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Assessment of trihalomethane and haloacetic acid formation potential
reduction by drinking water treatment processes: Application on iodide and
bromide impacted waters

Disinfectants react with natural organic matter (NOM) to produce undesired disinfection by-products (DBPs).
Drinking water resources in coastal areas can be impacted by higher concentrations of iodide leading to
iodinated DBP formation which are more toxic than their brominated and chlorinated analogues. Two
analytical methods to analyse DBPs by headspace-trap gas chromatography were developed at Lille University:
one for the trihalomethanes — with a focus on iodinated species (I-THMs) — and one for the haloacetic acids
(HAAs). Those methods were implemented in a collaboration with De Watergroep to look at the removal of
these DBP precursors in a full-scale drinking water treatment plant as well as in the assessment of ion exchange
resins, as part of an ambitious project to modernize the plant. As well as formation potential tests on real
waters, different scenarios of increasing iodide and bromide concentrations were tested. The results were also
related to the characterization of the natural organic matter, with the removal of humic substances and
building blocks leading to the greatest abatement of THM formation potential during coagulation-decantation
and ion exchange treatment. Preformed I-THMs and HAAs were greatly removed by the granular activated
carbon filters in the full scale plant, reducing the overall relative cytotoxicity. Amberlite IRA410 had the best
performance amongst 4 resins on NOM removal and DBP formation potential reduction.

Key-words: DBPs, chlorination, trihalomethanes, haloacetic acids, natural organic matter, iodide, bromide, ion
exchange resins.

Evaluation de la réduction du potentiel de formation des trihalométhanes et
des acides haloacétiques par des procédés de traitement de I’eau potable :
Application sur des eaux impactées par les ions iodure et bromure

Les désinfectants utilisés dans la production d’eau potable réagissent avec la matiére organique naturelle et
produisent des sous-produits de désinfection. Les ressources en eaux potables dans les régions cotieres sont
susceptibles d’étre impactées par des concentrations plus élevées en ions iodure entrainant la formation de
sous-produits iodés, plus toxiques que leurs analogues bromés et chlorés. Deux méthodes analytiques ont été
développées a I’Université de Lille : une méthode pour analyser les trihalométhanes — en particulier les especes
iodées (I-THMs) — et une méthode pour les acides haloacétiques (HAAs). Ces méthodes ont été utilisées pour
une étude sur une usine de traitement de I’eau ainsi que pour I’évaluation de résines échangeuses d’ions, dans
le cadre d’'un ambitieux projet de modernisation de l'usine. En plus de tests de potentiels de formation,
différents scénarios de concentrations croissantes en ions iodure et bromure ont été testés. Les résultats ont
également été reliés a la caractérisation de la matiére organique naturelle, avec I'abattement des substances
humiques et des building blocks entrainant la plus grande réduction en potentiel de formation des THMs,
durant la coagulation-décantation et lors du traitement par résines échangeuses d’ions. Les I-THMs et HAAs
déja formés furent significativement éliminés par les filtres a charbon actif sur l'usine de traitement, abaissant
la cytotoxicité relative globale. La résine Amberlite IRA410 a eu la meilleure performance parmi les 4 résines
testées sur I'abattement du carbone organique dissous et la réduction en potentiel de formation des sous-
produits de désinfection.

Mots-clés : sous-produits de désinfection, chloration, trihalométhanes, acides haloacétiques, matiere
organique naturelle, iodure, bromure, résines échangeuses d’ions.
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Acronyms

BB: building blocks

BCIM: bromochloroiodomethane
BDCAA: bromodichloroacetic acid
BDCAN: bromodichloroacetonitrile
BDCM: bromodichloromethane

BDIM: bromodiiodomethane

BV: bed volume

CDIM: chlorodiiodomethane

CHO cells: Chinese hamster ovary cells
DBAA: dibromoacetic acid

DBAN: dibromoacetonitrile

DBCAA: dibromochloroacetic acid
DBCM: dibromochloromethane

DBP: disinfection by-product

DCAA: dichloroacetic acid

DCAN: dichloroacetonitrile

DCIM: dichloroiodomethane

DBIM: dibromoiodomethane

DL: detection limit

DOC: dissolved organic carbon

DOM: dissolved organic matter
DWTP: drinking water treatment plant
EBCT: empty bed contact time

ECD: electron capture detection

FP: formation potential

FS: full scan

GC: gas chromatography

HAA: haloacetic acid

HAAS5: chloroacetic acid, bromoacetic acid, dichloroacetic acid, dibromoacetic acid, trichloroacetic
acid

HAA6: HAAS + bromochloroacetic acid

HAA9: HAA6 + bromodichloroacetic acid, dibromochloroacetic acid, tribromoacetic acid
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HAcAm: haloacetamide

HAL: haloacetaldehyde

HAN: haloacetonitrile

HOC: hydrophobic organic carbon fraction

HPLC: high performance liquid chromatography
HPSEC: high performance size exclusion chromatography
HS: humic substances

HS: headspace

IAL: iodoacetaldehyde

IAN: iodoacetonitrile

IC: ion chromatography

ICM: iodinated X-ray contrast media

ICP-MS: Inductively coupled plasma mass spectrometry
IEX: ion exchange

Kow: octanol/water partition coefficient

LC-OCD: liquid chromatography — organic carbon detection
LLE: liquid-liquid extraction

LLME: liquid-liquid microextraction

LMWN: low molecular weight neutrals

LMWA: low molecular weight acids

LOD: limit of detection

LOQ: limit of quantification

MBAA: (mono)bromoacetic acid

MBAN: (mono)bromoacetonitrile

MCAA: (mono)chloroacetic acid

MCAN: (mono)chloroacetonitrile

MIAA: (mono)iodoacetic acid

mQ: Milli-Q

MS: mass spectrometry

MW: molecular weight

NOM: natural organic matter

PMS: peroxymonosulfate

PT: purge and trap

PTV inlet: programmable temperature vaporizing inlet

SH: static headspace
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SIM: selected ion monitoring

SIX: suspended ion exchange

SPME: solid-phase microextraction
SUVA: specific ultraviolet light absorbance
SW: surface water

TBAA: tribromoacetic acid

TCAA: trichloroacetic acid

TCAN: trichloroacetonitrile

TCM: chloroform/ trichloromethane
TBM: bromoform/ tribromomethane
THM: trihalomethane

THMA4: the 4 regulated trihalomethanes
TIM: iodoform/triiodomethane

TOBr: total organic bromine

TOCI: total organic chlorine

TOI: total organic iodine

VOCs: volatile organic compounds
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General introduction

In drinking water treatment, the addition of chemical disinfectants is widely used to serve two main
purposes: inactivation of microorganisms during primary treatment and impeding their regrowth in

distribution systems

Chlorine and its compounds are the most commonly used disinfectants for drinking water treatment.
The regular use of chlorine in drinking water systems to kill disease causing organisms began around
the beginning of the twentieth century
However a group of disinfection by-products (DBPs) known as

trihalomethanes (THMs), including chloroform, was discovered in chlorinated drinking water in 1974,
first by , and later by . Since chloroform was first identified, more
than 700 other DBPs have been detected in drinking water disinfection

. Only a few among many potential DBP compounds are regulated

. Also iodide and bromide play an important role in DBP speciation as iodinated and
brominated DBPs are more toxic than their chlorinated analogues
The DOC2C’s project is an extensive research program of four years to investigate the possibility of
improved dissolved organic carbon (DOC) removal from source waters. During drinking water
treatment, the removal of dissolved organic carbon (DOC) is a key factor in the improvement of
drinking water quality ( , since DOC reduces the efficiency of all treatment
steps and threatens water quality due to the formation of harmful disinfection by-products (DBPs)
that could also bring odour and taste issues

or lowered biostability in the network. This research was funded by European funds through
the Interreg 2 Seas Program that is focused on the North Sea and the English Channel regions, known
as the 2 Seas Area. The DOC2C’s consortium consists of PWNT R&D (NL), South West Water (UK), De
Watergroep (BE), Lille University (FR) and Delft University of Technology (NL) (https://doc2cs.com/).

Indeed, production of safe drinking water is increasingly under pressure in the area. The main
concern is the growing concentration of DOC in surface waters. This could impact project partners in
coastal areas which are vulnerable to high salinity and possibly high iodide levels in source waters.
And in the context of climate change, water salinity may increase in the future such as by the
increase of sea water intrusion and increasing periods of droughts.

The objectives of Lille University through 2 parallel theses was to characterize NOM with emphasis
on the behaviour of NOM-metal complexes in drinking water treatment processes on the one hand,

and to assess the formation of DBPs in the 2 seas area on the other hand. Then, the NOM
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characterization in this manuscript has been performed in the laboratory by the second PhD
candidate of this project Junias Adusei Gyamfi.

This PhD thesis looked at the benefits of DOC removal by the different treatments of surface waters
used by the project partners on DBP formation and speciation. Conventional and innovative
treatments (e.g. ion exchange) were studied (pilot and full scale).

Chapter | consists of a review paper on the fate of iodide in drinking water treatment and the
formation of iodinated disinfection by-products. It first introduces the global iodine cycle followed by
a focus on the reactivity of iodide and iodine species during drinking water oxidative treatment, the
occurrence of iodinated DBPs and the parameters influencing their formation.

Chapter Il describes the methodologies used for sampling and analysing drinking water samples
throughout this work as well as the sampling site.

Chapter Il presents the analytical development performed to set up the analysis of several classes of
DBPs in the laboratory by headspace-trap gas chromatography — mass spectrometry.

Chapter IV is presented as a research article on the removal of disinfection by-product precursorsin a
full-scale drinking water treatment plant belonging to De Watergroep (de Blankaart). This paper
focuses on bromine incorporation, iodine speciation and on the theoretical toxicity assessment as
well as the impact of intermediate chlorination and activated carbon subsequent filtration on
disinfection by-product formation.

Chapter V compares four ion-exchange resins in terms of disinfection by-product precursor removal.
The experiments were performed on the pilot scale facilities of de Blankaart treatment works. In fact
this process may be implemented on the new water treatment plant in order to improve the removal

of NOM while reducing the coagulant dosage.
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1. Introduction

In drinking water treatment, the addition of chemical disinfectants is widely used to serve two main
purposes: inactivation of microorganisms during primary treatment and impeding their regrowth in
distribution systems

. Chemical oxidants are also used for iron and manganese removal

, abatement of taste and color and
micropollutants , improving coagulation and filtration efficiency
, and preventing algal growth in sedimentation basins and filters . Common

chemical oxidants are chlorine, chloramine, ozone and chlorine dioxide.
Disinfectants also react with natural organic matter (NOM) to produce undesired disinfection by-
products (DBPs) . A group of DBPs
known as trihalomethanes (THMs), including chloroform, was discovered in chlorinated drinking
water in 1974, first by , and later by , as analytical techniques for
detection became more sensitive and refined . Since chloroform was first identified,
more than 700 other DBPs have been detected in drinking water disinfection
. The majority of known identified DBPs in drinking water are halogenated compounds,
as chloramine and especially chlorine are the most commonly used disinfectants in drinking water
treatment, leading to direct chlorination or indirectly in the presence of bromide and/or iodide
. To minimize public exposure to DBPs while maintaining adequate
disinfection to control pathogens, several compounds are currently regulated by the US
Environmental Protection Agency (four THMs, five haloacetic acids (HAAs), chlorite and bromate),

and by the European Union (four THMs and bromate) . THMs and HAAs were
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initially chosen for regulation as they were the first classes identified as well as generally found at the
highest concentrations . It was assumed that applying conditions to
effectively remove or prevent formation of regulated THMs and HAAs would also theoretically limit
the occurrence of many other known or unknown unregulated DBPs

. However, numerous studies suggest that when alternative
disinfectants to chlorine are used to minimize the formation of the regulated chlorinated DBPs, this
can favor the formation of potentially more toxic emerging DBPs, including iodinated compounds
and nitrogenous compounds such as nitrosamines . It has been demonstrated for all
classes of halogenated DBPs, that iodine-containing species (I-DBPs) are generally the most toxic (i.e.,
iodoacetic acid is one of the most genotoxic DBPs studied to date while diiodoacetamide is the most
cytotoxic on Chinese hamster ovary (CHO) cells ), followed by bromine-
containing and chlorine-containing analogues
lodinated trihalomethanes (I-THMs) were the first I-DBPs studied due to early concerns about a
strong medicinal taste and odor in drinking water and have received more
attention subsequently to improve understanding in I-THM formation

. Until

recently, few studies dealt with other classes of I-DBPs due to the lack of commercially available
analytical standards for many targeted compounds and the difficulty to find sensitive detection
methods for drinking water analysis , as many |-DBPs are highly polar and
difficult to detect by gas chromatography — mass spectrometry (GC-MS)
This chapter presents a comprehensive overview of the fate of iodide during oxidative drinking water
treatment, the reactivity of the transient hypoiodous acid and the formation of I-DBPs. Furthermore,
the main parameters influencing I-DBP formation and possible mitigation strategies are discussed as

well.

2. Aqueous iodine chemistry

lodine is a naturally-occurring halogen, with the Earth’s surface containing an estimated 6.3 x 10" kg

of iodine . lodine exists in many chemical forms and oxidation states, ranging
from -1 to +7 , with iodide (-1) and iodate (+5) the predominant species in an
aqueous environment . lodine occurs naturally as the stable isotope (**’I) and

129

the radioisotope (*l), additionally 8 other radioisotopes originating from human activities exist
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2.1. Global cycling of iodine: transport and partitioning

Despite only representing about 1% of the total iodine (Preedy et al. 2009), the ocean is the largest
compartment of accessible iodine, with 8.1 x 10" kg of iodine corresponding to an average
concentration of between 45 and 60 pg L™ (Risher et al. 2004). By contrast, chlorine and bromine
have an average seawater concentration of 19.4 g L™ and 67 mg L™ respectively (Millero et al. 2008).
The majority of the iodine present in the Earth’s crust is contained in marine and terrestrial
sedimentary rocks, with iodine enrichment in sediments mostly related to marine organisms
assimilating and accumulating iodine from seawater (Kipper et al. 2011). However, very little
(< 0.003%s0) of this iodine is actually transferable to other environmental compartments (Risher et al.
2004).

The global cycling of iodine is presented in detail by Fuge and Johnson (2015) in a review of the role
of iodine environmental geochemistry on human health. The atmospheric migration of iodine is
considered to be the most important part of the geochemical cycle of iodine (Johnson 2003). The
following discussion of the iodine cycle will mainly focus on its transport and its role for water

resources used for drinking purposes.

CONTINENTAL ATMOSPHERE COASTAL ZONE MARINE ATMOSPHERE
(high iodine environment)
R Decrease in iodine content - --------------
OPEN OCEAN
Precipitation {organo-|, I',105), <= Major flux HOL, I 105 in aerosols

dry deposition

Formation of |0, 010, IONO2, HQI, IOPs, Aerosols

530

I + CH;l
: : Photodissociation to iodine atoms

CHl Organic-rich Acid soil
3 mi? orat surface runoff Sea spray .CH?I +other organo- UV CHl I 0,
iodine compounds R A N
N [ —— —
Wetlands Sandy soil Alkaline soil N F
> 105 Saline intrusionin 1057 ->1"-> CH,l,, CHsl CH3+I- I PHOTIC ZONE
coastal aguifers %{hvtﬂplaﬁktﬂﬂ)
LAND OCEAN 10, APHOTICZONE

Oxygen minimum zone: 103 -> 1
(Bacteria)

Figure I-1: Schematic representation of the iodine cycle (adapted from Fuge and Johnson (2015)), IOPs: iodine oxide
particles, 105 : iodate, I': iodide, CH,l,: diiodomethane, CHsl: methyl iodide, I : iodine atom, 1,, diiodide, Os: ozone, 10: iodine
monoxide, OIO: iodine diioxide, IONO,, HOI: hypoiodous acid, organo-I: organo-iodine, NOM: natural organic matter.

2.1.1. The marine environment: The largest compartment of available iodine

In the open ocean, more than 95% of the dissolved iodine is present as inorganic iodine (mainly
iodide and iodate) (Preedy et al. 2009; Fuge and Johnson 2015). lodate, is the most abundant
species (Fuge and Johnson 2015), as it is the thermodynamically stable form in oxygenated, alkaline

seawater (Fuge 2013). However surface and shallow shelf waters are enriched in iodide (Fuge
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, with up to 50% of the dissolved inorganic iodine as iodide in surface seawater
, due to the conversion of stable iodate to metastable iodide, through the action of
phytoplankton, some macroalgae, and possibly through some abiotic processes such as photolysis
. In the oxygen minimum zone, some facultative anaerobe bacteria have
been proven to also reduce iodate to iodide . Once formed, iodide is slowly
re-oxidised to iodate , after a first oxidation step of iodide to iodine, mediated by iodide-
oxidising bacteria, followed by spontaneous hydrolysis to HOI, which finally disproportionates to
iodate
Unlike in the open ocean, organic iodine may present an important fraction of the dissolved iodine
(40-80%) in coastal and shallow shelf waters . Volatile
organo-iodine species such as CHsl can be formed through biological activity (e.g. by marine algae,
phytoplankton and a variety of aerobic bacteria) ; CHsl,, CH,CII can be additionally
formed by iodide-oxidising bacteria . lodine is thought to be taken up by a cell wall
mechanism based on the haloperoxidase mediated oxidation of I” to HOI or |, which then penetrate
through the plasma membrane by a facilitated diffusion mechanism
. Organoiodine compounds, mainly iodoform (CHI3), may also be formed by HOI and I, —
produced by ozone (see section 2.2.4.) — reacting with dissolved organic matter at the sea surface
. The oceans provide the main source of
iodine to the atmosphere through volatilization of several iodine-containing species, the two most
important ones being HOIl and |, , While CHsl is the main iodine species from
terrestrial sources . A study on Western Europe by
showed that increasing anthropogenic NOx emissions have led to higher surface ozone
concentrations — and thus rising inorganic iodine ocean emissions. While transfer of iodine to the
atmosphere through sea spray evaporation is certainly a pathway, the ratio of iodine:chlorine in the
atmosphere is about 1000 times higher than in seawater. Thus, an enrichment of atmospheric iodine

occurs by biological and chemical processes
2.1.2. Atmospheric iodine chemistry

All the volatilized compounds photodissociate rapidly in the atmosphere (Figure I-1) — with a lifetime
of a few seconds for I, to several days for CHsl — to generate iodine atoms
Subsequently, iodine atoms react mainly with ozone in the lower atmosphere to generate iodine
monoxide (I10°) . According to a model by

, iodine is the second most important ozone-depleting family in the global marine upper
troposphere after the HO, family and in the tropical marine boundary layer after the O, family.

Further reactions of (I0°) with other atmospheric species then form OIO, 1,0,, HOI and IONO,
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. Recent model simulations have shown that HOI is the dominant inorganic iodine
species in the free troposphere followed by 10° and IONO, . 10" and OIO can
undergo recombination reactions leading to the formation of 1,0,, 1,05 and 1,04, which can further
react with ozone causing the formation of higher oxides such as 1,0, and 1,05

. Polymerisation of 1,03, 1,0, and 1,05 then lead to the production of new iodine
oxide particles (IOPs) in the atmosphere. INO,, HOI and IONO, may quickly undergo further gas-
phase reactions and aerosol uptake
The gaseous inorganic and particulate forms of iodine are transferred to the land surface through
wet and dry deposition . The iodine content of rainwater is usually in the range
0.5 to 2.5 pg L™ . A study on Western Europe by
showed that increasing anthropogenic NOx emissions have promoted a change in the iodine
speciation in the troposphere, with an enhanced contribution of the very water-soluble IONO,
species compared to the less soluble HOI, thus leading to rising iodine wet deposition. Rainwater
concentrations of iodine are higher near the coast, thus soils in the coastal zone are subjected to a
greater input of iodine . However further inland, there is apparently no
significant correlation between the iodine content of the soil and the distance from the sea as this
will also depend on total annual rainfall as well as continental sources of moisture
which can dominate precipitation contributions . Such sources have only recently
been studied
The deposition of iodine will also depend on parameters related to the compounds, such as particle
size, concentration, and the chemical form of iodine, with alkyl iodides — such as CH;l — having a low
susceptibility to both wet and dry deposition . Studies on iodine speciation in
rainwater have yielded contrasting results: over the sea or along the coast, iodate has been found as
the dominant species in several studies , Whereas
further inland, organo-iodine can become the most dominant fraction, with lower fractions of iodate

than iodide
2.1.3. lodine in soil

In a comprehensive database of published iodine results for more than 2000 soils from all over the
world, iodine concentrations varied from < 0.1 to up to 660 mg kg™, with a mean at 3.0 mg kg™

. The input of iodine to soil occurs predominantly through
transfer from the atmosphere . Weathering of certain soil parent materials — recent
marine sediments, or parent materials in areas recently subjected to marine inundation — may
sometimes significantly enrich soils in iodine . The input of iodine to soil

also occurs through the decay of vegetation and animal parts.
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Soil iodine is mainly in an organic form with variable amounts of iodate and iodide (Fuge and
Johnson 2015). After transfer from the atmosphere, dissolved inorganic iodine is rapidly
transformed from inorganic to organic forms — through abiotic or biotic processes (Francois 1987;
Yamaguchi et al. 2006; Yamaguchi et al. 2010; Zhang et al. 2011; Seki et al. 2013). For example,
MnO, has been found to oxidise I into I, and then to 10;™ or iodinated organic compounds in the
presence of humic substances (Gallard et al. 2009; Allard and Gallard 2013).

