]. Pharmaceuticals and personal care products,
synthetic and natural estrogens, industrial by-products and other substances are

commonly found in waste water as well as in receiving waters around the world.

Emerging pollutants can reach the environment by being transported and distributed
via different routes. The physico-chemical properties of these chemicals (e.g., water
solubility, vapour pressure and polarity) and other environmental characteristics
determine their behaviour in the environment. The major sources of environmentally
relevant emerging contaminants can be divided into point-sources and diffuse sources
of pollution [20,49,56]. Point-pollution originates from discrete locations whose input
into agquatic systems can often be defined in a spatially discrete manner. The spatial
extent or plume of pollution is therefore generally constrained. Important examples
include municipal wastewater treatment plant effluents, industrial effluents, waste

disposal sites and buried septic tanks. Diffuse pollution, in contrast, originates from
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poorly defined, diffuse sources; examples include agricultural run-offs, storm-water
and urban run-off and diffuse aerial deposition.

Several extensive national and multinational monitoring programmes have been
launched in the last few years in order to provide comprehensive reconnaissance of
the occurrence of various emerging pollutants with a special emphasis on polar
organic wastewater contaminants [4, 13, 37, 51, 57, 58]. All these studies have
confirmed the presence of complex mixtures of unregulated emerging contaminants,

having various origins, and raised concern about their potential interactive effects.
1.2.3. Issues on fate and transport

The way that organic compounds enter the environment depends on their pattern of
usage and mode of application (e.g. disposal of municipal, industrial and agricultural
wastes, excretion of pharmaceuticals and accidental spills). Once in the environment,
they can be widely distributed right from their production through their use and final
disposal. Because many of these emerging pollutants are from human use, their
emissions have become a serious issue for some wastewater processes. Therefore, the
study of occurrence and fate of emerging contaminants in wastewater treatment plants
(WWTP) is important [20]. Reports on the fate of emerging chemicals in sewage
treatment plants (STP) have shown that they may be partially removed during
conventional treatment [59, 60]. Treated effluents (and in some cases raw sewage) are
discharged into receiving waters, including small streams, rivers, lakes and drinking
water supplies. In this way, there is an increase in the number of reports dealing with
emerging contaminant levels in natural water as a result of wastewater discharges[51,
53, 59-63].

1.2.4. |ssueson ecotoxicology

There is a growing concern that contaminated water could have a negative impact on
wildlife through the spread of these so called emerging contaminants [64, 65]. Some
of these emerging compounds have the potential to interfere on normal endocrine
functions, modulating or disrupting hormonally regulated mechanisms in living
organisms as well as producing adverse effects at trace and ultra-trace levels
[1, 66, 67].
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1.3. GROUPSOF EMERGING CONTAMINANTS

The several types of emerging contaminants are generally grouped by their initial use
but sometimes by structure or their mechanism of action. Emerging pollutants
encompass a diverse group of compounds, such as pharmaceuticals, drugs of abuse
(IMicit drugs), personal-care products (PCPs), steroids, and hormones, surfactants,
perfluorinated compounds (PFCs), brominated flame retardants, industrial additives,
polychlorinated naphthalenes (PCNs), polychlorinated alkanes (PCA), synthetic
musks, quaternary ammonium compounds, (QACs), bisphenol A (BPA),
nanomaterials, drinking water and swimming pool disinfection by-products,
sunscreen/UV filters, benzotriazoles, benzothiazoles, benzosulfonamides, dioxane,
siloxanes, pesticides transformation products and new pesticides, perchlorate, algal
toxins, microorganisms as well as their transformation products (TPs)
[8,9,16,20,21,39,56,68,69].

In the following sub-sections, some selected groups of emerging contaminants among
the large variety of compounds most commonly detected in environmental samples
are briefly dicussed.

1.3.1. Pharmaceuticals and personal care products (PPCPs)

Pharmaceuticals and personal care products (PPCPs) represent a category of emerging
pollutants that are released into the environment through personal activities. Small but
cumulative usage of these products by a large number of individuals results in
widespread but significant pollution, which is difficult to control [16]. The term
“pharmaceuticals’ covers a wideranging class of compounds with substantial
variability in structures, function, behaviour, and activity. Developed to €licit a
biological effect, they are used in both humans and animals to cure diseases, fight
infection, and/or reduce symptoms [70-73]. The most common pharmaceuticals
belong to the categories of antibiotics, analgesic and anti-inflammatory. However,
other groups include diuretics, antidiabetics, anticoagulants, psychiatric drugs, lipid
regulators [74—76], anti-epileptic drugs [76, 77], disinfectants, antidepressants,
antiseptics, hormones [76], vascodilators, barbiturates, anticancers, anticonvulsants
[78], anti-hypersensitives and antilipidemics [79]. Among pharmaceuticals, antibiotics
have become of special concern in recent years. The reason is that these substances

are continuously being introduced into the environment and may spread and maintain
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bacterial resistance in the different compartments [80]. Personal care products include
synthetic musk fragrances (nitro and polycyclic musk fragrances), antimicrobials
(triclosan and its metabolites and triclocarban), sunscreen agents (ultraviolet filters),
insect repellents (N,N diethyl-m-tolueneamide, known as DEET) and parabens (p-
hydroxybenzoic esters), which are basically substances used in soaps, shampoos,
deodorants, lotions and toothpaste [81]. Pharmaceuticals and personal care products
(PPCPs) enter into the environment through individual human activity and as residues
from manufacturing, agribusiness, veterinary use, and hospitals and community use.
Individuals may add PPCPs to the environment through waste excretion or bathing, as
well as by direct disposal of unused medications into septic tanks, sewers, or trash
containers [23,74,82]. Because pharmaceuticals are often the active ingredients in
medicines, they are engineered to be bioavailable and potent and may result in
adverse environmental effects at low concentrations [16]. The potential for PPCPs to
cause a variety of physiological responses in non-target species has raised concerns
for possible impacts on the environment [41].

Individual PPCPs have also distinct chemical and physical properties that suggest
potentially different mechanisms and locations for removal in a wastewater treatment
plant(WWTP). PPCPs can have octanol-water partition coefficients (Kow) or water
solubility values that vary up to 7-8 orders of magnitude. Many of the PPCPs are
ionizable chemicals and it may not be appropriate to assess their lipophilicity based
only on the Kow value [74,83].

With hundreds of different PPCPs in the market, WWTPs represent a key potential
point source to the aguatic environment, but at the same time a major opportunity for
centralised removal processes [75]. Due to the continous input of pharmaceuticals and
other PPCPs into the aquatic media through WWTPs, they are considered to be
‘pseudo-persistent’ [84]. Their presence has also been identified and quantified in
surface waters [76], drinking water [85], groundwater [86], biosolids [87], biota [88]

and agricultural manures [89].

LC-MS/MS is the preferable method of analysis for PPCPs, due to its versdtility,
specificity and selectivity, gradually replacing GC-MS. GC-MS can still be
successfully applied in some cases, especialy for nonpolar and volatile
pharmaceutical compounds, however it still requires a time-consuming derivatization
step, during which there are risks of analyte losses [37, 90, 91]. Among LC-MS/MS
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techniques, triple quadrupole (QqQ) and ion trap (I1T) instruments are in common use,
and they permit the detection of pharmaceuticals at the ng L™ range. More recent
approaches in LC-MS/MS are linear ion trgps (LITs), new generation triple
guadrupoles and hybrid instruments, such as quadrupole-time of flight (QqTOF) and
quadrupole-linear ion trap (QgLIT) [92]. QqTOF instruments have been used for the
elucidation of structures proposed for their transformation products [93-95].

The removal rates of PPCPs from wastewater treatment systems may vary
considerably even for the same PPCP and inter-comparisons are most of the time
problematic due to not only different definitions of removal rates but also to different
sampling strategies (integrated vs grab samples) [74,78].

PPCPs may have unpredicted and unknown side effects on different organisms,
particularly after long-term exposure to low concentrations. The toxicological
implications of PPCPs in the environment have been examined and it has been found
that low concentrations of these compounds can elicit adverse effects on aquatic life
[78,96,97]. These findings have engendered public concerns as to the possible effects
the compounds may exert on both human health and waterway ecology [98]. The
transformation products of PPCPs may be environmentally persistent [82, 99]. For
instance, the environmental persistence of the main active metabolite of the blood
lipid regulators (clofibrate, erofibrate and theofibrate), clofibric acid, is 21 years
[100]. However, the potential effects of many metabolites of PPCPs, in organisms of
the ecosystem, are still unknown [2].

1.3.2. lllicit drugs

In the last few years, the scientific community started paying more attention to the
occurrence of drugs of abuse or illicit drugs in various environmental compartments.
[llicit drugs are those for which nonmedical use is prohibited by the national and
international laws [101,102]. Compounds of interest in this category belong to the
groups of stimulants, hallucinogens, opiods, dissociative anaesthetics, etc. [74,103]
whilst key target chemicals are cocaine, heroin, nicotine, amphetamine,
methamphetamine, opiates or cannabis, among others, and their metabolites, e.g.
benzoylecgonine (BE), ecgonine methyl ester, norbenzoylecgonine, norcocaine and
cocaethylene just to name few [103-106]. The main source of these compounds in the

aquatic environment is sewage treatment plant (STP) effluents, as direct disposal in
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natural streams is not likely. Some classes of illicit drugs, such as cannabinoids, are
highly hydrophobic, with log Kow between 5 and 7.6, and can therefore be expected
to bind to sewage sludge or particulate matters [80]. Conversely, other drugs of abuse,
such as amphetamine and related compounds, and opioids, present medium to polar
characteristics, being thus expected to partition to a higher extent in the aqueous

phase.

Both gas chromatography mass spectrometry (GC-MS) and liquid chromatography
mass spectrometry (LC-MS) have been used to detect illicit drugs, but solid phase
extraction, SPE (mixed reversed phase cation exchange cartridges) for sample
preparation followed by liquid chromatography—tandem mass spectrometry (LC-
MS/MS) has widely been accepted as technique of choice for determination of illicit
drugs and metabolites from environmental matrices [102,107-109]. However,
determination of illicit drugs and metabolites in water by SPE, followed by
derivatization and gas chromatography ion trap tandem mass spectrometry has also
been proposed [110]. The determination of these drugs in wastewater and surface
water can be used for environmental forensic investigations, which is possible due to
the high sensitivity of the analytical methods [109].

The disposal or excretion of products of illicit drugs consumed in a given area is
mainly into local wastewater and then on to receiving surface water, soil, and
sediments [57,102,111]. The detection of illicit drug residues in wastewater is
purported to provide evidence-based real-time information on the nature and

magnitude of community-wide illicit drug use [74,108,112].

The residues of illicit drugs found in consumers' urine that enter the sewage network
with wastewater are only partially removed by STPs [102,113]. In urine drugs are
generally detected in the mg L™ range, but in wastewater and surface waters their
concentration is much lower - at ug L™ levels[114]. The decrease in concentration of
illicit drugs and their metabolites in sewage effluents and surface waters depends on
the technologies used in various wastewater or sewage treatment plant processes
(WWTP/STP), concentrations of drugs, and the nature of the particular compound.

The information on ecotoxicity of illicit drugs in the scientific literature is scanty and
not systematic. Only few reports are available until now on ecotoxicity of

amphetamine, cocaine, and morphine on aquatic organisms [102]. Pal and co-workers

38



were of the opinion that from the available reports the stimulatory or inhibitory effects
of illicit drugs depend on the chemical and the test organism [102].

1.3.3. Perfluorinated Compounds

Perfluorinated compounds have been manufactured for more than 50 years and they
have been released into the environment following production and use [69, 80, 84,
109]. Perfluorinated substances such as perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) have been widely used as building blocks in dirt-
repellent coatings, non-stick coatings such as grease-repellent coatings and sprays for
leather and textiles, polytetrafluoroethylene (PTFE) non-stick cookware, and fire-
fighting foams [23]. PFCs are unusual chemically, in that they are both hydrophobic
(repel water) and lipophobic (repel lipids/grease), and they contain one of the
strongest chemical bonds (C-F) known. Because of these properties, they are highly
persistent in the environment and are found in water, often groundwater, where they
can accumulate [23,69].

PFCs reach the aquatic environment either through their release into rivers or via
wastewater discharge into receiving waters [84]. In contrary to most brominated flame
retardants (BFRs), PFCs are not efficiently eliminated along a wastewater treatment
process. In fact, some authors observed a phenomenon of negative removal or in-plant
production [74,115,116].

Potential health concerns of PFCs include developmental toxicity, cancer, and
bioaccumulation [23, 69]. Perfluorinated compounds have been reported in surface
waters throughout Europe [4,117-119) and they pose a particular problem for
groundwater, where they can remain for a very long time, even if the source is
stopped.

1.3.4. Artificial Sweeteners

Artificial sweeteners are used worldwide as sugar substitutes in remarkable amounts
in food, beverages, and also in drugs and sanitary products, such as mouthwashes.
They provide no or negligible energy and thus are ingredients of dietary products
[120,121]. They are water contaminants that are highly specific to wastewater and
have been considered in environmental sciences only recently. Some of the popular
artificial sweeteners commonly found in aqueous environmental samples include
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sucralose (SUC), acesulfame (ACE), aspartame (ASP), cyclamate (CYC), neotame
(NEO), neohesperidine dihydrochalcone (NHDC), saccharin (SAC).

Owing to the ionic nature of the weakly acid artificial sweeteners and the high
sensitivity and selectivity of tandem mass spectrometry, most methods of analysis for
the determination of artificial sweeteners at trace levels are based on the following
coupling techniques: liquid chromatography—tandem mass spectrometry (LC-MS/MS)
[122-125], LC-high-resolution mass spectrometry (HRMS) [126], and ion
chromatography—MS/M S [127].

ACE, CYC, SAC, and SUC were detected in wastewater trestment plants in high
microgram per liter concentrations. Per capita loads of individual sweeteners can vary
within a wide range depending on their use in different countries. Whereas CY C and
SAC are usually degraded by more than 90% during wastewater treatment, ACE and
SUC pass through wastewater treatment plants mainly unchanged [120].

There are a few studies on the ecotoxicological impact of artifificial sweeteners and
the studies have mainly focused on SUC [120,124,128,129], which was detected first
among the artificial sweetenersin the environment. SUC is considered safe for human
consumption but its effects in the ecosystem are not yet studied in depth. So far, SUC
has low bioaccumulation potential and negligible acute/chronic toxicity in aquatic
organisms [129,130] and does not appear toxic to plant growth [124].

1.3.5. Brominated Flame Retardants

Brominated flame retardants are a group of organic flame retardants that contain
bromine. They are applied to prevent electronics, clothes, and furniture from catching
fire. Brominated flame retardants include polybrominated diphenyl ethers (PBDES),
polybrominated biphenyls (PBBs), brominated cyclohydrocarbons,
decabromodiphenyl ethers (DeBDES), hexabromocyclododecanes (HBCDs), and
tetrabromobisphenol A (TBBPA) [131,132]. Because of their widespread presence in
the environment and their potential toxicity to humans and animals, as well as their
presence in locations where they are produced or used, increasing concern has
prompted many countries to ban some of them [39,69,132]. As far as brominated FRs
are concerned, polybrominated diphenyl ethers (PBDES) are the most studied class
[74].
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The problem related to the use of brominated flame retardants (BFRS) is the recycling
of wastes containing those chemicals, which are resistant to biodegradation and create
the potential for long-range transport and bioaccumulation in the lipids of biota [133].
They are environmentally persistent and lipophilic and bioaccumulate in animals and
humans [69].

Due to the hydrophobic characters of brominated flame retardants, GC/negative
chemical ionization (NCI)-MS, GC/high resolution-MS, and GC/ion trap-MS are the
most commonly used techniques for their determination, and newer techniques, such
as fast tandem-GC/MS and LC/MS, have improved the analysis for higher molecular
weight PBDES[69,132].

Assessment of health risks associated with human exposure and accumulation of
PBDEs is complicated and has not been adequately characterized. However, the
potential risks associated with exposure to the most bioactive congeners (tri- to octa
BDE) include thyroid hormone disruption, neuro-developmental defects and cancer.
Several studies have shown that PBDESs share similar general properties to organo-
halogenated compounds as in vivo exposure of rodents resulted in reduction of serum
total and free thyroid hormone (thyroxine T4) levels [99,134,135]. Altered thyroid
hormone function, particularly during development, is profound and has been
hypothesized to lead to disrupted brain development and permanent neurological
damage [99,136].

1.3.6. Nanomaterials

Nanomeaterials are 1 to 100 nm in size and can have unique properties, including high
strength, thermal stability, low permeability, and high conductivity [69,137]. Because
of their unique properties they are increasingly used in a wide range of scientific,
industrial, and medical applications [23, 32, 137]. The chemical structures of
nanomeaterials are highly varied, including fullerenes, nanotubes, quantum dots, metal
oxanes, TiO, nanoparticles (NPs), nanosilver, nanogold and zerovalent iron NPs.

Quantitative data on the environmental occurrence of nanomaterials is still very
scarce. In addition to the possible disturbance of the state of NPs during sampling and
sample preparation, the separation steps and the instrumental LODs of the approaches
available are the main reasons [23,137]. Most of quantitative procedures for

nanomaterials in environmental samples have been devoted to carbon-based
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nanometerials. For the quantification of low-concentration fullerenes, liquid
chromatography (LC) is used most [138] , combined with MS [137,139], tandem
mass spectrometry (MS?) [140], time-of-flight (TOF)-MS [141] and tandem TOF-MS
(TOF-MS?) [142]. Other mass spectrometry techniques used for measuring
nanomeaterials include ICP-MS and single particle-IC-PMS (for metal-containing
nanomaterials) and ESI- andAPPI-MS/MS for fullerenes [69].

Almost no direct data relevant to the fate and behavior of manufactured nanomaterials
in aguatic ecosystems currently exist. However, the main identified possible sources
of engineered NPs in the aguatic systems are production facilities, production
processes, wastewater-treatment plants and accidents during the transport and
intentional releases [23,137]. In order to investigate transport and interaction of
natural NPs and engineered NPs, there is a need for efficient analytical methods able
to investigate real environmental conditions. In a recent study, a laser-nephelometer
prototype was developed, incorporating a low-volume, flowthrough cell in order to
provide a continuous record of the elution of particles from water columns [143].

Despite the success of nanotechnology, there is a lack of information about the
potential health and environmental risks associated with nanomaterials [144,145].
Because of their widespread use in consumer products, it is expected that engineered
NPs (ENPs) will find their way into the environment where their fate and behavior are
largely unknown [137,146,147]. The small size and large surface areas of these
materials increase their potential to cross cell membranes. In addition, NPs are similar
in size to cellular components (e.g., ribosome) and, as such, may allosterically interact
with proteins and nucleic acids.These interactions could potentially disrupt vital
processes (e.g., enzyme function, and gene translation and transcription). However,
their large surface area increases chemical reactivity, so they could act as carriers for
other contaminants, thereby providing rapid, long-range transport [137]. Overall, the
ecotoxicology studies on NPs and NMs are still very few, toxic effects have been
identified in a range of fish and invertebrates that raise sufficient concern that NPs in
the environment could have adverse effects on wildlife, if present at high enough
levels. There are still several significant knowledge gaps in the ecotoxicology of
nanomaterials [148].
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1.3.7. Benzotriazoles, benzothiazoles and benzosulfonamides

These classes of compounds are the focus of our study and so only a brief discussion
will be undertaken under this general group of emerging contaminants. More details

about these groups of emerging contaminants are discussed in chaptersthree and four.

Benzotriazoles are complexing agents that are mainly used as corrosion inhibitors in
dishwasher detergents, aircraft anti-icing fluids, automotive anti-freeze formulations,
industrial cooling systems, metal-cutting fluids, brake fluids and as antifoggants in
photography [22, 69]. The two common forms, benzotriazoles and tolyltriazole, are
soluble in water, resistant to biodegradation and only partially removed in wastewater
treatment systems[15,149].

Because of their water solubility, LC/MS and LC/MS/MS methods have been recently
developed for their measurement in environmental waters though GC-MS and GC-
MS/MS methods have also been developed [22, 69]. While reports of benzotriazoles
in the aquatic environment are fairly recent (approximately last 8 years), studies
indicate that they are likely ubiquitous environmental contaminants [69].

Benzotriazole has been reported to be toxic to aguatic organisms that can cause long-
term adverse effects, There is also new evidence for estrogenic effectsin vitro but, so
far, not in vivo, in recent fish studies [69, 150].

Benzothiazole and its derivatives are also an important class of industrial chemicals.
Benzothiazoles are mainly used as vulcanization accelerators in the manufacture of
rubber, as pesticides, as corrosion inhibitors in antifreeze formulations, and as
photosensitizers in photography [22,109,151].

Benzothiazoles have been analyzed by LC or GC coupled to different detectors,
including mass spectrometry. Analytical methods based on SPE followed by GCxGC-
TOF-MS [109,152] and LC-LTQ-FT Orbitrap MS [153] allow the detection of
benzothiazole in natural and surface waters down to concentrations of 5 and 10 ng L™,

respectively.

Benzosulfonamides are widely used as plasticizers and intermediates in the synthesis
of sweeteners and can be metabolites of corrosion inhibitor [109,154].
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They have been detected in wastewater and other aquatic environmental
compartments. Studies on the determination and occurrence of benzosulfonamides in
the aquatic environment until now are ill very few.
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CHAPTER 2

20. ANALYSIS OF EMERGING CONTAMINANTS IN THE AQUATIC
ENVIRONMENT

The first step in understanding the potential chemical and biological impacts of the
emerging contaminants in the environment is to identify and quantify the types of
emerging contaminants that are present [155]. To do s0, innovative sampling
methodologies need to be coupled with analytical techniques that can confirm the
identity of targeted and unknown chemicals at trace concentrations in complex
environmental samples. This chapter is, therefore, devoted to a more elaborate
discussion of the state of the art of analytical procedures involved in the determination
of emerging contaminants in the aquatic environments.

As discussed in the preceeding chapter, emerging contaminants (ECs) are a highly
relevant topic in environmental science and technology [1,15]. The analysis of
environmental samples for organic pollutants is often a complicated procedure
involving many steps. These steps often culminate in the use of chromatographic
separation coupled to a suitable detector [156]. The occurrence of many emerging
organic contaminants in environmental samples is still in trace amounts at the
microgram per litre (ppb) or nanogram per litre (ppt) levels for most of the
contaminants [157]. These compounds can have very different polarities and chemical
properties. Screening for low levels of this large variety of compounds requires high
performance from analytical instruments as well as sample preparation techniques.

In general, environmental water samples cannot be analyzed without some
preliminary sample preparation because they are too dilute and too complex for an
efficient separation by the chromatographic column at low detection levels. Sample
pre-treatment is therefore an essential part of the whole chromatographic procedure.
Its objective is to provide a sample fraction enriched in all the analytes of interest, and
as free as possible from other matrix components. Moreover, before implementing
any strategy, it is important to consider the strong interdependence of the various
steps of the whole analytical procedure: i.e. sample handling, separation and
detection. There is no unique strategy for the sample pretreatment of organic
compounds in waters. It mainly depends on the nature of the solutes to be determined
(e.g. volatility, polarity, molecular weight), on the nature of the matrix and on the
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level of concentration required. Interference removal is a critical step which depends
strongly on the concentrations of the analytes of interest and of the nature of agueous
media. In other words, the strategy for determining an organic compound below the
microgram per litre in drinking water will be different from the one to be used for
polluted river water. It will also be guided by the separation, and more importantly the
method of detection. The sample pre-treatment is still the weakest link and the time-
determining step in the whole analytical procedure and the primary source of errors

and discrepancies between laboratories.

It is noteworthy that the number of emerging organic pollutants found in the
environment is expected to increase with continually increasing applications of
synthetic organic chemicals [158]. In this context, a general framework for sampling
and analytical strategies is desirable in meeting the demands for routinely monitoring

of organic pollutants in the environment.
2.1. Sampling Strategies

Obtaining a sample of the matrix of interest is an often-overlooked but vital
component of any environmental monitoring program. Failure to properly collect a
sample can invalidate any results subsequently obtained. The main objective in any
sampling strategy is to obtain a representative portion of the sample. This requires a
detailed plan of how to carry out the sampling [155]. Therefore planning of the
sampling strategy is an important part of the overall analytical procedure as the
consequences of a poorly defined sampling strategy, could well lead to getting the
wrong answer, as well as costing both time and money. A successful sampling
strategy must begin with a thorough plan and established protocols. Questions that
need to be addressed while planning the sampling trip include (1) selection of the
sampling method to obtain a representative sample, (2) determination of the sample
quantity needed to meet the minimum limits of quantification of the analytical
method, (3) identification of quality control (QC) measures to be taken to address any
bias introduced by the sample collection, (4) identification of safety measures that
need to be taken, and (5) determination of sampling objectives.

While natural water would appear to be homogeneous this is not in fact the case.
Natural water is heterogeneous, both spatially and temporally, making it extremely
difficult to obtain representative samples. Stratification within oceans, lakes and rivers
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is common with variations in flow, chemical composition and temperature. Variations
with respect to time (temporal) can occur, for example because of heavy precipitation
(snow, rain) and seasonal changes. The most common method for collecting surface
water samples istaking grab or spot samples. This may involve taking a single sample
or a composite sample representative of a width- and depth-integrated profile.
Collecting a sample by hand directly into the shipping sample container is the easiest
method, especially in small, wadeable streams. In deeper water such as lakes and
reservoirs, samples are often taken using bailers or thief samplers. Groundwater
samples are generally collected from existing supply wells or monitoring wells. The
sampling methods vary depending on water depth and well size. Because monitoring
wells are generally small, sampling is less frequent. Automated samplers are often
used due to their ease of use a multiple sites. Wastewater sampling is generally
performed by one of two methods, grab sampling or composite sampling. Grab
samples are discrete samples per discharge event while composite samples are
individual discrete samples collected at regular intervals over a period of time (usually
24 hours) and will therefore represent the average performance of a wastewater
treatment plant for the collection period.

2.2.  SamplePreparation

Trace analysis of organic contaminants in environmental samples is aways
challenging due to the complexity and diversity of sample matrices. Because matrix
effects might exert a detrimental impact on important method parameters as limit of
detection (LOD), limit of quantification (LOQ), linearity, accuracy and precision,
sample pre-treatments involving isolation of analytes, purification of extracts and
preconcentration are required [159]. In addition, concentrations of emerging
contaminants(ECs) found in the water samples are typically below the pg L™ range,
making extraction, pre-concentration, and cleanup prior to detection very important
steps [155]. There are several goals of sample extraction prior to instrument analysis
[132,160,161]. Firstly, it is often necessary to separate the target organic compounds
from a complex aqueous matrix such as sewage and marine water samples to remove
interfering components. Secondly, enrichment of the target analytes is important,
especially when analytes in trace levels are to be determined. Sample extraction and
concentration steps are applied to improve determination sensitivity. Finally, the
compatibility between the sample matrix and the instrumental analysis must be
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considered. For example, generally agueous samples are not immediately analyzed
with GC analysis in which a solvent extraction procedure is normally applied. In this
regard, the shortcomings of liquid-iquid extraction (LLE) are well known (such as
the consumption of huge amounts of potentially toxic organic solvents), and have
been the motivation toward developing new, alternative procedures. Solid-phase
extraction (SPE) employing an adsorptive solid extractive phase in the form of a
cartridge or adisk has, on the other hand, significantly reduced the amount of solvents
utilized compared with LLE. Therefore, SPE has been shown to be a better choice in
many extraction situations and has gained popularity in spite of its high-price
products. Nevertheless, LLE has also been used for the extraction of emerging organic

contaminants.
2.2.1. Liquid-Liquid Extraction

Liquid-Liquid Extraction is atraditional technique to extract organic compounds from
aqueous samples. The fundamental principle for liquid-liquid extraction (LLE) liesin
the partition of target analytes in two immiscible liquid phases [162]. A review of the
organic-group interactions that can be used to identify the desirable functional
group(s) in a solvent for any given solute and screen potentially suitable solvents was
carried out by Robbins [163]. In general, a high distribution coefficient, good
selectivity and little miscibility with the sample matrix under consideration are the
preferable attributes that a solvent should possess. Due to its tedious procedure and
large amount of organic solvent consumed, LLE is being replaced by other extraction
techniques.

2.2.2. Solid Phase Extraction

Because many hydrophilic emerging contaminants do not partition into an organic
solvent from the agueous phase, resulting in poor extraction efficiencies, SPE rather
than LLE are often used. Compared to LLE, SPE is a modern extraction technique
and has become the most common sample preparation technique in environmental
analysis [164,165]. SPE offers lower solvent consumption, shorter processing times,
automation options, higher recoveries, and simpler procedures than LLE. Other
advantages of SPE over LLE are elimination of emulsions, improved selectivity,
specificity and reproducibility. Since direct sampling in the field is an option for SPE,
the need for transport and storage of large sample volumes of water to the laboratory
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can be avoided [166,167]. Field-portable SPE can reduce the possibility of
degradation of target analytes during sample holding times after sample collection.
Solid phase extraction (SPE) techniques have been developed to replace many
traditional liquid-liquid extraction methods for the determination of organic analytes
in aqueous samples. An excellent review of the use of SPE has been written by Liska
and co-workers [168]. SPE methods utilize bonded silica or resin solid sorbents
packed into disposable plastic or glass cartridges or imbedded into Teflon or glass
fibre disks. The SPE method requires a measured volume of the agqueous sample to be
passed through a cartridge tube packed with a suitable solid adsorbent material. The
organic pollutants in the sample are adsorbed onto the solid surface from which they
are eluted by a properly selected solvent. The sample is applied at the top of the tube
and drawn through the bed by a syringe or vacuum, maintaining a flow rate of 1-2
drops/second. Alternatively, larger pore size particles may be used to allow fast flow
rates for large volume samples. The tube is washed with a nonpolar solvent for polar
analytes, and with a polar solvent for non-polar analytes. Finally, the analytes are
eluted out of the column by a suitable solvent. Polar solvents should be used for polar
analytes, and nonpolar solvents for nonpolar analytes. The sample extracts may be
concentrated further by evaporation of the solvent.

The choice of sorbent in SPE is critical since it controls selectivity, affinity and
capacity. The selection of adsorbent-packing material is based on the polarity of the
pollutants to be analyzed. The nonpolar hydrophobic adsorbents retain the nonpolar
analytes and allow the polar substances to pass through the column. The hydrophilic
adsorbents adsorb the polar components, allowing the nonpolar materials to pass
through. Classical SPE sorbents include chemically bonded silica with the C8 or C18
organic group, carbon, and ion-exchange materials. More recently, polymeric
materials, immunosorbents, molecularly-imprinted polymers, and restricted access
materials have been introduced to improve the extraction efficiency of target
compounds [169,170].

2.2.3. Other Extraction techniques

Other extraction techniques used for the extraction of organic contaminants in the

aquatic environment include liquid-phase microextraction (LPME), dispersive Liquid-
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liquid microextraction (DLLME), solid phase microextraction (SPME), sir bar
sorptive extraction (SBSE). Details about these extraction techniques are described in
these references [161,171,172].

2.3. Detection techniques

Most detection techniques for emerging contaminants are based on mass
spectrometry, which has become the preferred method in environmental analysis due
to the inherent complexity of most environmental samples. Chromatography,
including gas chromatography (GC) and high performance liquid chromatography
(HPLC) is the dominant modern analytical technique. Although both liquid
chromatography and gas chromatography continue to be the leading techniques for
the separation of pollutants in the aguatic environment, liquid chromatography is
becoming more and more the focus of research with detection almost exclusively
based on MS, especially MS/MS, in order to fulfil the requirements for unequivocal
confirmation of target compounds [3,20,173]. This rapid rise in the use of LC-MS is
due to the capability of LC-MS for the determination of polar analytes without the
need for any prior derivatization and subsequent to this advantage; LC-MS is
particularly attractive when simultaneously analyzing compounds belonging to
structuraly distinct groups whose determination by GC-MS would involve more than

one derivatization reaction.

In GC analysis, by comparing their mass spectra with mass spectral libraries, the full
scan mode of MS is employed for identifying compound structures, based on
interpreting abundant fragment-ion patterns. For quantification, selective ion mode
(SIM) of MS can be applied to achieve high sensitivity. More recently, to improve
determination selectivity and sensitivity, triple quadrupole (QqQ) MS has been
introduced in GC analysis. For unbiased determination and confirmation of chemical
structures of metabolites, biodegradation, and transformation products, high-
resolution MSis also employed [132].

LC-MS/MS techniques, mainly triple quadrupole and to a lesser extent ion trap (IT),
are today prevalent choices for reliable determination of emerging polar organic

compounds in the environment [3, 159,173]. The extremely high selectivity and
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sensitivity of MRM techniques allow trace constituents of complex mixtures to be
determined. Among the possible ionization techniques, electrospray ionization (ESI)
is by far the most widely used as compared with atmospheric pressure chemical
ionization (APCI) or the more recent atmospheric pressure photo ionization (APPI).
More advanced MS techniques, such as time of flight MS (TOF-MS), etc. have also
been introduced, making a new powerful identification tool available; one new hybrid
guadrupole-time of flight mass spectrometer (QqToF) permits the acquisition of full-
scan product ion spectra, with the accurate mass of the product ions. Based on the
product ion spectra, structure elucidation of unknown compounds as well as
identification of target compounds can be obtained with a much higher degree of
certainty [132,175]. Using liquid chromatography combined with mass spectrometry,
a vast number of reliable analytical methods have been developed for the
determination of emerging pollutants and studies of their occurrence in the

environment.

Due to the highly sensitivity and selectivity of liquid chromatography- tandem mass
spectrometry for the analysis of emerging organic contaminants in complex
environmental matrices, LC-MS/MS instrumental technique was adopted in this study
and the basics of the technique will be discussed in the following section.

24. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

The heart of the HPLC system is the column where the actual separation occurs. A
mobile phase is pumped from the reservoir, through an injector, into the column, and
out to the detector. A sample dissolved in the mobile phase or a smilar solvent is
injected into the flowing mobile phase on the column, separation occurs that is
specific for that of column and the separated peaks elute flowing into the detector
causes a signal to be sent to the data system.

A block diagram of an HPLC system, illustrating its major components is shown in
Fig. 2.1.

Mobile Phase Pump Injector Column Detector

Fig 2.1: Block diagram of atypical HPLC system
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2.4.1. Separation Mechanismsin Liquid Chromatography

A useful classification of the various LC techniques is based on the type of
distribution mechanism applied in the separation.

24.1.1. Normal Phase HPLC

Normal phase HPLC is suitable for the analysis of relatively non-polar compounds.
The retention of the components in a mixture increases with the increasing polarity of
the compounds .Silica gel is used as an adsorbent in most applications and the mobile
phase solvent can be arranged in a so-called elutropic series going from weak eluents
such as pentane and hexane, through moderate eluents, such as chloroform and
dichloromethane, to polar eluents, such as propanol and methanol. The retention of
the analyte can be adjusted by the mixture of a polar solvent with a moderate to weak
solvent and the mechanism of the retention of the analytes is well described by Snyder
[176].

24.1.2. Reversed Phase HPLC

Reversed phase HPLC is the most commonly used LC method, it accounts for around
80% of all HPLC separations. Reversed-phase LC is ideally suited for the analysis of
polar and ionogenic analytes, and as such is ideally suited to be applied in LC-MS.
The non-polar stationary phase is a chemically modified silicabase, i.e. the silanol
groups on the surface are modified by reaction with different alkyl, and aryl group
side chains to produce a range of selective stationary phases. The most commonly
used is the octadecyl (C18) or octyl (C8) functional group with a range of column
diameters and lengths. Due to the steric hindrance of these functional groups, there is
still a free silanol group present and it will interact with the analytes causing peak
tailing. To minimize this effect end capping is introduced to cover the silanol group
[177]. Other non polar packing materials, such as styrene-divinylbenzene copolymers
or hybrid silicon-carbon particles are also used. The retention decreases with
increasing polarity of the analyte. Mixtures of water or aqueous buffers and an
organic modifier (methanol, acetonitrile, or tetrahydrofuran (THF)) are used as eluent.
The percentage and type of organic modifier is the most important parameter in

adjusting the retention of nonionic analytes.
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2.4.2. Tandem M ass Spectrometry

For this research work, we used a tandem mass spectrometer for the detection and
guantification of compounds of study. It is therefore worthwhile to describe briefly
this range of mass spectrometric techniques. Tandem mass spectrometry (MS/MYS) is
aterm which covers a number of techniques in which one stage of mass spectrometry,
not necessarily the first is used to isolate an ion of interest and a second stage is then
used to probe the relationship of this ion with others from which it may have been
generated or which it may generate on decomposition [178].

A triple quadrupole is probably the most widely used MS/MS instrument and consists
of three sets of quadrupole rods in series. The second set of rods is not used as a mass
separation device but as a collision cell, where fragmentation of ions transmitted by
the first set of quadrupole rods is carried out, and as a device for focussing any
product ions into the third set of quadrupole rods. Both sets of rods may be controlled
to allow the transmission of ions of a single nVzratio or arange of m/z values to give
the desired analytical information. Other types of MS/MS being used in conjunction
with LC include quadrupole-time -of -flight instrument, tandem mass spectrometry on
the lon-trap, the hybrid mass spectrometer.

2.4.3. MSIM S Techniques

2.4.3.1. Precursor- lon Scan: In this scan, the second stage of mass spectrometry
(MSg) is set to transmit a single m/z ratio, namely that of the product (fragment) ion of
interest, while the first stage (MS,) is set to scan through the mass range of interest,
with the fragmentation of ions passing through MS; being again carried out in MS,,
the collision cell. A signal is seen at the detector only when ions are being transmitted
by both MS; and MS;, i.e. when an ion, being transmitted by MS; fragments to give
the desired ion.

2.4.3.2. Product-lon Scan: the first stage of mass spectrometry MS; is used to isolate
an ion of interest — in LC-MS, this is often the molecular species from the analyte.
Fragmentation of the ion is then effected; the means by which this is achieved is
dependent on the type of instrument being used but is often by collision with gas
molecules in a collision cell, i.e. MS; in the triple quadrupole. The second-stage mass
spectrometer MS; is scanned to provide a mass spectrum of the ions formed in the

collision cell, i.e. the product (fragment) ions.
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2.4.3.3. Selected Reaction Monitoring: the fragmentation of a selected precursor ion
to a selected product ion is monitored. This is carried out by setting each of the stages
of mass spectrometry to transmit a single ion, i.e. the precursor ion by MS; and the
product ion by MS;.

CHAPTER 3

BENZOTRIAZOLES, BENZOTHIAZOLES AND
BENZOSULFONAMIDESASEMERGING CONTAMINANTS

3.1. BENZOTRIAZOLES: STRUCTURES, PROPERTIES, USESAND TOXICITY
With a large number of applications of synthetic chemicals in human daily lives, as
well as in industrial and agricultural production, various emerging contaminants are
continually being identified [179]. Benzotriazole (1H-BTR) is a typical emerging
contaminant [20]. Benzotriazole and its methyl substituted compounds are regarded as
potential hazards to agquatic organisms, and can cause long-term adverse effects in
aquatic environments [180,181]. Benzotriazole first became a concern because of the
contamination caused by aircraft deicing fluids of which the primary agents were
benzotriazole and its derivatives [182]. Benzotriazole and its derivatives are anti-
corrosive agents used in aircraft deicing and antifreeze fluids (ADAFs), which are
critical to the safety and smooth running of airportsin cold climates. As such, ADAFs
are used in extremely large quantities. It was estimated that 3,785 L are used each
time a large passenger jet is de-iced, and 8,000,000 L of these chemicals are used per
year in Canada alone [183]. In addition, the annual production of benzotriazole is
approximately 9000 tons worldwide [149,179].

3.1.1. Structures of benzotriazoles

Benzotriazole compounds are derivatives of a benzene ring on which avicinal pair of
carbon atoms covalently bond to three nitrogen atoms in a five membered ring [184].
Benzotriazole compounds are heterocyclic compounds, with the parent compound
benzotriazole having the formula CsH4sN3H. As shown in the structures in Fig 3.1,
there are three lone-pairs of electrons in the triazole ring and these electrons polarise
the molecule. Some of the derivatives of benzotriazole include 5-
Methylbenzotriazole, 1-Hydroxybenzotriazole, 5,6-Dimethylbenzotriazole
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Fig. 3.1: Structures of benzotriazoles

3.1.2. Properties of benzotriazoles

Benzotriazoles are polarized molecules with three lone pairs of electrons on three
nitrogen atoms. They are generally stable to heat, ultraviolet radiation, and chemical
or bacterial attack which makes them persistent xenobiotics under environmental
conditions. They are significantly soluble in water, highly soluble in methanol and
possess very low vapour pressure [184,185]. They possess N-H acidity which gives
them the capability to function as complexing agents [184]. The two common forms,
benzotriazole and tolytriazole, are soluble in water, resistant to biodegradation, and
are only partially removed in wastewater trestment [12,14,186,187]. Although
benzotriazoles have been shown to have high affinity for an organic phase, they ill
possess polar character and this property makes them unusual and stems from their
strong permanent dipole moments [184]. Benzotriazoles have relatively low values of
logKow as shown in Table 3.1 and so are expected to be highly mobile in surface
water, groundwater and soil [188].