The ability of the soil to retain iodine, i.e., the iodine fixation potential, is affected by various physico-
chemical parameters, including soil type, pH, Eh, salinity, and organic matter content as well as some
microbiological processes (Amachi 2008). Organic-rich soils have the highest iodine fixation
potential, especially peat soils (Johnson 2003; Fuge and Johnson 2015), and humus may constitute
the primary reservoir of iodine in most soils (Shetaya et al. 2012) through binding to aromatic rings
(Schlegel et al. 2006). Other components such as iron and aluminium oxides and clay minerals also
enhance the iodine fixation potential (Johnson 2003; Fuge and Johnson 2015), due to anion
exchange processes on their positively charged adsorption sites (Preedy et al. 2009). Waterlogged
soils, such as coastal wetlands, are generally depleted due to desorption from the reducing
conditions and are significant sources of iodine emissions (Fuge and Johnson 2015). However,
generally the volatilization of iodine from soils neither is an important reaction affecting soil iodine

content nor a significant pathway to iodine within the biosphere (Soderlund et al. 2011).
2.1.4. lodine in terrestrial waters

Most natural surface waters discussed in the literature (Table I-S1) have concentrations between 0.5
and 100 pg L™ and often below 20 pg L™ (Fuge 1989; Takaku et al. 1995; Longvah and Deosthale
1998; Moran et al. 2002; Richardson et al. 2008). From 807 samples taken in streams across
Europe, iodide concentrations ranged from < 0.01 to 104 pg L™ with a median of 0.33 pg L™
(Salminen et al. 2005). Central continental areas and mountainous areas in particular tend to have
lower concentrations (Day and Powell-Jackson 1972; Aquaron et al. 1993; Sharma et al. 1999),
typically in the range 0.1 to 18 pg L™ (Salminen et al. 2005). Compared to surface waters,
groundwaters are generally more enriched in iodine. Generally iodine levels in groundwaters are
below sea concentrations (Fuge 1989; Neal et al. 2007; Korobova 2010; Voutchkova et al. 2014);
in a large Danish assessment (more than 2000 samples), more than 90% of results showed levels
below 20 pg L™ (Voutchkova et al. 2014). However, markedly higher iodine contents of drinking
water were found in a few locations, with iodine levels in the range of mg L™ (Tang et al. 2013;
Zhang et al. 2013), higher than the sea water concentration level between 45 and 60 pg L™ (Risher
et al. 2004). Out of 950 samples in the southwestern Taiyuan Basin, China, Tang et al. (2013) found

72% of samples with iodine concentrations above 150 ug L™
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2.1.4.1. Natural sources

The iodine content of surface waters is influenced by several factors. Stream waters close to the
coast have somewhat higher iodine concentrations than those further inland

. The geology of the river basin also plays an important role, with igneous and non-carbonate

rocks releasing little iodine while sedimentary and peaty or carbonate rocks enrich streams in iodine

. lodine is mainly bound with the organic fraction of rocks and soils. During

organic matter degradation, iodine is released into the water in dissolved or particulate organic form

. lodine in groundwaters mainly originates from breakdown of iodine-containing

organic matter, leaching from marine sediments in slow-moving aquifers, and evapo-concentration in

arid areas . The main species of iodine in groundwater is generally iodide

with a small proportion of iodate , but in some cases organic iodine can be the

main iodine fraction
2.1.4.2. Anthropogenic sources

The iodine content of surface waters is also influenced by anthropogenic activities. Several studies in
the US have found that wastewaters from oil and gas extraction by conventional oil and gas wells as
well as unconventional shale gas and hydraulic fracturing are characterized by high chloride, bromide
and iodide concentrations (up to 56 mg L™). They may impact drinking water utilities downstream
from disposal or accidental spill sites . Agricultural practices are another
potential source, as additional iodine may be spread on crops and agricultural soils, eventually
ending in surface waters, via introduction of pesticides or herbicides containing methyl iodide or via
fertilizers with trace levels of iodine . The use of iodine as a biocide may also
contribute to iodine in surface and groundwater

Another source of iodide to surface and groundwaters is the discharge of persistent iodinated
pollutants such as iodinated X-ray contrast media (ICM), which are a class of pharmaceuticals used in
the medical imaging of soft tissues. Due to poor removal through conventional wastewater
treatment — in some cases as low as 10% — ICM concentrations in natural surface waters can exceed

1 pg L™, especially for iopamidol

In some cases, iodine may be added directly to water to make it drinkable and/or to relieve endemic
goitre in certain regions —though salt
iodization for iodine supplementation to iodine-deficient populations remains the most appropriate
and widespread measure to relieve endemic goitre

. lodine-based disinfectants (iodine solutions or iodine resins) have been a popular option for

point-of-use drinking water disinfection by campers, the military, and rural consumers in developing
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countries . However, use of iodination for full-scale

water disinfection has been rare, due to the high cost of elemental iodine

2.2. Reactivity and fate of iodide during drinking water treatment

2.2.1. lodide removal

Due to the absence of regulatory limits on bromide and iodide — except in Australia: 0.5 mg L™ for
iodide — little effort has been made to develop drinking water
treatment for bromide and/or iodide removal. However, based on the need to mitigate Br/I-DBP
formation the potential benefits in lowering bromide and iodide concentrations have been assessed
recently. Some processes, which are commonly used in drinking water treatment — while not used
specifically for halide removal — may also remove bromide and iodide before a disinfection step.
Some recent studies have shown that membrane techniques such as reverse osmosis, nanofiltration,
ion exchange membranes, electrodialysis have excellent halide removal efficiencies — with reverse
osmosis being the most effective . Electrolysis, capacitive deionization and
membrane capacitive deionization also have good halide removal abilities but are not currently used
in drinking water treatment

Studies on bromide and/or iodide removal using adsorption techniques (layered double hydroxides,
silver impregnated activated carbons and carbon aerogels, ion-exchange resins, aluminium
coagulation) — some of which are used in drinking water treatment — showed varied results, as their
efficiency was mainly limited by interference from competing anions and NOM present in drinking
water sources, causing a lower halide adsorption

Because of the high price of bromide/iodide removal technologies, so far these treatment options

have not been implemented in drinking water systems.
2.2.2. Chlorine

If iodide-containing waters are treated with chlorine, iodide (I") is rapidly oxidised to hypoiodous acid

(HOI) or hypoiodite (OI') (Egs. 1 and 2) depending on the pH (pK, (HOI/OI") = 10.4+0.1)

HOCI+I = HOI+CI~ (1)  (Tablel-1)
oCl +I"=0I+Cl" (2) (Tablel-1)

This reaction occurs via a CI" transfer and a transient formation of ICl. This intermediate product is

unstable and hydrolyses to OI . During disinfection by chlorine, HOCI

(pK, (HOCI/OCI) = 7.53, ) is the dominant reactive species for the reaction with iodide

(k(HOCI + 1I") > 10° k(OCI™ + I)) . For typical concentrations of
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chlorine, HOCI/OCI" transforms I” into HOI/OI™ within < 1 ms in drinking water treatment

The further oxidation of HOI by chlorine species occurs through a combination of second and third
order reactions . There are two hypothetical pathways for HOI
oxidation by HOCI: (i) The I-atom in HOI is attacked by the O-atom of HOCI, leading to iodite (10,")
formation, which is quickly further oxidised by HOCI to 10;7; (ii) HOI is attacked by the Cl-atom of
HOCI leading to the formation of an intermediate with a iodine-chlorine bond (HOI-CIOH) which then
either dissociates back to the initial compounds or further reacts with a second HOCI to form
HOI(CIOH), which would quickly hydrolyse to 105 . Egs. (3) and (4)
show the stoichiometries of these reactions with the corresponding rate constants in Table I-1
. In these reactions, the formation of the intermediate species is
the limiting step with the corresponding second order rate constants.
2 HOCI + HOI = 105" + 2 CI" + 3H" (3) (Table I-1)
20CI"+HOI = 105 +2ClI" + H' (4) (Table I-1)
Eqg. (4) is the dominant reaction, contributing between 60% (pH 7) and 99.5% (pH 9) to the overall
HOI oxidation by chlorine . This process is relatively slow, with a
half-life time of 1 hour under typical drinking water treatment conditions (Table I-1).
In the presence of bromide, HOBr and OBr~ (pK, (HOBr/OBr") = 8.8) formed from the reaction
between chlorine and bromide are also able to oxidise I” to HOI or OI" (Table I-1) through an
analogous reaction pathway. The formation of iodate is accelerated due to the relatively high

reactivity of HOBr and OBr~ with HOI/OI™ (Table I-1)
2.2.3. Chloramines

Unlike the reaction between monochloramine and bromide, which mainly leads to the formation of a
mixed haloamine NHBrCl , the reaction product of monochloramine with iodide is
assumed to be hypoiodous acid (Eq. (5)) . NH,Cl transforms I” into

HOI/OI” within < 15 minutes under typical drinking water treatment conditions

NH,Cl + H" + I” + H,0 — HOI + CI” +NH," (5) (Table I-1)

The rate constant for the reaction of iodide with dichloramine is much lower than with

monochloramine: k(NHCl, + H" +17) =9.3 x 10° M%s™ . This difference is explained

by the predominant reaction of NH;Cl" in chloramination processes along with the

difference of the pK, of mono- (1.5) and dichloramine (-6.0) . NCl; can oxidise I

with a higher rate constant than the two other chloramines , leading to the
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formation of an intermediate NCl;I” (K = 6 x 10*> M), which further decomposes by a first-order
process to HNCI, and ICI (Nagy et al. 1988).

The further oxidation of HOI to iodate by monochloramine could be neglected (Bichsel and von
Gunten 1999b) with a low second-order rate constant (k(NH,Cl + HOI) < 2 x 10® M™s™) leading to a
long lifetime of HOI and minor iodate formation (Bichsel and von Gunten 1999b) in chloramination
processes. Recently, Zhu and Zhang (2016) proposed the formation of the mixed haloamine NHCII
(k = 2.0 x 10° M™s™) to explain the iodine incorporation into NOM in their model, however this
species has not been experimentally confirmed. The proposed NHCII could further react with NH,Cl
leading to the formation of N,, CI°, I" and H* (Zhu and Zhang 2016).

Under acidic conditions, bromamine is capable of reacting with iodide to generate I1Br which further
reacts with iodide to form |, (Priitz et al. 2001). Bromide can react with monochloramine to form
bromochloramine (NHBrCl) (Trofe et al. 1980) as well as HOBr, NH,Br and NHBr, (Luh and Marifias
2014). The mechanism for Br™ oxidation by NH,Cl is complicated (Zhang et al. 2016c). Small amounts
of HOBr may also be formed from hydrolysis of chloramines (to HOCI that can then form HOBr) (Zhai
et al. 2014) or bromamines (Luh and Marifias 2014). Bromamines are more reactive than their
chloramine analogues, however the reactivity of I” with bromamines in drinking water treatment has

not been reported yet (Heeb et al. 2017).
2.2.4. Ozone

Ozone (03) oxidises I” very rapidly to Ol in equilibrium with HOI (Table I-1). The reaction occurs by
direct transfer of an oxygen atom via an intermediate adduct I-OOO™ (von Gunten 2003; von
Sonntag and von Gunten 2012). Os transforms I” to HOI/OI™ within < 1 ms during drinking water
treatment (Bichsel and von Gunten 1999b). Due to the fast direct ozone reaction, the oxidation by
the secondarily formed OH radicals can be neglected (Allard et al. 2013b).

I"+0;— 0l +0, (6) k(O;+17)=2x10°M's™ (Garland et al. 1980)
In contrast to aqueous chlorine, both HOI and OI" are quickly further oxidized to iodate by ozone
((Bichsel and von Gunten 1999; von Gunten 2003; von Sonntag and von Gunten 2012), Table I-1).
Oxidation by ozone occurs predominantly via HOI for pH < 8. At pH > 8, the oxidation of Ol by ozone
contributes significantly to the overall oxidation process (Bichsel and von Gunten 1999, von
Gunten 2003; von Sonntag and von Gunten 2012).The rate constants of these reactions (Table I-1)
lead to half-life times for HOI/OI” ranging from 0.19's (2 mg L™ O3, pH 9) t0 3.7 5 (0.25 mg L™ O3, pH 6)
(Bichsel and von Gunten 1999b). The overall stoichiometry of the reaction shows a consumption of
3 moles of ozone to oxidise iodide to iodate (Eq. (7)) (Bichsel and von Gunten 1999b).

30;+1 =10, +30, (7)
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2.2.5. Chlorine dioxide

The chlorine dioxide reaction with iodide is complex and some questions still remain on the final
products . In slightly acidic to neutral solutions, chlorine dioxide (ClO,) reacts with I” in
a multi-step reaction to form I-atoms and finally |, via electron-transfer (Eq. (8))

. Two moles of chlorine dioxide per mole of iodide are necessary for this reaction

A further redox reaction between ClO, and I is possible (Eq. (9)) , however, in
slightly acidic to neutral solutions, the rate constant is several orders of magnitude lower and this
reaction can be neglected under drinking water treatment conditions
2ClI0,+21"—=2ClO; +1, (8) (Table I-1)
ClO, +41 +4H" = 21,+CI"+2H,0 (9)
While in one study iodate formation was reported, this only occurred at very low pH (1-3.5)
, Which is not representative of the pH of drinking waters. This iodate formation at low

pH may be explained by iodate formation from chlorous acid oxidation of HOI to iodate (Eg. (10))
(chlorous acid is formed from chlorite at low pH (pK, = 1.72))
HCIO, + HOI = HIO, + HOCI (10)  k(HCIO, + HOI) =6 x 10’ M’s™*
Chlorite was also shown to oxidise iodine to iodate (Eg. (11)) in the pH range 2-5
5ClI0, +21,+2H,0 > 5C +410, 7 +4H"  (11)
Chlorate can also be an important by-product (0-30%) when using chlorine dioxide

. The chlorate reaction with iodine is not fully understood. While iodide oxidation at neutral pH

is low, chlorate has been found to oxidise triiodide to iodate in slightly acidic and neutral media

Bromide is normally unreactive when applying CIO, , despite that the
presence of bromide has been shown to enhance the formation of DBPs and shift the speciation to
more brominated species including brominated I-THMs . A
significant portion of ClO, degrades to free available chlorine (about 20-25% under drinking water
conditions) which can oxidize Br~ . The reactive bromine
and chlorine species can further oxidize iodide/reactive iodine all the way to iodate. However, no
substantial iodate formation is expected by this pathway, because the chlorine/bromine formed

under these conditions are quickly consumed by natural organic matter.
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2.2.6. Ferrate

In recent years, the application of ferrate(VI) has been investigated as a novel oxidant for water
treatment

. Ferrate exists in various protonated forms in water (H3FeV'O4+,
H,Fe"'0,, HFe"'0,”, Fe"'0,%), with pK,s of 1.6, 3.5 and 7.23 . The mono-protonated
form — which becomes significant between pH 3 and pH 8 — is more reactive than the di-protonated

species and can undergo one-electron or two-electron transfers to oxidise inorganic compounds

The main reaction pathway is the oxidation of iodide to HOI (k = 2.3 x 10" M's™?

) at pH 7 and its further oxidation to iodate (Table I-1). Nonetheless, for pH > 9, the HOI
disproportionation catalysed by ferrate (VI) becomes an additional transformation pathway to
iodate, and is total at pH 12 . At high pH (9-11), ferrate(lV) decomposition produces
hydrogen peroxide , Which reduces HOI, contributing to the I” regeneration (< 22%
in the pH range 9-11, with a maximum at pH = 9). The formation of H,0, does not decrease the 105
formation at neutral pH as the reduction of HOI to I” by H,0, is relatively slow compared to the
oxidation of HOI to 105™ by Fe(VI)

In another study, not only Fe(VI), but also Fe(V) and Fe(IV) were all found to oxidise I” to I3 in the
presence of excess I . Fe(V) and Fe(lV), are postulated as intermediates in
the decay of Fe(VI) as well as in the oxidation of inorganic and organic substrates
. However, while considered more reactive than Fe(VI) , Fe(V) and
Fe(lV) are unstable species that self-decompose extremely fast, resulting in Fe(lll)
. Fe(V) was only relevant at high concentrations of I” ([I"]/[Fe(VI)] > 1000),

which is never the case under water treatment conditions
2.2.7. Permanganate and manganese dioxide

Potassium permanganate (KMnQ,), often used as a pre-oxidant can oxidize I” resulting in mainly HOI
at pH > 7.0 or |, at low pH (see part 3.1.1.) and in the precipitation of manganese dioxide (MnO,) (Eq.
(12) ). MnO,™ transforms I~ to HOI/OI” within approximately 3 hours for typical
drinking water treatment conditions (Table I-1).

2MnO, +1"+2H =105 +2 MnO, + H,0 (at pH 5) (12)

The subsequent formation of iodate occurs via (Eq. 13) direct oxidation of HOI to iodate by

permanganate, mainly at pH < 7; (Eq. 14) permanganate-promoted disproportionation at pH > 8

Mn(VI1)-HOI + H" = 10,” + Mn (V/IV)Re k = 6000 M's™* (PH < 7) (13)

24

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

Mn(VII)-HOI + OI" = Mn(VIl) + I +10,” k=2 x 10> M™s™ (pH 8-10.5)  (14)
It is hypothesized that |, — the main product of iodide oxidation at lower pH —is also directly oxidized
to iodate by permanganate at lower pH
Manganese(lV) dioxide (MnO,) can be directly used as a mild oxidant, often for mineral spring waters
when strong oxidants are prohibited, or for removal of iron, arsenic or manganese

. Manganese(lV) dioxide can oxidise iodide to iodine and iodate

. In a study on the oxidation of iodide by synthetic birnessite, MnO, oxidizes
I” to I, (Eg. (15)) for pH < 7.5 . This reaction follows third order kinetics, second
order in I” and first order in 6-MnO, (Eq. (15)).
MnO,+2 1 +4H = Mn™ +1,+2H,0 (15) k=7.2x10" M™*%™*
For a high MnO,/I” ratio and pH < 6, the formed iodine is rapidly further oxidized to iodate (Eqgs. (16)
and (17))
5/2MnO, + % |, + 4 H" = 5/2 Mn*" + 105" + 2 H,0 (16)
Overall reaction:

3MnO, + 1" +6 H = 3 Mn* +10;" + 3 H,0 (17)
2.2.8. Other oxides

Different types of oxides are present in distribution systems as pipe deposits because of metal pipe

corrosion phenomena, including iron , copper
and lead oxides as well as other hydroxides and solids of various
states. were the first to report on the reactivity of lead oxide in water using iodide

as a probe compound:

PbO, +3 1 +4 H" > Pb* +13 + 2 H,0 (18)

In the presence of the same amount of oxide particles (in the range 45-150 um),

showed that iodide oxidation by lead oxide occurs at a faster rate than iodide oxidation by
manganese dioxide. Iron(lll) oxide as goethite can also oxidise iodide to HOI butto a
lesser extent than lead oxide and manganese dioxide

Cupric oxide (CuO) — one of the major corrosion products of copper pipes — can activate HOCI, thus
enhancing its reactivity toward HOI and increasing the rate of formation of iodate compared to in the
absence of cupric oxide . lodate can be further oxidized to periodate (10,7) by a CuO-

activated hypohalous acid

25

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

2.2.9. Peroxides

2.2.9.1. Hydrogen peroxide

The reaction between hydrogen peroxide and iodide at low pH is hypothesized to form hydroxyl and
iodine atoms (Eqg. 19) . Subsequently,
the HO" and iodine atoms combine to HOI.
H,0,+ 1"+ H" = HO  +1°+H,0 (19) k=1.1x10"M"s"
However, hydrogen peroxide reaction with hypoiodous acid leads back to iodide ions

estimated a second order rate constant of
2.0 x 102 M's™ for the fast reaction between HO, and HOI (Eq. 20). estimated this
rate constant to be very fast with a proposed value close to the diffusion control 1 x 10"° M's™.

HO,  + HOI = I"+ O, + H,0 + H* (20)  (Table I-1)
2.2.9.2. Peracetic acid

Peracetic acid (PAA) is a mixture of acetic acid and hydrogen peroxide, as a result, while PAA oxidises
iodide to hypoiodous acid ( , Eq. 21), H,0, is always present in PAA solutions, thus
leading back to iodide ions in a catalytic cycle

CH3COzH + I = HOI + CH;CO,” + H,0  (21)  (Table I-1)
2.2.9.3. Persulfate

The reaction between persulfate (S,057) and iodide has been widely studied
. The stoichiometry for the reaction between persulfate and iodide is 1:2
(Eq. (22)), leading to the formation of I, which then hydrolyzes quickly . The rate-

determining step is a slow initial reaction with the formation of the 15,05 intermediate

S,05 +21 =250, +1, (22)  k=1.34x10% exp(-12700/RT) M*s™

Further reaction by persulfate to iodate is negligible

Recently, a study found that I” could be rapidly oxidized to HOI, over the pH range 5-9, by the
reactive nonradical complexes generated in a peroxydisulfate activation by carbon nanomaterials

system. However further transformation of HOI to iodate was negligible
2.2.9.4. Peroxymonosulfate

Peroxymonosulfate or PMS (HSOs) also oxidises iodide, forming HOI (Eq. (23)) with an overall

stoichiometry of 3 moles of HSO;™ needed for the oxidation of 1 mole of I to 1 mole of 105™ (Eq. 24)
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HSOs + I” = HOI + SO,* (23)  (Table I-1)
3HSOs +1” =105 +350,” +3H" (24)

2.2.10. UV

lodide can absorb UV light to form an excited state I",4* which may relax back to the ground state or
dissociate to the iodine atom and a solvated electron in close proximity (Eq. (25)). These radicals may
combine once more in the cage or diffuse into the bulk

F+hv == (I"*)=(I"+e) (25)

In the absence of electron scavengers, the back reaction predominates . Enhancement
of photoxidation of As(lll) has been found in the presence of iodide through the formation of iodine

atoms

2.2.11. Radicals

2.2.11.1. Reaction with hydroxyl radicals

The reaction of hydroxyl radicals with iodide is diffusion limited (k = 1.1 x 10° M's™, (Table I-1)) and
forms the hydroxyl iodide radical anion (HOI™") which decomposes to I° and HO™ or further reacts
with iodide to form |, radical . The reactivity with hydroxyl radicals in ozonation
processes is however considered to be negligible . The further reaction of OH"

with HOI is rather low (k=7 M's™)
2.2.11.2. Reaction with sulfate radicals

While persulfate and peroxymonosulfate (PMS) can oxidise iodide directly, these oxidants can also be
activated to produce the sulfate radical (SO, °), which is a stronger oxidant.

hypothesized that iodide follows the same transformation pathway as bromide when oxidised by
sulfate radicals to form radical iodine species (I°, I”*), which couple to each other to form free iodine
(HOLI, 1,). The second order rate constant of the oxidation of iodide by sulfate radicals (Eq. 26) is not
yet known.

SO, 41— S0, +1I° (26)

2.2.12. Fate of other iodine sources

2.2.12.1. lodinated X-ray contrast media (ICM)

Increasing interest in iodinated X-ray contrast media (ICM) degradation can be found in the recent
literature. ICM can be degraded by direct photolysis (254 nm) leading to the release of I, however,
not leading to the formation of HOI or 105~ . Irradiation at 254 nm was shown to

be quite effective in degrading diatrizoic acid, iotalamic acid, iohexol, iopromide as well as iopamidol
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(quantum yield 0.034 — 0.071 mol.Einstein™) . Chlorine poorly
degrades ICM, except for iopamidol (k(HOCI + iopamidol) = 1.5 x 107 - 1.66 x 10> M™s™ and
k(OCI™ + iopamidol) = 0.45 - 0.94 M's™* ) at slightly alkaline
pH, releasing iodine mainly oxidised to iodate at the very high chlorine concentrations used in these
studies . Monochloramines did not degrade ICM

. Ozone has also been shown to be able to oxidise several ICM (iopamidol,
iopromide, iomeprol, diatrizoate) to some extent, by hydroxide radicals
However most studies used conditions with very high ozone concentrations (10-16 mg L) and
degradation is neither rapid nor complete under more typical ozonation conditions, with diatrizoate

and ioxitalamic acid being particularly recalcitrant

While no significant ICM degradation was observed under PMS oxidation alone, iopamidol was found
to be degraded by PMS under catalysis of two pipe corrosion products (CuO and 6-MnQ,) with a
higher degradation rate in the CuO/PMS system. After total iopamidol degradation, approximatively
half of the initial total organic iodine (TOI) was present in the form of iodate , wWhich
is expected from the potential for an oxidation of iodide to iodate by PMS

. More recently in a Co/PMS system, iopamidol and iohexol were also found to deiodinate and

ultimately form iodate
2.2.12.2. lodate

lodate is considered non-toxic because it is quickly reduced in vivo to I” and is therefore the desired
sink for iodine during water treatment. In some countries it is even added to table salt to fight
against goitre . According to some recent studies, 10;™ can be phototransformed to
I” during UV irradiation at 254 nm (Eqgs. (27-29)) , following pseudo-first order

kinetics, with a quantum yield of 0.0591 mol Einstein™.

105 (H,0) + hv = (105~ H,0) (27)
(105°H,0) + hv = Ol + 0, + H,0 (28)
O +hv—=1"+%0, (29)

found that at pH 7, for an initial iodate concentration of 100 pM (17.5 mg L™), and

UV doses in the range [2754 - 10728] mJ cm™, k = [1.08 - 3.79] x 10 s™ which led to up to 46% iodate

degradation and 30% conversion to iodide. However, the initial iodate concentration and UV dose
used were very high . Thus for typical drinking water conditions (40 mJ cm™

), iodate phototransformation — highly correlated to UV fluence rates — will not be

important.
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Xia et al. (2017) recently found that iodate can also be reduced to iodide in the presence of zero
valent iron (ZV1) (Egs. 30), with an observed rate constant of 0.006 min™ (for 5 g L™ ZVI and 17.5 mg
L™ of 105).

105" +3(/2) Fe* +6 H* =— I +3 Fe*(/2 Fe*") +3 H,0 (30)

2.2.13. Summary

The reactivity of oxidants towards iodide is summarized in Table I-1, this reactivity increases in the
following order: MnO, < MnQO,” < ClO, < NH,Cl < HFeVIO, < HOCI < HOBr < Os. The oxidation of I” to
HOI is rapid for most oxidants (> 10° M™'s™ at pH 7), but relatively slow for permanganate. For
chlorination, chloramination, ozonation and — with the right conditions — permanganate, HOI is the
first oxidation product in oxidative drinking water treatment. In the case of chlorine dioxide,
permanganate, ferrate, sulfate radicals, hydrogen peroxide and UV treatment, iodine atoms are

formed (Ye et al. 2012; Zhang et al. 2015; Kralchevska et al. 2016).

3. Reactivity of iodine species

In oxidative water treatment, HOI formed from the oxidation of I” can have various fates depending
on the reactivity of hypoiodous acid. The possible reactions of HOI — illustrated in Figure |-2 — are its
disproportionation, its oxidation to iodate or the reaction with dissolved organic matter (DOM)

present in the water being treated (Bichsel 2000).

IS

Disproportionation

HFe¥'0,",

KMnO,
HOBr, 0,, HOC,
5,05, PMS,
KMnO,, MnO,, 0,, HOBr, HOCI,
HFeV10,~, NH,CI, HFe“'0,~, PMS,
clo,, 50, * KMnQ,, MnO,

SRR g U S

Oxidation Oxidation

b
A
ju
o
S
|

v
UV (UV/S,0.-,
UV/H,0,), ClO",
OH", Reaction with NOM
HOBr/Bro-

y
oo ]

Clo-, HOBr/BrO~?

Figure I-2: Scheme of the main reactions involving HOI in drinking water.HOBr/OBr  reactivity with ICMs is supposed, from
the reactivity of OCI” with ICM.
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3.1. Chemistry of aqueous iodine (HOI/OI7/1,/157)

3.1.1. Aqueous iodine speciation

Once formed, HOI equilibrates to form I,, OI7, 15~ and H,0I" as described by equations (31-34). At low
pH, |, is the dominant species (Figure I-3). At high pH, HOI dissociates to hypoiodite OI" with a
pK, = 10.4 £ 0.1. Therefore, under typical drinking water conditions, HOI is the major species and OI"

is less significant (Bichsel 2000).

1e-5 ~ ok

Concentration (M)

Figure I-3: pH-dependent speciation of iodine (for a total concentration of 1 uM 1,).

l,+H,0 =— HOl+I +H" (31) K=3x10"-54x102M*  (Sigalla 1961)

HOl == OI +H" (32) K =40+ 0.7 x 10" M (Bichsel and von Gunten
2000b)

H,OlI" == HOl+H’ (33) K=0.03M (Belles and Gelles 1951)

I, can also be transformed to |5~ and further polyiodide anions in the presence of increasing
concentrations of I (Eq. 34 and Figure |-4). These species are both formed in the so called iodometric
method used for the determination of various oxidant concentrations, then |, could be reduced back
to iodide or transformed to I3-, which can be directly detected photometrically, due to its high molar

absorption coefficient (Bichsel and von Gunten 1999a).

M+l == I3 (34) K=698 M™ (Palmer et al. 1984)

HOI can also react with chloride and bromide naturally present in drinking water sources.

HOl + CI” =— ICl + H,0 (35) K=224x10"M* (Rose and Roberts 2019)

ICl+CI" = ICl, (36) K=77.6 M (Rose and Roberts 2019)
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Figure I-4: Speciation of 1 uM of HOI at pH 7 for varying free I concentrations.

3.1.2. Disproportionation of hypoiodous acid

The disproportionation of HOI is a reaction in which HOI reacts with itself (Egs. 37-40). The reaction

may be uncatalysed or catalysed by buffers such as phosphate, borate or acetate

HOl + HOl = 10, + " + 2H" (37) k(HOI + HOl) =0.3 +0.2 M's™*
HOl+OI" = 10, + 1"+ H* (38) k(HOI+0I) =15+ 2 M™*s™
HOl+10,” = 105 + 1"+ H" (39) Fast

Overall reaction:
3HOI = 105" + 21" + 3H* (40)
Reactions (37) and (38) are rate-determining. Buffer catalyses are extremely important in the
disproportionation reactions of iodine and dominate the kinetics of HOI disproportionation

. The overall reaction remains very slow under typical drinking water
conditions (pH 6-8, 0-5 mM carbonate, 1-10 pg L iodine), with the initial half-life of HOI ranging
from a few days to years. Therefore, 105~ formation by this pathway is of minor importance during
drinking water treatment . Thus the fate of iodine will depend on

other parameters such as the reaction of HOI with inorganic and organic compounds as well as the

oxidants used.
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3.2. Hypoiodous acid reactivities with chemical oxidants

The specific reactivity of iodine with various oxidants has been treated in detail in section 2.2,

Table I-1 presented here shows a summary of the rate constants and reactivity of oxidants with

iodine. The oxidation of HOI is usually slower than the oxidation of I". The lower reactivities of HFeO,

and HSOs™ towards iodide than towards HOI — which may be due to charge repulsion — are in contrast

to the reactivities of the other oxidants (Shin et al. 2018). From the half-life of reactive iodine

species such as HOI in the oxidative treatment will depend the formation of iodinated organic

compounds.

Table I-1: Summary of rate constants and half-life times for oxidation of iodide and hypoiodous acid by various oxidants in
typical drinking water treatment conditions (pH 7.0 and with an oxidant concentration of 10 uM)

| Hol/oI
Second Half-
Oxidant order rate Main life Reference k(HOI) k(oI') End Ha.If—Ilfe Reference
constants  Product . product time
(Milsil) time
HoCl 43x10° (NiiggaL 8.2 -
2.1x (Gerritsen (Bichsel and
HOI 16_4si and 103 1.1h von Gunten
ocl” <30 52 - 1999b)
Margerum
1990)
Troy and Not 6
HOBr  5.0x 10° ( Mo 1.9x 10 ] ) :
HOI 1%'_‘_};)(“ Margerum significant 103 93" (Criquet et
OBr 6.8 x 10° s 1991) - 1.8 x 103 al. 2012)
Bichsel
0.3 15 64 h (2000)
HOI - - - - 105~ (Opoku-
0.6 9.3 32h Agyeman
2010)
10 (Bichsel and
NH,CI Z'f}X1_9 1 HOI 29s (Kumar et al. <2x10° <3 unknown 8.4 von Gunten
[H]M s 1986) months
1999b)
9.3x10°  Unkno (Kumar et al.
“s wn : ) ) ) ) )
NHCI, [H+]M2 1 8.6d 1986)
. (Bichsel and
0, 1.2x10° HOI 1562';5)(5 (L'zuogtl)a" 36x10°  1.6x10° 105~ 1.9s  von Gunten
1999b)
(Fabian and
clo, 1.87 x 10° : 37s Gordon - - - - -
1997)
4 iii (Shln et al. 5 5 iii (Shlﬂ etal.
4.5x10 HOI 2.45s 2018) 2.5x10 2.5x10 0.3s 2018)
HFe"'0,” -
- (Kralchevska 5 103
2.3x10* I/, 4.85s" 1.8x10 - i (Wang et al.
et al. 2016) 0.4s 2018)
Fe''0,” - - - 7.7 x 10° -
Not HOl / v (zhao et al. . - v (Zhao et al.
KMnO, specified L 2.8h 2016) Not specified 105, 1 2.8 h 2016)
viii (Allard et al. . - (Allard et al.
MnO, - I 2009) Not specified 10; - 2009)
2 5 8.7 x (House, L. - (Guan et al.
S,04¢ 8.0x 10 I, 102 1962) Negligible 105, 1 2017)
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3 (Lente et al.
) 1.41x10 2009) 17
HSO5 112 " 6 .
49 — ; 10 —vi (Li et al.
3 ’ (Li et al. vi
1.11x10 HOI ) v 201 105 88's 2017)
2 (Li et al. N 1.5 x
0.2 2.18x10 2017) =0 10°
5
2 (Lente et al.
3.0x 10 2009)
4.6x10" + ) (Milenkovi¢
HO 7 x 10°[H"] and ] ) ] )
22 0.011 + HOI 2.4 - Stanisavljev
0.168[H"] 58 2012)
mont s (Shin et al.
Hoo ) ) hs " 2.0x10 ) ; 0.25 - 2018)
2 1% 10 13" (Shah et al.
2015)
. 10 HOI™ 6.3 x (Buxton et al. kapp . (Buxton et al.
OH 1.1x10 ,*  10°s 1988) (pH9) = 7 10 1988)
. HOl / (Wang et al. - - (Wang et al.
SO, unknown L - 2017) Not specified 105 - 2017)
Peraceti (Awad et al.
c acid 422 HOI 164 s 2003) - - -

"Calculated using pK, (HOCI/OCI") = 7.53

" Calculated using pK, (HOBr/OBr) =8.8

" Calculated using pK, (HFe'0, /Fe'0,7) = 7.23

¥ Calculated using kypp = 7.0 Mt (Zhao et al. 2016)
Y Calculated using ko, = 6.9 M's™ (Zhao et al. 2016)

¥ Calculated using pK, (HSOs /SOs>) = 9.23
" Calculated using pK, (H,0,/HO,") = 11.56
" kopp = 71 M?s™ determined from (Allard et al. 2009)

3.3. Hypoiodous acid reactivities with other inorganic compounds

Table I-2 summarizes the published rate constants for reactions of inorganic compounds with iodine.
Unlike HOCI and HOBr, HOI is unreactive toward NH," (Bichsel and von Gunten 1999b). HOI/OI™ can
react with CI” and Br™ to form the intermediates ICl and IBr, which rapidly hydrolize back (2.4 x 10° s

and 8 x 10° s, respectively) (Vogt et al. 1999).

Table I-2: Summary of rate constants for hypoiodous acid reaction with various inorganic compounds (not in Table I-1).

Inorganic compounds | Rate constants Main product | References

cr 2.9x10"° Mt ICl (Vogt et al. 1999)

Br~ 3.3x10” M5! IBr (Vogt et al. 1999)

HCIO, 6.0x 10’ M's™ HIO, (Kern and Kim 1965)
5,05” 3.24(0.2) x 10" M7s™ | I (Varga et al. 2010)

5,05% 9.44(0.6) x 10°M's™* | S,051 (Varga et al. 2010)

N,Hs" 4x10°M7s™ I” (Deane and Potter 1985)
H,0, 1.1x10°M™'s™ I (Deane and Potter 1985)
I 5.0x 10° M's™ [,OH™ (Deane and Potter 1985)

Overall, the information on HOI reactivity with inorganic compounds is scarce especially compared to

HOCI or HOBr (Heeb et al. 2014). In particular, no specific rate constants are available for the
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reactions with metals and metalloids of interest such as soluble iron (Fe(ll)), manganese (Mn(ll)) and
arsenic (As(lll)), nor with other anionic inorganic compounds such as sulfite, cyanide, nitrite and

thiocyanate. However, according to certain authors, HOI reaction with sulfite proceeds rapidly,

forming hydrogen sulfate and releasing iodide . Knowing the rate constants of I, with
sulfite (3.1 x 10° M™'s™) and hydrogen sulfite (1.7 x 10° M™s™) , and the
rate constants of HOCI (7.6 x 10® M™s™) , and HOBr (5.0 x 10° M™s™)

with sulfite, the rate constant of HOI with sulfite and hydrogen sulfite can be

assumed to be > 10° M™'s™
3.4. Hypoiodous acid reactivity with organic compounds

The two main types of moieties which have been investigated for HOI reactivity in the literature are
phenols (Table I-3) and a-methyl carbonyl compounds (Table 1-4). These classes of compounds are
known constituents of NOM and have often been used as model moieties to represent substructures
within NOM when studying the reactivity of halogenated oxidants (mainly with chlorine and
bromine)

Humic substances which contain carboxyl or phenol groups are known precursors of polar |-DBPs
such as iodinated acids or iodinated phenols . studied
the interaction kinetics of l,q with substituted phenols and humic substances and found that the
rates of iodination of humic substances fell within the range measured for substituted phenols.
Recently, several other types of compounds have been studied as well such as carboxylic acids and

flavones
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Table I-3: Second order rate constants for the reactions of phenolic compounds with HOI.

Rate constants (M'ls'l)

Compound kH,O1'/PhOH | kHOI/PhOH | KHOI/PhO~ kapp Reference
p-methoxyphenol | (5+1)x10° <100 (7+2)x10° | 4.5x10° (pH 7)
+
p-cresol (4'2 1‘0%{5) (3+1)x10% | (7+3)x10° | 3.8x10°(pH7) | (Bichsel and von
Gunten 2000
; (1.6£0.5) ) unten 2000a)
(3+1)x10 <5 «10° 6.0x 10" (pH 7)
prchlorophenol ] ] ] (1.9£0.7)x10° | (Vikesland et al.
(pH 7) 2013)
+ 3 . (1.5+0.8) 2 (Bichsel and von
odonhend (4+1)x10 (20 £ 8) 10° 9.6 x 10° (pH 7) Gunten 2000a)
] ] ] (9.5+0.6)x10° | (Vikesland et al.
(pH 7) 2013)
p-cyanophenol (2+1)x10° (15+0.5) | (4+2)x10° | 5.0x10"(pH7) ,
(Bichsel and von
3
R 4 (1.0 £0.3) R 6 | 2.1x10° (pH7) Cunten 2000
(5+2)x10 (2.0)(102 (2+1)x10 2.0X104(pH8) unten a)
] ] ] (1.5+0.2)x10° | (Vikesland et al.
(pH 7) 2013)
henol
pheno ) ) ) (2140.2) x 10° (Zhao et al.
(pH 8) 2017)
3
.+.
. . . (1.9 ?p%lll)x 10 (Li et al. 2018a)
phloroglucinol - - - (3.1205) x 10’
(pH 8) -
resorcinol - - - (4.2£0.3) x10
(pH 8)
4-hydroxybenzoic ) ) . (7.8+0.1) x 10° (Zhao et al.
acid (pH 8) 2017)
) (2.6+0.4) x 10
4-nitrophenol - - -
P (pH 8)
flavone ] ] ] (2.5+0.2)x 10°
(pH 8)
(1.02 +0.03)
methylparaben « 10° (bH 7)
(4.8 +0.4)x 10°
2-bromophenol - - -
P (pH 7)
(1.54 +0.09) .
3-bromophenol « 10* (oH 7) (Li et al. 2018a)
(4.0+0.3)x 10°
4-bromophenol (oH 7)
p-hydroxybenzoic ) ) ) (1.6+0.2)x 10°
acid (pH 7) .
) (8.7 +0.5) x 10
bisphenol A - - -
P (0H7)
+
bisphenol AF - - - (83 ?p?f;)x 10 (Li et al. 2018b)
) (6.4+0.3)x 10°
bisphenol AS - - -
P (pH 7)
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3.4.1. Phenolic compounds

Free iodine reacts with phenolic compounds via (i) electrophilic aromatic substitution orienting to the
ortho and para positions of the hydroxyl group (Wang et al. 2017), or via (ii) electron transfer,
leading to the formation of benzoquinones (Zhao et al. 2017). The reactivity of HOI with phenolic
moieties varies significantly depending on the nature and location of the substituents on the
aromatic ring (Zhao et al. 2017). The rate for the reactions of iodine with phenolic compounds is pH-
dependent (Bichsel and von Gunten 2000a): at low pH, the formation of H,0I" has been proposed
by protonation of HOI (pK, =1.4 + 0.3) (Bell and Gelles 1951; Burger and Liebhafsky 1973;
Paquette and Ford 1985), thus its reaction (Eq. 36) would dominate at low pH. However |, that is
formed at much higher concentration at low pH (Figure 1-3) has the same pH dependence. At
increasing pH (3.5-5), the reaction involving HOI and the phenol dominates (Eq. 37) and above pH 5,
the reaction between HOI and the phenolate form dominates (Eq. 38).

I, or H,0I" + (substituted)phenol = products  (36)  (Bichsel and von Gunten 2000a)

HOI + (substituted)phenol = products (37)  (Bichsel and von Gunten 2000a)

HOI + (substituted)phenolate — products (38) (Bichsel and von Gunten 2000a)

A comparison of the species-specific rate constants clearly shows that: Kyoipho- > Knzo+/phon > Kroizehow
The higher reactivity of H,0I" compared to HOI towards phenol can be explained by the higher
electrophilicity of H,0l" compared to HOI, whereas the different reactivities of HOI towards phenol
and phenolate can be explained by the increased nucleophilicity of the phenolate compared to the

phenol (Bichsel 2000).

1e+6

1e+5

1e+4
Iu) 1e+3
2
2 1e+2
_\{KU
fert 4
1e+0 ————— Kpowpnon —————— Kiioupno™
Kiioupnon ——e— Ky
1e-1 T T T T T . T
0 2 4 6 8 10 12 14
pH

Figure I-5: Modelled apparent second-order rate constants for the reactions of iodine with phenol as a function of pH,
considering reactions 36-38 (using data from (Bichsel and von Gunten 2000a)).
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According to Figure I-5, the main contribution to phenol transformation above pH 6 is the reaction
between HOI and phenolate. The highest second-order rate is observed at pH 10.2, average of the
pK,s of the two couples involved. Below this pH, the reaction between HOI and the non-dissociated
phenol is only significant until pH 4, then the reaction between H,Ol" (or |,) is the main pathway in
acidic conditions. However, the impact of buffers should also be considered. lodination of phenol is a
buffer catalysed process . showed a significant increase of the
apparent second-order rate constant of HOI reaction with phenol in the presence of increasing
concentrations of phosphate and borate buffers. In addition, a shift of the pH with the maximum

apparent second-order rate constant is observed.
3.4.2. Ketones and carboxylic acids

Similarly to chlorine and bromine, 3 HOIl molecules react successively with enolized carbonyl
compounds to form a trilodomethyl group. At neutral pH, the enolization step is rate-determining
and the overall reaction depends only on the carbonyl concentration and the pH (Table I-4). The
trilodocarbonyl compound then hydrolyzes with the formation of CHI; and the corresponding
carboxylic acid (RCOOH) . found
acetaldehyde to be the most reactive amongst 3 a-methyl carbonyl compounds, and pinacolone the

least reactive.