55



Table 3.1: Properties of Benzotriazoles

Compound Benzotriazole | 1- 5 5,6,-
Hydroxybenzotria | Methylbenzotr | Dimethylbenzotriazol
zole iazole e

CAS No. 95-14-7 2592-95-2 136-85-6 4184-79-6

Other names 1,2,3- 1H-benzotriazole, Tolyltriazole; 1H-1,2,3-
Benzotriazole, | 1-hydroxy; 1H- benzotriazole, 5,6-
Aminoazophen | .. 123 Benzotriazole, | dimethyl; 5,6-
ylene, Benzotriazol-1-o: | > Methyl=i5- Dimethyl-1H-
Aziminobenzen Methyl-1H- benzotriazole;

i Benzotriazol ol benzotriazole
& eNZotNazol€ | 5 6-Dimethyl-1H-
Cobratec 99 tolutriazole benzotriazole
Cobratec tt-100

Mol. formula C6H5N3 C6H5N30 C7H7N3 CgHgNg

Mol. Weight 119.12 135.13 113.15 147.17

Log Kow 1.44 0.11 1.71 2.26

pK 4 8.4 7.39 8.66 9.28

Water Solubility 19.8 70.7 3.06 0.9

gL™

Henry's Law 0.015 1.8x10° 0.016 0.0016

constant (Pa*

m%mole)

(from http//:www.syrres.com/escphysdemo.htm)

3.1.3. Uses of Benzotriazoles
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The production and use of benzotriazoles have increased to the point that the United
States Environmental Protection Agency (USEPA) has classified them as High
Production Volume Chemicals [189]. They have been used in various applications,
the three primary uses being corrosion inhibitors in dishwasher detergents, aircraft
anti-icing fluids, automotive anti-freeze formulations, industrial cooling systems,
metal-cutting fluids, brake fluids, UV-light stabilizer for plastics, and anti-foggant in
photography [22]. They have been reported to be the primary additives of
environmental concern in aircraft de-icing/anti-icing fluids (ADAF) which are used to
reduce flammability hazards and to protect electronic components in the fuselage
[182,184,190-192]. As aresult of the N-H acidity of benzotriazoles which gives them
the capability to function as complexing agents [184], benzotriazole and tolyltriazole
are used in the metal finishing industry, in semiconductor industry [193] and in milk
processing [194].

3.1.4. Toxicity of benzotriazoles

Benzotriazole has been reported to be toxic to aguatic organisms that can cause long-
term adverse effects. It is hydrophilic, not biodegradable in a municipal waste
treatment plant and no evidence of biodegradation by elective culture and continuous
enrichment with bacteria [195,196] even though there are reports of its
photodegradation [197,198]. Some of the first toxicity data produced regarding
benzotriazole and its derivatives involved isolation of a number of ADAF fractions to
determine their contribution towards microtox activity using the Microtox bioassay
[183]. Acute toxicity assays have revealed that after 96h, the median lethal
concentration (LCsg) was 65 mg L™ of benzotriazole for the fathead minnow
(Pimephales promelas), with a corresponding no-observable-adverse-effect (NOEC)
concentration of 46 mg L™ whereas benzotriazole was less sensitive to the water flea
(Ceriodaphnia dubia), with a LCso of 102 mg L™ [181]. These concentrations are very
high and would suggest that benzotriazoles are likely to pose an acute threat to the
wildlife. However, very little chronic toxicity data is available to base a sound
ecological risk assessment. A chronic 21 day reproduction toxicity test using Daphnia
magna resulted in a NOEC value of 3 mg L™ and based on these data, a predicted no-
effect concentration (PNEC) of 0.06 mg L™ was calculated for benzotriazole
[195,199,200].
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Benzotriazole has been described as possessing clear antiestrogenic propertiesin vitro
assays conducted using a recombinant yeast but no evidence of such antiestrogenic
activity was observed in vivo study with fathead minnow (Pimephales promelas)
[150]. The developmental effects of benzotriazole to the marine invertebrate Ciona
intestinalis (Chordata, Ascidiae) has also been assessed [201]. The 24-hour NOEC
and LOEC (Lowest observable effect concentration) values based on embryo
morphological development were 100 and >100 mg L™ respectively while after 48h,
the NOEC and LOEC values were 10 and 32 mg/L, respectively. The structural
similarity of benzotriazoles with naturally occurring substances (such as adenine,
guanine, indole) suggests that they could affect nervous and endocrine systems and
inhibit the synthesis of proteins, enzymes and RNA in mammalian systems [185,190].

Benzotriazoles have also been identified as possible carcinogenic substances and have
been shown to induce toxic responses in fish, invertebrates, marine and soil bacteria,
at relatively low concentrations [185,202-204]. Benzotriazole has been found to
induce VTG and CY P19a gene expression, but inhibit the CY1A1 gene expression
[205]. These results imply that benzotriazole has adverse potential on the marine
(seawater) medaka's endocrine system, which may lead to adverse effects, including
compromised growth and reproduction, altered development, abnormal behaviour,
and alterations in hormone biosynthesis.

The toxic effects of benzotriazoles in vegetation are not totally understood but due to
their possession of some similarity to natural plant growth regulators such as auxin
and cytokinin, they can cause damage to the root system [206]. Benzotriazoles
concentrations greater than 100 mg L™ in the agueous phase could be toxic to
vegetative systems [207]. A damage to the root system leading to growth inhibition
was the main effect observed. In consideration of its widespread use, high solubility
and persistence in water and high bioaccumulation, concerns about the occurrence,
accumulation and risks of benzotriazole and its derivatives to aguatic organisms have
been raised.

From the available ecotoxicity data of benzotriazoles and its derivatives, their entry
into the aquatic environment could present negative effects on the aquatic organisms

3.2. BENZOTHIAZOLES: STRUCTURES, PROPERTIES, USESAND TOXICITY

3.2.1. Structures of benzothiazoles
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Benzothiazoles form a part of xenobiotic, heterocyclic, molecular structures
comprising a benzene ring fused with a thiazole ring.

Benzothiazole 2-Hydroxybenzothiazole
N N
>’\NH2 >*\SCH3
S S
2-Aminobenzothiazole 2-(Methylthio)benzothiazole

Fig 3.2: Structures of benzothiazoles

3.2.2. Properties of benzothiazoles

The benzothiazoles covered in this study are moderately polar and slightly
hydrophobic compounds (Table 3.2). Therefore, some (BTH, 2-OH-BTH, 2-Amino-
BTH) are expected to be moderately soluble in water. Some of the compounds have
also been observed to be resistant to biodegradation and only partially removed during
wastewater treatment [208,209].

3.2.3. Uses of Benzothiazoles

2-substituted benzothiazoles are a group of widely used industrial chemicals,
primarily as vulcanization accelerators in tire production and are present in all kinds
of rubber products [210]. They are also used as bio-corrosion inhibitors in cooling
systems, in paper manufacturing and as ingredients in anti-freeze [211].
Aminobenzothiazole (2-AminoBTH) in particular is used in the manufacturing of
some disperse azo dyes, which are prepared by diazotization of aminobenzothiazoles
followed by coupling with N,N-dialkylaniline and for the preparation of pesticides.
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Table 3.2: Properties of benzothiazoles

Compound | Benzothiazole | 2- 2- 2-
Hydroxybenzot | Aminobenzothia | (M ethylthio)benzot
hiazole zole hiazole
CASNo. 95-16-9 934-34-9 136-95-8 615-22-5
Other 1,3 1,3 1,3-Benzothiazol- | 2-(methylthio)-1,3-
names Benzothiazole, | Benzothiazol-2- | 2-Amine;2- benzothiazole;
Benzothiazol; ol; Benzothiazolami 2-(methylsulfanyl)-
Benzosulfonaz | 2-Hydroxy-1,3- ne 1,3-benzothiazole;
ole benzothiazole; | o- °.
S Aminobenzothiaz (Methylmercapto)be
Orthophenylene | ole nzothiazole
thiocarbamate
Mol. C7H5N5 C7H5NOS C7H6N28 C8H7NSQ
formula
Mol. 135.19 151.19 150.2 181.28
Weight
Log Kow 2.01 1.76 2.0 3.15
PKa - - - -
Water 4.3 2.35 1.48 0.125
Solubility
QL™
Henry's 3.7x 107 3.9x10° 1.32 X 10° 1.9x10°
Law
constant
(Pa*
m’/mole)
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3.2.4. Toxicity of Benzothiazoles

The toxicological and ecotoxicological effects of benzothiazioles derivatives were
described by Reemtsma et al. [212] concerning bacteria (Vibro fischeri) and inhibition
of nitrification. Luminescence inhibition (EC, ) of V. fischeri was measured and was

found to be 6 pg L™ for Thiocyanomethylthiobenzothiazole and 3 mg L™ for
benzothiazole. They also found an inhibition of nitrification in sediment columns at
concentrations of 0.1-0.3 mg L™ for the benzothiazoles. Hendricks et al. tested 2-
(methylthio)benzothiazole and benzothiazole for acute toxicity on Daphnia magna
and found EC_  values of 10 and 50 mg L™ for 2-methylbenzothiazole and

benzothiazole respectively [213]. Reemtsma and co-workers concluded that 2-
substituted benzothiazoles are not completely removable by biological wastewater
treatment and are of concern for aguatic environment due to their limited
biodegradability and potential toxicity [212].

3.3. BENZOSULFONAMIDES: STRUCTURES, PROPERTIES, USES AND
TOXICITY

3.3.1. Structuresof benzosulfonamides

p-TSA is formed by reaction of p-toluenesulfonyl chloride with ammonia [214]. All
processes are in a closed system except for drying and packaging. The structures of
benzenesulfonamide and its derivatives (0-TSA and p-TSA) are displayed in Fig 3.3

i: CH, H,C
Benzenesulfonamide o-Toluenesulfonamide p-Toluenesulfonamide

Fig. 3.3: Structures of benzosulfonamides

3.3.2. Properties of benzosulfonamides
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Benzosulfonamides (BSA, o-TSA and p-TSA) are a group of relatively high polar
compounds as depicted by their respective low octanol-water partition coefficient
(Table 3.3). They are therefore expected to be mobile in the aquatic environments, p-

toluenesulfonamide has been shown to decrease significantly during wastewater

treatment processes [154,215].

Table 3.3: Properties of Benzosulfonamides

Compoun | Benzenesulfonamid | o-Tolunesulfonamide p-Toluenesulfonamide

d e

CAS No. 98-10-2 88-19-7 70-55-3

Other Benzolsulfonamide, | 2- 4-

names Benzosulfonamide; | Methylbenzenesulfonamid | Methylbenzenesulfonamid

Benzolsulfonamid € Benzenesulfonamide, 2- | €

methyl;2- 4-Toluenesulfonamide;
Toluenesulfonamide; _
Toluene-2-sulphonamide p-Tosylamide

Mol. C6H7NOZS C7H9N028 C7H9N028

formula

Mol. 157.19 171.22 171.22

Weight

Log K ow 0.31 0.84 0.82

pK & 10.1 - 10.2

Water 4.3 1.62 3.16

Solubility

L™

Henry's 4.22 x 10 4.7 x 10? 4.7 x10%

Law

constant

(Pa*

m®mole)
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3.3.3. Uses of Benzosulfonamides

Benzene- and toluenesulfonamides (BTS), especially p-Toluenesulfonamide (p-TSA),
o-Toluenesulfonamide (0-TSA) and Benzenesulfonamide (BSA) have a broad
application as industrial chemicals. p-TSA is used as a plasticizer, an intermediate for
pesticides and drugs, and is the primary degradation product of the disinfectant
chloramine-T (N-sodium-N-chloro-p-toluenesulfonamides) in water. Chloramine-T is
used as an antimicrobial agent in the food industry to disinfect surfaces, instruments
and machinery and also a therapeutic drug for bacterial gill diseases of fish species,
and for bacterial disease of swine and poultry [154,216,217]. The main application for
0-TSA isits use for the production of the artificial sweetener saccharin. BSA is used
for synthesizing dyes, photo chemicals and disinfectants [216,218]. p-TSA isused in
the formulation of toluenesulfonamide/formaldehyde resin (TSFR), which is used in
fingernail polishes and enamels at concentrations up to 10% [216].

3.3.4. Toxicity of Benzosulfonamides

Studies on ecotoxicology of benzosulfonamides are very scarce at present. However,
the toxicological relevance of p-TSA was tested by the German Federal Environment
Protection Agency (UBA) and the UBA recommends a maximum allowed
concentration of 0.30 ug L™ for drinking water. For o-TSA and BSA the toxicological
relevance has not been tested yet and the drinking water limit of 0.10 pg L™ for
unknown substances can be applied. It has also been shown that 0-TSA and BSA are
not removed during waste- and drinking water treatment [154,215,219].

The LD50 for p-TSA in mice was found to be 400 mg L™ and in rats, the oral LD50
was reported to be greater than 2000 mg L™ [216].

63


http://www.syrres.com

CHAPTER 4

REVIEW OF ANALYTICAL METHODOLOGIESFOR THE
DETERMINATION OF BENZOTRIAZOLES, BENZOTHIAZOLES
AND BENZOSULFONAMIDESIN THE AQUATIC ENVIRONMENT

4.1. INTRODUCTION

Benzotriazoles, benzothiazoles and benzosulfonamides are classes of organic
compounds that belong to groups of compounds generally referred to as emerging
contaminants [109,159]. It is therefore imperative to review the different analytical
approaches present in the literature for their determination and the concentration
levels at which the compounds occur in the aquatic environment. In addition, their

removal rate in wastewater treatment plantsis also reviewed.

The issue of emerging contaminants is closely related to analytical performance
concerning their monitoring in various environmental compartments. With the
development of sophisticated and sensitive analytical apparatus and procedures, more
and more emerging pollutants can be detected at trace levels in the environment
[9,220]. Consequently, a number of new or previously ignored and/or unrecognized
contaminants have been brought under scrutiny. However, it is still necessary to
further improve rapid and sensitive analytical procedures, in particular in two
directions: on the one hand, high sensitivity at ultra-trace levels and on the other hand
,versatility in simultaneous screening for a wide variety of compounds with large
differences in physicochemical properties (e.g. log Kow, high water solubility,
zwitterionic form according to pKa) [221]. Continual improvements in analytical
equipment and capabilities have brought within the realm of possibility the detection
and quantification of virtually any contaminant including benzotriazoles,
benzothiazoles and benzosulfonamides at lower and lower levels in the environment
[49].

Mass Spectrometry (MS) has revolutionalized environmental analytical chemistry by
allowing the analysis of complex organic mixtures for trace amounts of analytes due
to confirmation capability. Currently, the detection and quantification of organic
contaminants at trace levels in environmental water samples, often require the use of
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chromatographic techniques (gas chromatography and liquid chromatography)
hyphenated to mass spectrometry using several types of analyzers or hybrid
instruments. Gas chromatography-mass spectrometry methods have greatly
contributed to the characterization of small apolar (except when derivatization step is
used) contaminants in water whereas liquid chromatography mass spectrometry
methods have been more recently utilized to extend the investigation of water
contaminants to non-volatile, (highly) polar and thermally labile compounds thus
allowing the detection of analytes that were not routinely analyzed in the past, many
of which are new emerging pollutants [3,9,15,23,34,39,58,222].

Nowadays, the major challenge is the analysis of highly polar compounds at trace
concentration levels in the agueous environmental samples. This challenge is as a
result of the shift towards the use of more hydrophilic compounds in industrial and
consumer applications. Thus, the development of appropriate analytical methods that
can deal with specific properties and also a multitude of different chemicals with
differing properties, is urgently required in the environmental analysis of emerging
pollutants [15,222].

Reports on the fate of emerging chemicals like benzotriazoles, benzothiazoles and
benzosulfonamides in sewage treatment plants (STP) showed that they may only be
partially removed during conventional treatment [14,55,59,60,149,154,223,224].
Evidence has been accumulating, depicting that these emerging chemicals appear in
natural waters through municipal, agricultural and industrial wastewater discharges.
Treated effluents (and in some cases raw sewage) are discharged into receiving
waters, including small streams, rivers, lakes and drinking water supplies
[53,55,59,62,63]. Due to widespread occurrence of benzotriazoles, benzothiazoles and
benzosulfonamides in the aquatic environment, they have been considered emerging
contaminants. In the following sections and subsections, the reviews of literatures on
their analytical methodologies of determination, occurrence in the environment and

removal efficiencies in the wastewater treatment plants will be undertaken.

4.2. ANALYTICAL METHODOLOGIES FOR THE DETERMINATION OF
BENZOTRIAZOLESIN THE AQUATIC ENVIRONMENT

There has been an increasing interest in the determination and occurrence of

benzotriazoles which is a class of emerging contaminant. For many years chemicals
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of the benzotriazole group have commonly been used as industrial chemicals with
versatile applications for technical and commercial production. Benzotriazoles
contain a five-membered ring with three nitrogen atoms directly bonded to one
another as substituents on a benzene ring (Fig 3.1). In other words, they are
derivatives of a five-member heterocyclic compound containing three nitrogen atoms
and avicinal pair of carbon atoms.

The two common forms (benzotriazole and tolytriazole) are soluble in water, resistant
to biodegradation, and are only partially removed in wastewater treatment [12,14,186,
187]. Because of their water solubility and poor biodegradability in wastewater
treatment plants, these emerging contaminants have been detected in various
environmental water samples including wastewaters, surface water and groundwater
[4,12,14,15,153,223,225]. The compounds have also been found to occur at
environmental level concentrations in soil, sediment and sludge [226,227,228]. More
details about the properties, uses and occurrence of these compounds in the
environment have been discussed in Chapter 3.

Therefore, due to the widely acknowledged persistence, high resistance to
biodegradation, ubiquitous occurrence, and potential acute and chronic toxicity of
benzotriazole and its common derivatives in the environment, it is worthwhile to
review the current analytical methodologies, so far available, for the determination of
these compounds in the aqueous and solid environmental samples and to determine
the concentration levels at which they appear in the aquatic environment.

4.2.1. Extraction of Benzotriazoles from Aqueous Samples

In very dilute water samples, preconcentration procedure is indispensable. Solid
phase extraction is widely used in environmental analytical field because it extracts
and pre-concentrates in a single step. Solid phase extraction, so far, is the most widely
and frequently used sample pretreatment and preconcentration procedure for the
determination of benzotriazole and its common derivatives in environmental water
samples. In few cases, other extraction procedures, such as liquid-liquid extraction
(LLE), mixed mode solid phase extraction, dispersive liquid-liquid microextraction
(DLLME) have also been exploited [12,153,180,229,230]. The most common SPE

sorbents used for the analysis of benzotriazoles in environmental water samples are
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polymeric sorbents due to their intrinsic advantages over silica-based sorbents. The
inherent advantages include stability over awider pH range, capability to retain larger
guantity of analytes, different modes of separation mechanisms. Nevertheless, this
technique (SPE) also presents some disadvantages such as increased chances of losses

during sample handling and the requirement of large volume samples [231].

On-line SPE strategies coupled to an LC system appear to solve the drawbacks
exhibited by the classical SPE procedure and it has been used for the extraction and
preconcentration of benzotriazoles in environmental water samples [232]. The
benefits of this on-line extraction system versus the conventional SPE methodology
are numerous and important. First, the tedious conventional SPE procedure is
automated, and the operator only needs to place the sample vial in the apparatus and
this automation minimizes sample loss or contamination during sample handling and
improves the reproducibility of the analysis. In addition, the reduction of both the

reguired sample volume and time of the analysis is achieved.

Moreover, since modern trends in analytical chemistry are approached towards the
simplification of sample preparation, microextraction techniques are playing an
important role in the determination of different pollutants. A novel microextraction
technique named dispersive liquid-liquid microextraction (DLLME) was developed
by Assadi and co-workers [233] and the technique was adopted for the extraction and
preconcentration of benzotriazoles and benzothiazoles in environmental water
samples by Pena and co- researchers [230]. DLLME offers several important
advantages over the classical solvent extraction methods, which include faster
operation, no need of large amount of organic extraction solvents, low time and cost

and easier linkage to most analytical methods.

Moreover, some researchers have also used either direct injection of water samples or
liquid-liquid extraction (LLE) methods but these methods were characterized with
low sensitivity, high limits of quantification and occurrence of matrix effect especially

when mass spectrometry was used as detection method [12,234].

Weiss and Reemtsma carried out an extraction of benzotriazole and the two isomers
of tolyltriazole (4 and 5-tolyltriazole) in environmental waters using 60-mg Oasis
HLB cartridges [12]. Recoveries were determined at two concentration levels (10 and

50 ng L™) and ranged from 95 to 113%. No significant difference in recovery was
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observed between these two concentration levels and no significant influence of the
sample matrix on the recovery could be observed. Another research group also
reported the use of 60-mg Oasis HLB cartridges for the determination of
benzotriazole and tolyltriazole in municipal wastewater and river water [180,223].
Better recoveries were obtained (99% for benzotriazole and 97% for tolyltriazole), the
study suggested that the eluting solvent (1.5 mL of dichloromethane containing 3%
methanol) may have stronger affinity for the compounds than the eluting solvent
5 mL of methanol/acetone (6/4) as used by Weiss and Reemtsma[12].

Two different commercially available cartridges (Oasis HLB, 5mL, 200mg glass
cartridges and Oasis HLB, 6mL, 500mg polypropylene cartridges) were compared by
van Leerdam et al. for preconcentration of six benzotriazoles and four benzothiazoles
in water samples [153]. The effects of the amount of adsorbent and solvent
composition for the elution of the SPE-cartridges were investigated. Three different
compositions of elution solvents (acetonitrile, methanol and  50:50
acetonitrile/methanol) and three different evaporation temperature values during
evaporation step of the sample extracts (37, 45 and 56°C) were assessed. They also
examined the influence of pH (neutral and acidic-7.8 and 2) on the recovery. The
recovery of all benzotriazoles at neutral pH was less than 50%, whereas the recovery
at pH of 2 was in the range of 50-110%. The results also showed that the recoveries of
the target compounds were higher than 68% when using 500 mg adsorbent and a
mixture of acetonitrile/methanol as elution solvent. It was observed that every other
combination of the parameters investigated resulted in a recovery below 34% for one
or more compounds. The temperature of the evaporation step did not influence
significantly the recovery of the analytes and so for practical reasons, atemperature of
45°C for the evaporation was selected.

The same research group developed two different SPE protocols for the
preconcentration of the emerging contaminants including pharmaceuticals, illicit
drugs and benzotriazoles in environmental water samples [222]. Benzotriazoles were
pre-concentrated using Oasis HLB 200mg 5mL glass cartridges, the sample pH was
adjusted to 2 and the compounds were eluted with 3 x 2.5mL of acetonitrile. Two
internal standard compounds ( fenuron and chloroxuron) were used to check the SPE
procedure and enable the calculation of the SPE recoveries. For majority of the
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benzotriazoles, the method recoveries were > 70% in drinking, surface and ground
water.

The influence of the matrix on the SPE breakthrough volume of benzotriazoles in
ultrapure water, river water and raw wastewater was examined by Jover et al. [152].
250, 500, 1000 and 2000 mL of each matrix were pre-concentrated. In addition, they
tested two sample pH values (3 and 11) on spiked samples of ultrapure water. The
best recoveries were obtained at pH 3 because the compounds were kept in their
neutral form at this pH which enabled a better interaction and absorption with the SPE
polymeric phase. With Strata-X 100mg polymeric cartridge (modified pyrrolidone
divinylbenzene co-polymeric surface) chosen as adsorbent at this pH of 3, recoveries
ranged from 92.8% to 99.6% in ultrapure water, from 85% to 115% in river water
and from 78% to 98% in wastewater. For ultrapure water, breakthrough was not
achieved at 2000 mL, but was exceeded at 2000 mL for river water and at 1000 mL
for raw wastewater. Dominguez et al. also applied the SPE protocol developed by
Jover et a. as the sample extraction procedure for the determination of
benzothiazoles and benzotriazoles in wastewater using ionic liquid stationary phases
in gas chromatography mass spectrometry [209]. The same recoveries range of 78%
to 98% for wastewaters was observed. Matamoros and co-workers adopted the same
SPE procedure for sudying the occurrence and fate of benzothiazoles and
benzotriazoles in constructed wetlands in Spain [224].

Bond Elut ppl cartridges (200mg, 3ml) were employed by Kiss and Fries [235] for
enrichment of benzotriazole, 5-methylbenzotriazole and 4-methylbenzotriazole in
river water. The recoveries for the analytical procedure were 62% for benzotriazole

and 70% for 5-methylbenzotriazole.

Matamoros et al. expolited Strata—X SPE sorbent (100mg, 6 mL) as the
preconcentration stationary phase for the simultaneous extraction of 97 organic
contaminants, including 5 benzotriazoles and benzothiazoles in river water [236].
Two sample pH values (2 and 7) were evaluated on spiked river samples. It was
observed that non-acidic compounds such as the benzotriazoles yielded similar
recoveries in acidic or neutral pH. A sample pH of 2 was finally selected for
subsequent extraction of the analytes from the river water. Recoveries of
benzotriazole and 4-methylbenzotriazole in the developed analytical method were
66% and 102% respectively.
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Benzotriazole and tolyltriazole were enriched in wastewaters, river waters and tap
water samples from the UK by solid phase extraction using Oasis cartridges and the
samples adjusted to pH 3 [48]. The eluting solvent used was 5 mL of dichloromethane
containing 3% methanol. The method recoveries of benzotriazole and tolyltriazole
from wastewaters ranged from 83 to 101% and 86 to 118%, respectively, whereas the
recoveries in spiked Milli-Q water samples for benzotriazole and tolyltriazole were
91% and 101%, respectively.

The input and occurrence of benzotriazole and tolyltriazole as aquatic contaminants in
Swiss rivers and lakes were studied by Giger et al. [180]. Water samples from the
rivers and lakes were initially filtered through 0.7um glass fibre filters, the pH of the
filtrates was adjusted to 2.5-3.0 and pre-concentrated by solid phase extraction
procedure using Oasis HLB Cartridges (60mg, 3mL). Recoveries of benzotriazole and

tolyltriazole were 99% and 97%, respectively.

Solid phase extraction procedure was employed for the extraction of benzotriazoles
and ultraviolet filters from aqueous samples by Liu and co-workers [228]. They
evaluated the SPE method by testing four SPE cartridges (Oasis HLB, 6mL 500 mg;
Supelco ENVI-18, 6mL 500 mg; Strata X-C-33um, 6mL 500 mg, Selby Biolab C18,
6mL 500mg), five elution solvents (methanol, dichloromethane, acetonitrile,
methanol/acetonitrile 50/50, methanol/dichloromethane 50/50), four elution volumes
(Ix2mL, 2x2mL, 3 x 2mL, 4 x 2mL for elution solvent methanol/dichloromethane
50/50) and two pH values (2 and 7). The optimized method involved the use of Oasis
HLB, 6 mL 500mg cartridges, 3 x 2mL of methanol/dichloromethane 50/50 as elution
solvent. The recoveries for the benzotriazoles were much lower at pH 7 (< 50%) than
at pH 2 (79-110%), which was in agreement to the study of van Leerdam et al. [153]
where the sample pH adjusted to an acidic pH yielded better recoveries for the
compounds than at a neutral pH. They subsequently adjusted the pH of water samples
to 2 prior to SPE of the target compounds. Oasis HLB cartridges gave the best
recoveries among the cartridges as a result of better interactions of the polar
compounds with hydrophilic-lipophilic balanced reversed phase sorbent than C18 or
charcoal in the other cartridges. They also applied the developed SPE protocol to
investigate the occurrence and removal of benzotriazoles and UV filters in a
municipal wastewater treatment plant in South Australia [237]. The method
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recoveries of most target compounds ranged between 75% and 133% in influent and
effluent samples.

Carpinteiro et al. developed an improved selectivity method for the simultaneous
determination of four benzotriazoles and six benzothiazoles in aqueous matrices by
mixed-mode solid-phase extraction followed by liquid chromatography-tandem mass
spectrometry [229]. They exploited the advantage of a mixed-mode SPE sorbent
which combines ionic exchange and reversed-phase mechanisms for the extraction of
the compounds. Parameters affecting the extraction process such as the type and
amount of sorbent/elution solvent were thoroughly investigated. Under optimal
conditions, Oasis MAX cartridges and a 5 mL of methanol/acetone (7:3) as elution
solvent were selected. This type of sorbent retains basic and neutral species and
improves the retention of the acidic compounds by strong anionic exchange with
protonated amino moieties existing in the structure of the sorbent. By considering the
same elution mixture as for Oasis HLB, MAX Cartridges provided clear extracts with
a lower complexity. A second cartridge was even connected in series to check the
sample breakthrough and no signal was observed in the second cartridge. Recoveries
between 80% and 118% were obtained for influent, effluent and river water. The SPE
methodology provided an enhanced selectivity compared to the conventional
reversed-phase SPE, allowing the determination of the compounds in surface water

and effluent samples using simply external standard calibration.

Loos and co-workers analyzed 59 selected organic compounds including
benzotriazoles (benzotriazole and methyl benzotriazole) in ground water samples
from 23 European countries [118]. The ground water samples were extracted by solid
phase extraction using Oasis HLB (200mg, 6 mL) cartridges and 6mL of methanol as
elution solvent. The method recoveries for benzotriazole and methylbenzotriazole
were 56% and 47% respectively. The research group also applied the SPE protocol for
the determination of 34 polar water-soluble organic contaminants including
benzotriazole and tolyltriazole in the dissolved liquid water phase of river water
samples from the river Danube and its major tributaries [239]. Generally, whereas 400
mL water samples were pre-concentrated in the case of groundwater, 1L samples
were used for the river water.

Kovalova et al. developed an automated online SPE-HPLC-MS/M S analytical method
for the determination of 68 target analytes including benzotriazole and 4/5
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methylbenzotriazole mixture in hospital wastewater in order to sudy the performance
and efficiency of membrane bioreactor for the elimination of the compounds [232].
The in-house filled online SPE cartridge contained Isolute ENV+ and Oasis HLB
solid phase materials. To provide satisfactory results for mgjority of the compounds,
they considered conditions such as SPE material or material combination, pH of the
sample at loading, suitable SPE eluent which serves also as part of the HPLC mobile
phase, SPE cartridge washing solvent and the time of valve switching. In total, seven
different SPE materials in eight different combinations and at three different pH
values (pH 3, 7 and 9) were investigated. The optimized method used a layer of
Isolute ENV+ and Oasis HLB, pH of 3 and methanol as elution solvent. The relative
recoveries of the final analytical method ranged between 78% to 129% for
benzotriazole and 135% to 227% for 4/5 methylbenzotriazole mixture in hospital
wastewater (raw and treated wastewater) and municipal wastewater (influent and
effluent).

A simple and rapid dispersive liquid-liquid microextraction (DLLME) method was
developed by Pena and co-workers for the determination of eleven benzotriazoles and
benzothiazoles in water samples [230]. They evaluated the influence of the different
experimental variables (type of dispersant and extraction solvent, volume of
dispersant and extraction solvent, pH, ionic strength) on the performance of the
sample preparation step. For the optimized DLLME method, an aliquot of 9 mL water
sample adjusted to a pH of 6 containing 2g of NaCl was placed in a 10 mL volumetric
flask. A rapid injection of 0.5 mL MeOH (as disperser solvent) containing 100 pL
Tri-n-butylphosphate (TBP) as extraction, was performed. TBP provided higher
extraction efficiency than chlorinated solvents and ionic liquids. The extraction
process was efficient with recoveries ranging from 67% to 97%. The extraction yield
underwent a significant reduction with the increase in the complexity of the sample. It
was noted that although microextraction techniques provide great advantages such as
miniaturization, reduction of organic solvent consumption, and improvement in the
selectivity of the extraction compared to SPE and LLE, the developed DLLME
exhibited similar recovery values to those obtained by conventional extraction
processes such as LLE and SPE. The optimized method exhibited a precision level
(RSD < 9%) similar or even better than those obtained by LLE and SPE methods.
Additionally, the use of TBP provided some advantages such as reduction of exposure
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to toxic solvent, possibility of obtaining more reproducible results since evaporation
of extractant was not required and obtaining a directly analyzable extract in a short-
single step. Moreover, extraction was carried out in a few seconds in DLLME, while
SPE or LLE involved multi-step processes such as activation of cartridges and
additional evaporation process, increasing the overall sample treatment time.

Liquid-liquid extraction (LLE) procedure was exploited by Pervova et al. for the
extraction of 1,2,3 benzotriazole from agueous solution ( sewage water) [234]. The
extraction was performed with toluene which was purified with concentrated H,SO4
and washed with water to a neutral pH value, dried with anhydrous N&SO, and
distilled. The extraction method involved the acetylation of benzotriazole with acetic
anhydride in an agueous solution in the presence of sodium hydrogen carbonate with
the simultaneous extraction of the forming N- acetylbenzotriazole into toluene. In
studying the extraction of aqueous solutions of N-acetylbenzotriazole with toluene, it
was shown that for the ratio between the agueous and organic phases 100:1, the
recovery was about 80%. The incompleteness of the extraction of benzotriazole as N-
acetylbenzotriazole was, however, taken into account for the calculation. One notable
observation was that benzotriazole was poorly extracted from aqueous media thus, the
distribution ratio between water and ether was only 3.8.

4.2.2 Extraction of Benzotriazoles from Solid Samples

Solid samples are often subject to removal of water first and then ground into
powders. Apparently, the goal of modifying solid samples to fine solids is to alow
subsequent extraction to proceed more effectively. Freeze-drying and oven-drying are
commonly- used methods for removing water from solid samples [239]. The
analytical procedures used in the determination of emerging contaminants (such as
benzotriazoles, benzothiazoles and benzosulfonamides) in environmental solid
samples involve a sample preparation step that includes sampling, extraction, clean-up
and occasionally, derivatization to enhance the analytical response of these
compounds [240]. For determination at trace level, analyses are normally carried out
by chromatographic methods combined with detection techniques preferably able to
confirm analyte identity.

So far, very few studies have been undertaken for the determination of benzotriazoles

in environmental solid samples (sludge, sediment and soil). In general, the methods
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have largely involved a preliminary extraction of the solid samples with either liquid-
solid extraction (LSE) or pressurized liquid extraction (PLE) followed by pre-
concentration or clean-up by Solid phase extraction (SPE) and the extracts analyzed
by liquid chromatography-mass spectrometry or gas chromatography [188,226,227,
228].

Soil and groundwater samples were collected at an abandoned airport in order to
determine the persistence of benzotriazole as a de-icing additive at the abandoned
airport [188]. Soil samples were extracted with methanol, diluted with water and
analyzed with liquid chromatography and mass chromatography detector.

McNeill and Cancilla analyzed soil samples from three USA airports representing
low, mid and large volume users of de-icing fluids (ADAFs) by LC-MS/MS for the
presence of benzotriazoles [226]. The soil samples were vortex-mixed for 10 min with
two 20 mL aliquots of a 1:1 acetonitrile: water (2 mM ammonium acetate) solution
and then allowed to sit for 10 min. Samples were then centrifuged for 10 min at 3,500
rpm, after which the supernatant was removed and filtered. The two 20mL extractions
from each sample were then analyzed individually by LC-MS/MS and the values from
the two measurements summed to determine the concentrations of the benzotriazoles.
The method recovery values in fortified soil samples for benzotriazole and 5-
methylbenzotriazole were 30.8% and 32.1% respectively. As a result of these low
recovery values in fortified samples, the authors categorically stated that it was likely
the concentrations measured in the environmental soil samples were underestimated.

Zhang et al. determined benzotriazole in sewage sludge and sediments by LC-MS/MS
[227]. 5 mL of methanol were added to the samples as extracting solvent, shaken for
30 min and centrifuged at 4000 rpm for 4 min and the solvent layer was transferred
into a new polypropylene tube. The extraction was repeated twice and the extracts
were combined. The extract was evaporated under a gentle stream of nitrogen to
approximately 0.5 mL and Milli-Q water was added; after thorough mixing, extracts
were passed through a solid phase extraction (SPE) cartridge (Oasis HLB, 500mg,
6ml). The compounds were eluted with 6 mL of 15% methanol in ethyl acetate. The
extraction procedure was optimized by testing extracting efficiencies of various
solvents (methanol, ethyl acetate, dichloromethane, a 1:1 mixture of methanol/acetyl
acetate). Methanol provided the greatest recoveries (>70% for sludge and >80% for
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sediment). The eluting solvent for the clean-up step was also optimized and 6 mL of
15% methanol in ethyl acetate was finally used.

An overview of all the extraction techniques expoited so far is presented in Table 4.1.
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Table 4.1: Overview of Analytical Methodologies for determination of benzotriazoles in the environment *

Analytes Environmental Sample Preparation Analytical Column/M obile Analytical Ref.
Media Technique/Cartridges/Solvents | Technique Phase Parameters
BTR, TTR Groundwater | 57/ ©18 ColumniDichioromethane | g LOD=0.1pg L™ [188]
or elution
Pursuit
Municipal | SPE/Oasis HLB (60 mg) Cartridge gﬂ:nmy'xco' ‘fggmm, 0
BTR, 4TTR, wastewater, MeOH/ Acg‘)?e (6:4 viv) for LC-MSIMS | 3um)/gradient EgCMET“SE 33-113 ) .
5TTR, XTR Surface & wHon. elution with | - ogspi_loc’) oLl [12]
groundwater Direct Injection H,O/MeOH D!
(10:90v/v) modified
with 0.1% HCOOH
River water SPE/Strata X (100 mg) cartridge, GC X GC- TRB5-MS(30m x ReCyeTHop=78-115%,
BTR,5TTR, XTR \Wastew. ater’ Ethyl acetate for eution TOF/MS 0.25mm, 0.25um) | LOD =48-112ng L™, [152]
LOQ=73-198 ng L™
Pursuit Diphenyl
column (2mm x
Influent and 150mm, 3um)/
BTR,5TTR Direct Injection LC-MSIMS Isocratic eution LOQ=100ngL™ [225]
Effluent with H,O/MeOH
(20:90 v/v) modified
with 0.1% HCOOH
Endcapped C8 125 x
2.1mm, 5um,
1H-BTR SPE/QOasis HLB (60 mg/3mL) column/ Isocratic | ReCwernop = 99%,
Tank water column, MeOH/Dichloromethane | LC-MSMS elution with a LOD=8ngL™, [150]
(3:97 viv) for dution mixture of LOQ=30ngL™
MeOH/H,O/HCOO
H (70:30:0.4)
River water, SPE/Qasis HLB (60mg/3mL) Endcapped C8 125 x | ReCyerhon= 9%,97%,
BTR, TTR L ake water column, MeOH/Dichloromethane LC-MSMS 2.1mm, 5um, LOD=8ngL™*3ngL™, [180]
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(3:97 v/v) for dution

columr/ Isocratic

LOQ=25ngL”,

elution with a 10ngL™
mixture of
MeOH/H,0/HCOO
H (70:30:0.4)
Pursuit Diphenyl
column (2mm x
SPE/ Oasis HLB (60 mg) Cartridge, 150mm,
BTR,4TTR, Municipal MeOH/Acetone (6:4 v/v) for elution LC-MSMS 3um)/gradient LOQspe= 10ng LY, [149]
5TTR Wastewater elution with LOQp = 100ngL™
Direct Injection H,O/MeOH (10:90
v/v) modified with
0.1% HCOOH
Surfacewater, SPE/Oasis HLB (200mg/5mL) Ph‘énor_ncenlex Aqua
aTR Drinking water, | glass column & HLB (500mg/6mL) | LC-LTQ-FT- 18— LOUMN | o erhon= 68-10%,
S5TTR ,OH- Wastewater ) (250mm x 4.6mm, il 1
propylene column; ACN/MeOH MS : LOD =1-5ng L [153]
BTRXTR (50:50) for elution Sum)/gradient | "0 51T g Lt
' elution with 9
ACN/H,O/HCOOH
Wastewater
BTRATTR,5TTR |  Groundwater SPE LC-MSMS [14]
Endcapped C8 125 x
. . 2.1mm, 5um,
Municipal SPE/Qasis HLB_ (60mg/3mL) colummy Isocratic RECyerog= 99%,97%
BTR, TTR Rvmwer | g vy for e | EEMSMS - aution with a LOQ=30ngL", [223]
: mixture of 10ngL™
MeOH/H,0/HCOO
H (70:30:0.4)
BTRATTR,5TTR, \Wastewater SPE/Strata X Polymeric cartridge, GC X GC- TRB5-MS(30mx | LOD= 556 ng L™ [224]
XTR hexane/ethyl acetate for elution TOF/MS 0.25mm, 0.25um) | LOQ=  35-9nglL™*
Hypersil Gold
BTR, TTR River water SPE/ Oasis HLB (200mg, 6 mL) LC-MSMS column (Thermo Recspe= 56%,47% [4]

cartridges, MeOH for eution

Electron Corp.,
100 x 2.1 mm,

LOD=1ngL™
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3um),gradient
elution with
ACN/H0 (acidified
with 0.1% acetic

acid)
DB-5 ms (30 mx ReCyiethos= 62%,70%
SPE/ Bond Elut ppl (200mg, 3 mL) 0.25mm x 0.5um, LOD=12ngL™,
BTR4BTR,5BTR River water cartridges, methanol as elution GC-MS Agilent 8ngL™ [235]
solvent Technologies LOQ=36ngL™,
24ngL*
Omnisphere C18
Drinking water, . . i (200mm x 2.0mm, o
BTR4BTRSBTR | Surfacewater, Spacgiﬁﬁ H;_BA%%O][B?’Z St}t))ng'ass i 3um) columm/ [{%ETTE’)?;O %, [222]
Groundwater 9es. gradient elution with - 9
ACN/H,0
BIRTTR Groundwater SPE LC-MS/MS 10ngL™ [118]
Fused silica
capillary column
. ZB_5 (phenyl— _
LLE/Acetylation followed by A Rec, = 80% [234]
BTR Sewage water extraction with Toluene GC-FID Methy! silicone, 5% LOQ =10000ng L™
of phenyl
groups) 30 mx 0.25
mm, 0.25 um)
A Phenomenex
River water, SPE/Qasis HLB (500 mg/60um), HPLC- Synergi Hydro RP | ReCyiethod = 53%, 69%
BTR, TTR Sea water MeOH for elution MS/MS 80A column, LOQ=12ngL™ [241]
MeOH/0.1% 0.4ngL™
HCOOH in H,O
Kinetex PFP column
Influent, SPE/ Bond Elut PPL cartridges | | . icnis z(éS?nTrEfuﬁjnmﬁih
BTR,TTR Effluent (200 mg/3mL), MeOH for elution ) \ LOD=10ng L™ [123]

H,O/M eOH both
modified with 2Mm
ammonium
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carbonate

Phenomenex (7cm x

2mmi.d. Synergi
4um Hydro-
R-I;\Ej/lg,v\\llva;tee"’, SPE/Qasis cartridges, LC-MSMS | RP8OA), H,O/MeoH RECy e =83-18%
BTR, TTR : M eOH/Dichloromethane(3:97 v/v) both mixed with ethod 1 [48]
Effluent : LOQ=0.2ngL
for elution 0.4%HCOOH for
gradient elution
HP-5MS column Recspe=79-110%,
SPE/ Oasis HLB(500mg/ 6 mL) (30mmx 0.22mm, | ReCuethod= 75-133%
BTR,TTRXTR, Tap water, cartridges, GC-MS/MS 0.25um thickness) | LOD=4.2-14.1 ng Lt [228]
CIBTR M eOH/Dichl oromethane(50:50 v/v) LOQ=14-47 ng L™
Effluent for elution Precision(%RSD) =0.5-
9.3
Zorbax SB-phenyl | Recrw= 87-102%
(100mmx 2.1mm, | Rec; = 50-65%
; 3.5um) column/ Receq = 81-91%
S'r‘l’gn"‘l’flfcﬁj’en . g | Mixed mode—SPE/ OasisHLB, gradient elution | LOQew =2-5ng L™
BTR, TTR, XTR | Effluent,  Ind MAX Cartridges, LC-MSMS | with H,O/MeOH | LOQw =20-50ng L [229]
' ' Influent Py MeOH/Acetone(7:3 v/v) for elution both modified with | LOQer = 11-28 ngL™*
Effluent 1mM ammonium PrzeC|S|on(%RSD):3-12
acetde R°>0.99
Range = LOQ to 10 pg
L-l
- = - 0,
SPE/Strata X (100 mg) cartridge, SLB-IL159 Column Recmet_hod 78-98%, .
. LOD =25-562 ng L™,
Influent, Hexane/ethyl acetate(1:1 v/v) for IL-GC- LOQ =60-815 ng L*
BTR,5TTR, XTR Effluent elution MS/MS g [209]

Precision(%RSD) <10
R*>0.993
Range=31-3000ng mL™*
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Tap water CisColumn (250 | R&CoLime = 67-97%,
River water DLLME/0.5 mL MeOH (as HPLC- mm x 4.6 mm, 5um | R€vanos = 74-86%
BTR,4TTR, Raw W astewaier dispe_rser solvent) containing 100 FL/UV, Waters)/ gradient LODg=40-2200 ng L" ;
5TTR, CIBTR, . " | WL Tri-n-butylphosphate (TBP) for LC-ESI- ; . LOQs =100-7300 ng L [230]
Industrial ! elution with 1
40HBTR offluent extraction MSMS ACN/H20
" . Precision(%RSD)= 4.1-
modified with 6.5
0.05%HCOOH
. HP-5M S column ReCwyethos=79-133%,
BTR, TTR, XTR, 'Enlff'lumt’ SP%/ Oas‘,\j e%jg’oglmgl 6 mhL) GC-MSMS | (30mmx0.22mm, | LOD= 163ngL? |
CIBTR uent cartridges, 'chloromethane 0.25umthickness | LODgr= 14.1ngL? | 2371
' (50:50 v/v) for dution
Hospital Online SPE/ Isolute ENV+ and HPLC. Atlantis T3 Column Tg“";;% % =78-129%,
BTR, 4/5TTR \Wastewater OasisHLB caelrtrl_dg&s, MeOH for MSMS LOQs= 730 ng L™, 63 [232]
ution gL
TRB5-MS(30m X | ReCyethod = 66%, 102%
0.25mm, 0.25um)for | LODs=6ng L™,
1% dimension, TRB- 38ngL™
. . | 50HT (2mx 0.1mm, | LOQs=3ngL™,
BTR, 4TTR River water SPE/thatf‘ aﬁ;’;‘é’}[?f'dcu‘t:f‘ég'dga i%é/ﬁg 0.1pm) for 2 73ngL! [236]
Y dimension R? = 0.9979, 0.9835
Precision(%RSD)=
10,12
LSE/ACN:H,0 in 2Mm Zorbax Eclipse ReCethod = 31%,32%
BTR,4TTR,5TTR Soil Ammonium acetate (1:1 v/v) as LC-MS/MS | XDB- C18 (150mm | LOQs=3.1ngg", [226]
extraction solvent X 4.6mm, 5um) 22ngg*
Thermo Betasil C18 | ReCyethog = 81%,72%
L SE with MeOH followed by SPE / (100mmx 2.1mm, | LOD«g = 0.067 ng g™,
. . — -1
BTR, 5-TTR Sediment, Sludge Oasis HLB( 500mg,6mL) cartridge, LC-MS/MS 5um), MeOH/H,O | LODgygee = 0.67 Ng g™, [227]

MeOH/ethyl acetate(15:85 v/v) for
elution

for gradient elution

LOQw=0.22ng g",
LOQuudge =2.2Ng g™

80




PLEJASE 300 Accderated solvert HP-5MS column | ReCrarms =66-133%,
BTR,5TTR, extraction system (Dionex, USA), . (30mx 0.22mm, |LOD=0.9-41ngg",
XTR. CI-BTR Sludge MeOH/Dichloromethane (50:50 | CCMSMS | 555 imthickness) | LOQ=29-138ngg* | [2%
v/Vv) as extraction solvent
BTR, TTR Soil, Sediment | LSE/MeOH as extraction solvent | LC-MS LOD =100 ng g* [188]
"Abbreviations

BTR: benzotriazole; 1BTR: 1H-benzotriazole; TTR: tolyltriazole; 4TTR: 4, tolyltriazole; 5TTR: 5,tolyltriazole; XTR: xylyltriazole; OH-BTR: 1-
hydroxybenzotriazole; CIBTR: chlorobenzotriazole; 4/5TTR: 4/5 tolyltriazole; 4AOHBTR: 4-hydroxybenzotriazole; SPE: Solid Phase Extraction;

DI: Direct Injection; Recspe: SPE Recovery; Rec, g: LLE Recovery; Recp  we: DLLME; Recovery Recyerhon: Method Recovery; Recgy: Method
Recovery for river water; Rec : Method Recovery for influent; Recex: Method Recovery for effluent; LOQgw: LOQ for river water; LOQ: LOQ

for influent; LOQg: LOQ for effluent; LOQsed: LOQ for sediment; LOQguage: LOQ for sludge; LOQg: LOQ for fluorescence detection; LOQgpe:
Method LOQ for SPE, LOQp: Method LOQ for Direct injection; LODg: LOD for fluorescence detection; LOD, : LOD for influent; LODgg : LOD

for effluent; LODgg: LOD for sediment; LODgyqqe : LOD for sludge
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4.2.3. Instrumental methods of analysisfor benzotriazoles

Benzotriazoles are rather polar compounds, thus, liquid chromatography (LC) has been the
preferred instrumental technique for their determination in the aguatic environment. To avoid
time-consuming extraction and cleaning steps, the determination of benzotriazoles in directly
injected river waters and waste water samples was applied successfully using LC-ESI-
MS/MS[12,149].

Gas chromatography-mass spectrometry, combined with common extraction methods like
SPE and LLE, was demonstrated as an appropriate tool to analyze benzotriazoles in airports-
influenced water samples [182] and also in river water [235]. Benzotriazoles have also been
determined in river water by using two-dimensional gas chromatography coupled with time-
of-flight mass spectrometry (GC x GC-TOF-MS) and gas chromatography-tandem mass
spectrometry [152,228]. However, most authors have demonstrated the combination of LC
with mass spectrometry (MS) using electrospray ionization (ESI) and different types of
analyzers[12,153,229].

Weiss and Reemtsma developed the first LC-ESI-MS? method for the determination of
benzotriazoles in environmental water samples [12]. Four benzotriazoles (benzotriazole, 5-
tolytriazole, 4-tolyltriazole and xylyltriazole) expected to occur in the aguatic environment
were analyzed. Extraction and preconcentration of the compounds from water samples was
carried out by SPE. Analysis was performed on a HPLC system coupled to a triple stage
guadrupole mass spectrometer, the separation was performed using a Pursuit Diphenyl
column (2mm x 150mm) with 3um particle size at 40°C. Both isocratic and gradient elution
were used separately. In the isocratic run, the two isomers (4-methylbenzotriazole and 5-
methylbenzotriazole) were separated and detected whereas in the gradient elution, the two
isomers co-eluted. The compounds were detected with tandem mass spectrometry using
multiple reaction monitoring (MRM) in the positive ion mode. The mean recoveries ranged
from 95% to 113%. With an extracted sample volume of 100ml, the LOQ for ground water
was 10ng/L for all analytes while the LOQs were 15 and 25 ng L™ for xylyltriazole in WWTP
effluents and influents respectively. The method could not allow a reliable determination of
LOQs for benzotriazole and tolyltriazole in municipal wastewaters because their
concentrations in effluents were orders of magnitude above the LOQ. The analytical method
was also employed for carrying out a long-term study on the occurrence and removal of
benzotriazolesin alarge WWTP [149]. A few ozonated WWTP effluents were analyzed after
enrichment by solid-phase extraction (SPE) as already described, while all other samples
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were analyzed by direct injection. Limit of quantification (LOQ) was 0.1ug/L for direct
injection and 10 ng L™ after SPE extraction. For SPE extraction of groundwater samples the
LOQ was approximately 5 ng L™

In order to investigate the environmental occurrence of benzotriazole and tolyltriazole in
Swiss rivers and lakes, an analytical method based on SPE-LC-MS/MS was developed by
Giger and co-workers [180]. Separation was achieved on a 125 x 2.1mm endcapped C8
column in an isocratic elution with a mixture of methanol/water/formic acid (70:30:0.4) as a
mobile phase a a flow rate of 0.2 mL/min. The benzotriazoles were detected with
electrospray ionization in positive mode and using multiple reaction monitoring (MRM).
Their method did not achieve separation of the 4- and 5-methyl benzotriazole isomers and as
a consequence, the results were reported as the sum of the two isomers. The analytical
parameters of the method are presented in Table 4.1. Moreover, the method was applied for
the determination of benzotriazole and tolyltriazole in municipal wastewater and river water
by the same group [223].

In aresearch work to demonstrate that benzotriazole is antiestrogenic in vitro but not in vivo,
an analytical method was developed for determining benzotriazole in tank water [150]. The
method involved enrichment by Solid Phase Extraction using Oasis HLB cartridges, the
extracts were analyzed for benzotriazole by liquid chromatography-tandem mass
spectrometry. Separation was accomplished with an end-capped C8 column ( 125 x 2.1mm,
5um particle size) and by an isocratic elution with a mixture of methanol/water/formic acid
(70:29.6:0.4) as mobile phase at a flow rate of 0.2 mL/min. Detection of the analytes was
accomplished with electrospray ionization in positive mode and using multiple-reaction
monitoring. Recovery was 99% and the limit of detection was 8 ng L™ while the limit of

quantification was 30 ng L™

A sensitive, reliable and robust method was developed for the trace determination of six polar
benzotriazoles and four benzothiazoles in drinking water, surface water and effluents of two
sewage treatment plants in the Netherlands on the basis of solid-phase extraction and Liquid
Chromatography-Electrospray Mass Spectrometry using a linear ion trap-Orbitrap hybrid
instrument (LTQ FT Orbitrap) [153]. Separation of the compounds was performed using a
250mm x 4.6mm i.d. Phenomenex Aqua C;g —Column with 5um particles and a pre-column
4.0 x 3.0 mm i.d. Phenomenex Security Guard column. A linear gradient elution was used at
a flow rate of 1.0 mL/min. A linear ion trap-Fourier Transform (LTQ-FT) Orbitrap mass
spectrometer was used for the detection and quantification. In order to investigate the effect

83



of the matrix on the response of the mass spectrometer, the signal suppression was calculated
for all compounds in sample extracts compared to a standard in ultrapure water. The total
recovery in ultrapure water ranged from 68% for 1-Hydroxybenzotriazole up to 97% for 5, 6-
dimethylbenzotriazole. In surface water, the recoveries ranged from 57% for 1-
Hydroxybenzotriazole to 125% for 4-methylbenzotriazole. It was stated that the relatively
high recovery of 4-methylbenzotriazole could be explained by signal enhancement due to
matrix effects. The reproducibility of the total procedure was good with relative standard
deviations of 3-7% in ultrapure water, 4-8% in drinking water and 2-13% in surface water at
a concentration level of 0.2 ug L ™. Quantification and detection limits were determined using
a signal-to-noise approach. The limit of quantification was estimated for the concentration of
compound that results in a signal-to-noise ratio of 10:1 while the limits of detection
corresponds to the concentration that results in a signal-to-noise ratio of 3:1. In drinking
water, limits of detection ranged from< 1 ngL™*to 4 ngL™ and LOQ ranged from2 ngL™to 9
ng L™ whereas in surface water LOD ranged from 1 ngL*to 5ngL™ and LOQ from2 ngL™to
11ngL™

The research group of van Leerdam also used LTQ FT Orbitrap MS-MS for screening some
emerging organic contaminants, including benzotriazoles, in drinking, surface and
groundwater [222]. The LC system consisted of a 100mm x 2.0mm i.d. column packed with
3um Omnisphere C18 material, the guard column was 4.0 mm x 2.0 mm i.d. packed with
pellicular C18 material,25-35um. The analytical column and the guard column were
maintained at a temperature of 21°C in a column thermostat. A linear gradient of acetonitrile
and water (as elution solvents) at flow rate of 0.3 mL/min was used. Recoveries were greater
than 70% in drinking, surface and groundwater, the quantification limits were between 0.01
and 0.03 pg L™ The concentration levels in drinking water were 0.1 pg L™ for both
benzotriazole and methyl-benzotriazole and 0.01 ug L™ for dimethylbenzotriazole.

A GC x GC-TOF-MS approach was proposed and developed, for the first time, for the
simultaneous determination of three classes of organic pollutants classified as emerging

pollutants in aqueous matrices [152]. The target contaminants include four benzotriazoles, three

benzothiazoles and five benzosulfonamides; the method was designed to be suitable for complex

agueous matrices such as river water and raw sewage and suitability of GC x GC-time-of -flight

(TOF) MS for identifying and quantifying emerging pollutants in complex agueous matrices.

The two dimensional gas chromatography improved separations, enabling identification of minor

components that might be overlooked with other methods. Pre-concentration was carried out by
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solid phase extraction. Recoveries were calculated by analyzing a river sample and raw sewage
in duplicates, limits of detection (LODs) were calculated as the content of the blank plus three
times its standard deviation. Limits of quantification (LOQs) were calculated as the level of the
blank plus ten times its standard deviation or the lowest concentration of the calibration plot
(whichever was higher). The use of the lowest calibration concentration as LOQ is a more
conservative method that considers both sensitivity and linearity criteria. Quantification was
carried out usng an external calibration corrected by the internal standard. The method
performance parameters are presented in Table 4.1. In comparison, the LOD values obtained
were similar to those of LC-MS/MS, but lower than those of GC-MS, 4-tolyltriazole and 5-
tolyltriazole isomers were resolved at LOD and LOQ values comparable to those of LC-MS/MS
[12,188].

Loos and co-workers developed an analytical method for the determination of 35 selected
compounds, including benzotriazole and tolyltriazole, in river water samples from 27
European countries [4]. They used solid phase extraction followed by reversed-phase liquid
chromatography (RP-LC) electrospray ionization (ESI) mass spectrometry (MS). Detection
was accomplished in a multiple reaction monitoring mode (MRM) and positive ionization.
The benzotriazoles were quantified with the internal standard carbamazepine dio. The limits
of detection (LODs) were calculated from the mean concentration of the blank of real water
samples plus three times the standard deviation and the LOD was 1 pg L™ for both

benzotriazole and tolyltriazole.

An analytical procedure by LC-MS/MS was developed by McNeill and Cancilla for the
determination of triazoles in soil samples from three USA airports [226]. Triazoles,
specifically  benzotriazole, 4-methylbenzotriazole and 5-methylbenzotriazole were
determined. Soil samples were extracted by liquid-solid extraction and the extracts analysed
directly. The compounds were separated using a Zorbax Eclipse XDB-C18 (4.6mm x
150mm, 5um particles and involved a gradient elution. The mass spectrometer was operated
in positive ion mode and multiple reactions monitoring (MRM) scan type. Method detection
limits (MDL) were 3.1 ug Kg™ benzotriazole and 2.2 pg Kg™ for both 4-methylbenzotriazole
and 5-methylbenzotriazole. Recovery values for benzotriazole and 5-methylbenzotriazole in
fortified soil samples were 30.8% and 32.1%, respectively.

In order to evaluate the removal efficiency and aquatic mass discharge rate of benzotriazoles
and benzothiazoles in a conventional activated sludge and two constructed wetlands,
Matamoros et al. [224] analyzed a suite of benzotriazoles and benzothiazoles in wastewater.
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Enrichment was carried out by solid phase extraction (SPE). The compounds in the eluates
were analyzed by two multidimensional gas chromatography coupled to time of flight mass
spectrometry (GC x GC-TOF-MS). As afirst dimension, a column of 30 x 0.25mm ID coated
with 0.25um film thickness TRB5-MS(5% diphenyl-polydimethylsiloxane) was used
whereas a second dimension of 2 m x 0.10mm ID coated with 0.10pum film thickness TRB-50
HT(high temperature 50% diphenyl-polydimethylsiloxane) was installed. Limit of detection
(LOD) of the method ranged from 5 to 56 ng L™ while limit of quantification (LOQ) ranged
from35t0 99 ng L™,

Matamoros et a. developed a method based on comprehensive two dimensional gas
chromatography (GC x GC) coupled with time of flight mass spectrometry for the
simultaneous determination of 97 organic contaminants including 5 benzothiazoles and
benzotriazoles at trace level concentration in river water [236]. Preconcentration was
performed by solid phase extraction (SPE). Limit of detection (LOD) was calculated as the
content of the blank plus three times its standard deviation while limit of quantification
(LOQ) was calculated as the level of the blank plus 10 times its standard deviation. The

method performance parameters are shown in Table 4.1.

Kiss and Fries developed an analytical procedure for the determination of benzotriazole, 5-
methylbenzotriazole and 4-methylbenzotriazole in river water by SPE followed by gas
chromatography/mass spectrometry (GC/MS) [235]. The column used was aDB-5MS (30 m
x 0.25mm x 0.5um, Agilent Technologies). Recoveries were 62% for benzotriazole and 70%
for 5-methylbenzotriazole. LOD was defined as three times the peak-to-noise and the values
were 12 ng L™ for benzotriazole and 8 ng L™ for 5-methylbenzotriazole. Limits of
quantification (LOQs) were set at three times the LOD and were 36 ng L™ for benzotriazole

and 24 ng L™ for 5-methylbenzotriazole.

Zhang et a. developed an analytical methodology for the determination of benzotriazole and
5-methylbenzotriazole, along with five other benzophenone derivatives, in sediment and
sludge samples based on liquid-solid extraction followed by SPE- liquid chromatography-
tandem mass spectrometry [227]. They used a Thermo Betasil C18 (100mm x 2.1mm, 5um)
chromatographic column serially connected with a guard column Thermo Electron
Corporation, Bellenfonte, PA, USA (20 x 2.1mm, 5um). Separation was carried out at
300uL/min using a gradient elution. Mass spectrometry was operated a negative ionization
mode using multiple reactions monitoring (MRM). Instrumental limits of detection (LOD)
were calculated from the signal-to-noise ratio(S/N >3) of 3 for the pure standard solutions
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injected onto the column while the entire method limits of quantification (LOQ) were
determined by the signal-to-noise ratio (/N> 10) for the injected extracts. The method LOD
and LOQ values for sediment analyzed were 0.067 ng g and 0.22 ng g™ for benzotriazole
and 5-methylbenzotriazole respectively, while the method LOD and LOQ values for sludge
samples were 0.67 and 2.2 ng g™ for benzotriazole and 5-methylbenzotriazole respectively.
Recoveries of target compounds spiked at 50- and 100 ng levels in sediment and sludge
passed through the entire analytical procedure ranged from 70% to 116%. Recoveries of the

compounds from matrix spikes ranged from 71.2% to 115%.

Janna and co-researchers developed an analytical methodology which involved solid phase
extraction(SPE), followed by separation and quantification by liquid chromatography-
tandem mass spectrometry for the determination of benzotriazole and tolyltriazole in
wastewaters, river waters and tap water in UK [48]. The analytes were separated on a 7cm X
2mm i.d. Synergi 4 Hydro-RP80A (Phenomenex, Macclesfield, UK) at a flow rate of 0.2
mL/min in a gradient elution. The compounds were detected and quantified by mass
spectrometry with a multiple reaction monitoring in the positive ion mode. The two isomers
of tolyltriazole; 4- and 5- methyl benzotriazoles, were not separated by the chromatography

and so were reported together as tolyltriazole.

A method using gas chromatography-tandem mass spectrometry (GC-MS/MS) was
developed and validated by Liu et a. for simultaneous determination of four benzotriazoles
and six UV filters in tap water, effluent and biosolid samples [228]. The four benzotriazoles
determined were benzotriazole, 5-methylbenzotriazole, xylyltriazole and chlorobenzotriazole.
They used solid phase extraction (SPE) and pressurized liquid extraction (PLE) as the
preconcentration method for water samples (ground water and effluent) and biosolid samples,
respectively. The target compounds were separated on a HP-5M 'S column (30mm x 0.22mm,
0.25um thickness) with helium as carrier gas at a flow rate of 1.656 mL/min, the GC oven
temperature was programmed from 80°C (hold 2min) to 280 ° C (hold 6 min) at arate of 15°
C/min. Mass spectrometric analyses were performed by tandem mass spectrometry that
operated in electron impact (EI) mode. Quantification of the target compounds was
performed in the multiple reaction monitoring (MRM) mode by recording two pairs of MRM
ions per compound. Recoveries of the compounds in samples of tap water and effluent ranged
between 70% and 122% while for the biosolids, recoveries ranged between 66% and 133%.
The limit of detection (LOD) and limit of quantification (LOQ) were calculated based on the
signal to noise ratio (SNR). LOD is defined as three times of SNR, and LOQ ten times of
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SNR. The LODs for the benzotriazoles in the tap water, effluent and biosolid samples were
29-11 ng L™, 4.2-141 ng L™ and 0.9- 4.1 ng g respectively while the LOQs in the tap
water, effluent and biosolid were 9.8- 36.7 ng L™, 14-47 ng L™ and 2.9-13.8 ng g*
respectively.

Loos and co-researchers undertook a study to provide the first pan-European survey on the
occurrence of selected polar organic persistent pollutants in groundwater and analyzed 59
selected organic  compounds, including  benzotriazoles  (benzotriazole  and
methylbenzotriazole), by reversed-phase liquid chromatography (RP-LC) followed by
electrospray ionization(ESl) tandem mass spectrometry(MS) detection[118]. Recoveries of
benzotriazole and methylbenzotriazole were 56% and 47% respectively. The method limit of
detection was 1ng/L for the two compounds.

An investigation of the occurrence, distribution and fluxes of benzotriazoles along the
German large river basins into the North sea was carried out by Wolschke et al. [241]. This
study happened to be the first report on the occurrence of benzotriazoles in the marine
environment. The sample extracts were analyzed by high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) in electrospray positive
ionization mode. A Phenomenex Synergi Hydro RP 80A column and a suitable guard column
(Phenomenex Synergi 2 Hydro RP Mercury 20 2mm) were used for separation. The
separation of tolyltriazole isomers was not possible and thus, the isomers were considered as
sum. Detection and quantification of the benzotriazoles were carried out by triple-quadrupole
mass spectrometer with an electrospray ionization interface in positive ionization mode.
Recovery rates of the mass labelled internal standard 1H-Benzotriazole-d, in river water
samples ranged between 53% for the winter season and 40% for the summer season while the
recovery for the seawater samples was 69%. The method quantification limits (MQL) were
calculated based on a signal-to-noise ratio of ten. The resulting MQLswere 1.2 ng L™ and 0.4
ng L™ for benzotriazole and tolyltriazole respectively.

Liu et al. applied a previously developed method [228] to investigate the occurrence and
removal of four benzotriazoles (benzotriazole, 5-methylbenzotriazole, 5-chlorobenzotriazole
and 5,6-dimethylbenzotriazole) and six UV filters in a full scale municipal waste treatment
in South Australia [237]. Wastewater samples were extracted by solid phase extraction while
the sludge samples were extracted by pressurized liquid extraction. The extracts were
analyzed by gas chromatography-tandem mass spectrometry. Repeatability for the target
compounds varied from 0.5 to 5.1%, while reproducibility ranged from 0.9 to 9.3%.
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Scheurer et al. carrried out a study to investigate the correlation of six anthropogenic markers
in wastewater, surface water, bank filtrate, and soil acquifer treatment [123]. Six trace
contaminants including benzotriazole and tolyltriazole were traced from wastewater
treatment plants to receiving water and further to riverbank filtration wells to evaluate their
prediction power as potential wastewater markers. Benzotriazole and 4-methylbenzotriazole
were preconcentrated by solid phase extraction (SPE) and analyzed by high performance
liquid chromatography (HPLC) coupled with tandem mass spectrometry. The compounds
were separated by HPLC on a Kinetex PFP column (100mm x 2.1mm; 2.6um) and run in a
gradient elution programme. The compounds were detected and quantified by mass
spectrometer in positive ionization mode. Limits of detection for the compounds were
10ug L™

An automated online SPE-HPLC-MS/MS analytical method was developed for the
determination of 68 target analytes including benzotriazole and 4/5 methylbenzotriazole
mixture in hospital wastewater in order to study the performance and efficiency of membrane
bioreactor for the elimination of the compounds [232]. The method consisted of an in-house
built SPE, an HPLC column Atlantis T3 for chromatographic separation, and triple
guadrupole mass spectrometer detection. Electrospray ionization in polarity switching mode
(ESI +/-) was used. MS/IMS data were acquired in time selective reaction monitoring (SRM)
mode. Limit of quantification was determined by extrapolation from signal to noise ratio of
an unspiked sample peak intensity. The relative recoveries of the final analytical method
ranged between 78% to 129% for benzotriazole and 135% to 227% for 4/5
methylbenzotriazole mixture in hospital wastewater (raw and treated wastewater) and
municipal wastewater (influent and effluent). Limits of quantification for benzotriazole and
4/5 methylbenzotriazole in wastewater effluents were 0.73 pg L™ and 0.063 pg L™ In their
study, sample dilution played an important role for getting reliable results which were little
affected by the matrix and therefore improved the accuracy of the method by decreasing the
background noise but led to increase in the quantification limit. Generally, the higher the

dilution factor the better the recoveries of the compounds.

A simple and rapid dispersive-dispersive liquid-liquid microextraction was developed for the
determination of 11 benzotriazoles and benzothiazoles [230]. Analytical determinations were
carried out by high- performance liquid chromatography with fluorescence and UV detection
and liquid chromatography-tandem mass spectrometry. Chromatographic separations were
performed with a C;g Column (250 mm x 4.6 mm, 5um Waters) and a Phenomenex C;g guard
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cartridge and optimized by means of computer-assisted method development with a
chemometrics tool (PREGA). Detection was performed at selected fluorescence
programming for each compound to obtain good sensitivity. Regarding UV detection, the
benzotriazoles were analyzed at 254 nm. For mass spectrometric detection, benzotriazoles
and benzothiazoles were determined by operating the ESI source in the negative and positive
ionization modes. The HPLC-Flu-UV method exhibited instrumental LOD values between
0.3 and 23.2 pg L™ whereas values between 0.1 and 101.3 pg L™ were achieved by LC-ESI-
MS/MS. Fluorescence detection provided good sensitivity for benzotriazoles, obtaining
LODs (between 0.3 and 1.1 pg L™) comparable to those obtained by LC-ESI-MSMS
(between 0.1 and 2.4 pg L™) for the same compounds.

Carpinteiro and co-workers developed an improved selectivity method for the simultaneous
determination of four benzotriazoles and six benzothiazoles in aqueous matrices by mixed-
mode solid phase extraction followed by liquid chromatography-tandem mass spectrometry
[229]. Compounds were separated using a Zorbax SB-phenyl (100mm x 2.1mm, 3.5um)
column and a C18 guard cartridge in a gradient elution. Compounds were recorded in the
multiple reaction monitoring (MRM) positive ionization mode, using two transitions per
compound. Absolute recoveries between 80% and 118% were obtained for effluent, influent
and river water. The precision of the method, in terms of RSD, ranged between 1% and 12%,
the LOQs of the method ranged from 0.002 to 0.4 ng mL™ for river water, from 0.11 to 0.222
ng mL™ for effluent and from 0.0125 to 0.286 ng mL™ for influent.

An analytical procedure was developed for the determination of benzotriazole in agqueous
solution by gas chromatography [234]. The proposed method involved a preliminary
derivatization with acetic anhydride in an agueous solution in the presence of sodium
bicarbonate with the simultaneous extraction of the forming N-acetyl-benzotriazole with
toluene. The toluene extract was analyzed by GC-FID and the structure of the reaction
product confirmed by GC-MSD. In the analysis of N-acetylbenzotriazole solutions within the
concentration range of 0.002 — 1 mg L™, the perfect linearity of the FID response was

observed; the retention time was constant, the determination limit was 0.001 mg mL™.

Dominguez and co-workers reported the first application of ionic liquid stationary phases for
the determination of benzotriazoles and benzothiazoles in wastewaters by in gas
chromatography mass spectrometry [209]. They examined the selectivity and suitability of
five new commercially available ionic liquid (IL) stationary phases for GC-MS, in order to
obtain the best separation between the various target analytes as well as the highest peak
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symmetry. The optimum stationary phase (SLB-IL159) was used for the separation and
quantification by GC-MS. The linearity range was 0.031 to 3 pg L™ with the correlation
coefficients of the calibration curves greater than 0.993. The LODs and LOQs, which are
compound dependent, were in the range of 0.025 to 0.562 pg L™ and 0.060 to 0.815 pg L™,
respectively.

4.3. OCCURRENCE OF BENZOTRIAZOLESIN THE AQUATIC ENVIRONMENT

On account of their low sorption capacity [184], benzotriazoles occur mostly in the agquatic
environment [14,48,149,235,242]. However, although the mobility of these polar compounds
in the environment is still not well characterized, their presence has already been reported in
ground water [182,238], bank filtrate [14], and drinking water [22,48,153]. Reported
concentrations of benzotriazoles in the environment are summarized in Table 4.2

In the environment, benzotriazoles were first reported in subsurface water close to airports as
potential source in concentrations of 128 mg L™ of benzotriazole, 17 mg L™ of 4-
tolyltriazole, 198 mg L™ for total tolyltriazole [182,241]. Because of the broad applications,
benzotriazole and tolyltriazole have high loads in wastewater treatment plants (WWTPs).
Mean influent concentrations of 12 pg L™ for benzotriazole, and 4.4 pg L™ for total
tolyltriazole isomers were observed in WWTPs of Berlin [12]. In another study, the mean
concentrations in untreated wastewaters of WWTPs of Berlinwere 12 ug L™, 1.3 ug L™, 2.1
ug L™ for benzotriazole, 4-tolyltriazole and 5-tolyltriazole respectively [149,225].

In addition, the median concentration values for benzotriazole in primary and secondary
effluents from 24 municipal WWTPs in Switzerland were 18 and 10 pg L™ respectively
[223]. In the effluents of two sewage treatment plants from the Netherlands, of the
benzotriazoles determined, the maximum concentrations were observed for benzotriazole (8
ug L™) and methyl benzotriazole (summed concentration of the two isomers: 3 pg L™) [153].
The results were in accordance with a study on the occurrence of benzotriazoles and
benzothiazoles in different samples from the Berlin region, reported by Weiss and Reemtsma
[12]. From a domestic WWTP in Spain, benzotriazole was found to occur at a concentration
of 7292 ng L™ in the domestic wastewater influent and a concentration of 2443 ng L™ in the
effluent [152] but the two tolyltriazole isomers were not detected in the domestic wastewater
influent and effluent. The concentrations of benzotriazole, 4-tolyltriazole and 5-tolyltriazole
in industrial effluents were found to be 8221, 6958 and 17153 ng L™, respectively [152].
These high concentrations in industrial wastewater showed that industrial wastewater was the
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main pathway by which these compounds enter the aquatic environment in Spain. In sewage
effluents of the UK were concentrations up to 3600 ng L™ for benzotriazole and 5700 ng L™
for tolyltriazole [48]. The concentrations of the benzotriazoles in the effluent samples from
Bolivar sewage treatment plant, South Australia ranged from 77.2 to 2206 ng L™ [228]. The
concentrations of benzotriazole, 5-methylbenzotriazole, 5-chlorobenzotriazole and
xylyltriazole in primary effluent were 5706 ng L™, 6758 ng L™, 1133 ng L™ and 1313 ng L™
respectively in two sampling campaigns [237]. The concentrations in secondary effluent were
still up to 4164 ng L™ for benzotriazole and 1589 ng L™ for 5-methylbenzotriazole. In the
final effluent after tertiary treatment including waste stabilization lagoon and DAFF, the
target compounds were detected at the concentrations of 2439 ng L™ for benzotriazole, 610
ng L™ for 5-methylbenzotriazole, 182 ng L™ for 5-chlorobenzotriazole and 161 ng L™ for
xylyltriazole. 1t was observed that the concentrations of benzotriazole and 5-
methylbenzotriazole were comparable to those found in other studies [149,180,223].

Concentrations of benzotriazoles in raw wastewater were found to range from 0.06 to 36.2 ug
L by Matamoros and co-workers [224] with highest concentrations measured for
benzotriazole. Carpinteiro et al. observed concentration levels of up to 10 ng mL™ for
benzotriazole in influent samples and 0.21 ng mL™ for tolyltriazole in river [229].
Dominguez et al. also detected benzotriazoles at a concentration range from 1000 ng L™ to
1700 ng L™ in influent and 650 ng L™ to 1400 ng L™ in effluent [209]. Benzotriazoles were
found in raw wastewater and industrial effluent at concentration range from 1600 to 17,600
ng L™ by Pena and co-researchers [230].

Giger et a. observed a maximum concentration value of 6.3 pg L™ in the Glatt river for
benzotriazole and a range of 0.1 to 1.2 ug L™ for benzotriazole in the lakes [180].
Concentrations of benzotriazole and tolyltriazole in surface water, influenced by WWTP
effluents in Berlin, were found to be in the range of 0.2- 2 ug L™ [12] and the concentrations
of benzotriazole, 4-tolyltriazole and 5-tolyltriazole in a river water (Spain) were found to be
1080 ng L™, 925 ng L™ and 1561 ng L™ respectively [152]. Loos et al. detected benzotriazole
and tolyltriazole in 94% and 81% of 122 river water samples distributed over the European
Union (EU) with mean concentrations of 493 ng L™ and 617 ng L™ for benzotriazole and
tolyltriazole, respectively [4]. In addition, benzotriazole and tolyltriazole were among the
single compounds with the highest maximum concentrations; tolyltriazole (20 ug L™) and
benzotriazole (8 pug L ™). In fact, benzotriazole and tolyltriazole were ranked 2™ and 3 in the
median concentration of the 34 analytes covered in the campaign. Moreover, benzotriazole
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and tolyltriazole were among the compounds detected at low concentrations in the most
pristine river samples (clean water samples) which showed their ubiquitous occurrence in
even remote areas [9]. The concentrations of benzotriazole in three German rivers ranged
from 38-1474 ng L™, between 25 ng L™ and 281 ng L™ for 5-methylbenzotriazole and from
25 to 952 ng L™ for 4-methylbenzotriazole. Median concentrations of benzotriazole, 5-
methylbenzotriazole and 4-methylbenzotriazole were lower in river Main than in river
Hengstbach [235].

Also in an EU-wide study on groundwater, the average concentrations of benzotriazole and
methylbenzotriazole were 24 ng L™ and 20 ng L™ respectively [118]. Benzotriazole (1.0 pg
L™ was one of the chemicals that were detected at the highest single concentration levels.
Benzotriazole, with a median concentration of 185 ng L™, was one of the most relevant polar
compounds identified in the Danube River basin [239]. A river survey in the UK
demonstrated that benzotriazole and tolyltriazole were present in all samples, including those
from the small tributaries, with the highest concentration observed upstream of a sewage
treatment plant being 118 ng L™, indicating sources other than sewage effluents, such as
industrial or urban runoff [48]. The concentrations of benzotriazoles in ground water, South
Australia ranged from 97.5 to 280 ng L™ [228]. Concentration levels observed in surface
water in the Netherlands were between 0.1 and 1.0 pg L™ for benzotriazole, methyl-
benzotriazole and dimethylbenzotriazole [222].

Wolschke et a. investigated the occurrence, distribution and fluxes of benzotriazoles along
the German large river basins into the North sea [241]. This study happened to be the first
report on the occurrence of benzotriazoles in the marine environment. The total
concentrations of benzotriazoles ranged from 1.7 ng L™ to 40 ng L™ in the North sea in

coastal areas. Concentrations in rivers ranged from 200 ng L™ to 1250 ng L™,

In drinking water samples from the Netherlands, the concentration levels of benzotriazoles
ranged from 001 pg L' for the compounds 5-methylbenzotriazole,
5,6-dimethylbenzotriazole, 5-chlorobenzotriazole to 0.2 pg L™ for benzotriazole and
4-methylbenzotriazole [153,222]. Concentrations of benzotriazole in tap water samples in the
UK ranged from 0.6 to 79.4 ng L™ with an average of 30.9 ng L™ while the concentrations of
tolyltriazole ranged from <0.5 to 69.8 ng L™, with an average of 15.1 ng L™ [48].

Benzotriazole and xylyltriazole were not detected in biosolid (sludge) samples from Bolivar

sewage treatment plant, South Australia, whereas the concentrations of
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5-methylbenzotriazole and chlorobenzotriazole in the biosolid (sludge) samples were 18.7
and 21.4 ng g' respectively [228]. Zhang et al. observed mean concentrations of
benzotriazole and 5-methylbenzotriazole in sludge samples to be 142 and 71.5 ng g*
respectively [227].

The concentration of the benzotriazoles in soil samples from three USA airports ranged from
2.35t0 424.19 pg Kg*, with the highest concentrations recorded for 4-methylbenzotriazole in
the soil samples [226]. Benzotriazole was not detected in most of the soil samples. The
concentration ratio of 4-methylbenzotriazole to 5-methylbenzotriazole in the airport soils
generally followed a pattern established in surface and ground water studies, where
4-methylbenzotriazole was more recalcitrant and 5-methylbenzotriazole was more
biodegradable. However, in one of the soil samples, a higher level of 5-methylbenzotriazole
was measured. Degradation of 5-methylbenzotriazole differs depending on the aerobic or
anaerobic conditions of the soil [243].

44. REMOVAL EFFICIENCY AND FATE OF BENZOTRIAZOLES |IN
WASTEWATER TREATMENT PLANTS

As a consequence of insufficient removal during treatment of wastewater released from
industries and households, different classes of organic micropollutants are nowadays detected
in surface and drinking water [244]. Polar compounds may occur in WWTPs effluents
because they are truly persistent under the conditions of an activated sludge process or
because their microbial degradation was not fast enough to be completed within a low
hydraulic retention time (HRT). An incomplete degradation implies, however, that these
compounds could be further degraded after its discharge in the receiving water body. The
concentration of a metabolite may increase in activated sludge treatment even though it is
degradable, provided that its formation proceeds faster than its further transformation [187].