Table I-4: Second order rate constants for the reactions of a-methyl carbonyl compounds with HOI.

a-r:itr:roloc:r:gz ™! kH,0 (s7) | kHO™ (M7s”) kapp (s) References
acetaldehyde 9x10° 9.0x 10™ 4.5x 107 (pH 7)
pinacolone 4x10° 3.7x107 1.9x10°% (pH 7)
acetone 1.3x10° 2.5x 10" 1.1x 107 (pH 7)
3-oxopentanedioic acid - - (4.0 £0.3) x 10° (pH 8)
Citric acid - - <1 (pH 8)

Considering carboxylic acids, their reactivity is low, the rate constant of iodine with citric acid has
been found to be < 1 M™s™ (pH 8) . Acetic acid reacts with iodine to form

iodoacetic acid (K= 0.24 + (0.05 M™))
3.4.3. Other compounds

Besides phenols and carbonyl compounds, other organic model compounds (allyl alcohol,
glucosamine, glycine, toluene, and oxalate) were tested for their reactivity toward HOI. Rate
constants were below 1 M™s™ or even below 0.1 M's™ . Second-

order rate constants for the reaction of DOM with HOI have been determined to be in the range
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0.1-0.4 M's™ on a C-atom base for the DOM in two natural surface waters with DOCs of 1.3 and
3.5 mgC L™ respectively

Other compounds are known to react with hypoiodous acid. For example uric acid (CsH4N403) which
reacts with HOI (1.00 x 10° M’s™) to form mainly alloxan and urea and iodide

Aldoses are also known to be oxidated by HOI to aldonic acids with release of iodide

. Oxalate (HC,0,) reacts with HOI releasing carbon dioxide and iodide

Overall, the information on HOI reactivity with organic compounds is scarce especially compared to
HOCI or HOBr. Nonetheless, HOI second-order rate constants with phenols are lower than those for

HOBr but higher than those for HOCI

4. Analytical methods for iodinated disinfection by-product
classes

I-DBPs are formed from the reactions of HOI with certain DOM moieties (Figure I-2). First identified in

drinking waters in 1976 , I-THMs were the first I-DBPs studied due to
early concerns about medicinal taste and odours in drinking water with the
lowest odour threshold at 0.03 pg L™ for iodoform . Later on, it was discovered

that I-DBPs are more toxic than their CI'/Br analogues
The different |I-DBP classes can generally be grouped into two categories: aliphatic and aromatic
compounds. To date, the reported aliphatic I-DBPs mainly comprise iodinated trihalomethanes
(THMs), iodinated aliphatic acids, and iodinated haloacetamides. The reported aromatic |-DBPs are
mainly classified into four groups based on their structures: iodinated phenols, iodinated
hydroxybenzaldehydes, iodinated hydroxybenzoic acids, and iodinated nitrophenols

. DBPs vary in molecular weight, volatility and polarity, therefore, there is no single analytical
method capable of extracting and identifying them all . Over the last 25 years, most
efforts for new DBP discovery and quantification have used gas chromatography (GC) — mass
spectrometry (MS) with electron ionization (El), largely because of the availability of large mass
spectral library databases. This makes the identification of unknown compounds much easier, along
with easy-to-spot chromatographic peaks and the absence of matrix effects

. Thus a majority of the first I-DBPs

species (first I-THMs and more recently I-HAAs) reported in drinking water were quantified by GC-

MS, or by gas chromatography - electron capture detection (GC-ECD)
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al. 2006; Hua and Reckhow 2007b; Plewa et al. 2008). The corresponding methods are briefly

described below for the different substances.
4.1. lodinated trihalomethanes

THMs are halogen-substituted single-carbon volatile organic carbons classified as DBPs with the
general formula CHX;, where X represents a halogen such as chlorine, bromine, or iodine (Pérez
Pavon et al. 2008). Generally the term THM is associated to the chlorinated and brominated
analogues (chloroform (CHCl3), bromodichloromethane (CHBrCl,), dibromochloromethane (CHBr,Cl),
and bromoform (CHBr3)) (WHO 2005), which are the most commonly detected DBPs and are
regulated worldwide (e.g. US EPA: EPA 1598; EU: CELEX-EUR 1998)). The 6 additional I-THMs are:
iodoform (CHI;), chlorodiiodomethane (CHCII,), bromodiiodomethane (CHBrl,), dichloroiodomethane
(CHCI,l), dibromoiodomethane (CHBr,l) and bromochloroiodomethane (CHBrCll). I-THMs have been
the most studied I-DBPs in order to understand their formation (Bichsel 2000; Krasner et al. 2006;
Hua and Reckhow 2007a; Jones et al. 2012b; Criquet et al. 2012; Zhang et al. 2016a, b). Amongst
I-THMs, iodoform was considered to be the most cytotoxic, while chlorodiiodomethane was
considered the only genotoxic I-THM (Richardson et al. 2008).

Low I-THM concentrations require an initial step of extraction and concentration of the analytes
before analysis by GC. Headspace, purge and trap, closed-loop stripping analysis and liquid-liquid
extraction (LLE) were evaluated as analytical methods for determining I-THMs. It was initially found
that the LLE technique, the main technique used for determining I-THMs (Cancho et al. 2000;
Weinberg et al. 2002; Ye et al. 2012), was the most sensitive for I-THM quantification,
nevertheless, this method requires extensive sample preparation, uses a lot of solvent and is time-
consuming. Alternative extraction methods for GC analysis such as solid-phase extraction or
microextraction techniques and headspace techniques have rapidly improved in sensitivity for I-THM
detection in drinking water and other aqueous solutions (Chinn et al. 2007; Luo et al. 2013)
(Cancho and al. 1999; Richardson et al. 2008; Allard et al. 2012; Montesinos and Gallego 2014;

Cardador and al. 2015, 2016; Cardador and Gallego 2016; Zhang et al. 2016a).
4.2. lodinated haloacetic acids

HAAs are halogen-substituted carboxylic acids for which one or more hydrogen atoms attached to
carbon atoms have been replaced by a halogen (chlorine, bromine and/or iodine). There are nine
different species of brominated or chlorinated HAAs, however, only 5 are regulated by the US EPA
(chloroacetic acid CICH,CO,H, dichloroacetic acid Cl,CHCO,H, trichloroacetic acid Cl;CCO,H,
bromoacetic acid BrCH,CO,H and dibromoacetic acid Br,CHCO,H) (EPA 2016) and none in the EU,

although all 9 have been cited in a proposal for a revised drinking water directive (The European
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. Compared to I-THMs, I-HAAs require an additional methylation step for GC-MS
analysis because of their low volatility . I-HAAs are even more challenging to
analyse than their brominated or chlorinated analogues, as (i) I-HAAs are less stable and (ii) I-HAAs

can be present at much lower concentrations in drinking water (Table I-5).
4.3. Other iodinated disinfection by-products

While GC-MS allowed the discovery of the first I-DBPs, the use of GC-MS is limited or of no use when
the target DBPs have high molecular masses, are non-volatile or very polar
developed a precursor ion scan method (UPLC ESI-tgMS) enabling a proposal for the
structures of 17 polar I-DBPs (mainly iodoacids). Further studies have used this method to detect and
identify polar I-DBPs in simulated drinking water, tap water and chlorinated saline wastewater
effluents, with some detection limits reaching less than 1 ng L™
. Recently electrospray ionization ultrahigh resolution Fourier
transform ion cyclotron resonance mass spectrometry interfaced with electrospray ionization
(ESI FT-ICR MS) allowed the identification of 206 previously unknown polar I-DBPs in simulated
chlorinated/chloraminated drinking water . Another method using solid-phase
extraction-HPLC-MS/MS was developed for 6 polar I-DBPs including iodinated haloacetic acids,

phenols and aldehydes.
4.3.1. lodinated haloacetamides

Haloacetamides (HAcAms) are a class of halogenated nitrogen-containing disinfection by-products
(N-DBPs) . Several chlorinated and brominated HAcAms were quantified for the
first time in drinking water treatment plants during a US DBP occurrence study

. HAcAm analysis is particularly complex due to their low volatility and mono- and
di-halogenated HAcAms having significantly different polarities to their trihalogenated analogues.
Thus, a method combining solid-phase extraction enrichment with liquid chromatography triple
quadrupole mass spectrometry with atmospheric pressure chemical ionization (SPE-HPLC/tgMS)
using selective ion monitoring in the positive mode has been recently used for the analysis of
HAcAmes, including 4 I-HAcAms which are classified as both N-DBPs and |-DBPs,
with LOQs in the 20 to 50 ng L™ range . Following
this recent discovery, HAcAm formation studies have remained mainly focused on chlorinated and
brominated species

. Thus, less is known about their iodinated analogues

, although dihalogenated species are expected to have higher formation compared to tri- or
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mono-halogenated species, since this is the case for brominated and chlorinated species

4.3.2. lodinated haloacetaldehydes

Haloacetaldehydes (HALs) constitute the third largest group by weight of identified DBPs.
were the first to include iodoacetaldehyde as a target analyte using a new GC-MS method
with 0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine derivatization. Following studies which also

targeted this compound used the same method
4.3.3. lodinated haloacetonitriles

They are an important class of N-DBPs that are nearly ubiquitous in drinking waters
. The few I-HANs that have been studied so far in drinking water have been measured using

LLE-GC-MS or LLE-GC-ECD
4.3.4. lodinated acyclic alkanes

A nontargeted screening method involving GCxGC—quadrupole MS (gMS) combined with OECD QSAR
Toolbox Ver. 3.2 was able to tentatively identify 1-lodo-2-methylundecane and

1-lodo-2,3-epoxypropane in lab scale chlorination and chloramination experiments of raw water.

4.4. Monitoring of total iodine, total organic iodine and iodate

4.4.1. Total iodine

The inductively coupled plasma — mass spectrophotometer (ICP-MS) has superior sensitivity for
iodine in comparison to other detection techniques (see Tables I-S3, I-S4, I-S5 in the Supporting
Information). For that reason, many studies have utilized ICP-MS in various natural waters to study
total iodine.

Total | concentrations have also been determined after the decomposition of dissolved organic

matter with chromatographic systems designed to detect inorganic iodine
4.4.2. lodate and inorganic iodine

Several methods for the determination of iodide and iodate by ion chromatography have been
reported in the literature (Table I-S3). The main advantage of ion chromatography is the possibility of
determining both iodide and iodate simultaneously among other ions. While detection can be either
amperometric, conductimetric, electrochemical, or spectrophotometric, detection limits are often
quite high for iodide, often around 10 ug L™, and even higher for iodate (Table I-53). A postcolumn

reaction has been found to improve those limits and the selectivity throught the formation of Brs™ or
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I;- and the detection by a UV/vis detector

Other chromatographic techniques include HPLC, often after iodate reduction to iodide

, or GC-MS, where iodate is reduced to iodide and iodide derivatized to other organo-iodine
forms before analysis . However despite
lower detection limits for GC-MS methods, these are time-consuming due to extensive sample
pretreatment, and suffer from possible interferences
Finally, HPLC or IC methods coupled to ICP-MS are usually more sensitive, with detection limits in the
ng L' range, able to analyse iodide and iodate simultaneously, and do not require sample

pretreatment for fresh water samples (Table 1-54).
4.4.3. Total organic iodine

Methods for total organic iodine (TOI) measurement have usually involved four major steps: (i) after
adsorption of the organic iodine in an acidified water sample onto activated carbon, (ii) pyrolysis of
the adsorbed organic iodine to form hydrogen iodide, (iii) absorption of the hydrogen iodide into a
solution, (iiii) and finally off-line iodide separation/detection using either ion chromatography
, offline ultra-performance liquid chromatography/
electrospray ionization — mass spectrometry
and more recently offline ICP-MS . However these
steps are time-consuming and the detection limits usually high, with 0.95 pug L™ as | the lowest
detection limit reported by . Usually TOI can be measured by measuring
total iodine and total inorganic iodine (iodide + iodate) separately and substracting inorganic from

total organic iodine

5. Factors influencing the formation of I-DBPs

5.1. Role of oxidant type, dose and kinetics

5.1.1. Role of oxidant type

lodate is shown as a major sink for iodide in ozonation, ferrate and PMS processes (Table [-2).
Overall, for chlorine, chlorine dioxide, permanganate, and chloramine the formation of I-DBPs can be
of concern when treating iodide-containing waters due to the slow oxidation kinetics of HOI.
However, during chlorination of bromide-containing waters, the oxidation of HOI to 10; is also

significantly enhanced by bromine

42

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

Then, the yield of iodinated DBPs for the main oxidants in typical drinking water treatment

conditions should generally follow the order summarized in Table I-4.

Table I-4: Relative yield of I-DBPs for the main oxidants in drinking water treatment conditions

High I-DBP yield Medium I-DBP yield Low I-DBP yield
Chloramines Peroxymonosulfate
. . Permanganate
Chlorine dioxide ! Ozone
Chlorine
Persulfate Ferrate

© 2019 Tous droits réservés.

This general pattern has been observed experimentally comparing 4 different processes on the same
water matrix

Surprisingly, in the case of , the plants using chloramination and those using
chlorination in the study did not show significantly different I-THM formation levels and the highest
value for the sum of the only two I-THMs measured (CHCI,I and CHBrCIl) was found for a plant using
chlorine (3.7 pg LY). This could be explained by the relatively long period of free chlorine contact
time (approx. 30 minutes), before ammonia addition in the case of the plants using chloramination
(see part 5.1.3). No information is available either on ammonia content in source waters for the

plants using chlorination. Only the plant with a pre-ozonation step showed much lower I-THM

production — which is likely due to enhanced iodate formation.
5.1.2. Role of oxidant dose and residence time

Several studies have reported that increased residence time lead to higher I-THM concentrations in
chlorinated or chloraminated distribution networks
Lower free chlorine residual concentrations will also lead to higher I-THM concentrations
. Overall higher doses of chlorine reduce the formation of I-DBPs
Increasing contact times will also lead to further transformation of I-DBPs. According to
, phenols can quickly form 4-iodophenol, and then 4-iodophenol might further

transform to 2,4,6-triiodophenol and 2,6-diiodo-4-nitrophenol in the presence of monochloramine

5.1.3. Timing of ammonia and chlorine addition: (pre)-chlorination vs chloramination

Due to the inability of chloramines to further oxidize HOI to iodate, the highest occurrence of I1-DBPs

is generally found for this process due to the long lifetime of HOI and the minor iodate formation

(cf. sections 2.2.3 and 4.). Hence, naturally occuring ammonia, as

well as organic amines, in raw water could have an impact on I-DBP formation during chlorination
processes

. Also, the formation of I-DBPs via chloramination has been

shown to be dependent on the timing of ammonia and chlorine additions during the disinfection
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process. For example, more than 5 pg L™* of CHI; were detected in water samples when adding
chlorine after ammonia compared to less than 1 ug L™ of CHI; when adding chlorine before ammonia
. When chlorine is added ahead of ammonia it allows a period of contact time

with free chlorine, where some iodide is oxidized to iodate, thus reducing the concentration in HOI
and the subsequent formation of I-DBPs. This coupled with high levels of naturally-occurring
ammonium in some drinking water sources has led to similar levels of I-THMs in drinking water
treated by either chloramination or chlorination in several occurrence studies

. Other reactions with chlorine may also come into play during pre-chlorination:
in the case of I-HAcAms for example, interactions with various reactive halogen species may
transform HAcAms precursors to non-HAcAms precursors, therefore further limiting I-HAcAms
formation during subsequent ammonia addition
Therefore, if chloramines are used as a disinfectant it is recommended to increase free chlorine
contact times before ammonia addition to reduce iodo-DBP formation as has been reported in
several studies
However, the formation of [-DBPs, in the pre-chlorination/post-
chloramination process depends strongly on the concentration of bromide
Indeed, while pre-chlorination minimized iodoform formation, short pre-chlorination times form
more |-THMs as compared to preformed NH,Cl due to a large increase in the formation of

brominated I-THM species

5.2. Total iodine/iodide and bromide concentrations

5.2.1. lodine concentrations

Generally higher iodide concentrations are associated with higher I-DBP formation by oxidants in
terms of concentration and the number of species formed, as shown through several occurrence
studies and laboratory studies

state that for chlorination at typical chlorine
doses of around 1-3 mg L™ in the UK, 20% of the iodide would form I-DBPs in the water below pH 8.
Moreover, the same trend of iodine and bromine incorporation has been observed, ranging from 10
to 40% of halogen incorporated into NOM which is usually
higher than chlorine substitution. In fact, the bromine substitution has been found to be
approximately one order of magnitude higher than chlorine substitution

. Also, a iodine incorporation from 7.7 up to 18.5% has been found by

depending on the iodide level. The highest iodide concentration showed the highest
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incorporation due to a lower yield of iodate formation for the same chlorination dose. In this study,
the iodine substitution was however much lower than the one of bromine for the same initial
bromide and iodide concentrations due to the formation of iodate. In some cases, even low levels of
iodide (< 1 pg L") can yield measurable levels of I-DBPs . Generally higher
iodide concentrations are also associated with a higher number of species of I-THMs
. A change in the nature of the dominant species can also occur shifting from less iodinated
THMs, such as CHCl,l, to highly iodinated THMs such as CHI; with increasing iodide concentration
. In the case of I-HAAs, higher I” concentrations lead to an increase
in diiodoacetic acid and bromoiodoacetic acid concentrations in chlorinated and chloraminated
water samples . However, no consistant correlation between total |-DBPs
formed and source water iodide concentration appears. , who only
measured CHCl,l and CHBrCIl out of the 6 I-THMs in 23 source waters, found no clear correlation with
iodide concentrations despite most of the plants surveyed using the same chloramination process.
These results could be explained by the differences in period of free contact time (see part 5.1.3),
which varied immensely (< 1 to > 45 min). The high iodide and bromide concentrations could have
lead to the formation of substantial amounts of more iodinated and brominated I-THMs, thus
perhaps measuring the other I-THMs as well would have led to a better trend. Another explanation is
the formation of I-THMs from other sources of iodine (for example, ICM such as iopamidol were later
found in some of these source waters with low natural iodide levels). Indeed,
found that out of the 23 studied source waters, 4 had high (ug L™) concentrations of iodo-acids and I-
THMs despite having low or non-detectable levels of naturally occurring iodide present. The
assumption of the presence of ICM has been later observed in different source waters
. Total iodine measurements (and iodate) in raw waters therefore is also

important to follow to also take into account other iodinated precursors.
5.2.2. Bromide concentrations and bromide to iodide ratio

Increasing the bromide concentrations in waters significantly enhances the rate of iodate formation
possibly reducing the yield of other I-DBPs . It has been shown that HOBr
accelerates the oxidation of HOI to iodate during chlorination in a bromide-catalysed process. The
rate constants of bromine towards iodine (k(HOBr/OI') = 1.9 x 10° M™'s™ and k(OBr/OI') = 1.8 x 10°
M™s™) are much higher than the corresponding rate constants for HOCI (k(HOCI/OI') = 8.2 M*s™ and
k(OCI/HOI) = 52 M™s™, Table I-1). The effect of the bromide/iodide ratio on the formation and
speciation of I-THMs by chlorine followed by ammonia addition showed that CHCI,I is the main I-THM
in the absence of bromide. At a bromide/iodide ratio of 10, mixed Cl-/Br-/I-THMs without any clear

dominating species were formed. When the bromide/iodide ratio was increased to 50, Br-/I-THMs
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clearly became the major species with CHBr,l being the dominating species . This
change in I-THM speciation is due to the formation of HOBr which is a better substituting agent than
chlorine . This may lead to higher concentrations of
brominated precursors available for mixed [-THM formation . In addition,
increasing bromide concentrations in chloraminated solutions also lead to a significant decrease in

the I-THM formation and changes in species distribution due to the formation of bromine

5.3. Natural organic matter

Natural organic matter (NOM) is the major precursor for the generation of organic DBPs during
disinfection. NOM reacts with hypohalous acids (HOX) by electrophilic aromatic substitution and
electrophilic addition leading to the incorporation of the halogen atom into the organic matrix or by
electron transfer leading to the reduction of the oxidant and the release of the halide ions
. The specific ultraviolet absorbance at 254 nm (SUVA) can be used as an indicator of
aromatic content of NOM — with a high SUVA value generally indicating a high aromatic content
, as well as more hydrophobic high molecular weight compounds. In contrast
low SUVA values often indicate hydrophilic, low molar mass and low charge density compounds
. SUVA has been widely used as an indicator of the DBP formation
potential of NOM
showed from the chloramination of model compounds that low SUVA substances
favored the formation of I-DBPs compared to high SUVA substances. The same behaviour has been
observed with natural waters or NOM extracts in several studies
based on I-THMs and or other I-DBPs but the
opposite was found in other studies . However, when the
TOI was measured, the high SUVA NOM shows the highest amount of unknown I-DBPs formed
or lower iodate formation . Consequently, the aromatic
fraction seems to be more reactive with iodine to form TOI. Conversely, low SUVA NOM with
aliphatic moieties, already containing smaller molecular weight (MW) precursors, could lead to the
formation of measurable DBPs such as I-THMs. This behaviour has been hypothesized for brominated
DBPs . However, these conclusions on I-DBPs are weakened by the fact
that iodine incorporation into NOM depends on other factors (e.g. bromide concentration, oxidant
exposure, iodate formation) that are not always well or easy to set in the different studies with
natural waters. One should also be aware that the formation potential test (DBP-FP) is not
appropriate in the case of I-DBPs due to the high conversion of iodide into iodate in the presence of

such high concentration of chlorine. showed in a study on different DBPs that
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SUVA is a good indicator for the formation of unknown DBPs but the relationships are usually weaker
for specific DBPs. In case of iodide, a competition with chlorine occurs either for the formation of
iodate or the chlorination of DOM. Indeed at increasing SUVA and/or for high molecular weight
fractions, a higher chlorine consumption is expected by direct reaction with the NOM, producing
more chlorinated reactive sites and leaving less chlorine available for oxidation of HOI to iodate
. Considering the oxidation state of NOM, its partial pre-
oxidation could change the production of DBP, as shown in the case of UV/H,0, pretreatment before
chloramination for which the production of I-THM increased, due to the partial oxidation of the
DOM, to low aromatic and small MW DOM fractions
Certain metals can bind with functional groups in NOM, affecting NOM reactivity with HOI and thus
I-DBP formation. A recent study demonstrated that the complexation of Cu®* with humic acid lead to
a decrease in I-THM formation during chlorination. During chloramination low Cu®* leads to some

reduction in I-THM formation, but higher metal concentrations lead to some increase

5.4. pH

As seen previously, iodine speciation as well as chlorine and chloramine speciation depend on pH.
During chloramination, several studies have found that the formation of I-THMs increased with
increasing pH in the pH range 6-8.5 for source waters spiked with either iodide or iopamidol
This could be explained by the hydrolysis of

monochloramine to chlorine at low pH leading to more iodate formation

. However, found the opposite trend explained by the possible oxidation of
the NOM by monochloramine hydrolysis and the formation of additional oxidants and substituting
agents (HOCI, HOBr, HOI) at lower pH, producing compounds more reactive in forming |-THMs.
Similarly, a decrease in the concentration of bromine-containing I-THMs with increasing pH has been
observed for all studied MW fractions , and either iodide or iopamidol as iodine
source
In contrast, for chlorination, it has been shown that I-THM formation increases for low MW fractions
of NOM with increasing pH . However, the lesser amount of HOCI available at
higher pH equals to less breakdown of high MW fractions to THM precursors. While the TOI
remained stable at higher pH, the fraction corresponding to I-THMs increased (and the other fraction
decreased) . The formation of iodate by chlorination (or bromination) has
an optimal pH at the average of chlorine (or bromine) and iodine pK, values

This optimal formation can also vary with the bromide to iodide ratio, chlorine dose and concomitant
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competition with NOM. In order to assess the different parameters in the formation of iodate vs I-
DBPs, kinetic modelling has been performed (see below).