Moreover, in recent years, an increasing attention has been paid to the removal of various
emerging contaminants including benzotriazoles in wastewater trestment plants, mainly due
to increasing environmental awareness and wastewater reuse requirements
[180,193,223,224]. WWTPs were initially designed to remove/decrease conventional
pollution parameters (BODs, COD, total suspended solids, etc) from the wastewater stream,
so that the final effluents did not constitute a new source of pollution for the water body

receiving it.
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Table 4.2: Reported concentrations of benzotriazoles in environmental samples and removal

in wastewater treatment plants

Environmental Sample

Reported Concentr ations of
Benzotriazoles

Removal in
WWTP

Ref

WWTP influent, WWTP effluent, surface
water from Berlin, Germany

12 pg L™ for 1H-BTRininfluent
4.4 19 L™ for total TTRininfluent
0.02 pug L™ for X TR in influent

9.6 ug L™ for BTR in effluent

2.0 ug L™ for 5-Me-BTR in effluent
2.1 g L™ for 4-Me-BTR in effluent
0.013 ug L™ for XTR in effluent
0.2to2ug L™ for BTRand TTRin
surface water

19% for 1H-BTR
7% for TTR

[12]

Untreated wastewater from WWTPs Berlin

12 pg L™ for 1H-BTR
1.3 pug L™ for 4-TTR
2.1pug L™ for 5-TTR

37% for 1H-BTR
11% for 5-TTR
-6% for 4-TTR

[149]

Municipal Wastewater from 10 WWTPs,
Switzerland
Glatt river, Switzerland

< 10t0100 pg L™ for 1H-BTR and
TTRininfluent and effluent
0.64t03.69 ug L™ for 1H-BTRin
river

0.12-0.63 ug L™ for TTRinriver

13-62% for BTR
23-74%for TTR

[223]

Drinking water, Surface water, Effluents
from STPs Netherland

Upto8pug L™ for BTR in effluent
Upto3pg L™ for total TTRin
effluent

0.01 t0 0.2 pug L™ in drinking water
0.1to 1 pug L™ in surface water

[153]

Wastawater influent and effluent from
domestic and industrial WWTPs, river water

,Spain

7.29 ug L™ for 1H-BTR in domestic
influent

2.44 ug L™ for 1H-BTR in domestic
effluent

8.22 ug L™ for 1H-BTR inindustrial
effluent

6.96 ug L™ for 4-TTR inindustrial
effluent

17.2 ug L™ for 5-TTR inindustrial
effluent

Upto 1.08 pg L™ for 1H-BTRin
river

Upt00.925 pg L™ for 4-TTRin
river

Upto1.562 pg L™ for 5-TTRin
river

[152]

Sewage effluents, river water, tap water, UK

0.84t03.61 ug L™ for 1H-BTRin
effluent

2.68t05.70 ug L™ for TTRin
effluent

Upto0.118 pug L™ inriver

0.006 t0 0.079 pug L™ for BTR intap
water

<0.005t0 0.0698 pug L™ for TTRin

[48]

95



tap water

Effluents from Bolivar STP, ground water,

sludge, South Australia

0.077t02.21 pug L™ for BTRsin
Effluent

0.098t0 0.28 pug L™ for BTRs in
ground water

18.7ng g™ for 5-Me-BTR in sludge
21.4ng g for 5-CI-BTR in sludge

[228]

Influents and Effluents from municipal STP,

South Australia

5.71ug L™ for 1H-BTRininfluent
6.76 ug L™ for 5-Me-BTRIin
influent

5.13 ug L™ for 5-CI-BTR ininfluent
Upto4.16 pg L™ for 1H-BTRin
effluent

Upto 1.59 pg L™ for 5-Me-BTR in
effluent

>85% for 5-Me-
BTRand XTR

< 75% for BTR
and 5-CI-BTR

[237]

Raw wastewater, Barcelona Spain

0.06t036.2 g L™ for BTRs

65-70% for BTRs

[224]

Influents, River water

Upto 10 pg L™ for BTRin Influent
Upto0.21 pug L™ for TTRinriver
water

[229]

Influents, effluents

1.0 to 1.7 ug L™ for BTRsin
influent

0.65t0 1.4 ug L™ for BTRsin

effluent

[209]

Raw wastewater, Industrial effluents

1.6t017.6 ug L™ for BTRs

[230]

River water, Lake water

Upto6.3ug L™ for 1H-BTRin
river water
0.1to 1.2 ug L™ for 1H-BTR in lake

[180]

River water, EU

Upto8pug L™ for 1H-BTR
Upto20 pug L™ for TTR

[4]

River water samples, Germany

0.038t0 1.47 pg L™ for 1H-BTR
0.025t00.28 pug L™ for 5-Me-BTR
0.025t00.95 ug L™ for 4-Me-BTR

[235]

Groundwater, EU

Upto1.0 ug L™ for 1H-BTR
Average0.02 ug L™ for TTR

[118]

River Basin, Danube

Median 0.185 pg L™ for 1H-BTR

[239]

Surface water, Netherlands

0.1to1.0ug L™ for IH-BTRTTR
& XTR

[153]

Sea water and river water, Germany

0.0017 t0 0.04 pug L™ for BTRsin
sea water
0.20t0 1.25 g L in river

[241]

Sludge

Average 142 ng g for 1H-BTR
Average 71.5ng g™ for >-Me-BTR

[227]

2.35t0424ng g for BTRs

[226]
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They were not specifically designed for the removal of emerging contaminants such as
benzotriazoles. However, it was soon found out that the wastewater organic loads included
high levels of variety of hazardous organic pollutants and thus additional treatment steps and

control measures became necessary [74].

The elimination efficiency of benzotriazoles from wastewater treastment plants showed wide
variations [241] and available reports on their removal are presented in Table 4.2. According
to Weiss et al., elimination of benzotriazole, 4-tolyltriazole and 5-tolyltriazole in waste
treatment plants appear to be poor [12,149] and can be followed through a water cycle from
treated municipal wastewater through surface water to bank filtrate used for drinking water
production. The removal efficiencies of benzotriazole and total tolyltriazoles during
wastewater treatment were 19% and 7% respectively. It was suggested that the removal of
tolyltriazole was solely due to 5-tolyltriazole, whereas the 4-tolyltriazole concentration was
not significantly decreased [12]. The 4-tolyltriazole and 5-tolyltriazole isomers showed
markedly different biodegradation behaviour with 4-tolyltriazole being the more stable.
Removal in sludge was 37% for benzotriazole, but ailmost no removal of 4-tolyltriazole was

observed.

In comparison to a Swiss study [223], there was 13-60% removal for benzotriazole and 23-
74% removal for total tolyltriazole in wastewater samples of 10 WWTPs. The elimination
efficiencies of benzotriazole and tolytriazole in WWTPs were relatively low, the significant
removal of tolyltriazole was remarkable. However, since there was no differentiation between
the two isomers in that study and the differences in wastewater quality and treatment as
compared to this study were not known, these differences in the findings could not be
explained. In two of the WWTPs, the concentrations even increased from the primary to
secondary effluent. They assumed this increase effect can either be caused by an input
variation or aformation during the treatment, though, for the latter to take place, there would
be a need for a precursor chemical.

Benzotriazole was reduced by 37% on average in the membrane bioreactor system (MBR)
[225]. Of the two tolyltriazole isomers, 5-tolyltriazole was more amenable to biodegradation
[149] and was removed by 11% in the Conventional activated sludge (CAS) system and by
61% in the MBR. 4-tolyltriazole showed no removal in the CAS system, while a weak but
insignificant removal of 14% was observed for the MBR. In the cases of benzotriazole and 5-

tolyltriazole the MBR effluent quality was significantly better than the CAS effluent.
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Matamoros et al. reported the removal efficiency of benzotriazole to range from 65% to 70%
in conventional WWTP and from 89 to 93% in constructed wetlands [224]. The higher
performance of constructed wetlands in the removal of these compounds was attributed to the

contribution of biodegradation, photodegradation and plant uptake.

The analysis of the distribution profile of benzotriazoles in the North Sea, revealed that the
decrease of the concentration was mostly caused by dilution and that the benzotriazoles were
poorly degradable in the North Sea [241]. Benzotriazoles were removed at various
elimination rates in Bolivar WWTP [237]. High agueous phase removals (> 85%) were
achieved for 5-tolyltriazole and xylyltriazole, while low to moderate removals (< 75%) were
achieved for benzotriazole and chlorobenzotriazole. It was concluded that biological
degradation played a significant role in the removal of the benzotriazoles.

Scheurer et al. observed in their study that benzotriazole appeared to be more degradable
than 4-methylbenzotriazole under the operating conditions of the WWTPs [260].

45 ANALYTICAL METHODOLOGIES FOR THE DETERMINATION OF
BENZOTHIAZOLESIN THE AQUATIC ENVIRONMENT

Another crucial class of chemicals of emerging environmental concern investigated in our
studies are benzothiazoles. The determination of benzothiazole and its homologues in
wastewater requires a sensitive analytical method suitable for complex matrices. Liquid-
liquid extraction (LLE) and, more frequently, solid phase extraction (SPE) have been applied
to extract benzothiazoles from industrial and municipal wastewater [252]. In these previous
studies, benzothiazoles have been analyzed either by liquid chromatography (LC) or gas
chromatography (GC) coupled to different detectors including mass spectrometry [152,153,
245, 246,247].

4.5.1. Sample Preparation and Extraction Procedures of Benzothiazoles from aqueous
Samples

An analysis of organic pollutants in wastewater requires procedures that are both flexible and
capable of detecting specific pollutants. However, the behaviour and performance of the
different extractions materials, even those successfully for the extraction of water samples
may change on account of the nature of the sample matrix, and the pollutants of interest.
Liquid-liquid extraction (LLE) and, more frequently, solid phase extraction (SPE) have been
applied to extract benzothiazoles from industrial and municipal wastewaters. Some authors
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have also employed dispersive liquid-liquid microextraction (DLLME) and stir bar sorptive
extraction (SBSE) for the extraction of benzothiazoles from water samples.

The use of LLE, was investigated by Warner et al. who employed dichloromethane, but the
study was limited to only thiocyanomethylthiobenzothiazole and benzothiosulfonic acid from
spiked distilled water; recoveries of these benzothiazoles from wastewater were poor (or low)
[248]. Fiehn et al. developed a method for the extraction of methylbenzothiazole,
methylthiobenzothiazole, thiocyanomethylthiobenzothiazole from industrial wastewater using
ethyl acetate and toluene [249]. Liquid-liquid extraction was compared with solid-phase
extraction (SPE). For liquid-liquid extraction, the efficiencies of different extracting solvents
at various pH values were examined. Ethyl acetate was used as the optimum extracting
solvent at optimum pH 8.5. They also tested solid phases of different polarity for SPE at the
optimum pH 8.5. From the results obtained, it was inferred that SPE appeared to be of limited
value for the parallel extraction of the benzothiazoles even though a method for the
simultaneous quantitative extraction of these benzothiazoles by solid phases would be of
value for the monitoring of surface waters.

Kloepfer and co-workers extracted benzothiazoles from municipal wastewater by solid phase
extraction using a polymeric sorbent (Oasis HLB, 200 mg) and 7 mL of methanol/acetone
(6:4) as elution solvent [208,246]. The recovery for 2-aminobenzothiazole, benzothiazole-2-
sulfonic acid and 2-hydroxybenzothiazole ranged from 85 to 105%, the high recovery of the
two most polar analytes (benzothiazole-2-sulfonic acid and 2-aminobenzothiazole) proved
that the capacity of the SPE cartridges was not exceeded and no breakthrough occurred.
Recovery of benzothiazole, 2-mercaptobenzothiazole and 2-(methylthio)benzothiazole
remained limited to 60-70%. It was observed that for 2-mercaptobenzothiazole, a certain
extent of oxidation cannot be excluded even though glutathione was added to preserve the
thiol moiety. For 2-(methylthio)benzothiazole and benzothiazole, some loss to evaporation
might have occurred, as they are the least polar and most volatile benzothiazoles in this
series.

Céspedes et al also employed SPE for the extraction of benzothiazoles from surface water,
influent and effluent samples [250]. Filtered samples were preconcentrated upon Lichrolut
RP-18 (500 mg, 6mL cartridges) and the compounds eluted with 2 x 5mL of MeOH : CH,Cl »
(9:1). Recoveries of 62% for benzothiazole, 81% for 2-hydroxybenzothiazole and 64% for 2-
(methylthio) benzothiazole were obtained.
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A set of six benzothiazoles was extracted from riverine runoff water samples by liquid-liquid
extraction (LLE) [247]. Recoveries of benzothiazole and methylthiobenzothiazole in matrix
spiked samples were 53 and 75% respectively.

van Leerdam et al used SPE for the simultaneous extraction of benzothiazoles and
benzotriazoles from water samples as described under the extraction of benzotriazoles [153].
For the benzothiazoles in their study, the recovery of only 2-aminobenzothiazole decreases
from >50% to < 30% when the pH was lowered to 2 due to the basic properties of the
compound. The recovery of the other benzothiazoles was not significantly affected by the pH
(difference of less than 5%). Recoveries of benzothiazoles ranged between 73 and 132%. In
another study, benzothiazoles were enriched from water samples adjusted to pH 6 by solid-
phase extraction (SPE) on Oasis HLB 200 mg cartridges and eluted with a mixture of
methanol and acetone (60/40, v/v) [251]. Extraction of freeze-dried sludge samples was also
accomplished by pressurized liquid extraction (PLE) using a mixture of methanol and water

(50/50, v/v) as extraction solvent followed by SPE.

Bayona and co-workers have also demonstrated the efficiency of polymeric sorbents in SPE
for the extraction of benzothiazoles as described in section 4.2.1 for the extraction of
benzotriazoles [152,224,236]. Fries et al., preconcentrated benzothiazole in river water,
wastewater influent and effluent samples by SPE using Bond Elut ppl cartridges and
methanol as the eluting solvent [252]. Mean recoveries of benzothiazole in river water and

wastewater influent were 91% and 77% respectively.

Fries also used polar phase stir bar sorptive extraction (SBSE) for the extraction of only
benzothiazole from untreated wastewater and river water [253]. The effects of ionic strength
and extraction time on the response was studied and optimized. A sodium chloride
concentration of 30% and an extraction time of 240 min were selected as optimum
parameters. Benzothiazole can be volatilized during extraction procedure resulting in low
recoveries for LLE and SPE. Thus, one main advantage of SBSE is that losses via
volatilization during extraction are omitted because extraction is performed in sealed vials.
The author concluded that SBSE is a solvent free technique that clearly performs better than
all previously used extraction techniques for the analysis of benzothiazole in wastewater in

terms of easy use, sample throughput and analytical cost.

Pena and co-researchers have also demonstrated the simplicity and efficiency of dispersive

liquid-liquid microextraction for the simultaneous extraction of benzothiazoles and
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benzotriazoles from river, treated and untreated wastewater [230]. Details have been
described in section 4.2.1 for the extraction of benzotriazoles. Recoveries ranged between
80.1 % and 97.1%. Carpinteiro et al. also demonstrated the applicability of mixed mode SPE
for the simultaneous extraction of benzotriazoles and benzothiazoles from aqueous matrices
[229] as already described in section 4.2.1. Absolute recoveries for the benzothiazoles in their
study ranged from 87 to 101% in river water, 80 to 102% in effluent and 70 to 90% in
influent samples.

A summary of the extraction methods for benzothiazoles from aqueous samples is presented
inTable 4.3.

101



Table 4.3: Overview of Analytical Methodologies for determination of benzothiazoles in the environment *

Analytes Environment Sample Preparation Analytical Column/M obile Analytical Ref.
alMedia Technique/Cartridges/Solvents | Technique Phase Parameters
BTH, SH-BTH, Municipal LLE/Ethyl acetate as extracting LC-UV [249]
Me-S-BTH, wastewater Solvent, SPE
TMBTH
BTH, SH-BTH, Industrial LLE/ Ethyl acetate as extracting HPLC-UV
Me-S-BTH, wastewater Solvent [212]
TMBTH
BTH, Amino- Raw LC-ESI- Eurosphere C18(3 x | LODs= 10-200 ng L™,
BTH, OH- wastewater, Dilution, MSMS 125 mm  ,5um), 250ng L™
BTH, SH-BTH, Effluent Direct Injection gradient elution [245]
BTHSA, Me MeOH/H,O modified
BTH, TMBTH with 0.1%formic acid
BTH, Eurosphere C18(3 x
SH-BTH, Municipal SPE/ Oasis HL B, 200mg, LC-ESI- 125 mm ,5um),
OH-BTH wastewater MeOH/Acetone (6:4 v/v) as dution MS/MS gradient elution LOQs=25200ng L™, | [246]
solvent MeOH/H,O modified
with 0.1%formic
BTH, Amino- Effluent
BTH, BTHSA, SPE/ Oasis HL B, 200mg, LOQs=25-200 ng L™
OH-BTH, SH- MeOH/Acetone (6:4 v/v) asdution | LC-MSMS [208]
BTH, Me-S solvent
BTH
BTH, OH- Wastewater, SPE/ Lichrolut RP-18(500mg,6ml) LC-MS Lichrospher 100RP- | ReCretnod=81,62, 64%
BTH, River water column, MeOH/CH,Cl»(9:1 v/v) for 18 (250mm x 4mm, | LODs=
Me-S-BTH elution 5um) Column, | 10,10,100 ng L™ [250]
gradient elution with
MeOH/H,O
BTH, Riverine runoff LLE/CH.CI;:MeOH(1:1) as GC-MS DB-5 Column(30m x | ReCrethos= 69,71%
Me-S-BTH, water extraction solvent 0.25mm, 0.25um) LOD=5ngL™ [247]
BTH, Amino- | Drinking water, SPE/QOasis HL B (200mg/5ml) LC-LTQ-FT- | Phenomenex  Aqua | ReCrethod = 62-111%,
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BTH, OH- | Surfacewater glasscolumn & HLB (500mg/éml) MS Cicolumn (250 mm | LOQ= 1-33ngL™
BTH, Me$S propylene column; ACN/MeOH X 4.6mm, [153]
BTH (50:50) for dution 5um)/gradient elution
with
ACN/H,O/HCOOH
BTH,OH-BTH, River water, SPE/Strata X (100mg) cartridge, GC X GC- TRB5-MS(30m x ReCmethod =68-90%
Me-S-BTH Effluent Ethyl acetate for dution TOF/MS 0.25mm, 0.25um) LOD= 536ngL™" |[152]
LOQ= 35146nglL™*
BTH, OH- Influent, SPE/ Oasis HLB (200 mg,30um) LC- Synergi  Fusion-RP | ReCeg .= 84-24%
BTH, Me$S Effluent, cartridges, MeOH/Acetone(6:4 viv) | (ESI/APCI)- | 80 A column (150 | ReCesg= 42-109%
BTH, BTHSA, | Groundwater for elution MS/MS x3mm, 4um)/gradient | ReCes.aw=91-101%
MoBTH elution with 10 mM | ReCapciine =70-97%
ammonium ReCapci.eff =72-99% [251]
formate/ ACN RG:APQ.GW:].OZ-].B%,
modified with 0.1% | LOQyy =
HCOOH 10-200 ng L™,
BTH, River SPE/Strata X Polymeric cartridge, GC X GC- TRB5-MS(30 m x ReCyiethod = 07%0,81%
Me-S-BTH ethyl acetate for elution TOF/MS | 0.25mm, 0.25um)for | LODs=4ngL'6ngL™
1% dimension,TRB- | LOQs=6ngL™, [236]
50HT (2 mx 0.1 mm, 10ngL*
0.1um) for 2™ R? = 0.9957, 0.9992
dimension Precision(%RSD)=
10,3
BTH Untreated SBSE /30% NaCl solution for 240 | TDS-GC-MS DB-Wax capillary | LOD 256 ngL™
wastewater min column R? = 0.999 [253]
(30 mx0.25 mm, Precision(%RSD) =9.8
0.5um)
BTH, OH- Influent, SPE/Strata X (100mg) cartridge, IL-GC- SLB-IL159 Column | R&Crethoa= 69-80%
BTH, Me-SH- Effluent Hexane/ethyl acetate(1:1 v/v) for MSMS LOD =25-562 ng L™, [209]
BTH, SH-BTH elution LOQ =60-815ng L™
Precision (%RSD) < 10
R*> 0.993
Range=31-3000 ngmL ™
BTH River water, SPE/Bond Elut ppl (100 mg) GC-MS DB-5 ms (30 mx Recqw = 91%
Influent, cartridges, methanol as dution 0.25mmx 0.5um, | Reciy <77%
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Effluent solvent Agilent Technologies | LOD =15 ng L™ [252]
Precision(%RSD) =
4.4%
BTH, OH- River water, Mixed mode —SPE/ Oasis HLB, Zorbax SB-phenyl Recry = 96-100%
BTH, Amino- Urban Influent MAX Cartridges, (100 mmx 2.1 mm, | Rec;y =68-95%
BTH, MeBTH, | & Effluent, Ind. | MeOH/Acetone(7:3 v/v) for elution 3.5um) column/ Rece; =83-110%
Me-S-BTH Influent & gradient elution with | LOQgrw= 2-40 ng L?
Effluent LC-MS/IMS H,O/MeOH both LOQi =36-286 ng L™ | [229]
modified with 1 mM | LOQg = 28-222 ng L™
ammonium acetate | Precision(%RSD)=1-12
R?>0.99
Range=LOQ —10 pg L™
BTH, OH- Tap water, DLLME /100uL TBPas extraction | HPLC-Flu- | CigColumn (250 mm | ReCrethod = 80-95%
BTH, Amino- River water, solvent using MeOH as disperser uv, X 4.6 mm, LODyy =
BTH, Me-S Industrial solvent LC-ESI- 5um)/gradient elution | 300-1300 ng L-1
BTH, SH-BTH | effluent, treated MS/MS with ACN/H20 LOQuv= [230]
and untreated modified with 1000-9000 ng L™,
wastewater 0.05%HCOOH Precision(%RSD)= 4.1-
6.5
R? > 0.999
Range=3-536 ug L™
BTH, OH- Wastewater SPE/Strata X Polymeric cartridge, GC X GC- | TRB5-MS(30m x | LOD=5-56ng L™
BTH, Me-S hexane/ethyl acetate for elution TOF/MS 0.25mm, 0.25um) LOQ=35-9ng L™ [224]
BTH
BTH, Activated PLE/H,O/MeOH (50:50 v/v) as LC- Synergi  Fusion-RP | Recpie = 15-63%
Me-S-BTH, sludge extraction solvent, followed by | (ESI/APCI)- | 80 A column (150 X 3 | ReCeg-gudge=89-105%
BTHSA, OH- SPE/Qasis HLB (200 mg,30um) MS/MS mm, 4dum)/gradient | ReCapci-gudge = 67-104% | [251]
BTH, MoBTH cartridges, M eOH/Acetone(6:4 v/v) elution with 10 mM | LOQgg = 2.5-100 ng g‘l
for elution ammonium LOQape =5-100 ng g*
formate/ ACN

modified with 0.1%
HCOOH
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* Abbreviations

BTH: benzothiazole; SH-BTH: 2-mercaptobenzothiazole, Me-S-BTH: 2-methylthiobenzotriazole, TMBTH: thiocyanomethylthiobenzothiazole;
Amino-BTH:  2-aminobenzothiazolee BTHSA:  benzothiazolesulfonic  acid, OH-BTH:  2-hydroxybenzothiazolee MoBTH:  2-(4-
morpholinyl)benzothiazole, ReCenog: Method recovery; PLE: pressurized liquid extraction; Recp g: recovery for PLE; Reces.n: method recovery for
ESl in influent; Reces g method recovery for ESI in effluent; ReCapcin: Mmethod recovery for APCI in influent; ReCapci-gr: Mmethod recovery for
APCI in effluent; Reces.cw: method recovery for ESI in groundwater; ReCapci-ow: method recovery for APCI in groundwater; ReCes-sudge: Method
recovery for ESI in sludge; ReCapci-siuage: Method recovery for APCI in sludge, Recrw: method recovery in river water; Rec: method recovery in
influent; Recg: method recovery in effluent; LOQ,: LOQ in influent; LOQgx: LOQ in effluent; LOQgrw: LOQ in river water; LOQuy: LOQ for UV
detection; LOQgs: LOQ for ESI; LOQapc: LOQ for APCI; LODyy: LOD for UV detection
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4.5.2. Instrumental methods of analysisfor benzothiazoles

So far, development of analytical methods for benzothiazoles has been focused on extraction
techniques for the analysis of benzothiazoles in complex aqueous samples such as
wastewater. Benzothiazoles have been analyzed by LC or GC coupled to different detectors
including mass spectrometry. The overview of the developed analytical methods for the
determination of benzothiazoles in the environment is presented in Table 4.3.

Reemtsma developed a method for the analysis of 2-substituted benzothiazoles from
wastewater by reversed-phase liquid chromatography/electrospray ionization tandem mass
spectrometry (LC/ESI-MS/MS) [245]. Raw wastewater samples were diluted 1:5 prior to
analysis in the negative mode. In all other cases, effluent samples were analyzed without
dilution. Chromatograhic separation for the positive mode was achieved with a 3 x 125 mm
Eurosphere C18 column and a3 x 5 mm pre-column. Eluent A was H,O/MeOH (80:20) and
B was H,O/MeOH (10:90), both containing 0.1% formic acid using a linear gradient.
Chromatographic separation in the negative method, a 3 x 125 mm Super-sphere 100 C18
column (4um) with a 3 x 5 mm pre-column of the same material. In this case, eluent A was
H,O/MeOH (85:15), eluent B was H,O/MeOH (10:90), both with 10mM NH4OAc.
Quantitative analyses were performed in the MS/MS mode by multiple reaction monitoring
(MRM). Limits of detection ranged from 10 ng L™ for 2-aminobenzothiazole up to 200 ng L™
for 2-hydroxybenzothiazole with 100 pL injection volume. Benzothiazole was far less
sensitive, the low sensitivity was ascribed probably to the lack of any ionic or easily ionized
moiety in this molecule, resulting in a detection limit of 2,500 ng L™.

Kloepfer et al. developed a method for the determination of benzothiazoles (benzothiazole, 2-
aminobenzothiazole, 2-(methylthio)benzothiazole, 2-hydroxybenzothiazole, benzothiazole-2-
sulfonic acid, 2-mercaptobenzothiazole) from municipal wastewater and surface waters by
liquid chromatography-mass spectrometry after an extraction procedure by SPE using a
polymeric sorbent [246].The solid phase extraction was carried out with a 200 mg Oasis HLB
cartridges, and elution performed with 7 mL methanol/acetone (6:4). Two separate
chromatographic runs were performed; one for the MS positive ionization mode and the other
for the negative ion  mode. For the negative ionization  mode
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separation was carried out on a 3 mm x 125 mm Super-Sphere C18e column with 4 pm
particle size while for the positive ion mode, a Eurosphere C18 column ( 3 mm x 125 mm,
5um) was used. Recovery of benzothiazole, 2-mercaptobenzothiazole and 2-
(methylthio) benzothiazole remained limited to 60-70%. For 2-(methylthio)benzothiazole and
benzothiazole, some loss to evaporation might have occurred, as they are the least polar and
most volatile benzothiazoles in this series. Reliable quantification with RSD below 25% was
achieved. The LOQs of 25- 200 ng L™ for benzothiazoles in treated municipal wastewater
were fully satisfactory, but may be too high to allow detection of benzothiazoles from surface
waters.

Weiss and Reemtsma developed a method for simultaneous determination of benzotriazoles
and benzothiazoles (benzothiazole, 2(methylthio)benzothiazole and 2-aminobenzothiazole) in
aqueous environmental samples. Instrumental detection limits for benzothiazole, 2-
aminobenzothiazole and 2-(methylthio)benzothiazole, were 50 pg, 15 pg and 35 pg
respectively [12]. Details of the method development have already been described in section
4.2.2.

Cespedes et al. undertook a study for the estimation of toxicants like benzothiazoles in
surface water samples (along the Ter River and two of its tributaries) [250]. Influent and
effluent waters and particulate matter from five sewage treatment plants (STPs) that
discharge into these rivers were also studied. They used solid phase extraction (SPE)
followed by LC-ESI-MS for the unequivocal identification of different compound classes of
pollutants including three benzothiazoles (benzothiazole, 2-(methylthio)benzothiazole and 2-
hydroxybenzothiazole). Filtered samples were preconcentrated upon Lichrolut RP-18(500
mg, 6mL cartridges) and the compounds eluted with 2 x 5 mL of MeOH : CH.Cl, (9:1),
Chromatographic separation was carried out on a 250 x 4mm, 5um column (LiChrospher 100
RP-18) preceeded by a guard column (4 x 4 mm i.d., 5um) of the same packing material from
Merck. Two separate separations were carried out, one for the set of compounds detected in
positive ionization mode and the other set detected in negative ion mode. Benzothiazole and
2-(methylthio)benzothiazole were detected in the positive ionization mode while 2-
hydroxybenzothiazole was detected in the negative ionization mode. Gradient elution was
used in both cases. Quantitative analysis was performed in selected ion monitoring (SIM)
mode using external standard calibration. Recoveries were 62% for benzothiazole, 81% for 2-
hydroxybenzothiazole and 64% for 2-(methylthio)benzothiazole. Limit of detection for
benzothiazole was 0.1 ug L™ while LOD for both 2-(methylthio)benzothiazole and 2-
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hydroxybenzothiazole was 0.01 pg L™. A method was developed by van Leerdam and co-
researchers for sSimultaneous determination of benzothiazoles (benzothiazole, 2-
Aminobenzothiazole, 2-hydroxybenzothiazole and 2-(methylthio)benzothiazole) and
benzotriazoles in environmental water samples by LC-LTQ FT Orbitrap mass spectrometry
[153]. Details of the method development have already been described in section 4.2.2 under
instrumental method for analysis of benzotriazoles. In addition, recoveries of the
benzothiazoles at 0.2 pg L™ spiking concentration ranged from 45% for 2-
(methylthio)benzothiazole to 77% for 2-aminobenzothiazole in ultrapure water, 62% for 2-
hydroxybenzothiazole to 93% for benzothiazole in drinking water, 67% for 2-
hydroxybenzothiazole to 111% for benzothiazole in surface water. The limits of
quantification ranged between 3 ng L™ and 17 ng L™ in ultrapure water, between 1 ng L™ and

25 ng L™ in drinking water and between 1 ng L™ and 33 ng L™ in surface water.

A comprehensive two-dimensional gas chromatography coupled with time-of-flight mass
spectrometry was used by Jover et al. for simultaneous characterization of benzothiazoles,
benzotriazoles and benzosulfonamides in agueous matrixes after a preliminary enrichment by
solid phase extraction [152]. Details are described in section 4.2.2 under instrumental
methods for analysis of benzotriazoles. Limits of quantitation in river water ranged from
5ng L™ for benzothiazole to 18 ng L™ for 2-hydroxybenzothiazole and in wastewater ranged
from10ng L™ to 36 ng L™.

Wick and co-workers developed a multi-residue method for the determination of 36 emerging
organic pollutants including five benzothiazoles in raw and treated wastewater, activated
sludge and surface water using liquid chromatography-tandem mass spectrometry (LC-
MS/MS) [251]. The targeted  benzothiazoles  were  benzothiazole, 2-
(methylthio) benzothiazole, benzothiazole-2- sulfonic acid, 2-hydroxybenzothiazole and 2-(4-
morpholinyl)benzothiazole. They assessed and compared matrix effects in the ESI and APCI
interfaces in positive and negative ionization mode. The target analytes were enriched from
water samples adjusted to pH 6 by solid-phase extraction (SPE) on Oasis HLB 200 mg
cartridges and eluted with a mixture of methanol and acetone (60/40, v/v). Extraction of
freeze-dried sludge samples was accomplished by pressurized liquid extraction (PLE) using a
mixture of methanol and water (50/50, v/v) as extraction solvent followed by SPE.
Chromatographic separation was carried out on a Synergi Fusion-RP 80 A column (150 x 3
mm, 4um) with a SecurityGuard pre-column (4 mm x 3 mm). Two different LC-MS/MS
methods were developed, one for positive ionization mode and the other for negative
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ionization mode. For the benzothiazoles, positive ionization mode was used except 2-
hydroxybenzotriazole. Gradient elution was used for the separation.

With the electrospray ionization (ESI) method, relative recoveries of the benzothiazoles
ranged from 91% to 101% in groundwater, 42% to 109% in WWTP effluent, 84% to 124% in
WWTP influent. With APCI, relative recoveries ranged from 102% to 115% in groundwater,
72% to 99% in WWTP effluent and 70% to 97% in WWTP influent. The relative recoveries
in activated sludge ranged between 89% and 105% with ESI while it ranged between 67%
and 104% with APCI. Limit of quantification with ESI in WWTP influent ranged from
10 ng L™ for morpholinyl-benzothiazole to 200 ng L™ for benzothiazole while LOQ with
APCI in WWTP influent also ranged from 10 ng L™ for 2-(methylthio)benzothiazole to 200
ng L™ for 2-hydroxybenzothiazole. In activated sludge, LOQ with ESI and APCI ranged from
25ngg*to100ng g’ TSSand 5ng g™ to 100 ng g™* TSS respectively [251].

Ninety seven organic contaminants including benzothiazoles were determined at trace
concentration in river water by Matamoros et a. [236]. Limits of detection for benzothiazole
and 2-(methylthio)benzothiazole were 4 ng L™ and 6 ng L™ respectively while the limits of
quantification were 6 ng L™ and 10 ng L™ respectively.

Dominguez et al. also applied the SPE protocol developed by Jover et al. [152] asthe sample

extraction procedure for the determination of benzothiazoles and benzotriazoles in
wastewaters using ionic liquid stationary phases in gas chromatography mass spectrometry
[209]. The same recoveries range of 78% to 98% for wastewaters was also observed.
Matamoros and co-workers also adopted the same SPE procedure for studying the occurrence
and fate of benzothiazoles and benzotriazoles in constructed wetlands in Spain [224].

4.6. OCCURRENCE OF BENZOTHIAZOLESIN THE AQUATIC ENVIRONMENT

Due to widespread applications, persistence and toxicity, benzothiazole derivatives have
remained an environmental concern. Several benzothiazoles such as benzothiazole and 2-
methylthiobenzothiazole have been detected in street dust, atmospheric aerosols, street run-
off, sediment and an industrial effluent from a tyre manufacturer. The occurrence of
benzothiazoles was ascribed mainly to the automobile tyres and rubber manufacturing
industries [247,254]. However, detection of benzothiazoles in other environmental
compartments such as ground water, surface water, municipal wastewater and sludge
[224,236,208,251], indicates that the emission of benzothiazoles is no longer restricted to the
rubber industry.
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The occurrence of benzothiazoles in wastewater of the tanning industry and their behaviour
during biological treatment was studied by Reemtsma et al. [212]. In the wastewater samples
of the two tanneries, 2-(mercapto)benzothiazole was the dominant benzothiazole accounting
for 87% and 94% of the four benzothiazoles in the study. Benzothiazole and 2-(methylthio)
benzothiazole were present, but remained minor constituents in the untreated wastewater
while 2-(thiocyanomethylthio)benzothiazole, originally applied in the pickling step of the
tanning process, was not detectable.

The mean concentrations of the benzothiazoles as determined by Reemtsma in the raw
effluent and biologically treated wastewater, ranged from 0.1 pg L™ to 746.9 pg L™ and 0.1
ug L™ to 76.8 pg L™ respectively [245]. In a study by Kloepfer and co-workers to determine
six benzothiazoles, all benzothiazoles except 2-aminobenzothiazole were detected, with
concentrations ranging from 180 ng L™ for 2-(methylthio)benzothiazole to 1700 ng L™ for
the most polar benzothiazole-2-sulfonic acid being the dominant compound of this class
[246]. Concentrations of total benzothiazoles in the effluents of municipal wastewater
treatment plants ranged from 1.9 pg L™ to 6.7 ug L™ on average were reported by Kloepfer et
al. [208]. In all effluents, benzothiazole-2-sulfonate was the dominant compound with
average concentrations between 1 pg L™ and 2.3 pg L™* (35 -70%) followed by
benzothiazole, 2-hydroxybenzothiazole and 2-(methylthio)benzothiazole. Concentrations of
2-mercaptobenzothiazole and 2-aminobenzothiazole were below the LOQs (50 ng L™ and
30 ng L™) respectively.

An overview of the occurrence of benzothiazoles in the aquatic environment is presented in
Table4.4.

110



Table 4.4: Reported concentrations of benzothiazoles in environmental samples and removal

in wastewater treatment plants

Environmental Sample

Reported Concentr ations of
Benzothiazoles

Removal in
WWTP

Ref

Raw and treated wastewater

0.1to 747 pgL™ for BTHsinraw
wastewater

0.1t0 76.8 ug L for BTHsin treated

wastewater

[245]

Wastewater

0.18t0 1.7 ug L™ for BTHSs

[246]

Effluents

1.9t06.7 ug L™ for BTHs

5-28% for BTHs

[208]

Influent and effluents

Upto12.8 ug L™ for 2-Me-S-BTH in
influent

Upto6.18 ug L™ for 2-Me-S-BTH in
effluent

0.07t00.15 ug L™ for 2-OH-BTH

[250]

River water

0.027t00.092 ug L™ for BTH

0.015 t0 0.305 pg L™ for 2-Me-S-BTH

[236]

Raw wastewater

0.2t02.2ug L™ for BTHs

Up to 55% for
BTH

Up to 40% for
2-OH-BTH
-20% for 2-Me-
SBTH

[224]

Influent, Effluent, surface water
and activated sludge

0.01t01.49 pg L™ for BTHs ininfluent
0.009 to 2.04 pg L™ for BTHsin
effluent

0.0008 to 2.8 pug L™ for BTHsin surface
water

5.3t0326 ng g for BTHs in activated
sludge

[251]

Raw
wastewater(domestic),Industrial
Wastewater

13.2ug L™ for 2-Me-S-BTH inraw
wastewater(domestic)

17.6 ug L™ for 2-Me-SH-BTH in
industrial wastewater

[230]

Influents, effluents

Average 0.4 ug L for BTH ininfluent
Average 0.7 ug L for 2-OH-BTH in
influent

Average 0.15 ug L™ for 2-Me-S-BTH in
influent

Average 0.3 ug L for BTH in effluent
Average 1.0 ug L for 2-OH-BTH in
effluent

Average 0.1 ug L™ for 2-Me-S-BTH in
effluent

[209]

Influent, Effluent, river water

Upto 1.4 ug L™ for 2-OH-BTH

[229]
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Since concentrations of 2-aminobenzothiazole never exceeded the LOQ in any of the samples

analyzed, it was considered as not environmentally relevant.

In a study by Cespedes et al., benzothiazole was not detected in all influent and effluent
samples, 2-(methylthio)benzothiazole was one of the most ubiquitous compounds detected
(68% of the samples analyzed) [250]. The highest levels of 2-(methylthio)benzothiazole (12.8
pg L™ and 6.18 pug L™) were found in the STPs, lower concentrations of 0.07 —0.15 pg L™
of 2-hydroxybenzothiazole were also found in the STPs.

Benzothiazole was detected in the Dutch drinking water samples, 2-Aminobenzothiazole was
not detected in surface water samples [153]. Concentrations of benzothiazole and 2-
(methylthio)benzothiazole in four Catalonian rivers ranged from 27 to 92 ng L™ and from 15
to 305 ng L™ respectively [236]. In addition, concentrations of benzothiazoles in raw
wastewater ranged from 0.2 to 2.2 ug L™ [224].

Wick et al., in consistence with the study by Kloepfer et al. [208], detected some
benzothiazoles in the high ng L™ to the low pg L™ range in influents and effluents, with
benzothiazole-2-sulfonic acid being the most prominent analyte [251]. Concentrations of the
benzothiazoles ranged from 10 ng L™ for morpholinyl-benzothiazole to 1490 ng L™ for
benzothiazole-2-sulfonic acid in WWTP influent, 9 ng L™ to 2040 ng L™ in WWTP effluent,
0.8 ng L™ to 2800 ng L™ in surface water, 5.3 ng g* TSS to 326 ng g* TSS in sludge.
Generally, the highest concentrations were found for benzothiazole-2-sulfonic acid while the
lowest concentrations were found morpholinyl-benzothiazole. This was the first time
benzothiazole, 2-(methylthio)benzothiazole, 2-hydroxybenzothiazole and benzothiazole-2-
sulfonic acid were detected in activated sludge, as it was previously reported that no studies
had reported the concentrations of 2-hydroxybenzothiazole and 2-mercaptobenzothiazole in
sludge [99]. The concentration of the compounds in sludge is crucial to correctly assess their
fate (sorption or biotransformation) in WWTPs.

Pena and co-researchers detected 2-mercapto-benzothiazole (17.6 pg L™) in an industrial
wastewater and 2-methylthiobenzothiazole (13.2 pug L™) in raw wastewater [230]. None of
the benzothiazoles was found in tap water, river water and treated wastewater. As determined
by Dominguez et al. [209] the mean concentrations of benzothiazole, 2-
hydroxybenzothiazole, and 2-methylthiobenzothiazole in influent samples were 0.4 ug L™,
0.7 ug L™ and 0.15 pg L™, respectively, and their mean concentrations in effluent samples
were 0.3 pg L™, 1.0 ug L™ and 0.1 pug L™, respectively. Carpinteiro et a. also found 2-
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hydroxylbenzothiazole, = mercaptobenzothiazole and  methylthiobenzothiazole in
environmental matrices (river water, influent and effluent) in concentrations up to 1.4 pg L™
of 2-hydroxylbenzothiazole [229].

47. REMOVAL EFFICIENCY AND FATE OF BENZOTHIAZOLES |IN
WASTEWATER TREATMENT PLANTS

The removal of micropollutants from wastewater during treatment occurs through abiotic
transformation, biological degradation and/or sorption [224]. Among these mechanisms,
sorption to suspended solids and biodegradation were reported to play dominant roles.
Nevertheless, mechanisms of removal do not follow a general rule since their relative
contribution depends on the physicochemical properties of the micro-pollutant, the origin and
composition of the wastewater and the operational parameters of the wastewater treatment

facility.

There are scarce data on the removal of benzothiazoles in biological wastewater treatment
with contradictory reports. Moreover, most of these studies used grab samples and not
proportional flow composite samples. Although benzothiazole and 2-hydroxylbenzothiazole
are considered to be biodegradable, 2-methylthiobenzothiazole was recalcitrant.
Benzothiazole was largely eliminated during aerobic treatment, whereas 2-
methylthiobenzothiazole remained after passing through sewage treatment plants, or even
formed during treatment [208,212,246].

The overall removal efficiency of total benzothiazoles in municipal wastewater treatment was
reported to range from 5 to 28% [208]. The very limited removal was primarily due to
benzothiazole-2-sulfonate and 2-methylthiobenzothiazole that were either hardly removed or
even increased in concentration. This finding contrasted previous results for an industrial
wastewater treatment, where an average elimination of 87% was observed for the same set of
benzothiazoles [25].

Matamoros et al. studied the occurrence and fate of benzothiazoles and benzotriazoles in
constructed wetlands and evaluated the removal efficiency and aquatic mass discharge rate of
benzothiazoles (i.e. benzothiazole, 2-hydroxylbenzothiazole and 2-methylthiobenzothiazole)
in one conventional activated sludge WWTP and two constructed wetlands [224]. The
removal efficiencies of benzothiazoles ranged from zero to 80%, in the conventional WWTP,
and from 83 to 90% in constructed wetlands. The higher performance of constructed wetlands
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in the removal of the compounds was attributed to the contribution of biodegradation,
photodegradation and plant uptake.

4.8. ANALYTICAL METHODOLOGIES FOR THE DETERMINATION OF
BENZOSULFONAMIDESIN THE AQUATIC ENVIRONMENT

Analytical methodologies for quantification of the benzosulfonamides (BSA, p-TSA and o-
TSA) in environmental water matrices, including wastewater samples, are till limited. Only
one quantitative analytical method exists at present for the simultaneous determination of the
benzosulfonamides (BSA, o-TSA and p-TSA) in environmental water matrices [154]. An
analytical methodology based on two-dimensional gas chromatography coupled to time-of-
flight mass spectrometry (GC x GC-TOF-MS) has also been demonstrated for the
determination of some benzosulfonamides alongside with some benzotriazoles and
benzothiazoles in wastewater samples [152].

In a study for the screenings of wastewater in Berlin, Hartig and Jekel detected p-TSA and o-
TSA [256]. They developed a method for the simultaneous quantitative analysis of a large set
of wastewater sulphonamides residues (antibiotics, herbicides and plasticizers) but eventually
discarded p-TSA and o-TSA because of interference with other wastewater and surface water
components. They did not, therefore, publish any actual values of p-TSA and o-TSA in
environmental water samples. Both compounds were also detected in surface water by
Hendricks et al. [213].

4.8.1. Sample Preparation and Extraction Procedures of Benzosulfonamides from
aqueous Samples.

Until the period of this work, studies on the determination of benzenesulfonamide and
toluenesulfonamides in environmental water samples are few. Solid phase extraction (SPE)
has been the preconcentration method of choice for benzosulfonamides in environmental
water samples [152,154].

Richter and co-workers extracted benzosulfonamides (benzenesulfonamide, p-
toluenesulfonamide and o-toluenesulfonamide) from groundwater, surface water, drinking
water and wastewater influents and effluents by SPE using a polymeric sorbent [154]. The
elution solvent was 4 mL of methanol. The method recovery for each type of agueous matrix
ranged from 94-120% for all analytes.
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Jover et a. also used SPE for simultaneous extraction of three classes of organic compounds
(benzotriazoles, benzothiazoles and benzosulfonamides) from influent, effluent and river
water samples [152]. The details of the extraction procedure and optimization have been
described in section 4.2.1. under extraction procedures of benzotriazoles from agueous
samples. At the optimum SPE conditions used for the simultaneous extraction of the three
classes of compounds, recoveries for benzosulfonamides were 92% and 71% in river water
and wastewater respectively.

4.8.2. Instrumental methods of analysisfor benzosulfonamides

An analytical method was developed for the sensitive and simultaneous determination of
three benzosulfonamides (BSA, p-TSA and 0-TSA) in wastewater, surface water,
groundwater and drinking water [154]. The method was based on solid phase extraction
coupled with reversed-phase liquid chromatography and tandem mass spectrometry. Liquid
chromatographic separation was carried out using a Sunfire C18 column (150 mm x 2.1 mm,
3.5 um) and a RP1 guard column (2 mm x 10 mm). For the separation of the isomeric
analytes (p-TSA and o-TSA), isocratic elution was used. A tandem mass spectrometer
equipped with electrospray ionization operated in the negative ionization mode was used. The
recovery for each type of agueous matrix was 94- 120% for all analytes. Acceptable
recoveries for BSA, p-TSA and o-TSA were observed with surrogate correction despite the
22 min difference in retention time of BSA in respect to p-TSA and o-TSA. Limit of
quantification in surface water, and in influent and effluent samples of the WWTPs could not
be determined for all substances because of their ubiquitous occurrence in these matrixes.
LOQs could only be calculated in purified water and drinking water, which were assumed to
be valid for all matrices. LOQ for p-TSA was 0.01 pug L™ and was 0.02 pg L™ for both o-
TSA and BSA.

Jover et al. developed a methodology based on GC x GC-TOF-MS which enabled the
simultaneous characterization of three chemical classes (benzotriazoles, benzothiazoles and
benzosulfonamides) of increasing environmental relevance in complex matrices such as river
water and raw wastewater [152]. The compounds were preconcentrated by SPE using Strata
X polymeric sorbent. Details about the methodology have been described in section 4.2.2.
Recoveries for benzosulfonamides were 92% and 71% in river water and wastewater
respectively. The LODs of the analytical method in river water and wastewater were 9 ng L™
and 18 ng L™ respectively, while the LOQs in river water and wastewater were 31 and
62 ng L™ respectively.
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An overview of the available analytical methodologies for the determination of

benzosulfonamides in the aquatic environment is presented in Table 4.5.

49. OCCURRENCE OF BENZOSULFONAMIDES IN THE AQUATIC
ENVIRONMENT

Hendricks et al. measured a single value of p-TSA in a semi-quantitative GC-MS screening
of a large set of organic compounds in river Rhine water (Germany) and found the
concentration of p-TSA to be 0.063 pg L™ but they did not analyze o-TSA and BSA [213].
Richter et al. also detected p-TSA, o-TSA and BSA in surface water samples throughout
Berlin concentrations up to 1.15, 0.8 and 0.52 ug L™ respectively [154]. The occurrence and
behaviour of wastewater residues p-TSA, o-TSA and BSA through wastewater treatment,
surface water, bank filtration and drinking water treatment were also studied by Richter and
co-workers [215]. All three compounds were ubiquitous in the aquatic environment of Berlin.
p-TSA was found in high concentrations in the wastewater influent (2-15 pg L™), in the
wastewater effluent (<0.15 — 2.34 ug L™) and in sewage farm ground water (<0.05 to
20 pg L™, bank filtrate (<0.05 to 0.30 pg L™) and drinking water (<0.05 to 0.54 pg L™). The
concentration ranges of 0-TSA and BSA in wastewater influents were 0.11 to 8 pg L™ and
<0.05 to 0.64 pg L™, respectively, while the values in wastewater effluents were 0.14 to
4ug L™ for 0-TSA and 0.25t0 0.49 ug L™ for BSA.

The concentrations measured in surface water, sewage farm ground water, bank filtrate and
drinking water were <0.05to 1.74 ug L™ for o-TSA and <0.05 to 0.53 pg L™ for BSA.
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Table 4.5: Overview of Analytical Methodologies for determination of benzosulfonamides in the environment

Analytes | Environmental Sample Preparation Instrumental | Column/Mobile Analytical Parameters | Ref.
Media Technique/Cartridges/Solvents | Technique Phase
BSA, Wastewater, Surface | SPE/ SDB 1 Polymeric sorbent LC-MS/IMS Sunfire C18 (150 mm x ReCrethod = 94-120%
O-TSA, water, Ground water | (200mg, 6ml), methanol as 2.1mm, 3.5um) Column/ LOQ=10ng Lt [154]
p-TSA Drinking water elution solvent Isocratic dution with 20ng L1 [215]
10%ACN/ 90%H,0 Precision (%RSD)= 4-18
R?> 0.998
Linear range=
20-500 ng L
p-TSA River water, SPE/Strata X (100 mg) cartridge, | GC X GC- TRB5-MS(30m x 0.25mm, | LODgyw = 9 g L1
Wastewater Ethyl acetate for elution TOF/MS 0.25um LODww =18 ng L™
LOQrw=31ngL™ [152]
LOQuw=62ng L™
R®> 0.998
Table 4.6: Reported concentrations of benzosulfonamides in environmental samples and removal in wastewater treatment plants
Environmental Reported Concentr ations of Benzosulfonamides Removal in | Ref.
Sample STP
Surface water, | Up to 1150 ng L™ for p-TSA in surface water, Up to 800 ng L™ for o-TSA in surface water, Upto 520 ng L™ | ~90% for p-
drinking water, for BSA in surface water, Up to 2700 ng L™ for p-TSA in drinking water, Up to 90 ng L™ for o-TSA in | TSA,
Wastewater influent | drinking water Formation
and effluent <50 ng L™ for BSA in drinking water, Up to 20,000 ng L™ for p-TSA in wastewater influent, <500 ng L™ for | Of both 154
from Berlin o-TSA ininfluent and effluent, ~50 ng L™ for BSA in influent, >350 ng L™ for BSA in effluent g;ASA and
Wastewater influent | 2000-15,000 ng L™ for p-TSA in influent,<150 -2340 ng L™ for p-TSA in effluent,<50-20,000 ng L™ for p- | ~90% for p-
and effluent, TSA in ground water,1100-8000 ng L™ for o-TSA in influent,140-4000 ng L™ for o-TSA in effluent, 250-490 | TSA,
Ground ~ water(near | ng L™ for BSA in effluent,<50-640 ng L™ for BSA ininfluent,<50-1740 ng L™ for 0-TSA in groundwater,<50- | Formation | 215
sewage farm), 530 ng L™ for BSA in groundwater of BSA,
Drinking water from
Berlin
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Jover et al. detected the concentrations of benzosulfonamides in arange of 49 to 256 ng L™ in
river water, <LOQ to 85 ng L™ in municipal wastewater influent, <LOQ to 125 ng L™ in
municipal wastewater effluent and <LOQ to 2091 ng L™ in industrial wastewater effluent
[152].

4.10. REMOVAL EFFICIENCY AND FATE OF BENZENESULFONAMIDES IN
SEWAGE TREATMENT PLANTS

According to Richter et a., p-TSA, 0-TSA and BSA behaved differently during wastewater
treatment and varied from one wastewater treatment plant to another [154,215]. p-TSA was
considerably depleted during wastewater treatment (approximately 90% removal). Depending
on the WWTP, o-TSA concentration may increase, decrease or remain stable during
treatment. It was suggested that a site-specific process might be responsible for the formation
of 0-TSA during wastewater trestment. BSA could be found in small amounts
(~0.05 pug L™) in the influent, but higher concentrations of above 0.35 pg L™ in the effluent.
BSA effluent concentrations were 4-6 times higher than the influent concentrations, BSA was
clearly formed during treatment and was presumably caused by biodegradation or
bioconversion. Knepper et al. described metabolism studies of phenylsulfonamides and the
results of the degradation studies showed that N-butyl-N-phenylsulfonyl may undergo an -
oxidation to form a glycine-N-(phenylsulfonyl) [257]. They therefore, assumed that BSA isa
metabolite of sulphonamide with a higher molecular weight

Moreover, in another study Richter et al. investigated the fate of sulfonamides downgradient
of a decommissioned sewage farm near Berlin, Germany [218]. They concluded that the
presence of O, facilitates the degradation of p-TSA. When the redox conditions were anoxic,
p-TSA was not degraded. o-TSA was exclusively degraded in the presence of O,. BSA was
not eliminated under oxic or anoxic experimental conditions. The high concentrations in the
study area also showed that the sulphonamides could persist over decades under anoxic
conditions in an acquifer environment even though they are rapidly degraded during aerated
waste and drinking water treatment [215, 219].

4.11. Summary of Literature Survey on analytical methodologies for the determination
of BTRs, BTHsand BSAsin the Aquatic Environment

From the literature survey above, it could be observed that majority of the studies involved in
the determination of benzotriazoles, benzothiazoles and benzosulfonamides in the aguatic

environments employed solid phase extraction (SPE) as preconcentration and extraction
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procedures probably due to the efficiency of polymeric sorbents for the extraction of organic
compounds covering a range of wide polarity. Liquid-liquid extraction (LLE) was also
employed in few cases. Some modifications of SPE such as mixed-mode solid phase
extraction and modifications of LLE as Dispersive Liquid liquid microextraction (DLLME)
have also been exploited for the extraction of benzotriazoles and benzothiazoles in water
samples. Only one study demonstrated the efficiency of stir bar sorptive extraction protocol
(SBSE) for the extraction of only benzothiazole from untreated wastewater. Few studies also
utilized either direct injection or dilution before injection. In the very few studies of biosolid
samples, sample preparation entailed liquid-solid extraction (LSE) or pressurized liquid
extraction (PLE) followed by solid phase extraction as clean-up and preconcentration
technique.

The preferred instrumental technique of analysis for the compounds was liquid
chromatography in combination with mass spectrometry (LC-MS). Gas chromatography-
mass spectrometry was also used in some cases. The gas chromatographic methods usually
focused on the efficiency of separation and retention of the compounds in the column e.g. as
in the choice of ionic liquids for stationary phases and the use of two dimensional gas
chromatography (GC x GC). The most commonly used ionization source either in LC-MS or
GC-MS was electrospray ionization (ESI) though few studies also used atmospheric pressure
chemical ionization (APCI). In some studies, depending on the nature of each analyte
separation was carried out in two different chromatographic runs, each chromatographic run
for either positive ionization mode or negative ionization mode. Moreover, the most
commonly used mass analyzer was triple quadrupole though to a less extent, other type of
mass analyzers like time of flight, hybrid ion trap-orbitrap were also used. Finally, other less
selective and sensitive detectors for liquid chromatography and gas chromatography such as
UV, fluorescence, flame ionization detector were aso exploited.
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CHAPTER 5

SCOPE AND OBJECTIVES
5.1. PROBLEMSSTATEMENT

Many studies have revealed the widespread occurrence of low level concentrations of several
organic micro-pollutants which are often considered as ‘emerging contaminants in the
aquatic environment. For many of the emerging contaminant classes like benzotriazoles,
benzothiazoles and benzosulfonamides there are hardly enough environmental survey data,
basically because they have not been regulated in the environment. Another reason for this
insufficient environmental survey data of the compounds may partly be due to lack of
suitable sensitive analytical methods for their determination, proper risk assessment and for
monitoring in wastewater, surface and drinking water. Benzotriazoles, benzothiazoles and
benzosulfonamides are three classes of organic compounds which have been considered as

emerging contaminants in the aquatic environment.

Benzotriazoles and benzothiazoles are polar high production volume chemicals that find
broad applications in various industrial processes and household applications.
Benzosulfonamides are widely used as plasticizers and chemical intermediates in the
synthesis of sweeteners and could even be metabolites of corrosion inhibiting agents and
disinfectants.

It could be inferred from the literature survey that benzotriazoles, benzothiazoles and
benzosulfonamides are rapidly gaining the attention of environmental scientists as a result of
their perceived resistance to degradation, solubility in water, incomplete removal in
wastewater treatment plants and consequently, their ubiquitous occurrence in the
environment. Many of these compounds have also been shown to have long—term adverse
effects on the aguatic organisms and bacteria. However, the mobility of these polar
compounds in the environment is still not well characterized even though some studies have
investigated and reported their presence in various environmental water compartments. In
particular, until the period of this study, no study has exclusively focused on the
determination of the compounds in both dissolved phase and particulate phase of wastewater
as well as in sewage sludge in parallel. This neglect in the study of particulate phase and
sludge could be attributed to more intensive and laborious efforts required in the development
of selective and sensitive analytical methodologies for adequate qualitative and quantitative

determination of the compounds, like many other organic micropollutants, in these
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challenging complex solid matrices. Consequently, apart from the possibility of analyte
underestimation in the aguatic environment, this challenge has invariably posed some
limitations in studying the fate and distribution of these compounds in sewage treatment
plants and other environmental water compartments at large. Moreover, most studies of these
compounds in the aquatic environment focused on the determination of only few homologous
members of each class of the compounds either independently or in parallel determination
alongside with other organic micropollutants. For example, benzotriazole and tolyltriazoles of
the benzotriazoles class, benzothiazole and 2-methylthiobenzothiazole of benzothiazoles
class have been mostly studied. Also, some of the studies have only determined
benzotriazoles alongside with other organic micropollutants such as UV filters,
pharmaceuticals and perfluorinated compounds. As a result of their determination in parallel
with other classes of organic micropollutants, only optimum extraction and instrumental
conditions were applied which invariably might not have been the best instrumental
conditions for the determination of the individual class of compounds. Moreover, only very
few studies have investigated both classes of benzotriazoles and benzothiazoles
simultaneously in the aguatic environment. It is therefore, desirable to include more members
of each class of the compounds in a simultaneous determination of both classes of the
compounds in the aquatic environment. Furthermore, no study has been undertaken until the
period of this study to investigate the determination and occurrence of these compounds
(benzotriazoles, benzothiazoles and benzosulfonamides) in the Greek aquatic environment
and especially their fate and distribution in the Greek sewage treatment plants.

The understanding of the occurrence, removal and fate of emerging contaminants in different
wastewater treatment processes is a matter of high importance for ecosystem protection and
wastewater reuse. However, very limited systematic data are available on the fate of
benzotriazoles, benzothiazoles and benzosulfonamides in sewage treatment plants. This could
be due to the fact that most environmental studies of these compounds are usually focused
exclusively on agueous phase concentrations and removal. So far, there are limited data on
the contribution of sorption on primary and secondary sludge and the role of
biotransformation processes on the removal of benzotriazoles, benzothiazoles and
benzosulfonamides in wastewater treatment.

Additionally, to the best of our knowledge, only one study has reported the occurrence of
benzothiazoles in sludge (activated) and no information is available on the distribution
constants (Kq) of both benzotriazoles and benzothiazoles in sewage sludge.
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5.2. RESEARCH OBJECTIVES AND SCOPE

In view of the issues discussed above in section 5.1, we aimed to develop and validate
sensitive analytical methods for the determination of these compounds of emerging
environmental concern (benzotriazoles, benzothiazoles and benzosulfonamides) in the
aquatic environment by liquid chromatography-tandem mass spectrometry with a view to
studying their occurrence, fate and distribution in the Greek sewage treatment plants. We
particularly paid attention to the determination of the compounds in wastewater (dissolved
phase and particulate phase) and sewage sludge from sewage treatment plants. To this effect,
we aimed to: (a) develop and validate new analytical methods for the determination of
benzotriazoles, benzothiazoles and benzosulfonamides in wastewater (dissolved phase and
particulate phase) and sewage sludge of wastewater treatment plants by liquid
chromatography-tandem mass spectrometry, (b) investigate the occurrence of benzotriazoles,
benzothiazoles and benzosulfonamides in wastewater and sewage sludge of the sewage
treatment plant of Athens, Greece, (¢) study the removal, fate and distribution of
benzotriazoles, benzothiazoles and benzosulfonamides in the sewage treatment plant of
Athens, Greece.

The scope of the research work includes. (a) sampling and pretreatment of wastewater and
sawage sludge samples from the sewage treatment plant, (b) optimization of solid phase
extraction procedures for extraction and pre-concentration of benzotriazoles, benzothiazoles
and benzosulfonamides in terms of sorbents, elution solvents and amount of elution solvent
(c) extraction from biosolids (sludge and particulate phase) by liquid-solid extraction aided
by sonication followed by clean-up and preconcentration by SPE, (d) development of a
preliminary Liquid Chromatography-UV method for determination of benzotriazoles,
benzothiazoles and benzosulfonamides in environmental aquatic matrices, (€) development
and validation of new analytical methods by liquid chromatography-tandem mass
spectrometry for the simultaneous determination of eight compounds: four benzotriazoles
[1H-benzotriazole (1H-BTR), 5-methylbenzotriazole (5-Me-BTR), 1-hydroxybenzotriazole
(1-OH-BTR), 5,6-dimethylbenzotriazole (XTR)] and four benzothiazoles [benzothiazole
(BTH), 2-hydroxybenzothiazole (2-OH-BTH), 2-aminobenzothiazole (2-Amino-BTH) and 2-
methylthiobenzothiazole (2-Me-S-BTH)] in wastewater and sewage sludge, (f) development
and validation of a sensitive analytical method for the determination of three
benzosulfonamides [Benzenesulfonamide (BSA), o-Toluenesulfonamide (0-TSA) and p-

122



Toluenesulfonamide(p-TSA)] in wastewater by liquid chromatography-tandem mass
spectrometry, (g) application of the validated analytical methods for investigating the
occurrence, removal efficiencies, fate and distribution coefficients of benzotriazoles,

benzothiazoles and benzosulfonamides in sewage treatment plant of Athens, Greece.

Finally, we compared the obtained results from this study with existing data in the literature
and suggested other areas where further studies should be focused in future research as far as
these emerging environmental contaminants are concerned.
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CHAPTER 6

INSTRUMENTATION AND MATERIALS

6.1. Instrumentation

In this present study, two liquid chromatographic systems were used: High Performance
Liquid Chromatography with UV and Fluorescence detectors (Agilent 1100 Series) and
Liquid Chromatography coupled with Tandem Mass Spectrometry (Thermo Electron TSQ
Quantum Access with ESI and APCI sources and U-HPLC Thermo Accela pump and

autosampler).

The HPLC-UV/FL (Agilent Series) is equipped with a Quat pump (DE43629811), solvent
mixer, degasser (JP40720352), Column compartment (DE43643139), UV detector
(JP43825677) and fluorescence detector (DE43606666) and system controller(computer)
equipped with chemstation software. The system is connected to a printer (HP Deskjet 5740)
Sample injection was performed via an injection valve with 20 pL loop. Detection was
carried out by a UV detector. Degassing of the mobile phases was achieved by helium
gparking in the solvent reservoirs by a degassing unit. The system was controlled and data
analyzed on a computer equipped with L C solution software (Chemstation).

The LC-MS/MS system is equipped with UHPLC Accela pump, incorporating a column
thermostat, a degasser an autosampler (San Jose, USA). The tandem mass spectrometer
system was a Thermo TSQ Quantum Access triple quadrupole mass analyzer, the instrument
is connected to an electronic computer with Xcalibur software for data processing.

UV/Visible spectrophotometer (HITACHI-U 2000 Spectrophotometer)

6.2. Laboratory Apparatus and materials

SPE 12-Port vacuum manifold column processor from Supelco (Supelco Visiprep™), SPE
24-Port vacuum manifold column processor (VAC ELUT SPS 24) from Varian, Supelco 12-
port Mini-Vap concentrator/evaporator, Ultrapure water production unit: Millipore Direct-Q
UV, apparatus for stirring (Vortex) (VELP® SCIENTIFICA), apparatus for sonication
(BRANSON 2510), 15 and 50 mL polypropylene Eppendorf tubes (Sarstedt, Niimbrecht,
Germany), Analytical weighing balance, £ 0.0001g ( Sartorius-Basic B120).

Micropipettes: 10 pL, 100 pL, 1000 uL and 5000 pL for organic and agueous solvents.

Glass fibre pre-filters 0.45 um (Millipore, Bedford, MA, US)
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Mini-UniPrep syringeless RC filter membranes 0.2 um (Whatman, Brentford, Middlesex,
UK)

Analytical columns experimented include : Zorbax SB Cig 150 mm x 0.46 cm, 5um; Brand
XterraMS Cig 100 mm x 2.2mm, 3.5 pm; Lichrospher 100RP-18, 250 mm x 4mm, 5 pum ;
Symmetry Cig, 150 mm x 3.9 mm, 5um ; Zorbax XDB Cig 150 mm x 0.46 cm,5um; Ascentis
Express column Cjg, 7.5cm x 2.1mm, 2.7um from SUPELCO; Pathfinder Schimadzu
column Cyg EP,4.6mm x 150mm, 3.5 pum; Atlantis Tz Cig 2.1 x 100mm, 3 pm from Water,
Ireland.

Guard Column: Phenomenex C18 (4.0 mm x 2.0 mm, 5 um)

SPE cartridges and sorbents evaluated: Oasis HLB (200mg/6mL, 30um, 82A) obtained from
Waters USA; Strata X Polymeric RP (200mg/ 6mL, 33um, 90 A), obtained from
Phenomenex, Germany; Evolute ABN (200mg/6mL, 50um, 48A), obtained from Biotage
UK; Isolute C18 (500mg/ 6mL), obtained from Biotage UK; Polyclean Polymeric
(200mg/6mL, 30 pm), obtained from Interchim, France).

6.3. Chemical Reagents

HPLC grade Acetonitrile, obtained from Merck (Darmstadt, Germany), HPLC grade
Methanol, obtained from Merck (Darmstadt, Germany), LC/MS grade methanol, obtained
from Merck (Darmstadt, Germany), LC/MS grade acetonitrile, obtained from Merck
(Darmstadt, Germany), Formic acid (HCOOH) (98% v/v), obtained from Sigma-Aldrich
(Steinheim, Germany). Ultrapure water, purified with a Milli Q water purification system
from Millipore (Millipore, Bedford, MA, USA)

6.4. Analytical Standards

1H-Benzotriazole (bottle of 50g, > 99%, CAS No : 95-14-7) purchased from Alfa Aesar
GmbH & Co KG (Karlsruhe, Germany); 5-Methyl-1H-Benzotriazole (bottle of 10g, 98%,
CAS No : 136-85-6) purchased from Acros Organics (New Jersey, USA); 4-Methyl-1H-
Benzotriazole (bottle of 50mg, >90%) purchased from Sigma-Aldrich (Steinheim, Germany);
1-Hydroxy benzotriazoles hydrate (bottle of 10g, > 98%, CAS No : 2592-95-2) purchased
from Sigma-Aldrich (Steinheim, Germany); 5,6 Dimethylbenzotriazole (bottle of 59, >99%,
CAS No :4184-79-6) purchased from Acros Organics (New Jersey, USA); Benzothiazole
(bottle of 50g, > 96%, CAS No : 95-16-9) purchased from Alfa Aesar GmbH & Co KG
(Karlsruhe, Germany); 2-Amino benzothiazole (bottle of 100g, 97%, CAS No0:136-95-8)
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purchased from Acros Organics (New Jersey, USA); 2-Hydroxybenzothiazole ( bottle of 5g,
98%, CAS No: 934-34-9), purchased from Alfa Aesar GmbH & Co KG (Karlsruhe,
Germany); 2-(Methylthio) benzothiazole (bottle of 50g, 97%, CAS No : 615-22-5) purchased
from Sigma-Aldrich (Steinheim, Germany); Benzenesulfonamide (98%, CAS No: 98-10-2)
purchased from Acros Organics (New Jersey, USA); p-Toluenesulfonamide (99%, CAS No :
70-55-3) purchased from Acros Organics (New Jersey, USA); o-Toluenesulfonamide (99%,
CAS No :88-19-7) purchased from Alfa Aesar GmbH & Co KG (Karlsruhe, Germany);
Atrazine-d5 (10mg, pestanal grade, CAS No :163165-75-1) purchased from Sigma-Aldrich
(Steinheim, Germany); 1H-Benzotriazole-d4 (1 mL, 50 pg mL™ in acetone, CAS No:
1185072-03-0) purchased from Sigma-Aldrich (Steinheim, Germany).
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CHAPTER 7

DETERMINATION OF BENZOTRIAZOLES AND BENZOTHIAZOLESIN
WASTEWATER AND SLUDGE BY LC-MSMS

7.1. HPLC-UV METHOD DEVELOPMENT FOR BENZOTRIAZOLES AND
BENZOTHIAZOLES

To develop an efficient HPLC method, preliminary experiments were carried out with a view
to optimizing the chromatographic conditions necessary for effective separation of the
compounds. Benzotriazoles (Benzotriazole, 5-Methyl-1H-Benzotriazole, 1-Hydroxy
benzotriazole, 5,6-dimethylbenzotriazole) and benzothiazoles (benzothiazole, 2-
hydroxybenzothiazole, 2-Aminobenzothiazole, 2-(methylthio)benzothiazole).Optimization of
chromatographic parameters was performed on Zorbax SB Cig (150 mm x 0.46 cm, 5um)
column. Chromatographic conditions, such as wavelength of detection, mobile phase
composition, flow rate and column oven temperature were optimized. The optimization was
achieved by changing the value of the parameters one at a time, while keeping other
conditions constant. We tested several columns of different stationary phases for their
efficiency in the separation of the compounds. Particular attention was paid to the
optimization of mobile phase composition in order to achieve a chromatographic separation
of all the compounds with acceptable resolution within a short elution time. Standard
solutions at different concentrations ranging from 50 pug L™ to 5 mg/L of the compounds

were used for the optimization.
7.1.1. Preparation of Standard Solutions

Stock solutions of benzotriazoles and benzothiazoles were prepared at concentration level
1000 mg L™ by dissolving an appropriate amount of each compound in methanol and stored
at - 20°C. Working standard solutions were prepared from stock solutions by further dilution

with solvent(s) similar in composition to the mobile phase used for chromatographic elution.
7.1.2. Optimization of UV absorbance wavelength for benzotriazoles and benzothiazoles

To develop a preliminary method for the determination of benzotriazoles and benzothiazoles
with HPLC-UV, some preliminary experiments were carried out in order to determine the
optimum absorption wavelength of each of the compounds with UV/Visible

spectrophotometer. The absorption spectrum of each of the compounds was taken by running
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the standard solution of the compound on a UV/Visible spectrophotometer. 2 mg L™
standard solution of each of the compounds, prepared in an approximate mobile phase
composition intended to be used for liquid chromatographic separation, was put in a pre-
cleaned cuvette (as the sample cell) and the mobile phase solvent in another cuvette (as the
reference cell) for the spectra to be obtained. Both the sample and the reference cells were
initially filled with the solvent (HPLC mobile solvent) to run a baseline spectrum, which was
stored by the instrument computer system. The sample cell was then cleaned and filled with
sample solution (standard solution of compound), while the reference cell containing the
blank mobile phase was left unremoved. An optimum wavelength of detection was obtained
for each of the benzotriazoles and benzothiazoles. A compromise optimum wavelength of
254 nm was selected for simultaneous detection of all the compounds with UV detector on
HPLC.

7.1.3. Optimization of Chromatographic Parameters

Different analytical columns (Zorbax SB C18 150 mm x 4.6 mm, 5 pum; Zorbax XDB C18
150 mm x 4.6 mm, 5 pm; Lichrospher 100RP-18, 250 mm x 4mm, 5 pm) were tested for
separation of the compounds. Based on the efficiencies of separation of the compounds on
the different analytical columns tested, Zorbax SB C18 was subsequently chosen for the
simultaneous separation of four benzotriazoles and four benzothiazoles. Moreover, mobile
phase composition, flow rate, column oven temperature and elution programme were also
optimized to achieve good resolution within a possible short elution time to avoid tailing of
the peaks (especially the late eluting ones like benzothiazole and 2-methylthiobenzothiazole).
In addition, the shorter the elution time, the faster will be the whole analytical process and
consequently, higher throughput. For the optimized conditions with reversed-phase Zorbax
SB C18, water-acetonitrile was used as mobile phase in a gradient elution programme at a
flow rate of 0.5 mL/min, with 20°C as column oven temperature and wavelength of 254 nm.

The gradient elution programme is as shown in Table 7.1.
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Table 7.1: Chromatographic gradient elution programme for HPLC-UV separation of
benzotriazoles and benzothiazoles

Time(min) %A %B
0 20 80
12 40 60
20 44 56
24 100 0
25 20 80

Mobile Phase: (A)-Acetonitrile, (B)-Water, Zorbax SB C18 Column

The chromatograms of separation of the compounds (four benzotriazoles and four
benzothiazoles) are shown in the Fig 7.1.
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Fig 7.1: Chromatograms of separation of four benzotriazoles and four benzothiazoles with
HPLC-UV
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With these optimized chromatographic parameters on HPLC-UV, all the compounds were
well separated with good retention and satisfactory resolution. The performance parameters
of the chromatographic separation of the compounds are presented in Table 7.2.

Table 7.2: Performance parameters of chromatographic separation of benzotriazoles and
benzothiazoles with HPLC-UV

Compound Rt (min) | Area | Symmetry | Width | Plates | Resolution | Selectivity
1H-BTR 7.60 631 | 0.87 0.17 10338 | 12.79 2.59

1-OH BTR 2.72 101 | 1.79 0.25 743 - -
5-Me-1H-BTR | 10.76 534 | 0.92 0.10 16612 | 9.78 141

XTR 13.48 285 | 0.94 0.20 | 24462 | 2.05 1.06

BTH 17.17 682 | 0.93 0.27 | 22462 | 7.66 122
2-OH-BTH 14.02 162 | 0.78 021 | 23817 | 152 1.04
2-Amino-BTH | 12.03 770 | 0.84 0.24 15463 | 5.19 1.18
2-Me-S-BTH 26.94 383 | 0.93 0.19 112248 | 25.08 157

Column: Zorbax SDB C18 (150mm x 4.6mm, 5um), Flow rate :0.5ml/min, mobile phase (Acetonitrile/Water)

The instrumental limits of detection for the compounds ranged between 0.014 ng and 0.140
ng as depicted in Table 7.3.
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Table 7.3: Instrumental Limits of Detection of benzotriazoles and benzothiazoles with
HPLC-UV (20 pL injection)

Compound Instrumental L OD with HPL C-UV
(ng)
1H-BTR 0.034
1-OH-BTR 0.140
5-Me-1H-BTR 0.015
XTR 0.030
BTH 0.030
2-OH-BTH 0.014
2-Amino-BTH 0.041
2-Me-S-BTH 0.068

7.2. Development and optimization of a SPE protocol for extraction of benzotriazoles

and benzothiazoles using purified water

In order to extract and pre-concentrate the compounds in aqueous samples, we developed and
optimized a preliminary solid phase extraction (SPE) protocol using purified water. Three
different SPE cartridges and sorbents (Oasis HLB, 200 mg/6mL; Evolute ABN, 200mg/6mL;
and Strata X, 200mg/émLwere tested for their performance in terms of recovery rates for the
compounds. In addition, we compared the efficiency of the sorbents at two different sample
pH values; one at a neutral pH (~7) and the other in acidic (~ 3). Different elution solvents
(methanol, acetonitrile and 50:50 acetonitrile: methanol) and different elution volumes (3mL,
6mL, 10mL, 15mL) were also evaluated to obtain the optimum conditions for most of the

compounds. The SPE procedure was as follows:

A mixture of standard solution of the compounds (BTH, TTR, 1-OH-BTR, XTR, BTH, 2-
OH-BTH, 2-AminoBTH, 2-Me-S-BTH) at 2 mg L™ level was prepared from 1000 mg L™
stock solution. A set of purified water samples were adjusted to a pH of ~3 with 25%
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hydrochloric acid and other set samplesto a pH of ~7 with ammonia solution. The purpose of
acidifying the water samples was to ensure that the analytes were less readily soluble since
they are known to be moderately polar and weakly basic. 100 mL of the purified water
samples (pH adjusted) was spiked with 2ug of each of the compounds (1 mL of 2 mg L™
mixture) to give a 20 pg L™ spike concentration level for all the compounds. The three
cartridges/sorbents tested were conditioned with 10 mL methanol and then equilibrated with
10mL acidified water(purified) (pH ~3) for the experiments at acidic pH or 10 mL purified
water & pH ~7 for the experiments at neutral pH. Both the acidified water a pH ~3 and
purified water at pH ~7 were used in order to prepare the analytes in the sample for
interaction with the sorbents and to wash off potential substances that could serve as
interference. The purified water samples were loaded on the cartridges at a flow rate of
approximately 5mL/min. The cartridges were later washed with 5 mL twice of acidified
purified water (atotal of 10 mL ) in the case of the experiments in acidic pH or with 5 mL
twice of purified water at neutral pH (a total of 10 mL) in the case of the experiments for
pH 7. The flow rate during the washing was carefully controlled to ensure maximum elution
of any interfering substance. The cartridges were left to dry under vacuum for about 60
minutes and the analytes eluted with 10 mL of 50/50 methanol/acetonitrile. The eluents were
evaporated to dryness under a gentle stream of nitrogen gas at 45°C and the extract was
reconstituted in 1 mL of 20:80 Acetonirile: water. The same procedure was repeated
simultaneously for another set of samples at pHs of ~ 3 and ~7 without a prior spiking of the
compounds before extraction but the corresponding concentrations of the compounds in the

final extract were spiked after the evaporation step.
The reconstituted extracts were injected on HPLC-UV for analysis.

7.3. METHOD DEVELOPMENT FOR DETERMINATION OF BENZOTRIAZOLES
AND BENZOTHIAZOLES IN WASTEWATER (DISSOLVED PHASE) BY LC-
MSMS

7.3.1. Sample Pretreatment for wastewater

A mixture of effluent wastewater samples from a sewage treatment plant was used for
method development. The mixed effluent sample was filtered with a glass fibre pre-filters
(Tullagreen Carrigtwohill co.) under vacuum and adjusted to a pH of ~3 with 25%
hydrochloric acid.
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7.3.2. Extraction and Preconcentration from wastewater (dissolved phase) by SPE

Extraction and preconcentration of the compounds in wastewater effluent was carried out by
the optimized solid phase extraction procedures developed using purified water (section 7.2)
with slight modifications. Strata-X (200mg/émL) and Evolute ABN (200mg/6mL)
cartridges/sorbents were compared for the SPE protocol. 50mL of mixed wastewater effluent
was adjusted to an approximately pH of 3 with 25% hydrochloric acid. The effluent samples
were spiked prior to extraction with the standard solution of the target compounds at three
different levels of fortification; representing low, medium and high concentration levels
(0.1 ng mL™?, 0.5 ng mL™ and 1.0 ng mL™; the concentrations in the final extracts were
5ng mL™, 25 ng mL™ and 50 ng mL™ respectively). The effluent samples were also spiked
with 1 ng mL™ each of atrazined5 and benzotriazoles-d4 as internal standards. The
remaining part of the SPE procedure was the same as reported for purified water in Section
7.2. The matrix matched samples were also carried through the same procedure, only that the
sample extracts were spiked with the standard solution of the target compounds after the
evaporation stage. The absolute recovery of the compounds with the SPE procedure was
computed by comparing the response of each compound (concentration) in the spiked
samples before extraction to the response (concentration) of the same compound in the spiked
samples after extraction. The relative recovery of the compound was computed by comparing
the response of each compound relative to the response of atrazine-d5 or benzotriazole-d4
response in spiked samples before extraction to the response of the same compound relative
to the response of atrazine-d5 or benzotriazoles-d4 in spiked samples after extraction

7.3.3. Chromatographic Separation of Benzotriazoles and Benzothiazoles in wastewater
(dissolved phase) by LC-MS/M S

In order to obtain an efficient chromatographic procedure for the separation of the analytes of
interest with LC-MS/MS, the already optimized chromatographic parameters, with HPLC-
UV for the compounds by using their standard solutions (Section 7.1.3), were exported and
optimized into analogous values for the analytical column (dimension) and mobile phase
composition used for LC-MS/MS.

7.3.3.1. Selection of Analytical column for LC-MS/M'S

Analytical columns, XterraMS C18 (100 mm x 2.1 mm; 5um) and Atlantis T3 column (C18
2.1 x 100 mm, 3um from Water, Ireland) were tested for the separation of the compounds on
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LC-MS/MS. For all target compounds (BTRs and BTHSs), with the exception of 2-Amino-
BTH, slightly higher signal-to-noise ratios were achieved with Atlantis T3 than with XTerra
MS C18, whereas slightly higher peak areas were achieved with XTerra MS C18 than with
Atlantis T3. Atlantis T3 column was finally selected for the determination of the compounds
in wastewater and sludge samples.

7.3.3.2. Selection of M obile Phase and M odifier

Mobile phase composition was optimized for the separation of the compounds considering
also the effects on their ionization in mass spectrometry. A combination of acetonitrile and
water only, acetonitrile and 0.01% formic acid in water, acetonitrile and 0.05% formic acid in
water, acetonitrile and 0.1%formic acid in water were evaluated separately for the separation
of the compounds. Methanol in place of acetonitrile was also tested but acetonitrile produced

constantly higher responses and better peak shapes.

lonic strength and mobile phase pH can affect notoriously the efficiency of ionization in mass
spectrometry. In this study, the mass spectrometer was operated in positive ionization mode
and, since benzotriazoles and benzothiazoles are weakly basic, a proton donor such as formic
acid or acetic acid would be a desirable additive for adjustment of mobile phase pH as it also
enhances the ionization of the compounds. Thus, different concentration of formic acid (0 to
0.1%) in purified water were tested and it was shown that 0.1% formic acid gave the highest
intensity for the compounds. 0.1 % formic acid was therefore, subsequently selected as the
mobile phase modifier for the chromatographic separation. A combination of acetonitrile and
0.1% formic acid in water were finally applied as mobile phase solvents at a flow rate of
200 pL/minon LC-MS/MS.

The optimized chromatographic conditions finally used for the separation of the analytes of
interest on LC-MS/MS are as follows:

Analytical Column: Atlantis T3 (100 mm x 2.1 mm, 3um)

Mobile Phase composition: Acetonitrile and 0.1% formic acid in purified water using the
gradient elution programmein Table 7.4

Flow rate: 200 pL/min

Column Oven Temperature: 25°C

Injection Volume: 5 pL

The gradient elution programme is shown in Table 7.4
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Table 7.4: Gradient Elution Programme for Atlantis T3 column (100 mm x 2.1 mm, 3um)
with LC-MS/MS at 200pL/min

Time(min) | %ACN | %HCOOH(0.1% in H.0)
0 5 9%5
6.5 40 60
105 100 0
145 100 0
16 5 9%5
21 5 9%5

7.3.4. Optimization of Mass spectrometric parameters for Benzotriazoles and
benzothiazoles

Mass Spectrometry (MS) has revolutionalized environmental analytical chemistry by
allowing the analysis of complex organic mixtures for trace amounts of analytes due to its
intrinsic characteristics such as selectivity, sensitivity, and identification-confirmation
capability. Once compounds have been separated into distinct chromatographic peaks, they
need to be moved into mass spectrometer for analysis. This includes everything coming out
of the column: separated compounds, elution solvents and volatile reagents. The
optimization of mass spectrometric parameters is an inevitable aspect of mass spectrometric
experiments if the ultimate goal is to obtain maximum sensitivity for the determination of the
compounds of interest. The ionization techniques most widely used for liquid
chromatography-mass spectrometry in environmental analysis are the so called ‘soft
ionization’ techniques. Two examples of such ionization techniques are electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI), both of which are
considered as atmospheric pressure ionization (APIl) techniques. In this work, we
demonstrated the applicability of electrospray ionization (ESI) as ionization source for the
mass spectrometry determination of the BTRs and BTHSs due to the relatively high polarity
and low molecular weight of most of the compounds (benzotriazoles and benzothiazoles) as
depicted by their log Kow values (Table 3.1 and Table 3.2), since ESI iswell amenable for the
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determination of polar and low molecular weight compounds. The correct measurements of
mass spectrometric parameters for ion source usually results in the improvement of the
signals and sensitivity of the compounds under a given study.

Some of the major parameters to be optimized in mass spectrometry experiments include the
tube lens, spray voltage, sheath gas, auxiliary gas, capillary temperature, micrometer and
probe position. The tube lens is flow rate, mass (compound) and temperature — dependent;
therefore, for maximum sensitivity, the tube lens should be optimized for every compound of
interest using the approximate liquid chromatographic conditions to be used for the
experiments. The position of the probe, capillary temperature, the flow rates of sheath gas
and auxiliary gas should be optimized until a stable spray is obtained. The voltages on the
ion optics components should also be optimized for the focussing of the analyte towards the
analyzer. For MS/MS, parameters such as collision energy and collision pressure must be set.
In this study, direct infusion was used for the optimization of tube lens for the analytes of
interest (BTRs and BTHSs). Liquid Chromatography with Tandem Mass Spectrometry
(Thermo Electron TSQ Quantum Access) equipped with ESI and APCI sources and U-HPLC
Thermo Accela pump and autosampler) was used throughout the experiments for the mass
spectrometric determination of the compounds.