Finally, pH also affects the stability of I-DBPs: similarly to TOCI or TOBr, TOIl degradation increases
with both pH and temperature, notably due to the dehalogenation of I-DBPs (Rahman 2015;
Abusallout et al. 2017). Acidic conditions have been shown to also increase the decomposition of

certain |I-DBPs such as iodophenols (Hu et al. 2018hb).
5.5 Modeling

To assess the simultaneous effect of different parameters on I-DBP formation, kinetic modeling has
been performed. In this kinetic model (software Copasi, (Hoops et al. 2006)), 26 reactions (Table I-
S8) were used to take into account the formation of different reactive species (chlorine, bromine and
iodine) with their speciation with pH, and their reactivity towards phenol as a model compound for
organic matter. The reaction rates of iodine with phenol determined by Bichsel and von Gunten
(2000a) have been used despite the latter discrepancy. These values allow to take into account the
specific rate constants and the evolution of reactivity with pH. A similar behavior can be assumed for
NOM with the acid-base speciation of phenolic moieties. Substituted phenol structures are
associated with fast reacting NOM moieities controlling the rapid initial HOI consumption phase
(Westerhoff et al. 2004). The slower phase for the reactions between HOI and other NOM moieities
has not been taken into account in this model. A concentration of 20 pg L™ of iodide has been
considered and increasing concentrations of bromide up to 400 pg L™ corresponding to a ratio of

20/1.
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Figure I-6: Modelisation of the effect of pH and bromide concentration on iodide speciation after chlorination of waters with
phenol. The results of the model are illustrated in fractions of the initial iodide as iodate. The model was run for a reaction
time of 4000 s, with initial concentrations of I = 20 ug L, PhOH = 10 UM (equivalent to 0.72 mgC L, so the number of fast
reaction sites roughly matches the concentration of phenolic compounds in natural water), a) HOCl = 15 uM, b) HOCI = 50

uM.
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Figure 1-6 shows the formation of iodate as a function of the bromide concentration and pH. After
the chosen reaction time (4000 s), 90% of iodide is converted either into iodate or incorporated in
the organic matter for pH > 7.0. A percentage of 20% of effective incorporation has been considered
to mimic the behaviour of chlorine, bromine and iodine reactive species with NOM. 80% of the
reaction of iodine reactive species with the organic moietie results in the release of iodide and the
oxidation of the organic substance.

According to Figure I-6, at low bromide levels, most of the HOI formed during chlorination is
incorporated into the organic moieties as the reactions between HOI and phenolate is orders of
magnitude higher than the oxidation of HOI to iodate by chlorine whatever the pH of the solution. At
higher bromide levels, the competition with HOBr leads to the formation of brominated phenolic
compounds instead. The organic structure becomes limiting, thus the remaining HOI is either rapidly
oxidised to iodate by the remaining HOBr, or when HOBr is depleted, slowly oxidised to iodate by
HOCI. With an increasing chlorine dose compared to organic compounds, the iodate formation is
favored. For example at pH 7, the formation of iodate increases from 6 to 23% of the initial iodide
concentration by increasing the chlorine dose from 15 to 50 uM in the absence of bromide, and from
68 to 90% with 400 pg L™ of Br'. From this modeling, considering the fast reaction step between NOM
and the oxidants, it is shown that iodate formation only occurs when the highly reactive sites of NOM
are limiting. For pH < 7, HOI has a higher stability due to the depletion of bromine and phenolic

structures and the slower oxidation by chlorine.

6. Occurrence of iodinated disinfection by-product classes in
drinking water

With the exception of one Spanish survey , two large US surveys

and one Scottish survey , most of the major
studies which analysed I-DBPs in drinking water samples were published after 2012. Most of the data
published was carried out in the US and Canada, or — since 2012 — in China, and mainly focus on
drinking water treatment plant effluents, although some samples were also taken from some
distribution networks and consumer taps. Initially the focus was on I-THMs, but more polar I-DBPs,

I-HAAs in particular, have been measured as well.
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Table I-5: Occurrence of I-DBPs in drinking waters. Publications in order of appearance.
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I-DBP
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pre-chlorination and sand
- C ho et
1 DWTP obregat Chlorine 6 I-THMs filtration, CHBrCll (Cancho e
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Various,
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trains for wastewater n=1or2 by microfiltration. None 2016)
potable effluents, US detected in the produced
reuse waters
(LODs =0.17-0.21 pg L")
Tap samples
from 37 SW _ CHCL!, Sum:0.039-1.79 pgL* | (loannou et
individual (dams), Chlorine CHBrClI, .
CHCl,I dominant al. 2016)
households Cyprus n=1
(from 2 DS)
Creek water _ 1
1bwrp near St. Louis, IZCII:IH(?QSH_dlc')ZnI}lr?a;t (Xue et al
MO, USA Chlorine 4 1-HAAs e '
TI-HAAs=1.7 pg L™ 2016)
1 tap water GW, USA (only ICH,CO,H)
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1 Pre- 3 I-THM: 918 (raw water)
conventional | Pudong, China chlorination, and 2848 ng Lt (finished
DWTP chIo;ar(r:lnes 5 I-THMs water)
=1 - :
1 advanced Yangshupu, chlorination, (n=1) Z;JdH?'?ASGZnZSL(Eaf\?;iV:s;Zr)
DWTP China ozone, &
. water)
chloramines
3 I-THM: 0.02 - 21.66 ug L
1
Median <1 ug L*
Highest concentrations
Post- for waters with naturall
Lake, river, disinfection occurrin ammmy
65 DWTPs :MVEN, 1 agent mainly 6 I-THMs -
GW, Canada . especially after
chlorine or S
chloramine chloramination
Overall CHCl,l most
frequent, but CHI; had
the highest
concentrations measured
% I-THM: 0.04-1.59 pg L™
. Pre-/ CHCI,l most frequently
70. \{vat'er Malply f.rom 4 postchlorination 6 I-THMS detected.
purification major rivers, ) . . .
lants Korea or OZOﬁatlpn/ (207 samples) | Higher concentrations in
P postchlorination coastal areas and in pre-
/postchlorination facilities
2 DWTPs +
1 reverse 6 I-THMs 2 |-THM: 0.18 - 0.31 pg L’l,
. Llobregat 4 I-HAAs .
0smosis- . CHCI,l dominant
desalinated River, Ter
water S;\;?Ar/;ai:rd Chlorine ICHZL%\:)S(TIgh Only ICH,CO,H found in 1
+ 3 mixtures Spain ! DWTP and its mixtures,
between the P (n=1) always < 2.5 ug L? (LoQ)
final waters -
Water from a SI-THM =13 pg L™
DWTP just . 6 L-THMS, (only CHCII, and CH(;{ZI)
prior to NS Chlorine 4 1-HAAs. 1AL 3 I-HAAs=0.4 ug L
disinfection ! (only ICH,CO,H and
(Lab study) CIICHCO,H)
6 polar I-DBPs
(3 iodoacids, 2
. ) iodophenols | 3 I-DBPs:1.23-5.62 ngL™
9 tap waters | Nanjing, China NS and 1 ICH,CO,H dominant
iodoaldehyde)
(n=1)
22 Samples . 1
from a DWTP Unri\:zf;ty CHl3: <LOD-0.433 pg L
and Islamabad, Chlorine CHIs, CHRCI |y il <LoD-21.5 pg L
consumer . 1 .
Pakistan and >5 pg L™ on 8 sites.
taps
6 I-THMs,
Lake Michigan Chlorine (2), ICH,CN, Orgm;ﬁf;ﬂ}g&i;‘:“’
3 DWTPs (2), GW (1), pre-formed ClIICHCONH,, 2 . !
us chloramine (1) | BrICHCONH CHCl,! dominant
2 . _ -1
1,CHCONH, 2 |-THM: 0.05-0.49 pg L
DS: distribution system; DWTP: drinking water treatment plant; GW: Groundwater; IAL:
iodoacetaldehyde; LOD: limit of detection; LOQ: limit of quantification; NS: not specified; SW: surface
water.
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6.1. lodinated trihalomethanes

lodinated trihalomethanes (I-THMs) have been found as DBPs in drinking water in many countries.
Furthermore, the total I-THM concentration has even been found to exceed the total regulated THM
concentration under specific treatment conditions

. However, the ratio I-THM/THM4 was 2% on a median basis for the survey of all 12 plants in
the US . Indeed, most of the plants had some form of pre-oxidation (mainly by
chlorine) before chloramination, which would reduce |-THM formation and increase THMA4
formation.
While many laboratory studies on I-THM formation found CHI; as the major species, these were
often not conducted at typical Br'/I” mass ratios. CHI; is the least occurring I-THM in most real water
samples (Table I-5). However, CHI; has been recently reported as the main I-THM in several
distributed waters ( , Table I-5) usually accompanied by
high total I-THM concentrations. The most frequently quantified I-THMs are usually CHCI,I followed
by CHBrCII (Table I-5) with the highest measured concentrations for CHCI,l and CHBrCll being 15 and
6 pg L respectively (in distribution systems), in a treatment plant in the US which added chlorine
and ammonia simultaneously to form chloramines . At this plant, I-THMs
were nearly as present as regulated THMs (81% mass ratio). Furthermore, plants using source waters
with naturally occurring ammonia had higher average and median I-THM values, regardless of the

use of chlorine or chloramines as secondary disinfectant

The largest surveys focusing mainly on chlorination were conducted in China ,
Korea , the UK , and Canada . Amongst the data
presented by these authors in Table I-5, the sum of 5 I-THMs measured by may

appear excessively high, as they found values in the 7.3-12.1 pg L' range for 9 plants using
chlorination. While the ammonia content of source waters was not measured, and some
chloramination may have taken place, 2 of the plants used both pre- and intermediate-ozonation,
thus one would not expect such a high formation of I-THMs after final chlorination. Additionally, not
only did the final I-THM concentrations systematically exceed the initial iodide concentrations of
source waters, but in some cases they even exceeded the total iodine concentrations of source
waters. The authors hypothesized that possible coelution may have lead to overestimation of certain
I-THM peaks.

and found a tendency for more I-THMs during summer
than during winter, and this was linked to rising iodide levels during summer.

, also showed some plant-specific seasonal trend with more I-THMs formed in warmer waters.
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But the lack of data on iodide levels in source waters makes it impossible to distinguish possible
seasonal effects due to variations in temperature and due to variations in iodide levels.
It is worth mentioning that, while I-THM levels experienced mostly unsignificant variations along the
distribution network in the study by , the highest I-THM sum measured
(21.66 ug L"), mid-point through the distribution, was drastically higher than for the chloraminated
treated sample (4.25 pg L™), due to some unoxidized inorganic iodide still remaining after treatment
(the iodide concentration in the source water was extremely high, at 131 ug L™). Therefore for
processes using chloramination as final disinfection, monitoring not only the iodide level in source
water, but the remaining iodide concentration in treated water as well could be important to
evaluate the risk of further I-DBP formation in the network.
Overall it remains difficult to compare occurrence and speciation of I-THMs between sites (Table I-5),
because many of the early studies did not measure all 6 I-THMs. Additionally, many of the
parameters which greatly influence their formation were not systematically measured (bromide,
iodide, total iodine and ammonia content of raw water and/or free chlorine contact time/ order of
ammonia and chlorine addition and/or free chlorine residual concentration...).
Other iodinated halomethanes have also been detected (although not necessarily quantified) in
water: chloroiodomethane was first reported in drinking water samples in the UK in the mid-70’s, but
has not been often monitored since then . Chloroiodomethane has been
detected both in chlorinated waters and in lab chloraminated source waters
. Bromoiodomethane and diiodomethane were also identified in chloraminated
water in 1995 . In lab-scale chlorination and chloramination reactions
performed on NOM, diiodomethane and iodomethane were also qualitatively identified
. One should notice that diiodomethane and iodomethane have also been identified as
thermal degradation products of iodoform during solid-phase micro-extraction (SPME)
. Several other iodinated dihalomethanes (including chloroiodomethane, bromoidomethane
and diiodomethane) have been identified as degradation products of I-THMs in spiked river water
. This may perhaps explain the extremely high value for chloroiodomethane
found to exceed 20 pg L™ at one sampling point in a chlorinated distribution network of Islamabad
, as they used HS-SPME. No study has yet looked at possible thermal degradation
of chlorodiiodomethane or chloroiodoacetic acid to chloroiodomethane during HS and gas
chromatography. Nonetheless, have demonstrated loss of iodinated THMs at

higher injection port temperatures.
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6.2. lodinated haloacetic acids

Four iodinated haloacetic acids (I-HAAs) were found in different studies: (mono)iodoacetic acid
(ICH,CO,H), chloroiodoacetic acid (CIICHCO,H), bromoiodoacetic acid (BrICHCO,H), and diiodoacetic
acid (I,CHCO,H) in chlorinated and chloraminated drinking waters
at low ng L™ to low pg L™ levels with maximum concentrations of

1.7 pg L™ for iodoacetic acid and approximately 0.5 pg L™ for chloro- and bromoiodoacetic acid.
Diiodoacetic acid has so far only been quantified below 1 ng L™ in drinking waters. Triiodoacetic acid
has been reported in several bench scale formation studies. However, trihalo-HAAs generally
decompose very fast in drinking water under ambient temperature ,and it
is unlikely to find them in drinking water. The most frequently monitored I-HAA, until now, has been
ICH,CO,H (Table I-5).
Other iodoacids (Z)-3-bromo-3-iodopropenoic acid, (E)-3-bromo-3-iodopropenoic acid and
(E)-2-iodo-3-methylbutenedioic acid were also identified in chloraminated drinking water in a U.S.
nationwide DBPs occurrence study

found concentrations < 1 pg L™ amongst 23 drinking water treatment plants (Table I-5) for
these compounds. Another iodoacid, 3,5-diiodosalicylic acid was found at concentrations in the
0.17-1.48 ng L' range in 9 tap waters in China

lodoacids were found in finished drinking waters which also had relatively high levels of I-THMs

6.3. Other iodinated disinfection by-products

6.3.1. lodinated haloacetaldehydes and other iodinated aldehydes

lodobutanal was the first iodinated haloaldehyde (I-HAL) identified — but not quantified — in US
surveys . lodoacetaldehyde was then quantified in 4
waters from US drinking water plants at 0.62 to 4.5 g L™, even with iodide below the detection limit
(5 pg L) in the source waters, but only for chloraminated waters . While
iodoacetaldehyde has not been further investigated in drinking water since then, disinfection

experiments directly on river water have shown its formation is possible after chlorination as well

6.3.2. lodophenols

Various types of iodophenols have been quantified in tap water including iodinated
hydroxybenzaldehydes, iodinated hydroxybenzoic acids, and iodinated nitrophenols (2-iodophenol;

4-iodophenol; 2,4,6-triiodophenol; 3-iodo-4-hydroxy-5-methylbenzoic acid; 2,6-diiodo-4-nitrophenaol;
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2,4,6-triiodophenol, 2,4-diiodo-6-nitrophenol, and 3,5-diiodo-4-hydroxybenzaldehyde)

. Individual concentrations were below 1 ng L™ in 18
Chinese tap waters , except for the two nitrogenous phenolic I-
DBPs in 2 samples with high amounts of dissolved organic nitrogen, with a maximum of 24 ng L™ for

2,4-diiodo-6-nitrophenol
6.3.3. lodinated haloacetonitriles

Only one survey has actually monitored iodinated haloacetonitriles (I-HANs) in drinking waters:
measured iodoacetonitrile (IAN), which was found (0.2-4.2 pg L") in only 4 out of 60
DWTPs using chlorine in China . For the two highest IAN values, iodoacetonitrile
was the main HAN measured (6 other chlorinated and brominated HANs were measured as well),
while no |-THMs were measured. Surprisingly, iodoacetonitrile was not detected in the

chloraminated samples, although the number (7) of treatment plants sampled was smaller.
6.3.4. lodinated haloacetamides

3 out of 7 samples in China had chloroiodoacetamide (<0.04 - 8.5 pg L") and 3 out of 7 samples had

bromoiodoacetamide (<0.05 - 6.1 pg L")
6.3.5. lodinated trihalomethanols

They have yet to be reported in drinking waters, but some have been proposed (not confirmed) in
chlorinated saline primary effluent such as chlorobromoiodomethanol and chlorodiiodomethanol
, and in simulated ClO,-treated drinking water such as

iododichloromethanol, chlorobromoiodomethanol and chlorodiiodomethanol
6.3.6. lodinated dipeptides

4 lodinated dipeptides (3-I-/3,5-di-I-Tyr-Ala and 3-1-/3,5-di-I-Tyr-Gly) have been identified in tap

water samples

7. Risk assessment and mitigation

7. 1. Toxicity of iodinated disinfection by-products

Although toxicity evidence from in vivo assays and molecular epidemiology studies for I-DBPs is still
lacking , different cytotoxicity and genototoxicity assays have been
performed on various I-DBPs in the literature (Tables I-S6 and I-S7). lodoacetic acid is the I-DBP which

has been subjected to the most number of different assays, allowing a comparison of hamster
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(CHO-AS52 and CHO-K1), mouse (NIH3T3), and human (HepG2, Caco-2, and CCD 841 CoN) cell lines.
However most of the other I-DBPs have only been subjected to quantitative cytotoxicity assays and
genotoxicity SCGE or comet assays using a Chinese hamster ovary (CHO) cell platform. Assessing
individual cytotoxicity and genotoxicity of I-DBPs may underestimate possible interactions among
them and with the organic matter present in the water. Additionally, many |-DBPs remain
unindentified. However due to the lack of quantitative comparative toxicity data on most of the
known I-DBPs, these toxicity data aid in prioritizing DBPs and their related compounds for future in
vivo toxicological studies and risk assessments.

A recent review compiled for 103 DBPs, their lowest cytotoxic concentration, their LCs value (lethal
concentration for 50% of a population), their lowest concentration that induced a genotoxic
response and the 50% TDNA (intensity of the DNA that migrated away from the nucleus) or midpoint
of Tail moment (integrated value of migrated DNA density multiplied by the migration distance) with
CHO cells , and demonstrated that I-DBPs are more cytotoxic and
genotoxic than their brominated and chlorinated analogues. A more detailed discussion on the
toxicity of each class of I-DBPs and a comparison to their brominated and chlorinated analogues can
be found in a recent article by , in which the authors used mammalian cell

cytotoxicity and genotoxicity data to provide a rank ordering of the relative toxicities of I-DBPs.
7. 2. Prioritization of I-DBPs

To prioritize DBP classes, a new metric called “TIC-Tox"” , compares measured DBP
concentrations — or semi-quantitative TIC peak areas — weighted by metrics of toxic potency

(cytotoxicity or genotoxicity index value) to determine chemical drivers of overall toxicity in water

From this methodology, iodoacetaldehyde, iodoacetonitrile as well as iodoacetic acid could be
important DBPs due to their high toxicities and because they have already been found at the pg L™
level. In the case of iodophenols and iodoacetamides, both classes of compounds have reportedly
high toxicity — especially the three iodoacetamides (iodoacetamide, bromoiodoacetamide,
chloroiodoacetamide), more cytotoxic I-DBPs than the I-HAAs with the exception of iodoacetic acid

— but have yet to be quantified at concentrations above dozens of ng L™ in
treated waters. There are some |-DBPs with no toxicity data as of yet, and more occurrence data is
needed on I-DBPs in real drinking water samples so as to better prioritise |-DBPs. Such prioritization
can provide useful information to develop control strategies for the minimization of human health
risk resulting from the exposure of the consumer to I-DBPs, including by the establishment of new

threshold values.
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An indexing method based on 3 criteria (concentration level, reported frequency and toxicity) was
recently developed by to prioritize unregulated DBPs in three categories (i.e.,
critical, medium, and low priorities). The I-DBP group was categorized as of low priority compared to
other DBP classes. However only iodoacetic acid and iodoform were considered. An earlier paper

gave scores to DBPs based on 4 criteria (toxicity, occurrence, US-EPA and/or
IARC classification, and regulation). This procedure allowed the identification and ranking of three
different groups of emerging DBPs: Dichloroidomethane and iodoacetonitrile were ranked in Group |,
which consists of the most critical emerging DBPs with regard to their potential health effects
(moderate occurrence but the highest toxicity). Other I-THMs as well as I-acids and I-HAcAms were

categorized in Group Il (moderate to elevated occurrence and relevant toxicity).
7. 3. Mitigation strategies

Precursor removal prior to disinfection is an attractive strategy for DBP minimisation, in that it non-
specifically minimises all DBPs, both regulated and emerging . As NOM is the
major precursor for the generation of DBPs, NOM removal prior to disinfection is extremely
important. When focusing on |-DBPs, there may be however a need for effective bromide and iodide
removal in the context of more and more complicated and stringent regulations as well as the
increase in the use of salinity impacted waters for drinking water purposes. However, current
drinking water treatment schemes are challenged to effectively remove halides (bromide and iodide)
from drinking water sources before final disinfection

Considering iodine, the transformation into iodate, a safe end-product could be a good alternative. A
pre-ozonation step before post-chlorination or especially post-chloramination to completely oxidize
iodide to iodate is indeed an efficient process to avoid the formation of I-DBPs

Also iodide oxidation by ozone is sufficiently fast to avoid excessive formation of bromate, a
regulated DBP linked to ozonation . A higher ozone dose was required for waters
with high SUVA254 values . As already stated in part 5.1.3., adequate
prechloration before chloramination can also form more iodate and reduce the subsequent
formation of I-DBPs.