7.3.4.1. Optimization of ESI Source Parameters for benzotriazoles and benzothiazoles

The optimization of tube lens for each of the compounds was carried out by direct infusion
using the electrospray ionization (ESI) ion source in the positive ionization mode. Positive
ionization mode was selected because the compounds (benzotriazoles and benzothiazoles) are
weakly basic and basic compounds are known to give the protonated molecular ion (positive
ion) in low pH solution. Positive ion APl may also be seen as a more general ionization mode
since protons may be loosely associated to a molecule even when there are no obvious basic
functional groups. Standard solutions of each of the compounds (1H-BTR, TTR, 1-OH-BTR,
XTR, BTH, 2-OH-BTH, 2-Amino-BTH, 2-Me-S-BTH) were prepared a 2 mg L?
concentration level from 1000 mg L™ stock solution in Acetonitrile/0.1% formic acid(in
MilliQ grade water) (1:1 v/v) as solvents which are similar in composition to the mobile
phase intended for the LC separation. For efficient ionization, 0.1% formic acid (in purified
water) was included as a mobile phase solvent so as to create an enabling environment for the

production of positive ions (H*) (proton donor) by adjusting the pH to below the pK, of the
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compounds. Individual compound in solution was optimized separately for electrospray
ionization (ESI) parameters. The parameters included in the optimization experiments are the
spray voltage, sheath gas flow, auxiliary gas flow, capillary temperature, micrometer, and the
position of the probe. The optimization was carried out by continuously injecting 10 pL
standard solution of the analyte (via loop injection), changing one parameter at atime, until
an optimum response for the compound was obtained. The experiments were carried out in
MS using the flow rate (200 pL/min) intended to be used for the LC separation and
compounds were dissolved in solvents similar in composition to the mobile phase
(Acetonitrile and 0.1% formic acid) of the LC. The standard solutions of the compounds were
initially prepared in three different compositions of solvents [H,O/ACN (95:5 v/v),
H>O/ACN (80:20 v/v), ACN/0.1%HCOOH in H»O (95:5 v/v)] and experimented for the
optimization of ESI source parameters. ACN/0.1%HCOOH in H,O was eventually used
because it gave generally better sensitivity for all the compounds than any of the other
combinations in the ESI source optimization experiments and since there was no significant
difference in the chromatographic behaviour of the compounds of interest when
ACN/0.1%HCOOH in H,O was used in place of ordinary H,O as mobile phase. The
optimization of the ESI source parameters was performed in a continuous flow mode.

The optimized parameters for the electrospray ionization (ESI) in the positive ionization
mode for the compounds of interest a 200 puL/min are presented in Table 7.5.

From the results obtained from the ESI source optimization experiments, a compromise value
of each parameter was chosen for all the compounds in order to perform asingle LC-MSMS
run for the simultaneous determination of the compounds.

The following optimized ESI source conditions were selected as the compromise values for

subsequent experimentsin MS:

Spray Voltage (V): + 4000

Sheath Gas pressure (psi): 23

Auxiliary Gas flow rate: 20

Probe position: Between B and C (V-position)
Micrometer (inches): 0.45

Capillary temperature (°C): 290

Collision gas (Ar) pressure (mTorr): 15
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Table 7.5: Optimized ESI Source Parameters for Benzotriazoles and Benzothiazoles in

positive ionization mode at 200uL/ min flow rate.

Compound | Spray Sheath Auxilliary | Capillary Probe Micrometer
Voltage(V) gas(psi) gas Temp(°C) Position

1H-BTR 4500 25 22 275 B 0.5
1-OH-BTR 3500 23 21 290 B 0.45
5-Me-1H- 4000 23 21 240 B 0.45
BTR

XTR 4000 23 21 240 B 0.45
BTH 4000 19 17 260 B 0.45
2-OH-BTH 3500 25 25 275 B 0.45
2-Amino- 4000 23 21 280 B 0.45
BTH

2-Me-S- 4000 23 21 310 C 0.45
BTH

7.3.4.2. Optimization of ESI/M SM S Parameter s for Benzotriazoles and Benzothiazoles

For MS? analysis, selected reaction monitoring (SRM) in positive ESI ionization mode was
optimized for each of the compounds. Collision energy and tube lens were optimized for each
of the compounds (1H-BTR, TTR, 1-OH-BTR, XTR, BTH, 2-OH-BTH, 2-Amino-BTH, 2-
Me-S-BTH). Two SRM transitions of each compound from the precursor ion to product ions
were monitored for quantification (transition 1) and confirmation (transition 2). The
description of the precursor ions and product ions of the compounds of interest, with their
respective collision energies is presented in Table 7.6.
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Table 7.6: Description of precursor ions and product ions of BTRs and BTHs monitored with
their respective collision energies and Tube lens offset voltage

Compounds & | Precursor ions | Product lons | Collision Energy | Tube L ens Offset
Internal Stds | [M+H]" (m/2) (m/z) V) V)
1H-BTR 120.0 65.4* 21 70
92.2 16 70
1-OH-BTR 136.0 91.2* 20 64
119.1 17 76
5-Me-1H-BTR 134.2 77.3* 26 76
106.2 15 76
XTR 148.0 77.3* 27 76
91.2 25 76
BTH 136.0 109.1* 25 76
65.4 32 76
2-OH-BTH 152.0 92.2* 20 76
80.4 29 76
2-Amino-BTH 151.0 109.1* 26 84
124.1 33 84
2-Me-S-BTH 182.0 166.9* 22 76
109 34 76
ATR-d5 221.0 178.9 17 60
1H-BTR-d4 124.2 69.2 21 84

& Quantification ion
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7.3.4.3. Choice of internal standard

A serious drawback of LC-MS/MS methods is their susceptibility to matrix effects, such as
the signal suppression or enhancement by matrix compounds entering the ion source at the
same time [159,174,251]. Matrix effects can strongly vary with the environmental matrix and
result in poor analytical accuracy and reproducibility. Stable isotope-labelled standards are
usually used to compensate matrix effects in environmental analysis. In this respect, we
tested the effectiveness of 1H-Benzotriazole-d4 and atrazine-d5 as internal standards for

matrix effect compensation for the determination of BTRs and BTHS,

7.4. METHOD DEVELOPMENT FOR DETERMINATION OF BENZOTRIAZOLES
AND BENZOTHIAZOLES IN SOLID SAMPLES (SLUDGE/PARTICULATE
PHASE) BY LC-MSMS

7.4.1. Extraction of benzotriazoles and benzothiazoles from solid samples by ultra-

sonication

Extraction of the target compounds (BTRs and BTHS) from solid samples (particulate matter
of wastewater and sewage sludge) was performed by ultrasonication. For the method
development, a portion of 100 mg (= 10 mg) dried sludge was transferred into a 50 mL
Eppendorf tube and spiked with the methanolic solution of the ISs (BTR-d4 and Atrazine-d5)
and standard solution of target compounds and were left over-night or in a fume cupboard for
lhour in order to remove the organic solvent. Then, 5 mL of mixture of acidified
MeOH/Milli-Q grade water (1:1 v/v) (adjusted with HCI solution to pH 3.00 £ 0.10) was
added as the extraction solvent performing liquid-solid extraction by vortex-mixing for 1
min. Afterwards, ultra-sonication was carried out at 37 + 2 °C for 45 min. The supernatant
was collected after centrifuging (x1) at 4000 rpm for 10 min, and diluted to afinal volume of
50 mL using acidified Milli-Q grade water (adjusted with 25% HCI solution to pH 3.00 +
0.10), the supernatant was then passed through the SPE extraction procedure as described in
section 7.3.2. In the case of the particulate matter derived from primary and secondary
wastewater effluent samples, two or three (x3) successive centrifugations were required in
order to collect a clean supernatant. Matrix match sample was also carried through the same
procedure, the difference being that the spiking of target compounds was after the extraction.

For the optimized extraction method of BTRs and BTHs from solid matrices, as described
above, we initially tested three different ultrasonication time (15, 30 and 45 min) in sludge

matrix at a temperature of (37 + 2) °C and no considerable differences were observed on the
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responses of the target compounds. No degradation of the target compounds (BTRs and
BTHs) was observed from the application of heat; because after the centrifugation step, the
sample was better dispersed and more transparent supernatant was obtained when 45 min
time was applied, 45min ultrasonication time was subsequently chosen for the method
protocol. As a consequence, maximum performance was achieved during SPE extraction,
since better flow of the sample was achieved through the cartridge sorbent.

7.4.2. Chromatographic Separation and Mass Spectrometric determination of
Benzotriazoles and Benzothiazolesin Solid matrices (Sludge/Particulate Phase) by L C-
MSMS

The developed method by LC-MS/MS, involving the optimization of chromatographic
separation parameters and mass spectrometry ES| parameters for dissolved phase wastewater
(as described in sections 7.3.3 and 7.3.4), was applied for the determination of the target
compounds (BTRs and BTHS) in the solid matrices (sludge and particulate phase).

7.5. METHOD  VALIDATION FOR THE DETERMINATION OF
BENZOTRIAZOLES AND BENZOTHIAZOLESIN WASTEWATER AND SLUDGE

The developed methods by LC-MS/MS were validated in terms of analytical performance
parameters as linearity, accuracy (recovery), precision (repeatability and reproducibility),
[imit of detection (LOD) and limit of quantification (LOQ).

7.5.1. Linearity

Linearity was determined by constructing calibration curves using internal standard
calibration with Atrazine-d5 and 1H-Benzotriazole-d4 as internal standards. The
concentrations of every target compound (BTRs and BTHS) (in the final 1 mL extract prior to
analysis), used for the calibration curves ranged from 2.5 to 250 ng mL™ while Atrazine-d5
and 1H-Benzotriazole-d4 were present at a concentration of 5 and 25 ng mL ™ respectively in
every standard solution. Each concentration was analyzed in duplicate, the calibration curves
were constructed using the peak area ratio of the target compounds to the internal standards
(Atrazine-d5 and 1H-Benzotriazole-d4) separately versus the nominal concentrations of the
target compounds. Least square linear regression analysis of the data gave slope, intercept,
and correlation coefficient of determination. The responses for the target compounds in
wastewater and sludge samples are presented in Table 7.8 and Table 7.9 respectively.
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7.5.2. Limit of detection (LOD) and Limit of Quantification (LOQ)

LODs and LOQs are the most important criteria to evaluate the performance of a method
[174]. The LOD corresponds to a minimal quantity or concentration, different from zero,
which can be reliably detected with a certain degree of confidence while the LOQ depicts the
lowest concentration of analyte in a sample that can be determined with acceptable precision
and accuracy under the stated operational conditions of the method. The LODs and LOQs
were calculated by the use of the signal-to-noise ratio (S/N). The method LOD for each target
compound was defined as the concentration of the compound in matrix that was equal to
three times the average level of the baseline noise close to the respective peak, whereas the
method LOQ for each target compound was defined as the concentration that was ten times
the same noise level. The values for the method LODs and LOQs in both wastewater and
sludge samples are shown in Table 7.10.

7.5.3. Accuracy/Recovery

The trueness of the methods was evaluated through recovery experiments at three
fortification levels of the target compounds. To accomplish this, wastewater (50 mL) and
sludge samples (about 100 mg) were spiked with the appropriate amount of the target
compounds. The low, medium and high fortification levels for all compounds, except for 5-
Me-1-BTR, were 25, 50 and 100 ng mL™, respectively. For 5-Me-1H-BTR, the low, medium
and high fortification levels were 50,100 and 300 ng mL™, respectively. The results of the
method recoveries in spiked wastewater and sludge samples are given in Table 7.11.

7.5.4. Precision (Repeatability and Reproducibility)

For both matrices (wastewater and sludge), precision was assessed by performing
repeatability and reproducibility experiments. For repeatability experiments, a sample (either
wastewater or sewage sludge) was spiked at three fortification levels of the target
compounds, and three replicates (n=3) were prepared for each fortification level (intra-day
precision). For reproducibility experiments, a sample (either wastewater or sewage sludge)
was spiked at three fortification levels of the target compounds, and six replicates (n=6) were
prepared in-between 2 different days (k=2) (inter-day precision). The low, medium and high
fortification levels for all compounds, except for 5-Me-1H-BTR, were 25, 50 and 100 ng mL"
! respectively. For 5-Me-1H-BTR, the low, medium and high fortification levels were 50,
100 and 300 ng mL™, respectively. For 5-Me-1H-BTR, repeatability and reproducibility
experiments were realized at higher concentrations due to their high abundance in all
environmental samples. Precision data of the method at three different fortification levels for
the two matrices (wastewater and sludge) are presented in Table 7.11. In addition, the
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repeatability and reproducibility of the extraction procedures for both wastewater and sludge
samples were determined. The precision data for extraction from wastewater and sludge
samples are presented in Table 7.12 and Table 7.13 respectively.

7.6. APPLICATION TO ENVIRONMENTAL SAMPLES

In this study, we applied successfully the developed methods by LC-MS/MS for analyzing
simultaneously four benzotriazoles (1H-BTR, 5-Me-1H-BTR, 1-OH-BTR, XTR and four
benzothiazoles (BTH, 2-OH-BTH, 2-AminoBTH, 2-Me-S-BTH) simultaneously in

wastewater (dissolved phase and particulate phase) and sewage sludge samples.
7.6.1. Sampling and Handling of Environmental Samples

Wastewater (treated and untreated) samples, Sludge (primary and secondary) samples,
dewatered sludge samples and mixed liquor (from sequencing batch reactors) samples were
collected from the sewage trestment plant Psittalia, Athens, Greece. The average sewage flow
for the period of this study was 750 000m®/day while the average production of dewatered
sludge was 120 kg DS per day. The plant is equipped with primary sedimentation, activated
sludge process with biological nitrogen and phosphorus removal and secondary
sedimentation (activated sludge process). More details of the information about the operation
parameters of the sewage treatment plant have been reported by Stasinakis et al. [258]

During a sampling campaign in December 2010, influent wastewater samples, effluent
wastewater samples and sewage dewatered sludge samples were collected in seven
consecutive days from the treatment plant. COD and BOD removal for this period were
generally low in the samples collected at the treatment plant. All the sludge samples were
dewatered anaerobic digested sludge for this campaign. In addition, another sampling was
carried out in April, 2011; influent wastewater samples, effluent wastewater samples and
dewatered sludge samples were collected in seven consecutive days. For the calculation of
(Kq values) in section 9.1.2, samples of primary sludge and secondary sludge were taken in 5

consecutive days during this second sampling campaign.

All wastewater samples were collected in pre-cleaned polypropylene (PP) bottles. 50 mL of
influent and effluent wastewater (24-h composite flow proportional) samples, 5 mL of
primary sludge and 20 mL of secondary sludge were immediately filtered (with glass fibre
pre-filters 0.45 um) within 4 hour of their arrival in the laboratory, thereafter the pre-weighed
filters (for particulate phase) were oven dried at 60 °C for 24 hours, and stored a —20 °C until
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analysis. From every dissolved phase matrix, 50 mL was obtained and acidified with
hydrochloric acid (HCI) solution to pH 2.50 £ 0.10 and stored in the dark at 4 °C until

analysis.

All dewatered sludge samples were collected in polypropylene (PP) bags. Within 12 hours of
their arrival in the laboratory approximately 2 g from every homogenized sludge sample was
ovendried at 60 °C for 24 hours, then grinded using a mortar and pestle, and stored a —20 °C
until analysis.

7.6.2. Extraction and Preconcentration from wastewater (dissolved phase) samples

A volume of 50 mL of dissolved phase was transferred in a 50 mL Eppendorf tube and
adjusted with 25% HCI to pH 3.00 (+ 0.10) prior to the loading step of the SPE protocol.
Zero matrix samples and samples analyzed were spiked only with a constant amount of 1Ss
(atrazine-d5 and 1-H-BTR-d4). Spiked matrix samples and QC samples were spiked with the
same constant amount of the ISs and an appropriate amount of target compounds. All
samples prior to SPE were vortex mixed for 1 min to ensure sufficient distribution of the
spiked compounds in the solution. Isolation of the compounds from the spiked wastewater
samples was performed using Strata-X cartridges 33 um Polymeric RP 6mL/200mg fitted on
the vacuum apparatus. The cartridges were conditioned by 10 mL of MeOH and equilibrated
by 10 mL of acidified Milli-Q gradewater (adjusted with HCI solution to pH 3.00 + 0.10)
without applying vacuum. Then, the acidic samples were passed through the cartridge,
applying a vacuum of O (no vacuum) to -5 inHg. In order to remove any matrix interference,
the cartridges were washed with 2x5 mL of acidified Milli-Q grade water (adjusted with HCI
solution to pH 3.00 £ 0.10) and then dried under -5 inHg of vacuum for 60 min. The
compounds were eluted with 10 mL of mixture of MeOH/ACN (1:1 v/v) and collected with a
15 mL Eppendorf tube. The eluents were set on a heated tray (45 °C) and were evaporated to
a volume of 500 uL, under a gentle stream of nitrogen gas (N,). Then, the eluents were
diluted up to 1 mL with a mixture of MeOH/ACN (1:1 v/v), filtered and set to the auto-
sampler tray for analysis. For the preparation of matrix match standard solutions, the I Ss and
target compounds were spiked at the received extract after the evaporation step. In every
batch of samples prepared, the preparation of at least one procedural blank during the whole
sample preparation procedure (including SPE process and evaporation step) was essentially
carried out in order to detect any cross-contamination issues
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7.6.3. Extraction and Preconcentration from Sludge (and particulate matter) samples

Extraction of the target compounds from solid samples (particulate matter of wastewater and
sewage sludge) was performed by ultra-sonication. A portion of 100 mg (+ 10 mg) dried
sludge or a pre-weighed dried filter containing the particulate matter of wastewater (typical
masses on the filters were: 10-20 mg for influent samples and 0.2-0.5 mg for effluent samples
30.0 mg for primary sludge and 110 mg for secondary sludge) was transferred in a 50 mL
Eppendorf tube. The dried sludge samples (zero matrix samples, samples analyzed and spiked
matrix or QC samples) were spiked with the methanolic solution of the ISs and target
compounds when demanded, and were left over-night or in a fume cupboard for 1h in order
to remove the organic solvent. Then, 5 mL of mixture of acidified MeOH/Milli-Q grade
water (1:1 v/v) (adjusted with HCI solution to pH 3.00 = 0.10) was added as the extraction
solvent performing liquid-solid extraction by vortex-mixing for 1 min, thereafter ultra-
sonication was carried out a 37 + 2 °C for 45 min. The supernatant was collected after
centrifuging (x1) at 4000 rpm for 10 min, and diluted to a final volume of 50 mL using
acidified Milli-Q grade water (adjusted with HCI solution to pH 3.00 + 0.10), the 50mL
supernatant was extracted, according to the SPE procedure described in section 7.6.2. . Inthe
case of the particulate matter derived from primary and secondary wastewater effluent
samples, two or three (x3) successive centrifugations were required in order to collect a clean
supernatant. Matrix match solutions and procedural blanks were prepared as described in the
previous section (section 7.6.2).

7.6.4. LC-MS/M S measurements of Benzotriazoles and Benzothiazoles

Chromatographic separation was performed with Atlantis T3 C18 column and the column
oven temperature was set a 25 ‘C. The collision gas (Ar) pressure was set at 1.5 mTorr. Two
characteristic fragment ions were selected; one for quantifying and the other for confirming
each target compound. The precursor - product ions, the collision energies and the tube lens
voltage values set for the method are as presented in Table 7.8.

Chromatographic analyses were carried out using a gradient elution program with ACN and
Milli-Q grade water (acidified with 0.1% v/v HCOOH) as binary mobile phase mixture at a
flow rate of 200 uL min™. The gradient elution started with 5 % v/v ACN and was increasing
linearly up to the 6.5™ min, reaching 40 % v/iv ACN. A linear gradient elution followed from
40 % viv ACN at 6.5" min to 100 % v/v ACN at 10.5™ min. 100 v/v % ACN was held for a
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further 4.1 min (until 14.6™ min). Then, a decreasing gradient elution followed, from 100 %
v/v ACN at 14.6™ min to 5% v/iv ACN at 15.0" min. A re - equilibration period (from 15.0"
min to 21.0" min) at 5 % v/iv ACN followed, to give atotal run of 21.0 min.

The ESI was applied at a potential of +4.0 kV. The probe was fixed at 0.5 inches position of
the micrometer (for Y-distance) and at probe position in-between positions B and C (for V-
distance). The lateral probe adjustment value was fixed at position 0. The sheath gas (Ny)
flow pressure was set at 23 pg, the auxiliary gas (N2) flow rate was set at 20 A.U. and the ion
transfer capillary temperature was set at 290°C. The skimmer offset potential was set at O V.
The data acquisition values were set at 0.050 s for scan speed, 0.200 m/z for scan width, 0.70
FWHM for resolving power and 10 A.U. for the chromatography filter (noise reduction). The
final in-vial composition of all environmental samples and standard solutions was

MeOH/ACN (1:1 v/v), and were injected on column with partial-loop injection (5 pL).

7.7.RESULTS AND DISCUSSIONS
7.7.1. Optimization of SPE Protocol

The optimization of the extraction of the target compounds (BTRs and BTHSs) from
wastewater was based on the type of sorbents, the type/volume of organic solvents for elution
and the pH of water sample.

The employed SPE sorbents were polymeric-based with hydrophobic and hydrophilic
chemical moieties. The target BTRs are compounds that contain nitrogen atoms, whereas the
target BTHs are compounds that contain nitrogen and sulfur atoms. Additionally, 1-OH-BTR
and 2-OH-BTH contain one oxygen atom each. Thus, when the applied cartridge sorbent
demonstrates hydrophilic chemical moieties, retention is theoretically favoured. Strata-X RP
and Oasis HLB sorbents are made of poly (divinylbenzene-N-vinylpyrrolidone) and Evolute
ABN sorbent is made of polystyrene divinylbenzene. Therefore, all three sorbents possess the
ability to apply hydrophobic, z-z and hydrophilic intermolecular forces to the target
compounds. However, due to the introduction of the polar group of N-vinylpyrrolidone in the
sorbent of StrataaX RP and Oasis HLB, hydrophilic chemical moieties are theoretically
stronger than in the simple polystyrene divinylbenzene sorbent of Evolute ABN.

Recovery experiments in dissolved phase of wastewater and particulate matter / sludge
samples were achieved employing the already described sample preparation protocols

(sections 7.6.2. and 7.6.3.) except for the different types of SPE cartridges applied. Oasis
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HLB sorbent presented the same behaviour in recoveries for all target compounds in a similar
manner as Strata X-RP sorbent, whereas slight differences were observed between Strata-X
RP and Evolute ABN sorbents. In Table 7.7, results from the experiments on Strata-X RP and
Evolute ABN are presented.

Table 7.7: SPE Recoveries of BTRs and BTHs % (RSD %, n =3 fortification level (25 ng
mL ™ at final extract) x 2 replicates) from Evolute ABN and Strata X-RP.

Compounds Dissolved phase of wastewater Particulate matter of wastewater
Abs. Rec. values  Rel. Rec. values®  Abs. Rec.values  Rel. Rec. values’
Evolute ABN / Evolute ABN / Evolute ABN / Evolute ABN /
Strata X-RP Strata X-RP Strata X-RP Strata X-RP
1H-BTR 106.4 (15.2) / 96.6 (7.9) / 63.7 (6.3) / 95.5(5.6)/
94.8 (19.8) 97.7 (8.8) 69.9 (8.2) 91.4(4.8)
1-OH-BTR 97.2(17.5)/ 98.2(4.5)/ 72.2(16.7)/ 95.7 (3.8)/
103.5(21.3) 106.7 (8.5) 76.6 (11.4) 100.9 (6.9)
TTR 34.8 (17.0)*/ 110.4(12)/ 63.7 (13.7) / 109.3(8.3)/
73.3 (18.9)* 98.6 (6.9) 74.6 (19.3) 104.0 (9.0)
XTR 79.6 (13.3)/ 89.5(12.5)/ 68.5 (11.6) / 99.5(6.6) /
80.2 (17.7) 94.4 (7.7) 65.3(10.0) 94.9 (8.1)
BTH 101.5(17.1) / 103.4 (14.8)/ 49.5(22.5)/ 92.1(13.2)/
100.2 (20.2) 100.8 (8.2) 60.4 (17.4) 95.1(8.8)
2-OH-BTH 109.5(8.3)/ 103.3(24)/ 65.0 (14.3)/ 100.5(3.3)/
100.6 (3.4) 103.2 (6.4) 68.7 (12.2) 104.8 (9.6)
2-Me-SBTH 52.6 (17.3)/ 55.2(8.9)/ 35.9(11.0)/ 56.1(1.3)/
54.8 (12.2) 55.0 (1.6) 34.8 (10.4) 55.1 (1.4)
2-Amino-BTH 97.6(7.5)/ 100.2 (9.9)/ 82.4(15.5)/ 110.0(5.4)/
101.5 (8.7) 100.6 (3.7) 82.2 (15.7) 102.1(8.9)
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Taking into consideration only relative recovery values (%), due to their isolation from
uncertainties derived mainly from instrumental instability of MS/MS detector, it was
concluded that recoveries from dissolved phase samples were generally reported a bit higher
with lower R.S.D (%) values in Strata-X RP than in Evolute ABN cartridge, whereas the
opposite phenomenon was observed for recoveries obtained for particulate matter samples
(Table 7.7). As far as recoveries from dissolved phase samples are concerned, the differences
between the two sorbents were due to the stronger hydrophilic chemical moieties of Strata X-
RP and its higher average pore size that increases retention capacity. In the case of particulate
matter samples however, the observed differences in recoveries were attributed to the average
particle diameter of the sorbents. It was acknowledged that this parameter stood as one of the
most critical in particulate matter samples since Evolute ABN sorbent possesses an average
particle diameter of 50 um (33um for Strata X-RP), minimizing the retention of endogenous
materials with high molecular weight, and consequently achieving a more effortless flow of
the sample through the sorbent during the loading step of the SPE protocol.

It is worthwhile to note that during the experiments on Evolute ABN, the application of
vacuum was not needed under any case. On the contrary, Strata X-RP and Oasis HL B sorbent
demanded extra care to obtain clean supernatant from the LSE step (sections 7.4.1. and
7.6.3.) in order to avoid clogging of the sorbent and/or the application of a by far more than -
5 inHg of vacuum during the SPE protocol. This was due to the fact that Strata X-RP and
Oasis HLB possess an average particle diameter ~ 1.7 times smaller than that possessed by
Evolute ABN.

The relative recoveries of all target compounds, with the exception of 2-Me-S-BTH, were
greater than 90%. These results show that the optimized solid phase extraction (SPE)
conditions (Strata X-RP cartridge, 10mL of MeOH/ACN (50:50 v/v) as elution solvent,
sample pH of 3) were suitable enough for efficient extraction of the target compounds from
aqueous samples. The lower recovery of 2-Me-S-BTH could be attributed to its relatively
high hydrophobicity (log Kow = 3.15) compared to other target compounds (Tables 3.1 and
3.2). Kloepfer et al. observed that pure methanol proved insufficient for the elution of 2-Me-
SBTH from a polymeric sorbent [246]. It is therefore suggested that 2-Me-S-BTH was
retained so much strongly on the reversed phase sorbent that the elution solvents,
(MeOH/ACN) which are polar and even stronger than pure methanol, could not elute the

compound more effectively despite the use of up to 10mL of the solvents mixture.

148



Nevertheless, since internal standard calibration was used for quantification, both incomplete
recoveries from the SPE and matrix effects were accounted for.

The relative recoveries of the compounds were similar to those obtained by van Leerdam et
al. (50 -110%) when the extraction was performed with sample matrix pH of 2 [153] and a
recovery of 78-98% in wastewater obtained by Jover and co-workers [152]. However, a
better recovery for 2-Amino-BTH was obtained in this study (100% recovery) contrary to a
recovery of < 30% obtained with sample matrix pH of 2 by van Leerdam et al. [153].
Considering the generally lower RSD (%) values of extraction recoveries obtained for the
target compounds in both dissolved (wastewater) and particulate matters when interna
standard ATR-d4 was added, a good precision for the extraction methods is justified.
Therefore, the low recovery of 2-Me-S-BTH should be accepted since the precision in terms
of RSD (%) value was less than 1.6% in both matrices when Strata X-RP sorbent was
adopted for extraction.

7.7.2. Extraction from sludge matrix

Three ultra-sonication times (15, 30 and 45 min) in sludge matrix at a temperature of (37 + 2)
°C were tested and no considerable differences were observed on the response of the target
compounds. Degradation of the target compounds was not observed from the application of
heat. The application of 45 min of ultra-sonication with heating was chosen in the final
method protocol, because the sample was better dispersed and therefore, after the
centrifugation step, transparent supernatants were obtained. As a consequence, maximum
performance was achieved during SPE extraction, since better flow of the sample was
achieved through the cartridge sorbent, as needed.

However, it was observed that after 45 min of ultra-sonication, higher response intensity was
obtained from an unknown highly abundant isobaric peak, eluted at approximately 7.48 min
and observed at the SRMs of TTR (Figures A7.1-A7.3). Yet, this fact did not affect
guantification of TTR. Under no case this unknown peak was a “ghost” peak, but a peak
originated from sludge matrix. In wastewater samples, the same peak was observed in a by

far lower abundance and, of course, it was not observed at all in standard solvent solutions.

The relative recoveries of extraction (involving LSE sonication and SPE) for all target
compounds (except for 2-Me-S-BTH) from particulate phase (sludge) were greater than
91.4% (Table 7.7.). The lower recovery of 55.1% for 2-Me-S-BTH could be as a result of
incomplete elution of the compound during the SPE procedure as explained above or in
addition to this explanation, incomplete extraction from L SE/sonication step is also possible.
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Nevertheless, since the RSD (%) value of recovery was 1.4% for 2-Me-S-BTH in particulate
matter when Strata X-RP sorbent was adopted for SPE procedure, the low recovery of 2-Me-
S-BTH should be accepted. Until now, there are limited studies of the target compounds in
sludge. The results of the recoveries of benzotriazoles in sludge obtained in this study were
comparable to those obtained by Liu et al. [228] who adopted pressurized liquid extraction
(PLE) for the extraction of benzotriazoles from sludge (> 101%). However the recoveries of
benzothiazoles in this work are much higher than recoveries reported by Wick and co-
researchers for benzothiazoles in activated sludge (15% for 2-OH-BTH to 63% for 2-Me-S-
BTH) when the PLE extraction was used [251]. Compared to the study of Zhang et al. who
also extracted IH-BTR and 5-Me-BTR from sludge by LSE/SPE but utilized a large amount
of 25mL methanol as extraction solvent and a rotary evaporator to concentrate the
supernatant, better recoveries of the compounds were obtained in this study. Moreover,
smaller volumes of organic solvent (only 5mL of MeOH/H,0) employed in this study reduce
the cost and shorten more even the time of analysis. In addition, loss of volatile compounds
through the use of arotary evaporator when a large volume of solvent is used was avoided in
this study.

7.7.3. Selection of Analytical Column

The chromatographic conditions incorporated for the selection of the analytical column was
as reported in section 7.6.4. For all target compounds, with the exception of 2-Amino-BTH,
slightly higher signal-to-noise ratios were achieved with Atlantis T3 column, whereas slightly
higher peak areas were achieved with XTerraMS C18. Thus, their sensitivity was considered
rather constant between Atlantis T3 and XTerraMS C18. For 2-Amino-BTH in particular, it
was clear that the sensitivity was better with Atlantis T3, since the signal-to-noise ratio and
peak area was approximately 30 % higher than that obtained with XTerra MS C18. Y¢, the
major drawback of the hydrophobic XTerra MS C18 column was the fact that it maintained
disturbed peak shapes for the two most polar compounds, 1-OH-BTR and 2-Amino-BTH
(peaks with intense tailing).

This performance of Atlantis T3 in enhancing the retention of polar compounds such as that
of 1-OH-BTR and 2-Amino-BTH is attributed to the design of a tri-functional C18 alkyl
phase bonded at a ligand density [Atanltis T3 Column manual]. It has been reported that the
proprietary T3 end-capping process of Atlantis T3 is more effective in minimizing silanol
activity than traditional trimethyl silane (TMS) end-capping as in XTerraMS C18 [259]. The
proprietary T3 end-capping procedure reacts with more silanols thereby dramatically
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improving peak shape. However, though XTerra MS C18 column presents a lower silanol
activity, the latest elution time (10.97 min) was shorter than that obtained by Atlantis T3
column (11.71 min) thereby lead to an increase in throughput. The retention times (RT) of all
target compounds with XTerra MS C18 column are presented in Table A7.1, whereas the
retention times (RT) with Atlantis T3 column are given in Table A7.2.

7.7.4. Analytical M ethod Performance
7.7.4.1. Linearity

An internal standard calibration was carried out with 1H-BTR-d4, and ATR-d5 as ISs for
concentrations ranging from 2.5 to 250 ng mL™ (concentration at the final 1mL extract prior
to analysis) for every target compound. 1H-BTR-d4 and ATR-d5 were present a a
concentration of 25 and 5 ng mL™ in every standard solution, respectively. As shown in
Tables 7.8 and 7.9, the responses of MS/MS detector in wastewater and sludge were linear
for all the BTRs and BTHs with coefficients of determination, R®> 0.99.

Table 7.8: Cdlibration equations and linearity for BTRs and BTHSs in the dissolved phase of

wastewater samples

Compound Calibration Equations’ Correlation Coefficients®
(R%
Relative Values Relative Values Relative Values Relative Values
with ATR-d5 With 1H-BTR-d4 with ATR-d5 with 1H-BTR-d4
1H-BTR y = 0.016x+0.202 y = 0.613x+15.76 0.999 0.996
1-OH-BTR y = 0.008x-0.017 y = 0.293x+1.968 0.9996 0.996
TTR y = 0.031x-0.802 y = 1.134x+21.25 0.994 0.994
XTR y = 0.025x-0.169 y =0.967x+1.199 0.999 0.998
BTH y = 0.005x+0.035 y =0.173x+4.178 0.999 0.994
2-OH-BTH y = 0.002x-0.031 y = 0.069x-0.640 0.995 0.9999
2-Amino-BTH y = 0.030x-0.149 y = 1.158x+3.775 0.9991 0.998
2-Me-SBTH y = 0.023x-0.014 y = 0.898x+8.351 0.998 0.996

@ Cdlibration points: 2.5, 5, 10, 25, 50, 100, 150, 175, 250, 300 ng mL"* at the final 1 mL extract.
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Table 7.9: Calibration equations and linearity for BTRs ad BTHs in sewage sludge samples

Compound Calibration Equations® Correlation Coefficients®
Relative Values Relative Values Relative Values | Réative Values
with with with with
ATR-d5 1H-BTR-d4 ATR-d5 1H-BTR-d4
1H-BTR y =0.019x-0.115 y = 0.633x-1.796 0.9994 0.9998
1-OH-BTR y =0.011x+0.002 | y=0.347x+1.739 0.9991 0.9996
TTR y =0.039%x-0.244 | y =1.254x-1.456 0.999 0.9999
XTR y =0.032x-0.185 y = 1.032x-2.593 0.9996 0.9997
BTH y =0.007x+0.058 | y=0.216x+3.226 0.9995 0.998
2-OH-BTH y = 0.002x-0.018 y =0.070x-0.712 0.996 0.995
2-Amino-BTH | y = 0.038x-0.047 y = 1.236x+3.332 0.996 0.998
2-Me-SBTH y =0.038x-0.334 y = 1.243x-7.707 0.999 0.996

& Calibration points: 2.5, 5, 10, 25, 50, 100, 150, 175, 250 ng mL™ at the final 1 mL extract

7.7.4.2. Limits of detection (LODs) and Limits of quantification (LOQs)

The method LOD for each compound (BTRs and BTHS) was defined in this study as the

concentration of the compound in matrix that was equal to three times the average level of the

baseline noise close to the respective peak, whereas the method LOQ for each target

compound was defined as the concentration that was ten times the same noise level. The
method LODs and LOQs are presented in Table 7.10.
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Table 7.10: Method limits of detection (LODs) and quantification (LOQs) of BTRs and BTHs in

wastewater and sludge samples

Compound Wastewater (Dissolved Phase) Sewage Sludge
LOD LOQ LOD LOQ
(SN=3,ngL™) | (SN=10,ngL™) | (SN =3,ngg™) | (SN=10,ngg?)
1H-BTR 0.77 254 0.69 2.27
10H-BTR 3.05 10.00 7.62 25.10
TTR 0.13 0.42 0.06 0.21
XTR 0.34 1.13 0.26 0.85
BTH 16.7 55.00 12.50 41.30
2-OH-BTH 4.58 15.10 4.00 13.20
2-Amino-BTH 4.17 13.7 10.40 34.40
2-Me-S-BTH 0.08 0.28 0.04 0.14

The achieved LODs and LOQs were adequate for environmental monitoring of the target
compounds and low enough, taking into consideration the complexity of the sample matrices.
For liquid samples(wastewater), the LODs achieved in the present work for al target
compounds, except for BTH, were at similar levels or lower than those obtained in previous
studies (Tables 4.1& 4.3) with different instrumentations. LC-MS [250], LC-MSIMS
[12,14,48,223,229,232,241,245,246,251,260,], LC-LTQ-FT-MS [153], GC-MS
[235,252,253], GC-MS/MS [228,237], GC x GC-TOF-MS [152,224] and IL-GC-MS/MS
[209]. Conspicuously, the LODs derived in this study were far lower than those obtained
when a sample extraction method like LLE or DLLME was used; and when a less sensitive
detection method like UV or Fluorescence detector was employed [230,234]. In sludge
samples, LOD values of 0.9, 4.1 and 3.0 ng g™* were reported by Liu et al. [228] for BTR, 5-
Me-1H-BTR, and XTR, respectively, witha GC-MS/MS instrumentation. Zhang et al. [227]
also reported LOD values of 0.067 ng g-1 for both 1H-BTR and 5-Me-1H-BTR in sediment
and 0.67 ng g in sludge samples with a LC-MS/MS instrumentation. Thus, in the present
work, similar or lower LODs were also presented for 1H-BTR, XTR, and TTR (compared to
5-Me-1H-BTR) in sludge samples. Until the period of this study, only one study has reported

153



the determination of some benzothiazoles in activated sludge [251], the LOQ values of
25 ng g* for 2-Me-S-BTH and 100 ng g™ for both BTH and 2-OH-BTH were reported.
Herein in this work, we obtained LOQ values of 0.14 ng g™ for 2-Me-S-BTH, 13.2 ng g™ for
2-OH-BTH and 41.3 ng g™ for BTH. These LOQ values were generally lower than those
obtained by Wick et a. [251]. From our point of view the high LOD values obtained in both
liquid and solid matrices for BTH resulted from the high background in SRMs of the
compound in both matrices. The higher background for BTH, in contrast to the rest target
compounds (BTRs and BTHSs), is evident in the chromatograms of both liquid and solid
matrices (Fig.7.3, Fig. 7.4, Figures A7.5- A7.8). Fries also reported a higher LOD value of
256 ng L™ for BTH in wastewater using stir bar sorptive extraction (SBSE) [253].

7.7.4.3. Method Recovery

The trueness of the method was evaluated through recovery experiments at two fortification
levels of the target compounds that were realized in-between three different days (k = 3). To
accomplish this, wastewater (50 mL) and sludge samples (about 100 mg) were spiked with
the appropriate amount of the target compounds. The low and high fortification levels in
wastewaters for all compounds, except for TTR, were 50 and 100 ng mL™, respectively. For
TTR, the low and high fortification levels were 100 and 300 ng mL™, respectively. Similarly,
the low and high fortification levels in sludge were 50 and 100 ng g™ respectively. The
results are given in Table 7.11. The relative recoveries of the compounds were good a both
levels of fortification. Using ATR-d5 as internal standard, apart from 2-Me-S-BTH with an
exceptionally low recovery (55%), the relative recoveries in wastewater ranged from 90% to
103% and ranged from 90% to 106% in sludge. Regarding 2-Me-S-BTH, the (%) relative
recovery values were better in wastewater and sludge samples, when 1H-BTR-d4 was used as
internal standard (Table 7.11). With 1H-BTR-d4, the relative recoveries in wastewater ranged
from 71% for 2-Me-S-BTH to 121% for XTR and ranged from 64% for 2-Me-S-BTH to
116% for 2-Amino-BTH in sludge. These results from recovery experiments demonstrated
the suitability of the two internal standards (ATR-d5 and 1H-BTR-d4) for accurate
guantification of the target compounds in complex matrices as wastewater and sludge
samples by LC-MS/MS.
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Table 7.11: Mean recoveries (%, n = 6, k=3) of BTRs and BTHs in spiked (dissolved phase of) wastewater and sludge samples with relative
standard deviation

Wastewater Sludge
Compounds
(Rel. Rec. %) + (Rel. Rec. %) + (Rel. Rec. %) + (Rel. Rec. %) +
(R.S.D %, n=6) (R.S.D %, n=6) (R.S.D %, n=6) (R.S.D %, n=6)
(with ATR-D5) (with 1H-BTR-d4) (with ATR-D5) (with 1H-BTR-d4)
Low High Low High Low High Low High
Level Level Level Level Level Level Level Level
1H-BTR 90.94+9.1 96.4+4.9 114+5.7 106+9.9 93+6.0 96.2+7.6 94.615.1 104.0+4.2
1-OH-BTR 96.0£5.2 89.7+4.4 106.2+9.5 98.4+10.0 93.9+8.7 95.4+11.3 106.6+4.3 104.1+1.7
TTR 97.1+6.9 99.1+5.3 121+4.3 107+12 99.6+6.9 90.1+9.7 99.3+4.8 101.2+9.0
XTR 109.2+2.8 96.6+3.7 121.8+2.0 102+10 100.1+6.3 92.9+9.2 99.5+3.8 104.2+8.2
BTH 106.2+8.5 90.5+5.4 118.4+7.1 102.7+9.3 90.3+5.7 90.7+6.9 94.3+5.7 93+7.7
2-OH-BTH 102.319.0 89.8+6.4 111.7+8.5 104.1+9.2 106+10 91.3+4.5 102.9+6.1 103.8+8.7
2-Me-SBTH 58.615.8 54.945.0 70.5+4.7 71.615.9 49,935 51+4.5 63.815.4 64+6.6
2-Amino-BTH 103.315.8 98.9+4.2 119.9+4.3 112+11 106+10 103+10 111.3+4.7 116.4+8.7

*The low and high fortification level for al compounds, except for TTR, was 50 and 100 ng mL™, respectively. For TTR, the low and high fortification level was 100 and
300 ng mL™, respectively.
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7.7.4.4. Method Precision

For both types of matrices, precision was assessed by performing repeatability and
reproducibility experiments at three fortification levels as described in section 7.5.4.
Precision data of the extraction procedure for the two types of samples are given in Tables
7.12 and 7.13. At low fortification level, the absolute values (%RSD) for intra-day precision
(repeatability) and inter-day precision (reproducibility) in wastewater were up to 12.6% and
19.3% respectively. Relative to internal standard atrazine-d5 at low level fortification, intra-
day precision and inter-day precision were less than 10% and 14.6% respectively, while
relative to internal standard 1H-BTR-d4 intra-day precision and inter-day precision were less
than 2.4 % and 12.4% respectively. At the low fortification level, the absolute values
(%RSD) for intra-day precision (repeatability) and inter-day precision (reproducibility) in
sludge were up to 18.5% and 22.2% respectively for 2-OH-BTH. Relative to internal standard
atrazine-dS at low level fortification, intra-day precision and inter-day precision in sludge
were reduced to less than 10.5% and 11.8% respectively, while relative to internal standard
1H-BTR-d4 intra-day precision and inter-day precision were less than 11.4 % and 13.8%

respectively.

The results showed satisfactory intra- and inter-day precision of the analytical procedure,
both for wastewater and sludge samples. RSDs (%) were less than 15 % for all the
compounds in both substrates when applying internal standardization method, indicating the

excellent precision of the developed methods for both types of samples.
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Table 7.12: Precision data of the extraction procedure for BTRs and BTHs in wastewater samples (dissolved phase).

Compounds Abs. values of Intra- (n=3) / Inter-day Rel. valueswith ATR-d5 of Intra-(n=3) / Rel. valueswith 1H-BTR-d4 of Intra- (n=3) /
precision (n=6, k=2) Inter-day precison (n=6, k=2) Inter-day precison (n=6, k=2)
Lowlevel Mediumlevel Highlevel Low level Medium level Highlevel Lowlevel Medium level High level
1H-BTR 11.7/11.9 3.5/3.5 22717 6.6/7.7 7.3/9.1 5.8/6.6 9.3/12.4 5.6/6.6 8.2/11.2
1-OH-BTR 0.8/7.8 4.9/5.3 1.3/6.9 3.5/3.9 10.9/11.0 4.3/10.0 2.9/35 9.5/11.4 7.8/10.0
TTR 12.6/16.8 2.7/3.0 2.6/10.1 6.4/7.8 6.4/6.9 5.2/6.3 9.3/11.7 4.3/9.8 2.0/10.7
XTR 4.5/6.3 1.7/3.3 1.3/6.6 1.4/1.7 45/5.1 3.7/4.0 7.1/8.3 3.6/4.4 9.3/11.1
BTH 8.0/13.3 1.3/9.2 3.9/11.6 8.2/12.8 7.5/13.0 3.8/10.4 2.4/2.5 7.1/10.4 9.3/11.1
2-OH-BTH 16.3/19.3 5.9/6.1 4.2/4.5 10.0/14.6 8.9/11.4 6.3/7.7 4.6/7.1 2.2/10.7 4.5/9.2
2-Me-SBTH 11.2/114 1.8/21 2.1/13.6 7.2/8.7 5.4/5.7 2.2/5.0 10./11.6 4.7/5.7 6.0/8.8
2-Amino-BTH 6.3/10.4 14/1.4 1.5/5.8 3.3/4.9 5.4/5.7 4.0/4.1 8.3/10.1 4.2/5.1 11.2/13.6

*The low, medium and high fortification levels for all compounds, except for TTR, were 25, 50 and 100 ng mL™, respectively. For TTR, the low, medium and high fortification levels were 50,
100 and 300 ng mL ™, respectively.
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Table 7.13: Precision data of the extraction procedure for BTRs and BTHs in sludge samples.

Compounds Abs. values of Intra- (n=3) / Inter-day Rel. valueswith ATR-d5 of Intra-(n=3) / Rel. valueswith 1H-BTR-d4 of Intra- (n=3) /

precision (n=6, k=2) Inter-day precison (n=6, k=2) Inter-day precison (n=6, k=2)

Low level Medium level High level Lowlevel Medium level High level Lowlevel Medium level High level

1H-BTR 1.3/1.8 1.4/5.3 3.3/3.3 2.9/3.2 6.0/10.8 7.6/11.2 6.3/7.2 15/4.4 4.8/5.9
1-OH-BTR 4.4/5.8 8.3/12.4 2.2/3.2 4.0/5.7 10.0/11.0 9.7/11.7 9.4/11.0 9.0/11.8 3.9/4.6
TTR 6.5/7.1 1.2/3.7 1523 6.1/6.6 6.8/6.8 8.0/9.7 11.4/13.8 0.2/2.5 3.1/3.8
XTR 3.8/4.0 1.1/3.0 2.1/2.9 6.3/7.2 6.3/12.0 9.2/11.6 4.6/5.6 0.4/1.9 3.8/4.7
BTH 8.5/8.9 2.4/7.8 2.4[2.7 10.5/11.3 5.7/9.8 6.8/11.9 9.9/12.0 1.3/6.5 4.2/5.1
2-OH-BTH 18.5/22.2 3.03.7 3.9/4.5 6.7/11.8 5.4/8.7 5.5/7.0 4.5/11.2 4.7/5.3 6.8/7.2
2-Me-SBTH 14.2/16.7 5.8/6.9 7.7/9.6 7.8/8.9 5.9/8.7 4.7/7.8 9.2/11.8 4.9/5.6 6.8/9.8
2-Amino-BTH 2.3/2.8 2.5/3.3 15/2.6 1011 6.8/10.7 9.6/10.3 6.8/7.7 1.6/2.1 3.4/4.1

*The low, medium and high fortification levels for all compounds, except for TTR, were 25, 50 and 100 ng mL™, respectively. For TTR, the low, medium and high fortification levels were 50,
100 and 300 ng mL ™, respectively.
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7.7.5. Choice of Internal standard for quantification

Quantification of all target compounds was performed with the internal standard method in
all samples analyzed. We tested the effectiveness of two internal standards (1H-BTR-d4 and
ATR-d5) for compensating meatrix effects. The 1H-BTR-d4 IS was incorporated for the
quantification of all BTRs and 2-Me-S-BTH, whereas the rest compounds were quantified
with ATR-d5. However, as demonstrated in Tables 7.8 and 7.9, quantification of all target
compounds was possible with both internal standards. In dissolved phase of wastewater
samples, as observed in Table 3, best R? values for all target compounds, except for 2-OH-
BTH, were achieved with ATR-d5. On the other hand, in sludge samples, as observed in
Table 7.9, best R? values for all BTRs and 2-Amino-BTH were achieved with 1H-BTR-d4.
Therefore, taking into consideration these analytical figures (Table 7.9), precision (Table
7.13), and recovery (Table 7.11) in sludge, quantification of all BTR derivatives with 1H-
BTR-d4 presented less uncertainty than the values with ATR-d5. It seems that 1H-BTR-d4,
as a deuterated analogue of 1H-BTR, maintained similar behaviour with all BTR derivatives,
and thus it was extracted from the sludge matrix in a similar way during the solid / liquid

partitioning step.
7.7.6. Matrix Effects

The matrix factor of the methods for every target compound was quantified by comparing the
slope of the matrix match curve with the slope of the standard solution curve, and
consequently the matrix effect (%) was calculated and presented in Fig. 7.2. It is evident from
Fig. 7.2 that ion suppression occurred for all target compounds. However, based on the
results of mean relative recoveries (Table 7.11) obtained for the compounds when internal
standards ATR-d5 and 1H-BTR-d4 were used for quantification, the trueness of the method

was not undermined. The internal standards effectively compensated for the matrix effects.

159



o

=10h0}

-2ij.i)

ELLRY

=dih.il

E=LL

LRy

IH-HTE ILIH-%1H e Sl-he-TH-H TR Z-Ma-H-HTH HTH 2-ARINC-ETH Z-0IH-ETH

u ME % WASTEWATER (ABS. VALLES) mME %% SLUDGE {ABS. VALUES)

Fig.7.2: Matrix effect (%) for benzotriazoles and benzothiazoles in the dissolved phase of wastewater

and in sludge.
7.7.7. Identification and Confirmation of target compounds

In mass spectrometry, it is better to have at least four identification points to ensure the
correct identity of the compound [174]. The four characteristic parameters for LC-MS/MS
include retention time, two transitions in multi-reaction monitoring mode (MRM) and the
ratio between the two ionic signals.

In this study, the two fragment ions (quantification and confirmation ion) that were selected
in the developed methods for all target compounds were the fragments with the highest
abundance (Table 7.6). However, the confirmation ion of 1-OH-BTR and 2-Amino-BTH
were set at 119.1 and 124.1 m/z (Table7.6), respectively, in order to avoid cross-taking
issues (that were observed) between the two co-eluted compounds. 1-OH-BTR and BTH also
maintained a common SRM (136.0 > 65.4 m/z), but since they were eluted with a difference
of more than 4 min, monitoring of both compounds at this SRM did not pose a problem. For
the monitoring of 1H-BTR-d4, its second ion fragment in abundance was selected (69.2 nvz)
as best for the method, since the most abundant fragment of 96.0 mVz presented high
background noise (Fig. A7.4).

The retention time (RT), relative retention time (RRT), and ion ratio (%) of all target
compounds in dissolved phase of wastewater samples and in sludge samples are presented in
Tables A7.2 and A7.3 respectively. These analytical parameters were calculated from data

exported from the reproducibility experiments.
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For indication, chromatograms of a spiked sample are presented at a fortification level of 100
ng mL™ for TTR and 50 ng mL™ for the rest target compounds (concentration at the final
eluent prior analysis) in dissolved phase of wastewater (Fig. 7.3) and sludge (Fig. 7.4).
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transitions depicted).
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Fig. 7.4: SRM chromatograms of BTRs and BTHs in spiked sludge sample at a fortification level of
100 ng mL™ for TTR and 50 ng mL™ for the rest target compounds (m/z transitions depicted).

Moreover, indicative chromatograms of matrix match samples are demonstrated for
wastewater (Fig. A7.5) and sludge (Fig. A7.6). The “blank” samples of wastewater and
sludge that were used for spiking are equally presented in Fig. A7.7 and Fig. A7.8,
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respectively. As witnessed from the demonstrated chromatograms (Fig. 7.3, Fig 7.4, Figs.
A7.5-A7.8), a number of other isobaric unknown endogenous compounds from the matrices
exhibited the same SRM transitions as the target BTRs and BTHSs, but eventually they did not
interfere, due to adequate chromatographic separation. Retention times are presented in
Tables A7.2 and A7.3, in order to clearly identify the target compounds from the

demonstrated chromatograms.

The developed method does not separate the isomers 4-Me-1H-BTR and 5-Me-1H-BTR.
However, we tested if the isomers exhibit the same sensitivity and we concur with the
findings of Weiss and Reemtsma [12] that 4-Me-1H-BTR and 5-Me-1H-BTR exhibit equal
response in MS/MS detection. All the analytical figures for both compounds were similar.
Consequently, both isomers were quantified together as TTR in this work.

7.7.8. Environmental levels

The results of the environmental levels at which the target benzotriazoles and benzothiazoles
are present in wastewater and sewage sludge from the sewage treatment plant of Athens are
discussed in Section 9.1.
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CHAPTER 8

DETERMINATION OF BENZOSULFONAMIDESIN WASTEWATER BY
LC-MSMS

8.1. HPLC-UV METHOD DEVELOPMENT FOR BENZOSULFONAMIDES

Preliminary experiments were carried out to optimize the chromatographic conditions
necessary for  effective separation of three benzosulfonamides compounds
[Benzenesulfonamide (BSA), o-Toluenesulfonamide (0-TSA) and p-Toluenesulfonamide (p-
TSA)]. Chromatographic conditions, such as wavelength of detection, mobile phase
composition, flow rate and column oven temperature were optimized. The optimization was
achieved by changing the value of the parameters one at a time, while keeping other
conditions constant. We tested several columns of different stationary phases for their
efficiency in the separation of the compounds. Particular attention was paid to the
optimization of mobile phase composition in order to achieve a chromatographic separation
of all the compounds especially the two isomers (0-TSA and p-TSA) with acceptable
resolution. Standard solutions at different concentrations ranging from 100 pg L™ to

50 mg L™ of the compounds were used for the optimization.
8.1.1. Preparation of Standard Solutions of Benzosulfonamides

Stock solutions of benzosulfonamides (BSA, o-TSA and p-TSA) were prepared at
concentration level of 1000 mg L™ by dissolving an appropriate amount of each compound in
methanol and stored at - 20°C. Working standard solutions were prepared from stock
solutions by further dilution with solvent(s) similar in composition to the mobile phase used

for chromatographic elution.
8.1.2. Optimization of UV absorbance wavelength for Benzosulfonamides

Some preliminary experiments were carried out to determine the optimum absorption
wavelength of each of the compounds (BSA, o-TSA and p-TSA) with UV/Visible
spectrophotometer. The absorption spectrum of each of the compounds was taken by running
the standard solution of the compound on a UV/Visible spectrophotometer using 10 mg L™
standard solution of each of the compounds, prepared in an approximate mobile phase
composition intended to be used for liquid chromatographic separation. The measurement

was carried out as described for benzotriazoles and benzothiazoles in section 7.1.2. An
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optimum wavelength of detection was obtained for each of the benzosulfonamides. Since the
three compounds belong to the same class and therefore possess the same functional group
(- SO;NHy), there was only very little difference in their optimum absorption wavelengths. A
compromise optimum wavelength of 264 nm was selected for simultaneous detection of all
the compounds with UV detector on HPLC.

8.1.3. Optimization of Chromatographic Parameters

Several analytical columns were tested for the separation of the compounds. The analytical
columns tested include Zorbax SB C18 150 mm x 4.6 mm, 5 um; Zorbax XDB C18 150 mm
X 4.6 mm, 5 um; Lichrospher 100 RP-18, 250 mm x 4 mm, 5 pm; Symmetry C18 150 mm x
3.9 mm, 5 pm; Ascentis Express C18 (Supelco) 75mm x 2.1 mm, 2.7 pum; Pathfinder
Schimadzu C18 EP 150 mm x 4.6 mm, 3.5 pum). Based on the efficiencies of separation of the
compounds as obtained for the different analytical columns tested, Symmetry C18 (150 mm x
3.9 mm, 5 um) column was finally selected as it gave the best resolution for the separation of
the two isomers (0-TSA and p-TSA). Moreover, mobile phase composition, flow rate,
column oven temperature and elution programme were also optimized. For the optimized
conditions with reversed-phase Symmetry C18 (150 mm x 3.9 mm, 5 pm) column, and in
order to separate the two isomers, mobile phase composition with a high content of water and
acetonitrile (80% water/ 20% acetonitrile) was employed in an isocratic elution at a flow rate
of 0.5 mL/min, with 30°C as column oven temperature and 264 nm wavelength. Mobile
phase composition as methanol only and water and methanol/acetonitrile and water were also
tested. It was observed that the methanol generally produced broader peaks of the compounds
and the two isomers were poorly separated. The performance parameters of the
chromatographic separation with the Symmetry column were investigated using different
percentage mobile phase composition (acetonitrile and water) and at different column oven
temperature values.

The typical chromatograms of the compounds are shown in Fig 8.1.

The comparisons of chromatographic performance parameters using different percentage of
mobile phase composition (acetonitrile and water) and at different values of column oven
temperature are presented in both Tables 8.2 and 8.3. There was no significant difference in
resolution, peak area and theoretical plates with 15% ACN and 10%ACN but a longer total
elution time with 10%ACN. Also, no significant difference was observed in resolution and
total elution time at both 30°C and 20°C of column oven temperature. However, the peak
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area and number of theoretical plates were higher at 30°C than at 20°C when 15%ACN was
used. Motivated by this observation, we proceeded to testing higher values of column oven
temperature but the results were worse than at 30°C indicating the optimum oven temperature

for the performance of the column (Symmetry C18) in the separation of the compounds.
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Fig 8.1: Chromatograms of separation of benzosulfonamides with HPLC-UV; 2 mg L™ standard
injection, Symmetry C18 column, Flow rate: 0.5 mL/min, 15/85 (ACN/H,0)

The following chromatographic conditions were finally chosen for a satisfactory separation
of the compounds on HPLC-UV:

Column (Stationary Phase): Symmetry C18 (150 mm x 3.9 mm, 5 pum)

Mobile Phase: 15%Acetonitrile/ 85%water in isocratic elution
Column oven temperature: 30°C
Flow rate: 0.5mL/min

UV absorption wavelength: 264 nm

The instrumental limits of detection (LODs) with HPLC-UV for the compounds are presented
inTable 8.1.
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Table 8.1: Instrumental Limits of Detection of Benzosulfonamides with HPLC-UV

Compound | Instrumental LOD
(hg)
BSA 6.23
oTSA 8.08
p-TSA 6.25

20 pL injection with Symmetry C18 (150 mm x 3.9 mm, 5 pum) column

The comparisons of chromatographic performance parameters at different % ACN and
different values of column oven temperature are presented in Table 8.2 and Table 8.3
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Table 8.2: Comparison of HPLC-UV chromatographic performance parameters on symmetry C18 column with different % ACN at 30°C, (n=5)

Compound | Rt (min) Rt (min) | Peak Peak Symmetry | Symmetry No of | No of | Resolution | Resolution
Area Area Plates Plates
15% 10% ACN | 15% ACN | 10% ACN | 15% ACN | 10% CAN 15% ACN | 10% 15% ACN | 10% ACN
ACN ACN
BSA 7.6x2.2 | 11.2+0.4 | 54.3£8.1 | 58.5+4.5 | 0.77£1.84 | 0.78£1.59 | 6423+ 4 6684+2
o-TSA 15.5+0.2 | 27.4+0.6 | 78.1£8.6 | 83.4+6.6 | 0.77£3.57 | 0.81+0.01 | 6561+4 6772+2 | 1.08+1.58 | 1.05+0.78
p-TSA 16.3+0.3 | 28.9£0.5 | 42.3£8.2 | 46.4+7.5 | 0.78£2.54 | 0.83+9.64 | 61794 5865+2 | 1.08+1.58 | 1.05+0.78

Table 8.3: Comparison of chromatographic performance parameters on Symmetry C18 column with 15%ACN at different values of column

oven temperature, (n=5)

Compound | Rt (min) | Rt (min) Peak Peak Symmetry | Symmetry No of | No of | Resolution | Resolution
Area Area Plates Plates
30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C 30°C 20°C
BSA 7.6£2.2 | 8.0+£0.1 54.348.1 | 33.6£3.3 | 0.77£1.84 | 0.76x2.00 | 6423+4 6202+1
o-TSA 15.3+t0.2 | 16.4+0.2 | 78.1+8.6 | 46.6+2.6 | 0.77+3.57 | 0.82+4.40 | 6561+4 6521+1 | 1.08+1.58 | 1.03+0.53
p-TSA 16.2+0.3 | 17.3+t0.1 | 42.3+8.2 | 26.2+4.7 | 0.78+2.54 | 0.82+4.22 | 6179+4 6054+2 | 1.08+1.58 | 1.03+0.53
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8.2. Development and optimization of SPE protocol for extraction and preconcentration
of benzosulfonamidesusing Tap water

A preliminary solid phase extraction (SPE) protocol was developed and optimized for
extraction and preconcentration using tap water. Five different SPE cartridges and sorbents;
one C18 and four polymeric sorbents (Isolute C18 500 mg/émL, Oasis HLB, 200 mg/émL;
Evolute ABN, 200mg/6mL; and Strata X, 200mg/6mL and Polyclean polymeric 200mg/6mL )
were tested for their extraction efficiency. Different elution solvents (methanol, acetonitrile
and 50:50 acetonitrile:methanol) and different elution volumes (3 mL, 6 mL, 10 mL) were
also evaluated to obtain the optimum conditions for most of the compounds. The SPE
procedure was as follows:

50 mL of Tap water sample was spiked at 200 pg L™ level for the compounds (BSA, o-TSA
and p-TSA) and adjusted to a pH of 3 with 25% HCI. The cartridge (sorbent) was
preconditioned with 10 mL methanol, equilibrated with 10 mL acidified purified water (at pH
3) followed by loading of the acidified 50 mL tap water sample on the catridge. The cartridge
was washed with 10 mL of acidified purified water (pH 3) and then left to dry for about 1
hour. The compounds were eluted with10 mL of a 50:50 mixture of methanol and
acetonitrile. The eluent was evaporated to approximately 200 pL under a gentle stream of
nitrogen gas at 35°C. The extract was then made up to 1 mL with 20/80 acetonitrile/water
giving rise to a final concentration of 10 mg L™. The final extract was injected on both
HPLC-UV and LC-MS/MS.

The procedure was carried out in a similar way for al the cartridges except in another
experiment where the efficiency of Evolute ABN was compared with that of Polyclean
polymeric at a lower spike concentration. In this case, tap water samples were spiked at
4 pg L™ giving rise to a final concentration of 2 mg L™. It should be noted that we initially
tested different types and volumes of elution solvents (methanol only, acetonitrile only,
mixture of acetonitrile and methanol) with Evolute ABN. We eventually adopted 10 mL of
50:50 (methanol/acetonitrile). Recovery corresponding to SPE was calculated by comparing
the concentration of each compound in the tap water samples spiked before extraction to the
concentration in the tap water samples spiked after extraction. The total recovery was
calculated by comparing the concentration of each compound in the tap water spiked before
extraction to the concentration in the pure standard solution. Matrix effect was determined by
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comparing the concentration of each compound in tap water spiked after extraction to the
concentration in the pure standard solution. The LC-UV chromatograms of the compounds in
spiked tap water samples before and after extraction are presented in Figures 8.2 and 8.3.
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Fig. 8.2: LC-UV chromatograms of benzosulfonamides in spiked (before extraction) tap water at 10
mg L fortification level; Symmetry C18 Column, Evolute ABN cartridge
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Fig. 8.3: LC-UV chromatograms of benzosulfonamides in spiked (after extraction) tap water at
10 mg L™ fortification level; Symmetry C18 Column, Evolute ABN cartridge
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The recoveries of the compounds (BSAS) with the different sorbents are presented in Tables

8.4- 8.6.

Table 8.4: Comparison of Recoveries (%) of Benzenesulfonamide in tap water with different

cartridges (sorbents)

BSA
ISOLUTE OASIS EVOLUTE | STRATA X | EVOLUTE POLYCLEAN
cis 10mgL* |10 mgL™ |10 mgL?|2mgL™ 2mgL™
10 mgL™ | final final final final final
final

SPE 9 103 95 99 67 94

RECOVE

RY

MATRIX 108 98 103 86 92 63

EFFECT

TOTAL 9 101 98 85 62 59

RECOVE

RY

Table 8.5: Comparison of Recoveries (%) of o-Toluenesulfonamide in tap water with

different cartridges (sorbents)

o-TSA
ISOLUTE | OASIS | EVOLUTE | STRATAX | EVOLUTE | POLYCLEAN
(oxF:] 10 mgL™| 10mgL™ 10mgL™ | 2 mgL final 2mgL™
10 mgL™* final final final final
final

SPE 69 102 95 101 93 96

RECOVERY

MATRIX 103 100 104 84 87 75

EFFECT

TOTAL 71 102 99 85 81 72

RECOVERY
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Table 8.6: Comparison of Recoveries (%) of p-Toluenesulfonamide in tap water with

different cartridges (sorbents)
p-TSA

ISOLUTE | OASIS | EVOLUTE | STRATAX | EVOLUTE | POLYCLEAN
(oxF:] 10 mgL™ | 10mgL™* 10mgL™* 2mgL™ 2mgL™
10 mgLt| fina final final final final
final

SPE 64 102 98 99 97 99

RECOVERY

MATRIX 102 99 102 87 89 71

EFFECT

TOTAL 66 101 100 86 86 70

RECOVERY

83. METHOD DEVELOPMENT FOR THE DETERMINATION OF
BENZOSULFONAMIDES IN WASTEWATER (DISSOLVED PHASE) BY LC-
MSMS

8.3.1. Sample Pretreatment for wastewater

A mixture of effluent wastewater samples from a sewage treatment plant was used for the
method development. The mixed effluent sample was filtered with a glass fibre pre-filters
under vacuum and adjusted to a pH of ~3 with 25% HCI.

8.3.2. Extraction and Preconcentration from wastewater (dissolved phase) by SPE

Extraction and preconcentration of the compounds in wastewater effluent was carried out by
the optimized solid phase extraction procedures developed with tap water with slight
modifications. Polyclean polymeric (200mg/6mL) were used for the SPE protocol. 50mL of
mixed wastewater effluent was adjusted to approximately pH of 3 with 25% hydrochloric
acid. The effluent samples were spiked prior to extraction with the standard solution of the
analytes at three different levels of fortification; representing low, medium and high

concentration levels (0.5 pg L™, 1 pg L™ and 5 pg L™); the final eluate concentrations were
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25 pg L™, 50 pg L™ and 250 pg L™ respectively. The remaining part of the SPE procedure
was the same as reported for tap water in Section 8.2. The matrix matched samples were also
carried through the same procedure, only that the sample extracts were spiked with standard
solution of the compounds after the evaporation stage. The recovery of the compounds with
the SPE procedure was determined by comparing the response of each compound
(concentration) in the spiked samples before extraction to the response (concentration) of the
same compound in the spiked samples after the extraction.

8.3.3. Chromatographic Separation of Benzosulfonamides in wastewater (dissolved
phase) by LC-MSIM'S

For separation of the compounds with LC-MS/MS, the already optimized chromatographic
parameters with HPLC-UV for the compounds by using their standard solution (Section 8.1)
were used for LC-MS/MS determination. Since several analytical columns were tested on
HPLC-UV and only Symmetry C18 (150 mm x 3.9 mm, 5um) column proved satisfactory for
the separation and good resolution of the two isomers (0-TSA and p-TSA), the column was
also adopted for the separation of the compounds on LC-MS/MS.

8.3.3.1. Sdection of M obile Phase and M odifier

A combination of ACN and H,O only, ACN and 0.05% (v/v) HCOOH in water, ACN and
0.1% (v/v) HCOOH in water, acetonitrile and ammonium formate (5 mM) were evaluated
separately for the separation of the compounds. Methanol in place of acetonitrile was also
tested but acetonitrile produced constantly higher responses, better resolution and better peak
shapes.

For LC-MS/MS determination of BSAS, the mass spectrometer was initially tested in positive
ESl ionization mode, but the intensity of the compounds in positive ionization was not
satisfactory, even when a proton donor such as formic acid was added as modifier. We
eventually tested negative ionization mode for ionization of the compounds and there was
improvement in the intensity of the compounds compared to the positive ionization mode.
Thus, a combination of acetonitrile and water only was finally applied as mobile phase
solvents a aflow rate of 400 pL min™ on LC-MS/MS,
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8.3.4. Optimization of ESI/M S/M S Parametersfor Benzosulfonamides
8.3.4.1. Selected Reaction Monitoring Method

For MS/MS analysis of the benzosulfonamides (BSA, o-TSA and p-TSA), selected reaction
monitoring (SRM) in negative ESI ionization mode was initially optimized for each of the
compounds. Collision energy and tube lens were optimized for each of the compounds (BSA,
0-TSA and p-TSA). Two SRM transitions of each compound from the precursor ion to
product ions were monitored for quantification (transition 1) and confirmation (transition 2).
The optimization of tube lens for each of the compounds was carried out by direct infusion of
standard solution of the compounds. The description of the precursor ions and product ions of
the compounds of interest, with their respective collision energies and tube lens offset voltage
ispresented in Table 8.7.

Table 8.7: Precursor ions and product ions (SRM) of BSAs monitored with their respective
collision energies and tube lens offset voltage

Compound | Precursor ion | Product ions | Collision Energy | Tube L ens Offset
[M-H] (m/2) (m/z) V) V)
BSA 156 78.9 28 52
92.0 17 52
o-TSA 170 79.0 22 62
106.0 19 62
p-TSA 170 79.0 22 62
106.0 19 62

The breakdown curves of the optimization of tube lens for the compounds in the SRM
method are given in Figures 8.4-8.6
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Electrospray ionization source parameters, such as the spray voltage, sheath gas pressure,
auxiliary gas flow, capillary temperature, distance from entrance (micrometer), and the
position of the probe were optimized for the SRM method. The optimization was carried out
by continuously injecting 10 pL of 1 mg L™ standard solution of the analyte prepared in
20/80 acetonitrile/water via loop injection, changing one parameter at a time, until an
optimum response for the compound was obtained. The experiments were carried out using
200 pL/min as flow rate. The standard solutions of the compounds were initially prepared in
different compositions of solvents and tested for both the positive and negative ionization
modes. The response of the compounds (BSAS) in the positive ionization mode was lower
than in the negative ionization mode even when a proton donor such as formic acid was used
in preparing the standard solutions. We subsequently carried out the optimization in negative
ionization mode using acetonitrile/'water only as the compound dissolving solvent. The
optimized parameters for the electrospray ionization (ESI) in the negative ionization mode for
the SRM method are presented in Table 8.8. It was observed that both o-TSA and p-TSA
isomers presented similar behaviour (same transitions and similar ESI source parameters) but
as a result of their good separation and resolution in the chromatographic experiments,
the two isomers peaks could easily be identified and differentiated.

Table 8.8: Optimized ESI Source Parameters of Benzosulfonamides for SRM method in
negative ionization mode at 200 pL/ min flow rate

Compound | Spray Voltage | Sheath  gas | Auxilliary Capillary Temp | Probe
V) (Psi) gas °C) Position
BSA 3500 30 20 250 C/D
0-TSA 4000 30 20 250 C
p-TSA 3500 30 20 250 C/D

The SRM method was applied for recovery experiments of the compounds in Tap water.
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The following optimized ES| source conditions were selected as compromise values for:

Spray Voltage (V): - 3500

Sheath Gas pressure (psi): 30

Auxiliary Gas flow rate; 20

Probe position: Between C and D (V-position)
Micrometer (inches): 0.45

Capillary temperature (°C): 250

Collision gas (Ar) pressure (mTorr): 1.8

8.3.4.2. Pseudo-Selected Reaction Monitoring Method

The developed SRM method was not sensitive enough to detect the compounds (BSAS) in
wastewater due to limited fragmentation of the compounds as shown in Figures 8.4-8.6.
Consequently, an alternative and simple approach method was developed using a technique
where the two quadrupoles of atandem mass spectrometry monitor the same m/z (usually the
molecular ion) in a selected reaction monitoring. This type of SRM method is called Pseudo-
selected reaction monitoring (Pseudo-SRM). The Pseudo-SRM method was developed in

negative ionization mode of ES| source.

ES| parameters were optimized using 200 pL/min flow rate but in order to reduce the total
elution time, 300 pL/min, 400 pL/min and 500 pL/min were also experimented separately. In
addition, the optimization was carried out separately using acetonitrile/water only and
acetonitrile/ammonium formate solution as compound dissolving solvents. Ammonium
formate (5 mM) in place of only water was added to investigate if a better reponse with
higher intensity would be produced. There was only small difference in the responses, when
Acetonitrile/water only and Acetonitrile/ammonium formate were used as compound
dissolving solvents. Acetonile/water only was selected instead of acetonitrile/ammonium
formate as dissolving solvent for the purpose of column life span. Moreover, 400 pL/min
flow rate was finally used as it produced adequate intensities and reduced the total elution
time compared to 200 pL/min.

The description of the monitored ions of the compounds of interest, with their respective

collision energies and tube lens offset voltage is presented in Table 8.9
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Table 8.9: Description of monitored ions in Pseudo-SRM method of BSAs with their
respective collision energies and Tube lens offset voltage

Compound | Qllon | Q31on | Callision Energy | Tube L ens Offset
[M-HJ V) V)

(m/zl) | (ml2)

BSA 156 | 156 10 52
0-TSA 170 | 170 10 62
p-TSA 170 | 170 10 62

The following optimized ESI source conditions were selected for the Pseudo-SRM method at
400pL/min flow rate:

Spray Voltage (V): - 3200

Sheath Gas pressure (psi): 30

Auxiliary Gas flow rate; 20

Probe position: Between C and D (V-position)
Capillary temperature (°C): 250

Collision gas (Ar) pressure (mTorr): 1.0

The Pseudo-SRM method was also initially applied for recovery experiments of the
compounds in tap water and finally evaluated by using wastewater samples.

8.4. METHOD  VALIDATION FOR THE DETERMINATION OF
BENZOSUL FONAMIDES IN WASTEWATER

The developed methods by LC-MS/MS were validated in terms of analytical performance
parameters as linearity, accuracy (recovery), precision (repeatability and reproducibility),
[imit of detection (LOD) and limit of quantification (LOQ).

8.4.1. Linearity

Linearity was determined by constructing calibration curves using standard addition
calibration. The standard solution of every target compound was spiked into wastewater
samples before SPE extraction. The expected concentrations of every target compound (BSA,
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0-TSA and p-TSA) (in the final 1 mL extract prior to analysis), used for the calibration
curves ranged from 5 to 250 ng mL ™. The calibration curves were constructed using the peak
areas of target compounds versus the nominal concentrations of the target compounds. Least
sguare linear regression analysis of the data gave slope, intercept, and correlation coefficients
of determination. The responses for the target compounds are presented in Table 8.10

8.4.2. Limit of detection (LOD) and Limit of Quantification (LOQ)

The LODs and LOQs of the Pseudo-SRM method were determined viathe calibration curves
obtained by spiking wastewater samples at low concentration level.

The variation (standard deviation) of the response of the successive injections of six
replicates of a spiked wastewater sample at the low concentration was multiplied by a factor
of 3 and 10 for calculating LODs and LOQs respectively.

The values for the method LODs and LOQs are shown in Table 8.10.

8.4.3. Accuracy/Recovery

The trueness of the method was evaluated through recovery experiments at three fortification
levels of the target compounds that were realized in-between three different days (k = 3). To
accomplish this, effluent (50 mL) spiked with the appropriate amount of the target
compounds. The low, medium and high fortification levels for the compounds were 0.5, 1.0
and 5 ng mL™, respectively. The results are given in Table 8.11.

8.4.4. Precision (Repeatability and Reproducibility)

Precision of the Pseudo-SRM method was assessed by performing repeatability and
reproducibility experiments. For repeatability experiments, a wastewater sample was spiked
at three fortification levels of the target compounds, and three replicates (n=3) were prepared
for each fortification level (intra-day precision). For reproducibility experiments, a
wastewater sample was spiked at a fortification level of the target compounds, and six
replicates (n=6) were prepared in-between 2 different days (k=2) (inter-day precision). The
low, medium and high fortification levels for all compounds were 0.5, 1.0 and 5 ng mL™.
Precision data of the method are given in Table 8.11.

8.5. APPLICATION TO ENVIRONMENTAL SAMPLES

We applied successfully the developed Pseudo-SRM method for determination of the three
benzosulfonamides in wastewater (dissolved phase)
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8.5.1. Sampling and Handling of Environmental Samples

Wastewater (treated and untreated) samples were collected from the sewage treatment plant
Psittalia, Athens, Greece.

During a sampling campaign in April 2012, influent and effluent wastewater samples were
collected on seven consecutive days from the treatment plant. All wastewater samples were
collected in pre-cleaned polypropylene (PP) bottles. 50 mL of influent and effluent
wastewater (24-hour composite flow proportional samples), were immediately filtered (with
glass fibre pre-filters 0.45 um) within 4 hour of arrival in the laboratory. From every
dissolved phase matrix, 50 mL was obtained and acidified with hydrochloric acid (HCI)
solutionto pH 3.0 £ 0.10 and stored in the dark at 4 °C until analysis.

8.5.2. Extraction and Preconcentration from wastewater (dissolved phase) samples

A volume of 50 mL of dissolved phase was transferred in a 50 mL Eppendorf tube and
adjusted with 25% HCI to pH 3.00 (+ 0.10) prior to the loading step of the SPE protocol.
Spiked matrix samples and QC samples were spiked with an appropriate amount of target
compounds. All samples prior to SPE were vortex mixed for 1 min to ensure sufficient
distribution of the spiked compounds in the solution. Isolation of the compounds from the
spiked wastewater samples was performed using Polyclean polymeric cartridges
(200mg/6mL, 30 um) fitted on the vacuum apparatus. The cartridges were conditioned by 10
mL of MeOH and equilibrated by 10 mL of acidified Milli-Q gradewater (adjusted with HCI
solution to pH 3.00 + 0.10) without applying vacuum. Then, the acidified samples were
passed through the cartridge, to remove any matrix interference, the cartridges were washed
with 2x5 mL of acidified Milli-Q grade water (adjusted with HCI solution to pH 3.00 + 0.10)
and then dried under -5 inHg of vacuum for 45 min. The compounds were eluted with 10 mL
of mixture of MeOH/ACN (1:1 v/v) and collected with a 15 mL Eppendorf tube. The eluents
were set on a heated tray (35 °C) and were evaporated to a volume of 200 pL, under a gentle
stream of nitrogen gas (N2) and then made up to 1 mL with a mixture of ACN/H,0O (20:80
v/V). The extract was filtered and set to the auto-sampler tray for analysis. For the preparation
of matrix match standard solutions, the target compounds were spiked into the final extract
after the evaporation step. In every batch of samples prepared, the preparation of at least one
procedural blank during the whole sample preparation procedure (including SPE process and
evaporation step) was essentially carried out in order to detect any cross-contamination.
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8.5.3. LC-MSM S measurements of Benzosulfonamides

Chromatographic separation was performed with Symmetry C18 (150 mm x 3.9 mm, 5um)
column and the column oven temperature was set at 25 'C. The collision gas (Ar) pressure
was set at 1.0 mTorr. The monitored ions for the compounds, the collision energies and the
tube lens voltage values set for the Pseudo SRM method are presented in Table 8.10.

Chromatographic analyses were carried out using an isocratic elution 15%ACN and 85%
Milli-Q grade water as binary mobile phase mixture at a flow rate of 400 pL min™.The ESI
was applied at a potential of -3.2 kV. The probe was set a a position in-between positions C
and D (for V-distance). The sheath gas (N) flow pressure was set at 30 psi, the auxiliary gas
(N2) flow rate was set at 20 A.U. and the ion transfer capillary temperature was set at 250°C.
The skimmer offset potential was set at 0 V. The data acquisition values were set at 0.20 s for
scan speed, 0.200 vz for scan width, 0.70 FWHM for resolving power and 10 A.U. for the
chromatography filter (noise reduction). The final in-vial composition of all wastewater
samples and standard solutions was in ACN/H,0 (20:80 v/v), and injection was carried out
with partial-loop injection (10 pL). Quantification of the compounds in wastewater samples
was carried out with standard addition method. One of the wastewater samples was spiked
before extraction at different concentration levels ranging from 5 to 250 ng mL™ in the final
extracts prior to analysis. The spiked samples were carried through the whole analytical
procedure as the samples and the peak areas of the spiked samples were used for constructing
calibration curves. The spiked sample calibration was necessary for quantification since no
internal standard was added to evaluate the method performance. Chromatograms of the
target compounds in dissolving solvents only (standard solution), wastewater samples spiked
with the target analytes prior to extraction (pre-extraction matrix spikes) and wastewater
samples spiked with target analytes after extraction (post-extraction matrix spikes) are
presented in Figures 8.2-8.4.
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8.6. RESULTS AND DISCUSSION
8.6.1. Extraction from wastewater

The recovery percentage corresponding to the extraction step was assessed by comparing the
responses obtained for samples spiked before and after the SPE steps. Five different SPE
sorbents (cartridges) were initially tested and evaluated for their extraction and
preconcentration efficiencies for the compounds in tap water. One of the sorbents is a C18
material (Isolute C18 500 mg/émL) while the remaining four sorbents are polymeric
materials (Oasis HLB, 200 mg/émL; Evolute ABN, 200mg/émL; and Strata-X, 200mg/6mL
and Polyclean polymeric 200mg/émL). With the Isolute C18, an exceptionally low recovery
of only 9% was obtained for BSA. Recoveries of 69% and 64 % were obtained for both o-
TSA and p-TSA respectively. The generally low recoveries of benzenesulfonamides with
Isolute C18 were mainly due to the highly hydrophilic properties of the compounds. Of the
three compounds, BSA is the most polar with LogK, value of 0.3, while the Log Ko, values
of 0-TSA and p-TSA are 0.84 and 0.82 respectively (Table 3.3). It iswidely known that C18
sorbents possess non-polar surfaces; as a result the compounds could not be strongly retained
by the Isolute C18 cartridge. The extent of non-retention increases with the polarity of the
compounds, therefore, responsible for the very low recovery obtained for BSA. On the other
hand, all the polymeric sorbents yielded high recoveries for all the compounds in tap water
(> 93%) as depicted in Tables 8.4-8.6. The high recoveries were attributed to the presence of
both hydrophilic and hydrophobic chemical moieties in each of the polymeric sorbents.We
subsequently adopted Polyclean polymeric (200mg/émL) cartridges for the extraction and
preconcentration of the compounds in wastewater at three different fortification levels
(0.5ug L™, 1.0 pg L™ and 5.0 pg L™). Recoveries for the three compounds at the three
fortification levels ranged from 83 to 118% (Table 8.11) indicating an excellent performance
of the sorbents for the extraction and preconcentration of the compounds in a complex

environmental matrix as wastewater.
8.6.2. Analytical Method Performance
8.6.2.1. Linearity

The linearity of the method for the compounds was determined as described in section 8.4.1
within a concentration range of 5 pug L™ and 250 pg L™ As shown in Table 8.10, the
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responses of MS/MS detector in wastewater were linear for all the target compounds with
coefficients of determination, R? of 0.9946 for BSA, 0.9966 for 0-TSA and 0.9993 for p-TSA.