One should pay attention however on the oxidant type used, for example hydrogen peroxide
exhibited no appreciable effect on I-THM formation during chloramination , and led to
I-HAcAm formation during chlorination . This oxidant is therefore not suitable as a
pre-oxidant for I-DBP minimisation. Further research should be done on the use of potassium
permanganate as a pre-oxidant. Indeed, while potassium permanganate as a pre-oxidant before
chloramination was shown to increase I-THM formation , the pH was not controlled

during this experiment. At more acidic or basic pH, iodide is rapidly oxidized (pH < 6) or
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disproportionated (pH > 8) to iodate (see 2.2.7.), therefore one would expect permanganate to
reduce I-DBP formation during subsequent chloramination. Chlorine dioxide as a pre-oxidant has
been shown to reduce I-THM formation for high bromide and iodide concentrations (800 pg L™ / 80
ug L), but to increase I-THM formation for lower bromide and iodide levels (200 pug L™* / 20 pg L)

. Ferrate pre-oxidation is also very effective in minimizing 1-DBPs formation before

chloramination and even before chlorination, by oxidising iodide to iodate

8. Conclusion

The increasing demand on water resources will inevitably require increasing use of water sources,
containing higher concentrations of iodide/iodine especially in coastal areas. Reactive iodine species
can be formed during oxidative water treatment of iodide-containing waters with various oxidants
and react with dissolved inorganic and organic compounds. HOI is generally the major reactive
species for the reaction with organic matter. lodine reactive species are similar to chlorine and
bromine in terms of speciation, mechanism of reaction or NOM incorporation. The fewer available
rate constants do not allow a solid conclusion in terms of reactivity, which however generally
appears to be intermediate between those of chlorine and bromine. The biggest difference consists
of the further possible oxidation of HOI into iodate (by chlorine), considered as a safe end-product
for iodine. The formation of iodinated disinfection by-products is then favored when the oxidant is
not able to effectively oxidize HOI into iodate. The incorporation of I” is highly dependent on the
oxidant type, I, Br and NOM concentrations, NOM type, solution pH as well as on the ammonium
concentration. Thus, disinfection practices intending to reduce THM4 levels may ultimately increase
the formation of I-DBPs in the treated waters, especially in the case of chloramination. Ever-
improving detection techniques allow for increasingly good detection of I-DBPs in the ng L™ range or
even lower. Occurrence studies mainly look at I-THMs as well as several iodoacids. However in recent
years, more studies have started looking at nitrogenated I-DBPs as well as other polar I-DBPs. One of
the main difficulties faced is being able to quantify many I-DBPs from different classes with different
properties and at low detection limits.
I-DBPs are known to have generally higher toxicity than their chlorinated and brominated analogues.
lodoacetic acid and iodoacetamides exibit particularly strong cytotoxicity. In terms of mitigation,
processes which favor the formation of iodate contribute to the reduction of I-DBP formation, in
particular controlled ozonation allows to form iodate without formation of bromate and a pre-
chlorination contact time before chloramination has been proved to be efficient in the control of I-

DBP formation.
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Table I-S1: Total iodine concentrations in surface waters and groundwaters. lodide concentrations are shaded in grey.

Number
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-1 . -1
Country of sites Sources Range (ug L") Median (pgL™) References
. Water drawn for (Watts and Mitchell
Afghanistan 37 DW and irrigation 5.4-22.7 2008)
mid-Wales, U.K. 4 Mineral waters 173-595 (Fuge and Johnson
1986)
A”adargg Basin, 11 Brines 23 - 1400 (Collins 1969)
Rivers 3.49-27.82
Argentine (Negri et al. 2013)
Lakes 1.20-10.43
21 Rivers 16 - 95 30
i Watts et al. 2010
Argentine 15 GW 52-395 110 (Watts et a )
. (Hansson et al.
Australia 1 Lake (DW source) 50 1987)
Australia 21 DW source waters <5-594 25.5 (Gruczlg)likS)et al
Bahrain 15 Natural waters (0.01-0.65) x 10° 0.02x10° (Ali-Mohamed and
9 Processed waters (0.01-1.08)x 10° 0.016 x 10° Jamali 1989)
British Columbia
and Alberta, 5 Streams and rivers 0.47-2.48 (Fuge 1989)
Canada
Source waters for <0.018-131.36 06202725((5\7\/?::;3)
Canada 65 DW treatment - (Tugulea et al. 2018)
lants <0.10- 132 2.71 (Summer)
P : 2.20 (Winter)
24 River 0.40-11.40 3.18 (mean)
8 Lake 0.70 - 33.00 5.88 (mean)
Central Russia -
36 — (nc)(;V\a/rteSian 0.30-21.00 3.72 (mean) (Korobova 2010}
6 0.85 - 14.00 6.85 (mean)
wells)
10 DW (artesian wells) 2.10 - 23.00 9.45 (mean)
China 34 Tap waters 0.6-9.9
China 19 Well or spring DW 0.6-84.8 (Lu et al. 2005)
China 22 SW 1.4-39.9
China 25 Rain and surface 0.51-8.33 2.92 (Qin et al. 2014)
runoff
China 33 SW 0.08 -4.13 0.53 (Qin et al. 2014)
China (sampling
in 129 counties Water suppl
that were 28857 PPl (0.1-1.5)x 10° (Shen et al. 2011)
sources and wells
suspected to have
high levels)
. GW (for drinking, at (Andersen et al.
China 8 500 - 700 m depths) 187-805 287 2009)
shallow GW
China 4390 (<100 -150 m) <1-1901 20
Deep GW (Zhang et al. 2013)
1708 (> 100 150 m) <1-1381 80
Shallow GW
155 (<50 m) 2.7-4117 912
. medium-depth GW (Tang et al. 2013)
.02-2782 1
China 734 (50 - 200 m) 0.0 78 33
deep wells
61 (> 200 m) 6.4 - 2433 534
China 4 tap waters 0.1-04 (Gong and Zhang
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4.7 - 10.6 (iodate) 2013)
6.5-12.9
Ped t al.
Danemark 55 Tap waters <1.0-139 7.5 (Pedersen et a
1999)
(Rasmussen et al.
Danemark 41 Tap waters 2.1-30.2 2000)
Danemark 22 Tap waters 0.7 -140 9.4 (Andersen et al.
2002)
(Voutchkova et al.
Danemark 2562 GW <0.4-1220 5.4 2014b)
>3 at 1077 sites 10-151
England-Wales 3850 GW (including 38 DW o (Goslan 2016)
(8 regions)
sources)
<0.01-104 Salmi t al.
Europe 807 Stream waters 0.33 Sellul iCIESE
2005)
Europe 3 Rivers 0.9-4.2 (Moran et al. 2002)
Germany 1 Lake 1.29 (average) (Gilfedder et al. 2009)
0.6 - 68 in most
cases<1-4
rivers, lake 0.01-1.2 (iodate
. ( ) (Gilfedder et al.
Germany, Austria, Man 2010)
Swizerland v 0-13
0.6 - 3.3 (iodine)
Precipitation 0.04 - 0.36 (iodate)
0.08-1.1
SLII:ro:iT:a:qc:JrnsICIrgr?Is 3.0-31.5 (Longvah and
India 287 ppi PrINGS | 5 0_10.0 for 82% of 5
and rivers that are the samples Deosthale 1998)
used as DW sources P
_ India (sub- 108 Drinking water 0.76 - 3.01 (Sharma et al. 1999)
Himalayan zone)
India (sub- Shallow tube wells (Bhattacharjee et al.
Himalayan region) 14 (for DW) 3.42-13.25 2013)
: (Chandra et al.
India 3 DW 1.8-2.6 2006)
India 86 Tap water 20-150 93 (Basu et al. 2007)
. (Kamavisdar and
India 35 SW and GW 7.21-43.22 11.7 Patel 2002)
Italy (Covering
nearly all the 157 Tap waters 0.34-27.1 2.9 (Dinelli et al. 2012)
country)
. 3 (Muramatsu et al.
Japan 22 Brines (6-140)x 10 2001)
Japan 42 Rivers and lakes 0.65-35.9 3.66-3.88 (Takaku et al. 1995)
Japan 4 Geothermal and hot | - gag 1 434 10? (Koh et al. 1988)
springs
Morrocco, Aga.dlr DW and water (Johnson et al.
region, Ounein 19 L 0.5-35.2
irrigation samples 2002)
Valley
Morrocco (Aquaron et al
(goitrous endemic 3 DW 0.92-1.30 1.08 g L)
areas (mountains)
. (Day and Powell-
Nepal 17 Soil wells < 1 for 13 sources Jackson 1972)
New Zealand 35 public water supply 0.7-14.8 (Dean 1963)
centres
1.5in non-
Ub d Tsuchi
Nigeria 23 SW and GW Nd-7.5 goiter area (Ubom iggg)suc e
(13/23 sites)
Scotland 7 Raw waters before 1.62-6.84 2.87 Winter (Parsons et al. 2009)
DWT 1.53-8.13 2.61 Spring )
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3.61-12.1 6.8 Summer
Spain 1 River (for DW) 3.2 (Cancho et al. 2000)
. (Balasuriya et al.
Sri Lanka 609 DW 13.5 1992)
. Shallow
Sri Lanka 15 DW wells 3.3-84 (Fordyce et al. 2000)
Togo, 10 DW 1.0-9.2 2.8 (Jaffiol et al. 1992)
Tog9 (endemic 2 DW 2 (average) (Bilabina et al. 1994)
goiter area)
97 Streams and rivers 0.4-15.6
UK 30 Springs and wells 1.18-14.0 (Fuge 1989)
12 Lakes 1.47 -12.60
(Safe Drinking Water
USA NR Fresh water Nd - 18 4 (mean) Committee 1980)
USA 10 Stream and rivers 3.17-13.3 (Fuge 1989)
USA 39 Rivers 0.5-212.0 10.2 (Moran et al. 2002)
USA 23 Raw waters for DW <0.4-104.2 1.9 (Richardson et al.
2008)
(Dorman and
USA 3 Lake 2.23-6.89 Steinberg 2010)
10 Streams 1.00-4.22 1.8
Wales 6 GW 0.57-8.51 2.2 (Neal et al. 2007)
Rainfall 1.55 (average)
World 72 Lakes and rivers 0.125- 137 (Snyder and Fehn
2004)
France, <3-200 0.75 .
Switzerland 16 Mineral waters (Bichsel and von
! < 3-99 (iodate) 14 Gunten 1999)

Austria and Italy

DW: drinking water; GW: groundwater; SW: surface water
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Table I-S2: ICM occurrence in fresh waters.

Q
— = — [ 9} L € n
z e 8 o~ e e~ pogen e E o - 9
£ 8 &L 2L gL il = ST, S | g <
3 3 Zw 5 w 2 w g w S w g 2= == 5
O ol o — §< o= s < s < B < =32 3 5
=T e 2 €T |87 | BR | 5% E
<10-
GW <10-2400 <10-170 <10-49 <0.010
Germany 210 (Ternes and
Rivers and <10- <10- <10- Hirsch 2000)
creeks <10-2800 <10-89 910 | 100,000 | 190 | <1080
SW 1.6 2
SW after (Putschew
Germany bank filt. <0.05 4 2000)
DW inf <0.05 1.2
channel 2000 8500 8000
Germany 2000 1500 (Putschew et
- - . 2001
Lake 500 4000 3000 a )
<3.6- (Sacher et al.
Germany GW <4.5-300 1100 2001)
Seine River 386 411 17 118 <LOoQ 438 (Bruchet et al
France borehole 208 85 <loq 100 <L0Q 92 ru;og; a
DW eff 60 11 <log 32 <LOQ 12
Australia GW 168
Ohio and
Colorado 2.2<zlmd (Trenholm et
us rivers al. 2006)
<1land
DWs 46
Danube
River (DW 180-207 | 9% | 307.399 232 80-208 .
German inf) 253 287 (Seitz et al.
ermany 5 2006a)
DW eff 72-98 20 81-92 69-77 129-149
Danube <40- <40- (Seitz et al.
Germany River <40-520 360 <40-480 220 <40-580 2006b)
Korea SWs 20-361 (Kim et al.
DW eff <1 2007)
) (Hollender et
Switzerland GW wells 88 50 al. 2008)
SW 180 96 280 (K al
Germany GW 470 <4 10 ormos et &t
2009)
DW eff 244 <2 <1
German Rhine River 53 150 (Kormos et al.
Y DW eff 55 31 2010)
<3-
Germany SW for DW 39-1230 57 <3-1450 <3-120 (Kormos, 2011)
DW eff 7-270 <3-5 <3-34 <3-21
. <10- (Duirk et al.
us DWs (inf) <10-2700 120 <10 <10-25 <10-93 2011)
<DL- <DL - <DL- <DL- <DL- (Wolf et al.
Germany GW <DL-79 187 <DL-1655 39 4240 238 204 2012)
Llobregat
Soain River (DW 23' ;1677' <17-84 (Boleda et al.
p inf) 2013)
DW ND <17-84 ND
<10- <10- <10-
- - <
ol GW 36,000 180 <10-790 250 <10-940 <10 <10 (Zemann et al.
<10- <10- <10- <10- 2014)
SW 78,000 1600 6900 4500 <10-860 | <10-23 | <10-51
Rhine River 47-286 :;56_ 66-385 69-240 20-47 <LoQ 24-57
Switzerland GW 3694 | 29| <oa | <«oa | 2432 | <«woaq | <oq (Ens etal.
Q 2014)
<LO
DW eff 17-43 Q <LoQ <LoQ 16-22 <LoQ <LoQ
Serbia SW <4.7 - (Petrovi¢ et al.
82

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

75.2 2014)
DW 6.8
960- (Redeker et al.
Germany GW 1020 2014)
RIV?I‘ (bw <2-3300 <10-57 (Simazaki et al.
Japan inf) 2015)
DW eff <2-2400
LLobregat <2.5- 26.1- 23.6- 13.8-
spain River 129 8.9-65.7 165 1595 1785 | 48272 (Zonja et al.
. 12.7- 221- 30.6- 57.5- 2015)
Besos River 4050 18.2-394 1326 379-6100 336 200
Tap 12 24 <LOD 5.7 3.7
China DW inf 16 31 <LOD 8.5 6.4 (Li et al. 2015)
DW eff 5.3 19.2 <LOD 4.4 6.3
SW 580 410 3.4 150 60
. 0.5- <0.05- <0.02- (Mendoza et al.
Spain Tap ND ND 50 <0.07-1.4 10 11 2016)
Chicago ND- (Fabbri et al.
us River 560-630 160 Nd-55 2016)
(VIaamse
. . 21- Milieumaatsch
Belgium SW (DW inf) <10-350 4200 <30-230 appij 2017,
2014-16)
. 96.5- (Z. Xu et al.
China DW eff 147 1.3-2.3 1.3-7.8 0.1-1.6 2017)
Rhine River 80-620 (Sjerps et al
Netherl )
etherlands Meuse 20-380 2017)
River

DL: detection limit; DW: drinking water; eff: effluent; filt: filtered; GW: groundwater; inf: influent,;
LOD: limit of detection; LOQ: limit of quantification; ND: not detected.

83

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

Table I-S3: Comparison of sensitivity of chromatographic methods for iodide and/or iodate determination with
electrochemical, UV or mass spectrometry detection.

Potentiometry (iodide-

can decrease by an order of

Analytical
Sample Column and Detection DL (ugL?) References
dimensions
ION CHROMATOGRAPHY
Not specified égg’gg Zmzrf] ) Potentiometric (Ag) 40 (iodide) (Franks and Pullen 1974)
Not specified HPIC-AS1 DCA (Ag electrode) 10 (iodide) (Rocklin and Johnson 1983)
Potentiometry (Ag-AgCl 254 (iodide) (Ag-AgCl
Wescan anion electrode or epoxy resin electrode) (Suzuki et al. 1983)
matrix electrode) 6350 (other electrode)
1.9 (iodide)
Fresh water, Brownlee AX-MP

sea water (100 x 4.6 mm) selective electrode) magnitude in fresh water (pre- (Butler and Gershey 1984)
concentration).
Spherisorb ODS -
Human serum (300 x 3.9 mm) AMP (Ag) 4 (iodide) (Hurst et al. 1984)
UV (600 nm) after PCR with
Serum and chloramine-T and 4,4'- - (Buchberger and Winsauer
. - } ) 1 (iodide)
urine Vydac bis(dimethylamino)diphenyl 1985)
302-IC tenti metthfanj tecti
sovasmm | meriemertcded T
ifi H .1
Not specified Ag/AgCl reference 500 (iodate) (Haddad et al. 1985)
Electrode)
Cadmium
sulfide,
potassium A
fluoride, and AS2 DCA (Pt electrode) 10 (iodide) (Han et al. 1987)
iodized sodium
chloride
Spectrophotometry 0.004 (iodide) (5 mL injection
After PCR with chloramine-T for water)
Human serum, Vydac 302 IC and 4,4'- 1 (iodide) (other samples, 20 (Buchberger 1988)
food, water (250 x 4.6 mm) . g . I
bis(dimethylamino)diphenyl uL sample injection)
methane
Aqueous Shodex I-524A UV (226 nm) 10 (iodide) (Bruins and Maurer 1989)
samples
Concentrated TSKgel IC-Anion- UV (226 nm) 5 (iodide)
| h 1
salt solutions | PW (50 x 4.6 mm) AMP (GC) 5 (iodide) (Ito and Sunahara 1990)
Vydac 302 IC - (Mehra and Frankenberger
water (250 x 4.6 mm) DCA (Ag electrode) 10 (iodide) 1990)
RP-C18 DCA (GC electrode) 5 (iodide)
coated with
i | [. 1991
Sea water cetyltrlm.ethylam oV 5 (iodide), 10 (iodate) (Ito et al. 1991)
monium
(150 x 4.6 mm)
PRP-X100 (150 x
Sea water 4.1 mm) UV (226 nm) 1.3 (iodide) (McTaggart et al. 1994)
Lake, industrial
and Spherisorb SAX

environmental

Electrochemical (GC

(200 x 4.0 mm) electrode) 1 (iodide) (Liu et al. 1995)
waste waters
UV (605 nm) after PCR with
. 4,4'-
saline lonPac ASlI bis(dimethylamino)diphenyl 0.8 (iodide) (Branddo et al. 1995)
waters ;
methane in the presence of
N-chlorosuccinimide
IC-PAK A
'°d;‘i)ﬁu5;f)’;iard (SB?;‘\“N’EIZ:‘:SR’_ZZ) DCA (Pt electrode) 127 (iodide) (Chen and Hibbert 1997)
(100 x 4.6 mm)
Mineral water AMP (GC electrode) 10 (iodide) (Yashin and Belyamova

© 2019 Tous droits réservés.
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1998)

Nova-Pak C18
(RP) coated with

Potentiometry

Urine and N-cetylpyridinium | (Laboratory-made iodide ion- 1.47 (iodide) (Almeida et al. 1997)
serum . .
chloride selective electrode)
(150 x 3.9 mm)
TSK gel SAX .y
Sea water (150 x 4.6 mm) UV (226 nm) 0.2 (iodide) (Ito 1997)
GW and soil HPICrAni;jl (25 Conductivity (Ag electrode) 300 (iodide) (Tucker and Flack 1998)
Conductivity 100 (iodide) (Chandramouleeswaran et
Sea water ASAASC UV (227 nm) 1 (iodide) al. 1998)
Milk, other
dairy Z:;d“‘:ts' IC-A1 SBAWS conductivity 5 (iodide) (Yang et al. 1998)
table salt
Pharmaceutical Carbon BI-01 - T
compounds (100 x 4.6 mm) Conductivity 10 (iodide) (Okamoto et al. 1998)
. PRP-X100 . s .
Soil and water (150 x 4.1 mm) UV (230 nm) 40 (iodide) (Papadoyannis et al. 1998)
UV (267 nm) after .
W Y
DW AS12 PCR with bromide under 0.05 (iodate) (Weinberg and Yamada
(250 x 4 mm) ;. . 1998)
acidic conditions
Brine, table salt in the low pg L™ range (iodide) (Dionex (.nOV\./ .part of Thermo
AS11 Scientific) 1998)
(250 x 4 mm) PAD (Ag electrode) (‘Application Note 37,
Milk products 1 (iodide) Determination of lodide in
Milk Products’ 2000)
TSKGel SAX .y
Sea water (35 x 1 mm) UV (226 nm) 0.2 (iodide) (Ito 1999)
AS 11 (250x 4 UV (249 nm) after PCR
Mineral and mm) for iodide to IBr2- for iodide and UV 0.1 (iodide, iodate) (Bichsel and von Gunten
DW AS 9 (250 x4 mm) (288 nm)after PCR to 13- for ' ’ 1999)
for iodate iodate
IC-Pak Anion HR 30 (iodate)
(75 x 4.6 mm) (AP1) MSD 60 (iodide)
Suppressor (Buchberger and Ahrer
bw column + IC-Pak 1999)
Anion HR (130 x 2 (API) MSD 0.5 (iodate)
mm)
. Luna RP 18 (C2) -
Urine (150 x 4.6 mm) DCA (Au electrode) 1 (iodide) (Below and Kahlert 2001)
Electrolyte
solution
consisting of
different AS17 (50 x 4 mm) —
. H .2
concentrations PAD (Ag electrode) 0.6 (iodide) (Hu et al. 2005)
of CaCl, and
iodide and
iodate
DCA (Pt electrode) 0.5 (iodide)
Human urine ASlln(qzn':’;J x4 DCA (Ag electrode) 3.5 (iodide) (Cataldi et al. 2005)
PAD (Ag electrode) 35 (iodide)

Soil and sea
water samples

AS16 (250 x 2
mm)

PAD (Ag electrode)

0.5 (disposable electrode); 2
(conventional) (iodide)

(Liang et al. 2005)

RP columns
(graphite carbon
and ODS), coated

Natural waters with fluorine- conductivity 3300 (iodide) (Helaleh et al. 2005)
containing
surfactant
conductivity ED5S0A 19.9 (iodide)
W AS17 (50 x 4 mm) electrochemical detector 21.7 (iodate) (Hu and Moran 2005)
'“figtnj‘;[gu'a AS16 (250 x2 mm) PAD (Ag electrode) 5 (iodide) (Cheng et al. 2005)
DW AS16 (250 x2 mm) Electrospray ionization-MS 22 (iodate) (Barron and Paull 2006)
DW AS16 (250 x2 mm) Suppressed conductivity 1.4 (iodate) (Barron and Paull 2006)
UV-vis (450 nm) after PCR
lon Pac9-HC 3 1 . . .
DW (250 x 4 mm) (with0.5gL" o- 0.22 (iodate) (Binghui et al. 2006)

dianisidine-:2HCI (ODA) + 4.5

© 2019 Tous droits réservés.
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ozone-treated

T
gL
KBr + 25% methanol + 5.6%
nitric acid)
hot sorin TSKgel Super-IC-
pring A/C-0.1 conductometric 65 (iodide) (Mori et al. 2006)
water
(150 x 6 mm)
Milk ASllngfnS)O x4 DCA (Ag electrode) 6 (iodide) (Melichercik et al. 2006)
Adsorbable AS9-SC PAD
organic iodide (Ag electrode) 0.04 (iodide) (Bruggink et al. 2007)
A (250 x 4 mm)
in SW
lonospher® A DCA (Ag electrode) 7 (iodide)
Chromsep anion-
salts exchange DCA (SCPE) 0.5 (iodide) (Malongo et al. 2008)
LC-Varian®
Seawater and Conductivity 15 (iodide)
H d Roh 2009
. Other . AS20 UV (223 nm) 15 (iodide) (Hurum and Rohrer )
Saline Matrices
Acclaim Mixed- -
Seawater and Mode WAX-1 UV (223 nm) 33 (,md'de) (Dionex Incorporation 2009)
Table Salt 60 (iodate)
(150 x 2.1 mm)
. AS19 (250x 4 Conductometric (Ag 8 (iodide)
NOM isolates mm) electrode) 10 (iodate) (Gallard et al. 2009)
(‘lodide Anion by lon
GW AS 20 Conductivity (Ag electrode) LOQ = 25 (iodide) Chromatography, EPA
Method 300’ 2012)
dilauryldimethyla
mmonium
bromide -coated
monolithic ODS i
Seawater (50 x 4.6 mm and UV (225 nm) 1.6 (iodide) (Ito et al. 2012)
100 x 4.6 mm)
connected in
series
0.003 (iodide)
DW DCA (Ag electrode) (Voutchkova et al. 2014a)
UV/VIS detector (287.8 nm) 0.005 (iodate)
first (4-mm AS16)
and second s .
SW dimension (0.4- DCA (Ag electrode) LOQ = 0.08 (iodide) (Qin et al. 2014)
mm AS20)
raw,
ultraviolet- and AS20

waters

(250 x 4.6 mm)

(250 x 4.0 mm) (UV 226 nm) 1.2 (iodide) (Rodriguez et al. 2016)
aquacultural
seawater
LIQUID CHROMATOGRAPHY
sea water,
iodized UV (22 nm)
salt, milk, and Shim-pack ODS (derivatization to 4-iodo-2,6- 5 (iodide) (Verma et al. 1992)
pharmaceutical dimethylphenol)
s
Conductimetric 100 (iodide)
Enteric coated C18 RP Direct OXId(gt(l:\)le AMP ED 50 (iodide)
potassium - (Lookabaugh et al. 1987)
iodide tablets (250 x 4.6 mm) Dual-series AMP ED 40 (iodide)
(GC)
UV (223 nm) 10 (iodide)
0.05 iodide, iodate (after
reduction to iodide) in fresh
freshwater and . w?ter .
seawater ASLL UV (226 nm) 0.5 (total iodine) (deionized | o\ o4 santschi 2003)
samples (250 x 4 mm) water) aftEI? Qrganlc
decomposition by
dehydrohalogenation and
reduction to iodide
bottled, natural Synergi
and treated Max-RP C12 MS-MS

0.1 (iodate)

(Snyder et al. 2005)

Natural water

TSK-GEL-NH2-100

PEC-HPLC-UV (215 nm)

457? (iodide) (after reduction to

(Wang et al. 2015)

© 2019 Tous droits réservés.
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samples

iodide in the PECI

Natural water
samples

C8DD (50 x 2.0
mm)
C18 MGII (250 x
2.0 mm)

Amperometric

0.25 (iodide) Total iodine also
determined after 30 min of UV
irradiation and reduction to
iodide.

UV-vis (450 nm) after PCR

0.61 (iodate)

(Takeda et al. 2016)

Mineral waters

IAM.PC.DD2 Regis
HPLC (4.6 x 150

HPLC-diode array detector

22.844 (iodide)

(Tatarczak-Michalewska et

common salt,
cow milk, and
human blood

Chromosorb G HP

iodoacetone)

mm, al. 2019)
10 m,
GAS CHROMATOGRAPHY
rainwater, DW,
river water,
sea\glra;:zr, ol Neopentylglycol ECD
’ sebacate on (derivatization to 0.114 (iodide) (Maros et al. 1989)

dimethylaniline)

serum
Serum and Carbowax ECD (derivatization to 2- 8 (iodide) (Buchberger and Huebauer
urine (21 m x 0.32 mm) iodoethanol) 1989)
HP-5MS L. .MSD . Ly . Lo .
DW (derivatization to 4-iodo-2,6- 0.5 iodide, iodate, iodine (Shin et al. 1996)
(30 m x 0.25 mm) .
dimethylphenol)
HP-5 MSD (derivatization to 4- -~ .
Sea water (30 m x 0.25 mm) iodo-N,N-dimethylaniline) 0.008 (iodide) (Mishra et al. 2000)
MSD
GW and TR-5MS (derivatization of 0.043 (iodide)
seawater (30 m x0.25mm) | iodine species to 4-iodo-N,N- 0.194 (iodate) (Zhang et al. 2010b)

Ag: silver; AgCl: silver chloride; Au: gold; DCA: direct current amperometry; DL: detection limit; DW: drinking water; ECD:
electrochemical detection; GC: glassy carbon; GW: groundwater; MSD: mass spectrometry detection; PAD: pulsed
amperometric detection; PCR: post-column reaction; RP; reversed phase; SCPE: silver carbon paste electrode; SW: surface
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Table I-S4: Comparison of sensitivity of chromatographic coupling methods for iodide, iodate determination with ICP-MS

detection.
_ DL for
Samples Method Column bL fon_'ll 105 Reference
(ngL”) 1
(ngL”)
ICS-A23 and ICS-A13
DW IC-ICP-MS in series 51 34 (Yamanaka et al. 1997)
(7.6 x4.6 mm)
DW IC-ICP-MS AS14 (4 mm) 2.1 7.2 (Dudoit and Pergantis 2001)
Water samples IC-ICP-MS AS16 (250 x 4 mm) 210 130 (Sacher et al. 2005)
GW IC-ICP-MS ICS-A23 25 25 (Yang et al. 2007)
mQ water HPLC-ICP-MS ICS-A23 25 35 (Wei et al. 2007)
Snow samples IC-ICP-MS AS16 30 30 (Gilfedder et al. 2007)
Rain, river water,
brine, and soil IC-ICP-MS EXCELPAK ICS-A23 100-1000 (Yoshida et al. 2007)
solution
Lake IC-ICP-MS AS16 30 30 (Gilfedder et al. 2008)
Taz::;er' IC-ICP-MS Ha(TS'g‘i":ffn);l)oo 2 1 (Wang and Jiang 2008)
DW, GW, SW, and AS11-HC
swimming pool IC-ICP-MS (250 x 4 mm) 700 330 (Shi and Adams 2009)
water
Aerosols usin IC-ICP-MS or ICS-A23
pure water ¢ SEC-ICP-MS 12 8 (Xu et al. 2010)
Bottled DW HPLC-ICP-MS ICS-A23 12 8 (Liu et al. 2011)
Seaweed and Diamonsil
seawater RP-HPLC-ICP-MS C18(2) 52 61 (Han et al. 2012)
(150 X 4.6 mm)
Ice core samples HPLC-IC-ICP-MS AS16 5ng kg’1 7 ng kg’1 (Spolaor et al. 2013)
. Zorbax Eclipse Plus
Urine RP-LCICP-MS | © o (12.5 Xfw ) 46 47 (Han et al. 2014)
GW IC-ICP-MS AG19 (50 x 4 mm) 6 5 (Guo et al. 2016)
Snow samples IC-ICP-MS AS14 (250 x 4 mm) 23 73 (Gao et al. 2018)
Precipitation HyperCarb
Sa:ples LC-ICP-MS (1ogz 16 mm) 47 23 (Suess et al. 2019)

DL: detection limit; DW: drinking water; GW: groundwater; SW: surface water.

Table I-S5: ICP-MS methods for determination of total iodine or total organic iodine (TOI).

lodine analysed | Samples DL (ug L'l) Reference

Total iodine River, lake and tap water 0.01 (Takaku et al. 1995)

Total iodine Solid samples 0.02 (Schnetger and Muramatsu 1996)
Total iodine Soils 0.012 (Yamada et al. 1996)

Total iodine Rock 0.2 (Muramatsu and Wedepohl 1998)
Total iodine Surface, shallow waters 0.1 (Szidat et al. 2000)

Total iodine River 0.01-0.05 (Tagami and Uchida 2005)

Total iodine River water 0.01-0.04 (Tagami and Uchida 2006)

Total iodine Bottled mineral water 0.01 (Birke et al. 2010)

Total iodine Groundwater 0.5 (Brown et al. 2007)

Total iodine Sea water 0.035 (Hansen et al. 2011)

Total iodine Drinking water 0.19 (Goslan 2016)

TOI Drinking water 0.95 (Sayess and Reckhow 2017)

© 2019 Tous droits réservés.

DL: detection limit; TOI: total organic iodine.
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Table I-S6: Cytotoxicity data for I-DBPs and chlorinated and brominated analogues.

© 2019 Tous droits réservés.

Exposure CLct’c‘:;?:ic %C% value
Group/ Compound Model .p v (approx. LC50) Reference
time (h) | concentrat (M)
ion (uM) W
lodoacids
Salmonella
lodoacetic Acid typhimurium 210 min <150 ~250 (Cemeli et al. 2006)
strain TA100
Salmonella
lodoacetic Acid typhimurium 210 min 100 303 (Plewa et al. 2004)
strain TA100
. . (Plewa et al. 2004;
lodoacetic Acid CHO-AS52 cells 72 0.5 2.95 Richardson et al. 2008)
lodoacetic Acid CHO-AS52 cells 72 0.5 4 (Cemeli et al. 2006)
lodoacetic Acid CHO-K1 cells 72 1.68 5.23 (Zhang et al. 2010a)
lodoacetic Acid bmucl::ltlsd TKe 48 NA <10 (total cyto) (Liviac et al. 2010)
lodoacetic Acid CHO 3 35 80 (Hilliard et al. 1998) (as
sodium iodoacetate)
lodoacetic Acid Caco-2 cells 4 NA 34 (Prochazka et al. 2015)
HepG2 cells, rat
lodoacetic Acid hepatocytes, and 24 2 8 (Wang et al. 2014)
intact rats
lodoacetic Acid HepG2 cells 24 NA 12 (Hu et al. 2018)
lodoacetic Acid NIH3T3 cells 72 2.5 2.77 (Wei et al. 2013)
lodoacetic Acid Primary human 72 NS NS (Escobar-Hoyos et al.
lymphocytes 2013)
lodoacetic Acid CCD 841 CoN Cell 12 NA 8.6 (Sayess et al. 2017)
Diiodoacetic acid CHO-AS52 cells 72 100 332 (Richardson et al. 2008)
Diiodoacetic acid HepG2 cells 24 NA 395 (Hu et al. 2018)
Diiodoacetic acid CCD 841 CoN Cell 12 NA 954.7 (Sayess et al. 2017)
Bromoiodoacetic acid CHO-AS52 cells 72 250 897 (Richardson et al. 2008)
Bromoiodoacetic acid CCD 841 CoN Cell 12 NA 982.2 (Sayess et al. 2017)
Chloroiodoaceticacid | CHO-AS52cells | 72 170 304 (Wag”ezroalg‘; Plews
_ (2)-3-bromo-3- CHO-AS52 cells 72 75 208 (Richardson et al. 2008)
iodopropenoic acid
_(E)-3-bromo-3- CHO-AS52 cells 72 25 145 (Richardson et al. 2008)
iodopropenoic acid
_ (E)-3-bromo-2- CHO-AS52 cells 72 17.5 436 (Richardson et al. 2008)
iodopropenoic acid
(E)-2-iodo-3- | nesd cells 72 700 944 (Richardson et al. 2008)
methylbutenedioic acid
3,5-diiodosalicylic acid HepG2 cells 24 NA 400 (Hu et al. 2018)
Bromoacetic acid CHO-AS52 cells 72 2 10 (Plewa et al. 2010)
Bromoacetic acid blnuclce:ﬁ:d TKe 48 NA <20 (total cyto) (Liviac et al. 2010)
Bromoacetic acid S- typhimurium 210 min NA 522 (Kargalioglu et al. 2002)
TA100 cells Sallo8 )
Salmonella
Bromoacetic acid typhimurium 210 min 216 881 (Plewa et al. 2004)
strain TA100
Bromoacetic acid CHO-AS52 cells 72 2 9.56 (Plewa et al. 2004)
Bromoacetic acid CHO-AS52 cells 72 NA 8.9 (Plewa et al. 2002)
Bromoacetic acid Caco-2 cells 4 NA 42 (Prochazka et al. 2015)
Bromoacetic acid CHO-K1 cells 72 45 26.9 (Zhang et al. 2010a)
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Escobar-Hoyes et al.,

Bromoacetic acid lymphocytes 72 NS NS 2013
Chloroacetic acid CHO-AS52 cells 72 250 810 (Plewa et al. 2010)
Chloroacetic acid blnucl((:e:ﬁ:d TKe 48 NA <750(total cyto) (Liviac et al. 2010)
Chloroacetic acid CHO-AS52 cells 72 300 848 (Plewa et al. 2004)
Chloroacetic acid CHO-AS52 cells 72 NA 944 (Plewa et al. 2002)
L S. typhimurium .
Chloroacetic acid TA100 cells 210 min NA 16200 Karga
Chloroacetic acid Caco-2 cells 4 NA 1200 (Prochdzka et al. 2015)
Chloroacetic acid CHO-K1 cells 72 248 732 (Zhang et al. 2010a)
Chloroacetic acid Primary human 7 NS NS (Escobar-Hoyos et al.
lymphocytes 2013)
Dibromoacetic acid CHO-AS52 cells 72 200 590 (Plewa et al. 2010)
Dibromoacetic acid CHO-AS52 cells 72 NA 500 (Plewa et al. 2002)
. L S. typhimurium . .
Dibromoacetic acid TA100 cells 210 min NA 15400 (Kargalioglu et al. 2002)
Dibromoacetic acid CHO-K1 cells 72 359 641 (Zhang et al. 2010a)
Dichloroacetic acid CHO-AS52 cells 72 2000 7300 (Plewa et al. 2010)
Dichloroacetic acid CHO-AS52 cells 72 NA 11470 (Plewa et al. 2002)
. L S. typhimurium . )
Dichloroacetic acid TA100 cells 210 min NA 74200 (Kargalioglu et al. 2002)
Dichloroacetic acid CHO-K1 cells 72 3030 4230 (Zhang et al. 2010a)
Trichloroacetic acid CHO-AS52 cells 72 400 2400 (Plewa et al. 2010)
Trichloroacetic acid CHO-AS52 cells 72 NA 17520 (Plewa et al. 2002)
Trichloroacetic acid CHO-K1 cells 72 2870 5440 (Zhang et al. 2010a)
. L S. typhimurium . .
Trichloroacetic acid TA100 cells 210 min NA 42500 (Kargalioglu et al. 2002)
lodomethanes
Dibromoiodomethane CHO-AS52 cells 72 1500 1900 (Richardson et al. 2008)
Dichloroiodomethane CHO-AS52 cells 72 2000 4130 (Richardson et al. 2008)
Bromochloroiodomethane | CHO-AS52 cells 72 2200 2400 (Richardson et al. 2008)
Bromodiiodomethane CHO-AS52 cells 72 1500 NA (Richardson et al. 2008)
Chlorodiiodomethane CHO-AS52 cells 72 1000 2410 (Richardson et al. 2008)
lodoform CHO-AS52 cells 72 10 66 (Richardson et al. 2008)
lodoform NIH3T3 cells 72 55 83.37 (Wei et al. 2013)
lodoform HepG2 cells 24 NA 1609 (Hu et al. 2018)
(Wagner and Plewa
Trichloromethane CHO-AS52 cells 72 NA 9620 2017)cite (Plewa and
Wagner 2009)
. S. typhimurium . .
Trichloromethane TA100 cells 210 min NA 28200 (Kargalioglu et al. 2002)
Bromodichloromethane | CHO-AS52 cells 72 NA 1150 (Wag“ezroir;c; Plewa
Dibromochloromethane CHO-AS52 cells 72 NA 5350 (\/\/agnezroir;il Plewa
Tribromomethane CHO-AS52 cells 72 NA 3960 (Wag”ezroalr;‘; Plewa
. S. typhimurium . .
Tribromomethane TA100 cells 210 min NA 12400 (Kargalioglu et al. 2002)
lodonitriles
lodoacetonitrile CHO-AS52 cells 72 0.1 3.3 (Muellner et al. 2007)
chloroiodoacetonitrile NA NA NA NA
bromoacetonitrile CHO-AS52 cells 72 1 3.21 (Muellner et al. 2007)
chloroacetonitrile CHO-AS52 cells 72 50 68.3 (Muellner et al. 2007)
Bromochloroacetonitrile CHO-AS52 cells 72 7 8.46 (Muellner et al. 2007)
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lodoamides
lodoacetamide CHO-AS52 cells 72 0.5 1.42 (Plewa et al. 2007)
lodoacetamide CCD 841 CoN cell 12 NA 39.1 (Sayess et al. 2017)
lodoacetamide LLC-PK1 6 10 NA (Chen and Stevens 1991)
lodoacetamide HepG2 Cells 24 NA 14.57
- (Hong et al. 2018)
lodoacetamide HepG2 Cells 48 NA 7.78
Diiodoacetamide CHO-AS52 cells 72 0.025 0.678 (Plewa et al. 2007)
Diiodoacetamide HepG2 Cells 24 NA 5.8
— - (Hong et al. 2018)
Diiodoacetamide HepG2 Cells 48 NA 2.48
Bromoiodoacetamide CHO-AS52 cells 72 2 3.81 (Plewa et al. 2007)
Bromoiodoacetamide CCD 841 CoN cell 12 NA 136.3 (Sayess et al. 2017)
Bromoiodoacetamide HepG2 Cells 24 NA 24.66
- - (Hong et al. 2018)
Bromoiodoacetamide HepG2 Cells 48 NA 23.77
Chloroiodoacetamide CHO-AS52 cells 72 2 5.97 (Plewa et al. 2007)
Chloroiodoacetamide CCD 841 CoN cell 12 NA 369 (Sayess et al. 2017)
Chloroiodoacetamide HepG2 Cells 24 NA 28.48
- - (Hong et al. 2018)
Chloroiodoacetamide HepG2 Cells 48 NA 27.29
5-Amino-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-
2.4.6- CHO-AS52 cells 72 900 1140
triiodoisophthalamide
2-(3,5-Bis((1,3-
dihydroxypropan-2-
yl)carbamoyl)-2,4,6- CHO-AS52 cells 72 NS NA
triiodophenoxy)
propanoic acid
ercl,p'ﬁBz'sy(Sig'gyﬁ.r.Zﬁyo CHO-AS52 cells 72 900 934 (Wendel et al. 2016)
5-nitroisophthalamide
4-Chloro-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-
2 6-diiodo-5-nitroiso- CHO-AS52 cells 72 1000 1300
phthalamide
4,6-Dichloro-N1,N3-
b's(1’3:3;;’_‘;‘1'00;‘(‘)’_”5"_0pa”' CHO-AS52 cells 72 250 823
nitroisophthalamide
Bromoacetamide CHO-AS52 cells 72 0.5 1.89 (Plewa et al. 2007)
Chloroacetamide CHO-AS52 cells 72 75 148 (Plewa et al. 2007)
Dibromoacetamide CHO-AS52 cells 72 2.5 12.2 (Plewa et al. 2007)
Dichloroacetamide CHO-AS52 cells 72 800 1920 (Plewa et al. 2007)
lodoaldehydes
lodobutanal NA NA NA NA
lodoacetaldehyde CHO-AS52 cells 72 5 6 (Jeong et al. 2015)
by drzi’sg:facl’ihy e HepG2 cells 24 NA 962 (Hu et al. 2018)
Bromoacetaldehyde CHO-AS52 cells 72 8 17.28 (Jeong et al. 2015)
Chloroacetaldehyde CHO-AS52 cells 72 0.5 3.51 (Jeong et al. 2015)
iodophenols
2-iodophenol CHO-AS52 cells 72 150 601 (Liberatore et al. 2017)
4-iodophenol HepG2 Cells 24 NA 490 (Gong et al. 2017)
4-iodophenol CHO-AS52 cells 72 50 216 (Liberatore et al. 2017)
2,6-diiodo-4-nitrophenol HepG2 Cells 24 NA 126 (Gong et al. 2017)
2,6-diiodo-4-nitrophenol HepG2 Cells 24 NA 79 (Hu et al. 2018)
4-iodo-2-methylphenol CHO-AS52 cells 72 25 163 (Liberatore et al. 2017)
4-Hydroxy-3,5-diiodo-1- CHO-AS52 cells 72 33 33.2 (Wagner and Plewa
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phenyl 2017)
2,4,6-triiodophenol HepG2 Cells 24 NA 204 (Gong et al. 2017)
2,4,6-triiodophenol HepG2 cells 24 NA 151 (Hu et al. 2018)
2,4,6-triiodophenol CHO-AS52 cells 72 5 43.7 (Liberatore et al. 2017)