8.6.2.2. Limits of detection (LODs) and Limits of quantification (L OQs)

The LODs and LOQs of the method in wastewater were determined as described in section
8.4.2 and values given in Table 8.11. The method LOD was 0.09 pg L™ for both BSA and o-
TSA while the LOD value was 0.01 ug L ™ for p-TSA. The method LOQ was 0.30 ug L™ * for
both BSA and o-TSA while the LOQ value was 0.04 ug L™ for p-TSA. Richter et al. also
calculated LOQ value of 0.01 pg L™ for p-TSA and LOQ value of 0.02 pg L™ for both BSA
and o-TSA in purified and drinking water using the signal to noise ratio approach [154].

Table 8.10: Some analytical characteristics of Pseudo-SRM method for the determination of
benzosulfonamides in wastewater: Calibration Equations, Coefficients of determination (R?) for
concentrations range between 5 pug L™ and 250 ug L™, Method limits of detection (LODs) and
quantification (LOQs) in wastewater

Compound | Calibration Equations | R? LOD (ugL™) | LOQ (ugL™

BSA y =9673.3x - 150628 | 0.9946 | 0.088 0.290
o-TSA y =17067x - 184106 | 0.9966 | 0.089 0.300
p-TSA y =9032.5x - 127474 | 0.9993 | 0.011 0.035

They could not determine LOQs of the compounds in wastewater samples because of their
ubiquitous occurrence in the matrices and therefore assumed the LOQs determined for
drinking water to be valid also for wastewater. Considering the ubiquitous occurrence of
these compounds (BSAS) in wastewater samples, the LOD and LOQ values obtained in this
study are low enough for adequate and accurate quantification of the compounds in the

matrices.
8.6.2.3. Method Recovery

The trueness of the method was evaluated through recovery experiments at three fortification
levels of the target compounds. To accomplish this, wastewater (50 mL) spiked with the
appropriate amount of the target compounds. The low, medium and high fortification levels
for the compounds were 0.5, 1.0 and 5 ng mL™, respectively. The method recovery was
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determined by comparing the response of each compound in the spiked wastewater samples
before extraction to the response of the compound in pure standard solution. The results are
givenin Table 8.11.

The absolute recoveries of all three compounds were low at the three fortification levels. The
low overall recoveries of the compounds were predominantly as aresult of the significant ion
suppression experienced (Fig. 8.2) since we did not experience significant incomplete
extraction during the SPE extraction step as substantiated by the results of SPE recoveries
(Table 8.11). It was therefore necessary to employ the method of standard addition for
accurate quantification of these compounds in the wastewater samples. Spiked sample
calibration curves were used for quantification since no internal standard was added to

evaluate the method performance.
8.6.2.4. Method Precision

Precision of the pseudo-SRM method was assessed by performing repeatability and
reproducibility experiments as described in section 8.4.4. At low fortification level
(0.5 pg L™, the absolute values (%RSD) for intra-day precision (repeatability) were 4.1%,
2.7% and 0.4% for BSA, 0-TSA and p-TSA respectively whereas the absolute values for
inter-day precision (reproducibility) were 9.3%, 11.2% and 13.6% respectively. The results
showed satisfactory intra- and inter-day precision of the analytical procedure.

Table 8.11: Recoveries and precision of Pseudo-SRM method for determination of
benzosulfonamides in wastewater

Compound SPE recovery Overall recovery Intra-day precision Inter-day
RSD (%) precison RSD
(%)
0.5 1.0 5.0 0.5 1.0 5.0 0.5 1.0 5.0 0.5
ugL™ | pgL™ | pgL™ | pgL™ | pgL™ | pgLl™ | pgL™ | pgL™ | pgL™ ugL™
BSA 118 84 105 38 21 40 4.1 6.7 51 9.3
o-TSA 101 115 106 38 23 37 2.7 6.8 5.9 11.2
p-TSA 83 95 94 35 35 54 0.4 10.2 6.3 13.6

185




8.6.3. Matrix Effects

The matrix factor of the method for every target compound was quantified by comparing the
slope of the matrix match curve with the slope of the standard solution curve, and
consequently the matrix effect (%) was calculated and presented in Fig. 8.1. It was evident
from Fig. 8.1 that ion suppression occurred for all target compounds. Comparing the matrix
effects for each compound in both tap water and wastewater, it was obvious that the ion
suppression phenomenon occurred at a higher level in wastewater than in tap water dueto the
presence of more interfering components. Standard addition method was therefore

incorporated to quantify the compounds.
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Fig. 8.10: Matrix effects (%) for benzosulfonamides in the dissolved phase of wastewater and
tap water

8.4. Environmental L evels of benzosulfonamides

The results of environmental levels at which the benzosulfonamides appear in wastewater
influent and effluent from STP of Athens are treated and discussed in detail in section 9.2.
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CHAPTER 9

OCCURRENCE AND FATE OF BENZOTRIAZOLES, BENZOTHIAZOLES
AND BENZOSULFONAMIDESIN SEWAGE TREATMENT PLANT OF
ATHENS

The understanding of the occurrence, removal and fate of emerging contaminants in different
wastewater treatment processes is a matter of high importance for ecosystem protection and
wastewater reuse. The amounts of the compounds found in effluent or sludge depend on the
removal efficiency of the treatment plant and the physicochemical properties of the
compounds. In particular, the effluent and sludge concentrations are important from the
environmental point of view since the compounds eventually find their way into the
environment through discharges of treated wastewater (effluents) into rivers or disposal of
sludge for agricultural and forest land.

9.1. Occurrence and fate of benzotriazoles and benzothiazolesin Athens STP

In order to study the occurrence and distribution of benzotriazoles and benzothiazoles in raw
wastewater, treated wastewater and sewage sludge, seasonal and daily variations in
concentration levels, distribution between dissolved and particulate phase were studied.
Mass balances were applied to investigate the role of sorption and biotransformation on the
removal of the compounds and to quantify the contribution of primary and secondary
sedimentation on their elimination.

9.1.1. Sampling and Analysis of benzotriazoles and benzothiazoles

Wastewater influent, effluent and sewage sludge were collected from Athens STP in two
different sampling campaigns and analyzed as described in sections 7.2.1 - 7.2.4. In brief, two
sampling campaigns were performed in December 2010 (05.12.10-11.12.10) and April 2011
(03.04.11-09.04.11). Twenty four-hour flow-proportional composite samples of sewage
influents and secondary effluents as well as grab dewatered sudge samples were taken in 7
consecutive days during each sampling campaign. No rain events were noticed in both
sampling periods. For the calculation of (K4 values), samples of primary sludge and
secondary sludge were taken in 5 consecutive days during the second sampling campaign and
concentrations of the target compounds were analyzed in the dissolved and particulate phase.
The analysis of benzotriazoles and benzothiazoles was carried out by LC-MS/MS after
extraction and preconcentration by SPE (sections 7.2.2 — 7.2.4).
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9.1.2. Calculations of removal efficiency, distribution coefficients and mass balances
The removal efficiency of the compounds during wastewater treatment was calculated from
the mass flows of each compound in raw sewage water (M) and secondary effluent (Mey)
according to Equation 9.1:
Removal (%) = (Mir) —(Me) x 100
(Mir) (9.1)
The mass load of target compounds that was lost in STP due to the sum of all transformation

processes (Wost,stp) Was calculated according to Equation 9.2:

\Nlost,STP = (Qinf X Cinf) - (Qeff X Ceff) - (MdaN.dudgeX Cdew.s!udge) (92)

where Qir and Qg are the flow rates (m® d™)of influent wastewater and effluent wastewater
respectively, Cins and Ce; are total concentrations (dissolved + particulate) of compoundsin
influent and effluent wastewater (mg m), Maew.sudge 1S the mass of dewatered sludge (Kg dw
d™h) and Ceew.sudge the compound concentration in dewatered sludge (mg Kg™ dw).
The mass load of compounds lost in activated sludge process (Wosas) Was calculated using
Equation 9.3:

Wiog,as = (Qint X Cint ) — (Worim.sudge) — (Qett X Cefr) — (Weee sudge) (9.3
where Wyim sudge 8Nd Weee sudge @€ the mass outputs (mg d™) of compounds in primary and

secondary sludge respectively. These values were calculated using Equations 9.4 and 9.5:

Wprim.sludge = (cgprim.smdgeX Cinf,w) + ( Mprim.sludge X Kd(prim.s|udge) X Cinf,w) (94)
1000

Wsec.s!udge = (Qsec.s!udgex Ceff,w) + ( Msec.sludge X Kd(sec.s!udge) X Ceff,w) (95)
1000

where Qpim sudge ad Qesec sudge are the flow rates (m® d™) of primary and seconadary sludge,
Cintw and Ceiw the dissolved concentrations(mg m™®) of the compounds in influents and
effluents, Mprimsudge @8N0 Mecsudge @€ the mass outputs of primary and secondary sludge (Kg
d™* dw) while Kggprimsudge @nd Kgesec.sudge) ae the solid —water distribution coefficients(L Kg™)
in primary and secondary sludge respectively.

The values of Kq were estimated for primary and secondary sludge using Equation 9.6:
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9.1.3. Occurrence of benzotriazoles and benzothiazoles in wastewater

During the two sampling campaigns, twenty eight samples were collected altogether:
fourteen influent samples and fourteen effluent samples. The data obtained are presented in
Table 9.1. For the untreated wastewater al the benzotriazoles (except XTR) and
benzothiazoles (except 2-Amino-BTH) were detected in all samples. For most of the
compounds, concentrations determined in this study fall into the range reported in the
literature or even lower/higher in few cases [48,209,224,228,229,230,237,245,246,250,251].
It should be noted that in this work, the employed analytical method for the determination of
these compounds does not separate the isomers of 4-Me-1H-BTR and 5-Me-1H-BTR
(Chapter 7) and therefore were quantified together as TTR. Lower mean concentrations were
observed for 1H-BTR in this study compared to some other studies [12,14,152,230] whereas
much higher concentrations were detected in this study for TTR [13,153]. However, higher
maximum concentrations up to 100 pg L™ and 8 pg L™ in wastewater were detected for 1H-
BTR in Switzerland and the Netherlands respectively [153,223]. Though the concentration of
2-Me-S-BTH was noticeably high (maximum concentration of 4522 ng L™ in influent
wastewater), Pena et al. also found a much higher concentration up to 13,200 ng L™ for the

compound in raw wastewater.

Considering seasonal variation, there was no staftistically significant differences in the
concentration levels of the compounds between different sampling campaigns indicating a
rather uniform use during the year. Statistically significant higher concentrations were
observed only for BTR and XTR in the first campaign and for TTR and 2-OH-BTH in the

second campaign.
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Table 9.1: Occurrence of BTRs and BTHSs in I nfluent and secondary effluent wastewater (in ng L™), (n=14)

Compound Influent Effluent

LOD | LOQ | Frequency | Mean | Median | Min | Max | Frequency | Mean | Median | Min | Max

(%) (%)°

1H-BTR 0.77 | 25 100 1175 829 516 | 2632 100 300 325 14 548
1-OH-BTR 3.1 10 100 240 224 129 448 53 47 38 <LOD | 182
TTR 0.13 | 042 100 7270 | 6307 2833 | 15971 100 3028 | 2824 352 | 5773
XTR 034 | 11 64 11 9 <LOD | 27 79 11 9 <LOD | 30
BTH 17 55 100 1096 1117 528 | 1452 100 254 161 89 616
2-OH-BTH 4.6 15 100 503 420 256 908 100 251 264 94 514
2-Amino-BTH | 4.2 14 14 <LOD | <LOD |<LOD | 18 21 <LOQ | <LOQ |<LOD | 31
2-Me-SBTH | 0.085| 0.28 100 719 398 219 | 4522 100 112 86 36 368

% Frequency of detection: Percentage of samples with concentration higher than limit of quantification of the method
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Comparison of concentrations determined between different days of each sampling campaign
showed that there was no significant correlation between specific day of the week and higher
concentrations. However, the ratio of maximum to minimum concentration during a week
was only significant for 2-Me-S-BTH in the first sampling campaign where a ratio higher
than 10 was calculated (Fig 9.1) indicating that occasional use and/or no continuous sources
could be responsible for its release into the sewerage system. For the remaining BTRs and
BTHSs, the concentrations were much more stable during the week (Fig 9.1) probably due to

their wide use in several every-day products.
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Fig 9.1: Ratio of maximum to minimum concentration of individual BTRs and BTHs during a week.
Data are given for both sampling campaigns and for the compounds that all concentrations were
above the method LOQ.

Investigation of the distribution of the compounds between dissolved and particulate phase of
influent wastewater showed that the major part of BTRs and BTHs were in the dissolved
phase (Fig 9.2). Nevertheless, even though the compounds are known to be highly or
moderately polar (Tables 3.1 and 3.2), a significant part, ranging up to 14% for 1H-BTR and
20% for BTH, was till found in the particulate phase. These findings therefore, reflect the
importance of analysis of the compounds both in the dissolved phase and particulate phase of
influent wastewater in order to avoid their underestimation in STPs.
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Fig. 9.2: Distribution of BTRs and BTHs between dissolved and particulate phase in influent
wastewater.

Regarding treated wastewater (effluents), the highest mean concentrations of 3028 ng/L for
TTR and 254 ng L™ for BTH were found for both classes BTRs and BTHSs respectively.
Calculation of the average daily loads of the compounds showed that almost 2500 g d™ of
BTRs, of which 90% is due to TTR, are discharged via treated wastewater to the aguatic
environment. TTR is a technical mixture of 4-methyl benzotriazole and 5-methyl
benzotriazole with low acute toxicity on aguatic organisms in the range of mg L™, Very little
information about its chronic toxicity is presently available [44,181]. Having in mind the
amounts of these compounds that are discharged into the aquatic environment as well as their
toxicological characteristics, the adoption of advanced wastewater treatment processes seems

to be necessary to achieve further removal before final wastewater disposal.
9.1.4. Occurrence of benzotriazoles and benzothiazolesin sewage sudge

A total of fourteen dewatered sudge samples were collected from STP of Athens during this
study. The results are demonstrated in Table 9.2. The highest mean concentrations among the
BTRs and BTHs were observed for TTR (146 ng g* dw) and 2-OH-BTH (52 ng g™ dw)
respectively.
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Table 9.2: Occurrence of BTRs and BTHs in sewage sludge (in ng g* dw), (n=14)

Compound Sewage Sludge
LOD | LOQ Fre%]uearl]cy Mean | Median | Min Max
1H-BTR 0.69 2.3 (1/83) 114 87 76 412
1-OH-BTR 7.6 25 0 <LOD | <LOD | <LOD | <LOD
TTR 0.06 | 0.21 100 146 154 72 205
XTR 0.26 | 0.85 43 4 <LOD | <LOD 22
BTH 13 41 93 86 82 <LOD | 174
2-OH-BTH 4 13 100 189 231 33 312
2-Amino-BTH 10 34 0 <LOD | <LOD | <LOD | <LOQ
2-Me-SBTH [ 0.042| 0.14 100 52 54 23 77

®Frequency of detection: Percentage of samples with concentration higher than limit of quantification
of the method.

The concentrations of BTRs in sludge were in the same range with those reported in the
literature [227,228]. Until the period of this work, no systematic study on the occurrence of
benzothiazoles in dewatered sewage sludge has been undertaken. Wick et al recently detected
some BTHs in activated sludge samples taken from aerated tank of a German STP [251].

9.1.5. Removal of benzotriazoles and benzothiazoles during wastewater treatment
processes

The removal efficiency of the compounds during wastewater treatment and their fate in STP
were investigated using Equations 9.1 and 9.2 respectively. The results are shown in Fig. 9.3.

According to the results, three of the compounds presented high removal (> 70%), three
partially removed (30 -70%) while one was slightly removed.

The compounds with high removal efficiencies were BTH, 2-Me-S-BTH and 1-OH-BTR.
High removal efficiency has also been reported for BTH [13]. So far, there are limited and
contradictory observations for the removal of 2-Me-S-BTH during wastewater treatment
[208,224] as it is considered to be formed via methylation of mercaptobenzothiazole during
wastewater treatment system and in the sewerage system [208].

193



i Effluent

H Sludpe

Removal Efficiency in STP(%:)

H Loss

[ T @I e [E I [ i
s B B FE B E = &
T L I T a ]
(] & O =
—- = ~ E
2 0

o

Compound

Fig. 9.3: Removal efficiency of BTRs and BTHs during wastewater treatment and their fatein STP

Regarding 1-OH-BTR, to the best of our knowledge this study happens to be the first where
its removal was systematically studied in a STP.

The compounds that were partially removed (30- 70%) were TTR, 1H-BTR and 2-OH-BTH.
The extent of removal of 1H-BTR and TTR in this study is in agreement with the removal
efficiencies earlier reported for these compounds [149,223]. XTR was only slightly removed
in this study.

9.1.6. Fateof BTRsand BTHsduring primary and secondary wastewater treatment

In order to clarify the role of primary and secondary sedimentation of the compounds, sludge
samples were taken from primary and secondary clarifiers and Ky values calculated for the
compounds that presented significant removal during wastewater treatment (Fig. 9.3). The
results are given in Table 9.3.

The K4 values for BTRs and BTHs were much low, not exceeding 227 L Kg™ for (2-OH-
BTH and in secondary sludge). Again, to the best of our knowledge, this is the first study in
which the study of distribution coefficients of BTRs and BTHs is undertaken. The calculated
Kq values were used in the corresponding mass balances for studying their removal during
primary and secondary treatment.
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For BTRs and BTHSs, the role of sorption seems to be of minor importance (Fig 9.4).

Benzotriazole are polar compounds (Table 3.1) and at neutral pH are expected to be in non-

ionic form

Table 9.3: Distribution coefficients values Kq (in L Kg?) for BTRs and BTHSs in primary and

secondary sludge.
Compound Primary Sludge Secondary Sludge
Cu(ngL™) [ Cs(ngg™) | Ka(L Kg¥) | Cu(ngL™) [ Cs(ngg™) | Ka (L Kg™)
1H-BTR 2882 + 1419 16+5 7+3 391+ 224 32+7 133+ 104
1-OH-BTR <LOD? <LOD NCP <LOD? <LOD NC
TTR 19324 + 6761 14+2 0.8+0.2 |5623+858| 31+15 6+4
BTH 10705+5897 | 29+ 10 3+2 121 + 110 24+ 6 147 + 63
2-OH-BTH 6880 + 4428 63+44 27+ 23 193 + 58 39+ 12 227 + 120
2-Me-S-BTH | 1115+ 586 22+ 10 21+3 211 + 57 39+21 181 + 56
3 <. OD, not detected. ® NC, not calculated.
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Fig. 9.4: Fate of BTRs and BTHs during wastewater treatment

Figure 9.4 shows that a significant part of all the compounds was lost through biologigal
wastewater treatment ranging from 28% for 2-OH-BTH to 75% for 2-Me-S-BTH. Due to the

fact that none of the compounds is very volatile and photodegradation seems unlikely to be of
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high importance in the conditions usually found in biological reactors (high depth, existence
of suspended solids and turbid liquor), the major mechanism responsible for their removal is
biotransformation/biodegradation. So far, there are some laboratory- scale studies which have
reported the ability of biological treatment to remove these compounds from wastewater
[212,261]. However, the existing knowledge on the biotransformation pathways of the

compounds is limited which requires more studies in the future.

9.2. Occurrence and Removal of benzosulfonamidesin wastewater from Athens STP

For the purpose of investigation of the occurrence of benzosulfonamides in wastewater,
fourteen samples comprising seven wastewater influent and seven wastewater effluent
samples were collected from STP of Athens during a sampling campaign in April, 2012. The
samples were taken in seven consecutive days (24-hour composite flow), treated and
analyzed as described in sections 8.51-8.53. The results are presented in Table 9.4.

All the benzosulfonamides (BSA, o-TSA and p-TSA) were detected in all the wastewater
influent samples. Regarding wastewater effluents, the two isomers (0-TSA and p-TSA) were
found in all samples, while BSA was detected in only 43% of the effluent samples giving a
hint of its removal during wastewater treatment processes. Among the three
benzosulfonamides, highest concentrations were observed for p-TSA both in the influent and
effluent samples. The concentration levels in wastewater influents ranged from 734 -1473 ng
L™ for p-TSA, 349- 664 ng L™ for 0-TSA and 387 — 1228 ng L™ for BSA. In wastewater
effluents, concentration levels ranged from 353-937 ng L™ for p-TSA, 442 — 935 ng L™ for o-
TSA and <LOD to 339 ng L™ for BSA.

Until the period of this study, very limited studies have focused on the determination of these
compounds in wastewater. To the best of our knowledge, only Richter et a determined the
three compounds (BSA, o-TSA and p-TSA) simultaneously in wastewater. Jover et d
included only p-TSA among the benzosulfonamides in their study. Consequently, there are
very limited data to compare our results with. In agreement with our study, Richter et al also
found highest concentrations for p-TSA in influent samples [154,215]. In composite
wastewater influent and effluent samples that were collected over 24 hour, concentrations of
p-TSA ranged from 5000 -8000 ng L™ in the influent samples and from 500-1000 ng L™ in
the effluent samples [154]. Noticeably, these concentrations of p-TSA in the effluents were

much higher than the levels obtained in this study.
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Table 9.4: Occurrence of BSAs in Influent and secondary effluent wastewater (inng L™), (n=7)

Compound Influent Effluent
LOD | LOQ | Frequency | Mean | Median | Min | Max | Frequency | Mean | Median | Min | Max
(%) (%)
BSA 88 | 290 100 673 652 365 | 1228 43 <LOQ | <LOQ |<LOD | 339
o-TSA 89 | 300 100 484 441 349 | 664 100 648 639 | 442 935
p-TSA 11 35 100 998 1074 | 734 | 1473 100 627 520 353 | 937

% Frequency of detection: Percentage of samples with concentration higher than limit of quantification of the method
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However, the concentrations of p-TSA in the effluents (through which most organic
micropollutants are discharged into the aquatic environment) were at similar levels as the
ones obtained in our study (Table 9.4). Jover et a obtained a much lower concentration of 94
ng L™ for p-TSA in effluent from an industrial WWTP [152]. In this work, athough o-TSA
was detected in lower amounts than p-TSA in the influents, the concentrations of o-TSA in
al the effluents exceeded the concentrations in the corresponding influent samples. This
same phenomenon of formation of o-TSA during treatment processes was also observed by
Richter et al [154,215] and suggested that a site specific process might be responsible for the
formation of o-TSA during wastewater treatment. The concentration levels of o-TSA
obtained in this study (median concentration of 442 ng L™) lie within the same order of
magnitude (median concentration of < 500 ng L™) as detected by Richter et al. [154,215].

BSA was found in wastewater influents at concentration levels comparable to p-TSA (365-
1228 ng L™) but much lower concentration levels than p-TSA appeared in the effluent

samples.

The trends of removal rates of the compounds during wastewater treatment over the week of
sampling are displayed in Fig. 9.5. Effluent concentrations of o-TSA during the week were
higher than corresponding concentrations in influent. o-TSA was noticeably formed during
wastewater treatment processes (Fig. 9.5). Richter et a also observed the formation of 0-TSA
during wastewater trestment [215]. This process of formation of o-TSA is presumably caused
by biodegradation or bioconversion of a sulfonamide with higher molecular weight [257].
Richter and co-workers assumed in their study that BSA is a metabolite of a sulfonamide
because it was formed during wastewater treatment and they suggested that the formation
was due to biodegradation or bioconversion of a sulfonamide with a higher molecular weight.
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Fig 9.5: Trends of removal of BSAs over the week during wastewater treatment

On the contrary, in our studies, BSA removal was significant through out the
week indicating that the compound was largely eliminated during treatment. This significant
removal of BSA does not undermine its possible formation during treatment (as suggested by
Richter et d), it is possible that the rate of biotransformation of a higher molecular weight
sulfonamide to BSA was slower than the rate of BSA biodegradation [187] or absence of the
higher molecular weight sulfonamide, hence, rendering its removal significant. In this study,
p-TSA was partially removed during wastewater treatment, thus serving as a potential source

of entry into surface water and groundwater compartments.

It should be noted that apart from the physicochemical properties of organic micropollutants,
there are other STP operational factors that could affect their removal during wastewater
treatment [244], these factors are site specific and may lead to variation in rates of removal of
a micropollutant from one STP to another. Some of the factors include sludge retention time,
biomass concentration, temperature and pH value during treatment.

Moreover, more studies have to be carried out to investigate the fate of these compounds
(BSAS) during wastewater trestment. To this effect, future investigation should include the
analysis of particulate phase of wastewater and sludge for comprehensive study of the role of
sorption on the removal of the compounds even though they are hydrophilic (Table 3.3) and
their sorption to solid matrices might seem negligible.
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Finally, the fact that p-TSA and o-TSA are still present in high concentrations even in the
effluent samples raises concerns. Further investigations on the processes controlling their
occurrence, behaviour and degradation during wastewater treatment are therefore essential

even though very little isknown at present about their toxicological relevance.
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CHAPTER 10

CONCLUSIONS

Our current study focused on the development of analytical methods for the determination of
three classes of emerging contaminants in wastewater and sewage sSludge by liquid
chromatography-tandem mass spectrometry; and application of the developed methods in
studying the occurrence, removal rate and fate of these compounds in the sewage treatment
plant of Athens, Greece.

An integrated method based on LC-(ESI+)MS/MS was developed for the simultaneous
determination of four benzotriazoles (1H-BTR, 1-OH-BTR, TTR and XTR) and four
benzothiazoles (BTH, 2-OH-BTH, 2-Amino-BTH and 2-Me-S-BTH) in wastewater
(dissolved phase and particulate phase) and sewage sludge. A solid-phase extraction protocol
was optimized for the extraction of the target compounds from dissolved phase of wastewater
while an ultra-sonication procedure was employed for the extraction of the compounds from
sludge and particulate phase of wastewater. The analytical performance parameters of the
developed method, in terms of linearity, recoveries, limits of detection (LODs) and limits of
guantification (LOQs) showed its suitability for accurate identification and quantification of
the target compounds in wastewater and sewage sludge. Limits of detection of the
compounds in this study were at similar levels or lower than those reported in previous
studies. This analytical approach was proven to be highly selective and sensitive due to the
incorporation of a tandem mass detector and the incorporation of a suitable chromatographic
system. The developed method was successfully applied for the determination of the target
compounds in wastewater and sludge samples from the sewage treatment plant of Athens,
Greece.

Secondly, an analytical methodology was also developed for quantification of three
benzosulfonamides (benzenesulfonamide, o-toluenesulfonamide and p-toluenesulfonamide)
in wastewater based on pseudo-selected reaction monitoring (pseudo-SRM) mass
spectrometry. A solid phase extraction procedure was developed for preconcentration and
extraction of the compounds from wastewater. Extracts were analyzed with
LC-(ESI-)MS/MS in Pseudo-SRM mode. Method limits of detection (LODs) of 0.01 ug L™
for p-toluenesulfonamide and 0.09 pg L™ for both benzenesulfonamide and o-
toluenesulfonamide were obtained in wastewater. To the best of our knowledge, this is the
first study where limits of quantification (LOQs) were really determined for the compounds
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in wastewater based on LC-MS/MS. Richter et a. [154] could not determine LOQs of the
compounds in wastewater samples because of their ubiquitous occurrence in the matrices and
therefore assumed the LOQs determined for drinking water to be valid also for wastewater.
Considering the ubiquitous occurrence of these compounds (BSAS) in wastewater samples,
the LOD and LOQ values obtained in this study were low enough for adequate and accurate
quantification of the compounds in the matrices. The method was employed for the
determination of the compounds in wastewater from the sewage treatment plant of Athens,

Greece.

Finally, the occurrence of the target benzotriazoles, benzothiazoles and benzosulfonamides
in raw wastewater, treated wastewater and sludge samples from sewage treatment plants of
Athens; as well as their removal and fate during treastment processes were systematically
studied. Distribution coefficients were estimated, for the first time, for benzotriazoles and
benzothiazoles in primary and secondary sludge. Mass balances were applied to investigate
the role of sorption and biotransformation on the removal of the compounds and to quantify

the contribution of primary and secondary sedimentation on their elimination.

For the untreated wastewater al the benzotriazoles (except XTR) and benzothiazoles (except
2-Amino-BTH) were detected in all samples. For most of the compounds, concentrations
determined in this study fall into the range reported in the literature or even lower/higher in
few cases. Investigation of the distribution of the compounds between dissolved and
particulate phase of influent wastewater showed that a significant part, ranging up to 14% for
1H-BTR and 20% for BTH, was found in the particulate phase thus, necessitating their

analysis also in the particulate phase to avoid their underestimation in wastewater.

In sewage sludge, the highest mean concentrations among the BTRs and BTHs were
observed for TTR (146 ng g* dw) and 2-OH-BTH (52 ng g dw) respectively. Until the
period of this work, no systematic study on the occurrence of benzothiazoles in dewatered
sawage sludge had been undertaken. Wick et al only detected some BTHs in activated sludge
samples taken from aerated tank of a German STP [251].

During wastewater treatment, 1-hydroxybenzotriazole, benzothiazole and 2-methythio-
benzothiazole were highly removed whereas tolyltriazole, 1H-benzotriazole and 2-
hydroxybenzothiazole were only partially removed. Biodegradatior/biotransformation was
the major mechanism responsible for the removal of benzotriazoles and benzothiazoles

during wastewater treatment.
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Among the benzosulfonamides, highest concentrations were found for p-toluenesulfonamide
(up to 1473 ng L™ in both influent and effluent wastewater samples. Benzenesulfonamide
was largely removed, p-toluenesulfonamide was partially removed and o-toluenesulfonamide

was formed during wastewater treatment.

Moreover, more studies should be carried out to investigate the fate of these compounds
(BSASs) during wastewater treatment. To this effect, future investigation should include the
analysis of particulate phase of wastewater and sludge for comprehensive study of the role of
sorption on the removal of the compounds even though they are hydrophilic and their

sorption to solid matrices might seem negligible.

Having in mind the amounts of these compounds (benzotriazoles, benzothiazoles and
benzosulfonamides) that are discharged into the aquatic environment as well as their
toxicological characteristics, the adoption of advanced wastewater treatment processes seems
to be necessary to achieve further removal before final wastewater disposal. The existing
knowledge on the biotransformation pathways of these compounds of emerging concern is

limited and requires more studies in the future.

Finally, this study underscores the need for thorough control and environmental monitoring
of the target benzotriazoles, benzothiazoles and benzosulfonamides in the aguatic

environment.
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ABBREVIATIONSACRONYMS

List of Abbreviations

H-BTR 1H-Benzotriazole

1H-BTR-d4 Benzotriazole-d4

1-OH-BTR 1-hydroxybenzotriazole

2-Amino-BTH 2-amino-benzothiazole

2-Me-S-BTH 2-methylthio-benzothiazole
2-Me-SH-BTH 2-mercaptobenzothiazole

2-OH-BTH 2-hydroxybenzothiazole

4-Me-1H-BTR | 4-methylbenzotriazole

ATTR 4-tolyltriazole

5-CI-BTR 5-Chlorobenzotriazole

5-Me-1H-BTR 5-methylbenzotriazole

5TTR 5-tolyltriazole

XTR Xylyltriazol e/5,6-dimethylbenzotriazole
ACN Acetonitrile

ADAFs Aircraft deicing and antifreeze fluids
APCI Atmospheric Pressure Chemical |onization
AP Atmospheric Pressure | onization

APPI Atmospheric Pressure Photo lonization
ASE Accelerated solvent extraction

ATR-d5 Atrazine-d5

BFRs Brominated Flame Retardants

BOD Biochemical Oxygen demand

BSA Benzenesulfonamide

BSAs Benzosulfonamides

BTH Benzothiazole

BTHs Benzothiazoles

BTR Benzotriazole

BTRs Benzotriazoles

CAS Conventional activated dudge

COD Chemical Oxygen Demand

DDT Dichlorodiphenyltrichloroethane
DLLME Dispersive Liquid-liquid microextraction
ECs Emerging Contaminants

El Electron Impact

ES Electrospray lonization

EU-WFD European Union-Water Framework Directive
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FID

Flame lonization Detector

Fl Fluorescence

GC Gas chromatography

GC x GC-

TOF/MS Two dimensional gas chromatography-time of flight mass spectrometry
GC-MS Gas Chromatography-Mass Spectrometry
GC-MSMS Gas Chromatography-Tandem Mass Spectrometry
GC-MSD Gas chromatography-mass sel ective detector
H,O Water

HCI Hydrochloric acid

HCOOH Formic acid

HPLC High Performance Liquid Chromatography
HPLC-UV High performance Liquid Chromatography-ultraviolet detection
HRMS High Resolution Mass Spectrometry

ICP-MS Inductive Coupled Plasma-Mass Spectrometry
IL lonic liquid

IS Internal standard

IT lon Trap

LC Liquid chromatography

LC-MS Liquid Chromatography-Mass Spectrometry
LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry
LLE Liquid-Liquid Extraction

LOD Limit of detection

LOEC Low observable effect concentration

LOQ Limit of Quantification

LPME Liquid Phase Microextraction

LSE Liquid solid extraction

LTQ-FT Linear ion trap-Fourier Transform

m/z Mass to chargeratio

MBR Membrane bioreactor system

MeOH Methanol

MRM Multiple reaction monitoring

MS Mass spectrometry

MSMS Tandem mass spectrometry

MS Tandem mass spectrometry

NMs Nanomaterials

NOEC No observable effect concentration

NPs Nanoparticles

o-TSA Ortho-tol uenesulfonamide

PAHSs Polycyclic Aromatic Hydrocarbons

PBBs Pol ybrominated Biphenyls

PBDE Pol ybrominated Diphenyl Ether
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PCB Polychlorinated Biphenyls

PFCs Perfluorinated Compounds
PFOA Perfluorooctanoic Acid

PFOS Perfluoro octane sulfonate

PLE Pressurized liquid extraction
PNEC Predicted no effect concentration
POPs Priority Organic Pollutants
PPCPs Pharmaceuticals and Persona Care Products
Pseudo-SRM Pseudo-selected reaction monitoring
p-TSA Para-toluenesulfonamide

QC Quality Control

QuQ Triple Quadrupole

Rec Recovery

Ref. Reference

RNA Ribonucleic acid

RP-LC Reversed phase-liquid chromatography
RRT Rel ative retention time

RSD Relative standard deviation

RT Retention time

SBSE Stir bar sorptive extraction

SIM Selective ion mode

SNR Signal to noiseratio

SPE Solid Phase Extraction

SRM Selected reaction monitoring
STP Sewage Treatment Plant

TOF Time-of-Flight

TTR Tolyltriazole

USGS United State Geological Survey
uv Ultraviolet

WWF World Wide Fund

WWTP Wastewater Treatment Plant
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APPENDIX 1

Tablesand Figuresfor Chapter Seven

TableA7.1: Average (n=3) retention times (RT) BTRs and BTHs with XTerraM S C18 column.

Compounds RT (min)
1H-BTR 5.83
1-OH-BTR 4.27
TTR 7.15
XTR 8.08
BTH 8.87
2-OH-BTH 8.18
2-Me-S-BTH 10.97
2-Amino-BTH 4.41

208



Table A7.2: Retention Times (RT), Relative Retention Times (RRT), and lon Ratio % of BTRsand BTHs in dissolved phase of wastewater samples

Compounds RT £ RSD % (n=6) RRT with ATR-D5 + RSD % (n=6) / lon Ratio % = RSD % (n=6)
RRT with 1H-BTR-d4 + RSD % (n=6)
Low Medium High Low Medium High Low Medium High
level level level level level level level level level
1H-BTR 6.72+0.21 6.73+£0.19 6.74+0.07 0.64+0.26/ 0.64+0.19/ 0.64+0.07/ 46.57+£3.12 45.31+3.12 45.27+2.25
1.01+0.39 1.01+0.31 1.01+0.43
1-OH-BTR 5.32+0.59 5.32¢+0.45 5.32¢0.19 0.51+0.62/ 0.51+046/ 0.51+0.19/ 13.06+12.41 12.12+14.07 9.27+13.98
0.80+0.63  0.80+0.28 0.80+0.53
TTR 7.99+0.07 8+0.07 8.01+0.10 0.76x0.02/ 0.76x0.13/ 0.76+0.10/ 23.4+0.76 23.32+£3.07 23.42+1.8
1.2+0.16 1.2+0.25 1.2+0.43
XTR 8.97+0.06 8.96+0.11 8.96+0.16 0.85+0.12/ 0.85+0.15/ 0.85+0.16/ 68.44+2.4 64.97+5.14 63.23+£3.41
1.35+0.27 1.34+027 1.35£0.49
BTH 9.64+0.06 9.64+0.1 9.65+0.10 0.92+0.11/ 0.92+0.10/ 0.92+0.10/ 39.56+£11.77 40.09+17.86 44.22+10.12
1.45+0.26 1.45+0.23 1.45£0.46
2-OH-BTH 9.15+0.15 9.15+0.14  9.15+0.16 0.87+0.2/ 0.87+0.22/ 0.87+0.16/ 111.05+22.39 92.89+7.52 92.39+4.4
138:034 1372021 137044
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2-Me-SBTH 11.71+0.08 11.71+0.04 11.71+0.05 1.12+0.08/ 1.11+0.06/ 1.11+0.05/ 12.13+3.43 11.95+3.60 13.01+5.52

1761025 762022 4 26036

2 Amino-BTH 5194035 519+025 510+036 049:036/ 049+034/ 049:036/  2r01¥265 o a0.555 2318410

0.78+0.50  0.78+0.22 0.78+0.72

*The low, medium and high fortification level for all compounds, except from TTR, was 25, 50 and 100 ng mL™, respectively. For TTR, the low, medium and high fortification level was 50,
100 and 300 ng mL ™, respectively.

Table A7.3: Retention times (RT), Relative Retention Times (RRT), and lon Ratio % of BTRs and BTHs in sludge samples.

Compounds RT £ RSD % (n=6) RRT with ATR-D5 + RSD % (n=6) / lon Ratio % = RSD % (n=6)

RRT with 1H-BTR-d4 + RSD % (n=6)

Low Medium High Low Medium High Low Medium High
level level level level level level level level level
1H-BTR 6.71+0.14  6.71+0.07 6.71+0.14  0.64+0.22/ 0.64+0.08/ 0.64+0.23/  48.42+7.02 47.27+3.36 44.70+2.57

1.01+0.74  1.01+0.44 1+0.55

1-OH-BTR 5.33#0.22 5.32+0.32 531024 051+0.21/ 0.51x0.37/ 051+0.21/ 13.40+19.34 11.66+15.03  11.13+8.46

0.80+0.82  0.80+0.42 0.79+0.27

TTR 8.02+0.06  8.02+0.18 8.01+0.06 0.76x0.1/ 0.76£0.12/ 0.76x0.09/  27.49+6.16 24.49+1.74 23.68+3.02

1.2+0.58 1.2+0.47 1.2+0.51

210



XTR 8.95+0.17  8.96+0.06 8.95+0.11  0.85+0.13/ 0.85+0.15/ 0.85+0.1/ 64.01+5.81 64.46+2.20 62.15+2.63

1.34+0.38  1.35+0.47 1.34+0.38

BTH 9.63+0.18  9.63+0.1 9.63+0.05 0.92+0.22/ 0.92+0.04/ 0.92+0.16/ 47.75+4.83 45.51+2.31 44.76+3.50

1.44+0.63  1.45+0.48 1.44+0.46

2-OH-BTH 9.15+0.12  9.15+0.11  9.13+0.17 0.87+0.05/ 0.87£0.01/ 0.87+0.13/ 76.04+8.64 84.16+7.45 85.25+7.13

1.37+0.75  1.37+0.26 1.37+0.57

2-Me-SBTH 11.70+0.08 11.70+0.18 11.70+0.16 1.12+0.14/ 1.12+0.19/ 1.12+0.09/ 11.24+8.13 10.04+7.13 11.08+6.97

1.75+0.37  1.75+0.46 1.75+0.22

2- AminoBTH 5.27+050 5.29+0.36 5.30+0.24  0.5+0.58/ 0.5+0.47/ 0.51+0.12/  22.21+6.96 22.46+3.53 21.99+1.99

0.79+0.86  0.79+0.26 0.79+0.45

*The low, medium and high fortification level for all compounds, except from TTR, was 25, 50 and 100 ng mL™, respectively. For TTR, the low, medium and high fortification level was 50,
100 and 300 ng mL ™, respectively.
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Figure A7.1.: Quantification SRM of TTR (RT= 8.09 min) from sludge sample after 15 min of
ultra-sonication at 37 + 2 °C.
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Figure A7.2.: Quantification SRM of TTR (RT= 8.09 min) from sludge sample after 30 min of
ultra-sonication at 37 + 2 °C.
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Figure A7.3. Quantification SRM of TTR (RT 8.11 min) from sludge sample after 45 min of

ultra-sonication at 37 + 2 °C.
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Figure A7.4.: SRMsof 1H-BTR-d4 (RT=6.67 min) at afortification level of 25 ng mL™ in solvent

solution.
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Figure A7.5: SRM chromatograms for BTRs and BTHSs of matrix-matched wastewater sample at a
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Figure A7.6. SRM chromatograms for BTRs and BTHs of a matrix match sludge sample at a
fortification level of 100 ng mL™ for TTR and 50 ng mL™ for the rest target compounds (m/z
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