2,4,6-Triiodo-1-phenol CHO-AS52 cells 72 60 70.1
4-Hydroxy-3-iodo-1-

Z)henczllic acid CHO-AS52 cells 72 150 318 (Wagner and Plewa
4'Hydg§:‘r’1§’li":c':gd°'1' CHO-AS52 cells 72 110 288 2017)
4-Hydroxy-3-iodophenyl CHO-AS52 cells 72 100 408

Cyanogen halides
Cyanogen bromide CHO-AS52 cells 72 1 20.9
Cyanogen chloride CHO-AS52 cells 72 3000 3250 (Wagnezroalr;jl Plewa
Cyanogen iodide CHO-AS52 cells 72 1 9.01
lopamidol high molecular

weight DBPs
5-Amino-N1,N3-bis(1,3-
d'hydmx‘z"f%f’an'z'y')' CHO-AS52 cells 72 900 1440.7 (Wendel et al. 2016)

triiodoisophthalamide

2-(3,5-Bis((1,3-

dihydroxypropan-2-
yl)carbamoyl)-2,4,6- CHO-AS52 cells 72 NS NA (Wendel et al. 2016)
triiodophenoxy)

propanoic acid
N1,N3-Bis(1,3-dihydroxy-

propan-2-yl)-2,4,6-triiodo- | CHO-AS52 cells 72 900 933.7 (Wendel et al. 2016)
5-nitroisophthalamide
4-Chloro-N1,N3-bis(1,3-
dihydroxypropan-2-vl)- | o ace) cells 72 1000 1296.2 (Wendel et al. 2016)
2,6-diiodo-5-nitroiso-
phthalamide
4,6-Dichloro-N1,N3-
bis(1,3-dihydroxypropan- | - ase) cells 72 250 832.3 (Wendel et al. 2016)
2-yl)-2-iodo-5-
nitroisophthalamide

Other

2,6-diiodo-1,4- HepG2 cells 24 NA 182 (Hu et al. 2018)

benzoquinone

LC50: lethal concentration for 50%

significant.
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Table I-S7: Genotoxicity data for I-DBPs and their chlorinated and brominated analogues.
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Concentra-
-tion that
Lowest .
Genetic enotoxic induces the
Group/ Compound Model . g midpoint in Reference
endpoint concentra-
-tion (uM) the average
genotoxicity
effect
lodoacids
cell
lodoacetic Acid NIH3T3 cells transforma 2 NA (Wei et al. 2013)
tion assay
lodoacetic Acid CHO Chrom. Ab. 50 70 (Hilliard et al. 1998)
(as sodium iodoacetate)
lodoacetic Acid HepG2 cells SCGE 0.01 NA (Zhang et al. 2012)
. . (Plewa et al. 2004;
lodoacetic Acid CHO-AS52 cells SCGE 5 8.7 Richardson et al. 2008)
i E bar-H tal.
lodoacetic Acid Primary human SCGE 45 10.43 (Escobar-Hoyos et a
lymphocytes 2013)
. . Nontransformed (Attene-Ramos et al.
lodoacetic Acid Human FHs Cells SCGE NA 21.9 2010)
Richard t al.
Diiodoacetic acid CHO-AS52 cells SCGE 1000 1980 (Ric azr OB%? e
Bromoiodoacetic acid CHO-AS52 cells SCGE 2500 3160 (R'Cha;gggr; etal
_ (2)-3-bromo-3- CHO-AS52 cells |  SCGE NS NS (Richardson et al.
iodopropenoic acid 2008)
_ (E)-3-bromo-3- CHO-AS52 cells SCGE 5000 6350 (Richardson et al.
iodopropenoic acid 2008)
_(E)-3-bromo-2- CHO-AS52 cells |  SCGE 7500 7580 (Richardson et al.
iodopropenoic acid 2008)
(E)-2-iodo-3- (Richardson et al.
HO-AS52 cell E
methylbutenedioic acid CHO-AS52 cells 56 6000 6000 2008)

L Nontransformed (Attene-Ramos et al.
Bromoacetic acid Human FHs Cells SCGE NA 56.5 2010)
Bromoacetic acid HepG2 cells 0.1 NA (zhang et al. 2012)

Pl [. 2002;
Bromoacetic acid CHO-AS52 cells SCGE 13 17 ( ewazgtlg) 002;
Bromoacetic acid Primary human SCGE 3 12.07 (Escobar-Hoyos et al.
lymphocytes 2013)

L Nontransformed (Attene-Ramos et al.
Chloroacetic acid Human FHs Cells SCGE NA 3420 2010)
Chloroacetic acid HepG2 cells NS NA (zhang et al. 2012)

Pl [. 2002;
Chloroacetic acid CHO-AS52 cells SCGE 300 411 ( ewazgtlg) 002;
Chloroacetic acid Primary human SCGE 730 805.8 (Escobar-Hoyos et al.
lymphocytes 2013)
Pl [. 2002;
Dibromoacetic acid CHO-AS52 cells SCGE 750 1756 ( ewaz‘étl%) 002;
Dibromoacetic acid HepG2 cells SCGE 1 NA (zhang et al. 2012)
Dichloroacetic acid CHO-AS52 cells SCGE NS NA (Plewa et al. 2002)
Dichloroacetic acid HepG2 cells SCGE 10 NA (zhang et al. 2012)
Trichloroacetic acid CHO-AS52 cells SCGE NS NA (Plewa et al. 2002)
Trichloroacetic acid HepG2 cells SCGE 100 NA (zhang et al. 2012)
lodomethanes
. . (Richardson et al.
Dibromoiodomethane CHO-AS52 cells SCGE NS NS 2008)
Richard t al.
Dichloroiodomethane CHO-AS52 cells SCGE NS NS (Ric agozfg)gr; e
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(Richardson et al.

Bromochloroiodomethane CHO-AS52 cells SCGE NS NS 2008)
Bromodiiodomethane CHO-AS52 cells SCGE NS NS (R'Chazrz;%’; etal
. (Richardson et al.
Chlorodiiodomethane CHO-AS52 cells SCGE 2000 2950 2008)
Richard t al.
lodoform CHO-AS52 cells |  SCGE NS NS (Richardson et a
2008)
lodoform SHE cells Chrom. Ab. negative (Hikiba et al. 2005)
cell
lodoform NIH3T3 cells transforma negative (Wei et al. 2013)
tion assay
Chloroiodomethane
Chloroform HepG2 cells SCGE 10000 NA (Zhang et al. 2012)
Bromodichloromethane HepG2 cells SCGE 1 NA (Zhang et al. 2012)
Dibromochloromethane HepG2 cells SCGE 10 NA (Zhang et al. 2012)
Bromoform HepG2 cells SCGE 1000 NA (Zhang et al. 2012)
lodonitriles
lodoacetonitrile CHO-AS52 cells SCGE 30 37.1 (Muellner et al. 2007)
bromoacetonitrile CHO-AS52 cells SCGE 40 38.5 (Muellner et al. 2007)
Ihloroacetonitrile CHO-AS52 cells SCGE 250 601 (Muellner et al. 2007)
Bromochloroacetonitrile CHO-AS52 cells SCGE 250 324 (Muellner et al. 2007)
lodoamides
lodoacetamide CHO-AS52 cells SCGE 30 34.1 (Plewa et al. 2007)
Diiodoacetamide CHO-AS52 cells SCGE 25 33.9 (Plewa et al. 2007)
Bromoiodoacetamide CHO-AS52 cells SCGE 25 72.1 (Plewa et al. 2007)
Chloroiodoacetamide CHO-AS52 cells SCGE 200 302 (Plewa et al. 2007)
5-Amino-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-2,4,6- | CHO-AS52 cells SCGE NS NA
triiodoisophthalamide
2-(3,5-Bis((1,3-
dihydroxypropan-2-
yl)carbamoyl)-2,4,6- CHO-AS52 cells SCGE NS NA
trilodophenoxy) propanoic
acid
N1,N3-Bis(1,3-dihydroxy-
W | [. 201
propan-2-yl)-2,4,6-triiodo-5- | CHO-AS52 cells SCGE NS NA (Wendel et al. 2016)
nitroisophthalamide
4-Chloro-N1,N3-bis(1,3-
dihydroxypropan-2-vl)-2,6- |\ sees cells | scaE NS NA
diiodo-5-nitroiso-
phthalamide
4,6-Dichloro-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-2- CHO-AS52 cells SCGE NS NA
iodo-5-nitroisophthalamide
Bromoacetamide CHO-AS52 cells SCGE 25 36.8 (Plewa et al. 2007)
Chloroacetamide CHO-AS52 cells SCGE 750 1380 (Plewa et al. 2007)
Dibromoacetamide CHO-AS52 cells SCGE 500 744 (Plewa et al. 2007)
Dichloroacetamide CHO-AS52 cells SCGE NA NS (Plewa et al. 2007)
lodoaldehydes
lodoacetaldehyde CHO-AS52 cells SCGE 900 1009 (Jeong et al. 2015)
Bromoacetaldehyde CHO-AS52 cells SCGE 200 381.2 (Jeong et al. 2015)
Chloroacetaldehyde CHO-AS52 cells SCGE 100 142.8 (Jeong et al. 2015)
Cyanogen halides
Cyanogen bromide CHO-AS52 cells SCGE 500 500 (Wagner and Plewa
Cyanogen chloride CHO-AS52 cells SCGE NS NA 2017)
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Cyanogen iodide CHO-AS52 cells SCGE 200 214
lopamidol high molecular
weight DBPs
5-Amino-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-2,4,6- | CHO-AS52 cells SCGE NA NS

triiodoisophthalamide
2-(3,5-Bis((1,3-
dihydroxypropan-2-

yl)carbamoyl)-2,4,6- CHO-AS52 cells SCGE NA NS
trilodophenoxy) propanoic
acid
N1,N3-Bis(1,3-dihydroxy-
propan-2-yl)-2,4,6-triiodo-5- | CHO-AS52 cells SCGE NA NS

nitroisophthalamide
4-Chloro-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-2,6-

. . CHO-AS52 cells SCGE NA NS
diiodo-5-nitroiso-
phthalamide
4,6-Dichloro-N1,N3-bis(1,3-
dihydroxypropan-2-yl)-2- CHO-AS52 cells SCGE NA NS

iodo-5-nitroisophthalamide
NA: not applicable; NS: not statistically significant.
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Table I1-S8: Parameters used in the kinetic model discussed in the main text.

Reactions Rate constants (mol L™) pK,

BrO™+1 = 10™ +Br~ 6.8 x 10°

ClO™ +Br = BrO™ +ClI” 9x10™*

ClO +I" =10 +CI 30

BrO™ + H" = HOBr 8.8

HOBr + I = HOI + Br 5x 10°

HOCI + Br- — HOBr + CI” 1550

ClO™ + H" = HOCI 7.53

HOCI + 1" = HOI + CI” 4.3x10°

HOI + ClO™ = 10, 52

HOI + HOCI = 10, 8.2

0™+ H' = HOI 10.4

0™+ BrO™ — 10, 1.8x 10°

0™ + HOBr — 10,” 1.9x 10°

10,”+ BrO” — 105° 4x 10

10,” + ClO™ = 105 1000

10,” + HOBr — 105" 4x10’

10,” + HOCI = 105 160

10,” + HOI = 105 300

BrO™ + PhO™ — 0.2 * Ph-Br + 0.8 * Br~ 3.5x 10

HOBr + PhO™ — 0.2 * Ph-Br + 0.8 * Br~ 6.6 x 10’

HOCI + PhO™ = 0.2 * Ph-Cl + 0.8 * CI 2.19 x 10*

PhO™ +HOI = 0.2 * Ph-1 + 0.8 * I 2x10°

PhOH + HOBr — 0.2 * Ph-Br + 0.8 * Br~ 1

HOCI + PhOH — 0.2 * Ph-Cl + 0.8 * CI 0.36

PhOH + HOI = 0.2 * Ph-1 + 0.8 * | 100

PhO™ + H* = PhOH 10.0
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II. Instrumentation, reagents and material

1. Reagents and material

1.1. Glassware

All the glassware was cleaned in a 0.5% diluted DECON solution for several hours, rinced thoroughly
with Milli-Q water (mQ), cleaned with 0.5% diluted HCI and rinsed thoroughly with mQ once more.
Non-volumetric glassware was dried at 100 °C in an oven and all glassware openings were covered
with aluminium foil. The 25 and 50 mL pyrex reagent bottles were additionally calcinated for 24 h at
450 °C. Additionally, all the glassware used for chlorine at some point (flasks for dilutions, tubes,
reagent bottles), were thoroughly rinsed with a 50 mg L™ chlorine solution for at least one hour.

2 mL GC amber glass vials with Teflon-lined screw caps were used for stock standard, and working
standard storage. 25 mL Pyrex-reagent bottles were used for storage of other reagents as well as
2-bromopropionic acid. Hamilton syringes were used to transfer standards contained in methanol
(MeOH). Scorex Accura micropipettes of 20 to 200 pL and 100 to 1000 uL, as well as a macropipette
of 1 to 10 mL were used for the different dilutions of aqueous solutions.

Clear glass 20 mL HS vials were delivered by Perkin Elmer, with 20 mm crimp butyl/PTFE pharmafix
standard caps obtained from Interchim. 20 mm, 22, 6 OD, 20 mL clear crimp headspace (HS) vials,
together with combination seals of aluminium cap, plain with centre hole, Pharma-Fix-Septum, 47°
shore, 1, 3.0 mm were delivered by Perkin Elmer. All method development and validation analyses
were performed with new HS vials which were discarded after a single use.

The 20 mm crimper and decapper used for HS vial sealing and opening were delivered by GRACE

Alltech. A vial holder rack was used for both HS vial sample preparation and upright sealing.
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4 different classes of DBPs were studied and are presented with some of their main characteristics in

Table 1I-1.
Table II-1: Analytical figures of merit for the DBPs analysed.
Compound Formula Acronym (gT1‘(I)VI'1) So(l:lz_ill;ty Boili|(1°gc;)oint log Kow pK,
Trihalomethanes
THM4
Trichloromethane (chloroform) CHCl3 TCM 119.4 8.0 61 1.97
Bromodichloromethane CHBrCl, BDCM 163.8 4.0 90 2.0
Dibromochloromethane CHBr,ClI DBCM 208.3 2.7 120 2.16
Tribromomethane (bromoform) CHBr3 TBM 252.7 3.1 149 2.4
I-THMs
Dichloroiodomethane CHClyl DCIM 210.8 0.717 (a) 132 2.03 (a)
Bromochloroiodomethane CHBrClI BCIM 255.3 0.346 (a) 157 (b) 2.11 (a)
Dibromoiodomethane CHBrr,l DBIM 299.7 0.162 (a) 186 (b) 2.20 (a)
Chlorodiiodomethane CHCIl, CDIM 302.3 0.082 (a) 191 (b) 2.53 (a)
Bromodiiodomethane CHBrl, BDIM 346.7 0.038 (a) 222 (b) 2.62 (a)
Triiodomethane (iodoform) CHI3 TIM 393.7 0.100 218 3.03 (a)
Haloacetic acids
HAAS
Chloroacetic acid CICH,COOH MCAA 94.5 189 0.22 2.87
Bromoacetic acid BrCH,COOH MBAA 138.9 208 0.41 2.89
Dichloroacetic acid Cl,CHCOOH DCAA 128.9 miscible 194 0.92 1.26
Dibromoacetic acid Br,CHCOOH DBAA 217.8 232-234 0.70 1.48
Trichloroacetic acid ClsCHCOOH TCAA 163.4 195-198 1.33 0.51
Other HAAs
Bromochloroacetic acid BrCICHCOOH BCAA 173.4 215 0.61 1.4
Bromodichloroacetic acid BrCl,CHCOOH BDCAA 207.8 - 1.53 (est) 0.03
Dibromochloroacetic acid Br,CICHCOOH DBCAA 252.3 miscible - 1.62 (est) 0.03
Tribromoacetic acid Br;CHCOOH TBAA 296.7 245 1.71 (est) 0.72
lodoacetic acid ICH,COOH (M)IAA 185.9 decomposes 0.85 3.18
Haloacetamides
Chloroacetamide CICH,CONH, CAcAm 93.5 225 -0.53
Bromoacetamide BrCH,CONH, BACAm 138.0 - -
miscible
Dichloroacetamide CI,CHCONH, DCAcAm 128.0 234 -
Trichloroacetamide CI3CCONH, TCAcAm 162.4 240 -
Haloacetonitriles
Chloroacetonitrile CICH,CN (M)CAN 75.5 126 0.45
Bromoacetonitrile BrCH,CN (M)BAN 120.0 miscible 150 0.20 (est)
lodoacetonitrile ICH,CN M)IAN 167.0 185 -

References: Pubchem Open database

(a) Environ. Sci. Technol. 2018 52(22): 13047-13056. doi: 10.1021/acs.est.8004625.
(b) References: ChemSrc Open database

(est): estimated
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200 and 2000 pg mL* THM4 mix standards in MeOH were purchased from AccuStandard.
1,2-dibromopropane was purchased from Interchim. 100 to 250 mg pure standards for 5 of the 6
ITHMs were purchased from Accustandard (resold by Interchim). Bromochloroiodomethane was
provided by Dr. S. Allard (Curtin University, Australia). HANs were bought from Combi-Blocks resold
by Interchim and HAcAms were purchased from Tokyo Chemical Industry Europe via Interchim or
Combi-Blocks. MIAA was purchased from AccuStandard. The 2000 pg mL™ HAA9 mix in methyl-tert-
butyl ether as well as the derivatisation reagent, dimethylsulfate (DMS) were obtained from Sigma-
Aldrich, France. The ion-pairing agent, tetrabutylammonium hydrogen sulfate (TBA-HSO,) was
purchased from Merk, and 2-bromopropionic acid from AccuStandard.

Anhydrous sodium sulfate was purchased from Sigma-Aldrich.
1.2.1. Standard and reagent preparation

Standards and blanks were prepared from ultrapure water (mQ) at 18 mQ using an ultrapure water

system (Merk).
1.2.1.1. Haloacetic acids

A stock standard solution containing 1 g L'* MIAA and intermediate concentration standard solutions
(160 mg L) containing all 10 HAAs were prepared in MeOH. Further dilutions for working standards
were prepared daily or weekly in mQ water. The internal standard (2-bromopropionic acid) was
prepared in MeOH at a concentration of 3.2 g L. Further dilutions were done in mQ water. The
working solution was prepared in mQ water at a concentration of 320 ug mL™. A 0.5 M TBA-HSO,

solution was prepared in mQ water.

1.2.1.2. Trihalomethanes

Stock standard solutions containing each iodinated THM at a concentration close to 1 g L™ were
prepared in MeOH. An intermediate mix solution containing all 6 I-THM at 40 mg L was then
prepared in MeOH. Intermediate concentration THM4 standard solutions (16 and 160 mg L™) were
prepared with the I-THM mix solution (1/10 or 1/100 dilution factors) in MeOH. Working standard
solutions were prepared daily or weekly in mQ water.

The internal standard solution (1,2-dibromopropane) was prepared in MeOH at a concentration of
320 mg L™ and the working solution in mQ water at a concentration of 6.4 mg L™

The sodium sulfate (Na,SO,) was heated in a muffle furnace at 450 °C for up to 4 hours to remove

phthalates and other potentially interfering organic substances.
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1.2.2. Conservation

All stock standard solutions were stored frozen at -20 °C. Working standards were left to reach room
temperature (around 20 °C) before use to prevent overspiking. Working standards and reagents were
kept in the fridge at 4 (£3) °C for 24 and 168 hours respectively. All volatile DBP standards or
methanol-containing standards as well as the 1,2-dibromopropane were kept in single use small vials
before discard.
Volatiles can be lost to headspace very easily every time a standard is opened to the atmosphere
. To avoid this, all vials containing MeOH and /or volatile DBPs were filled to
the top without any headspace. While preparing standards and HS samples, care was taken not to

shake open vials nor leave them open for too long.
1.3. Sample preparation

THMs were analysed by placing 10 mL of water samples containing 1,2-dibromopropane as internal
standard (6.4 pg L™) (spiked as a small 100 pL aliquot) in a HS glass vial containing 4 g (2.8 M) of
sodium sulfate. Generally the calibration range went from 60 ng L™ to 60 ug L™ for the THM4, and
100 times lower for the I-THMs. The vials were immediately sealed and stirred in a vortex mixer for
at least 1 min or until complete salt dissolution if some salt crystals were still present.

For HAAs, the method development is detailed in Chap. Ill. Briefly, 9.84 mL of water samples spiked
with bromopropionic acid (internal standard) were placed in a HS glass vial containing 4 g (2.8 M) of
sodium sulfate. Then, 100 L of a 0.5 M concentration of an ion-pairing agent (tetrabutylammonium
hydrogensulfate, 2.3 umol as aqueous solution) and 60 pL of derivatization reagent (dimethylsulfate)
were added. Generally the calibration range went from 5 ng L to 40 pg L™. The vials were
immediately sealed and stirred in a vortex mixer for at least a 1 min or until complete salt dissolution

if some salt crystals were still present, before being placed unto the carrousel.
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2. Headspace-trap-gas chromatography — mass spectrometry for
disinfection by-product analysis

2.1. Instrument

2.1.1. General configuration

The analytical instrument used was a Trace™ 1300 GC coupled with an ISQ-LT Single Quadrupole
Mass Spectrometer (Thermo Scientific®) operating in Full Scan and then in Single lon Monitoring
(SIM) mode. A ZB-5MS (Phenomenex®) column (30 m x 0.25 mm ID, 1 um film thickness) was used
for gas chromatographic separations. The GC-MS was directly connected to a Turbomatrix Headspace
40 Trap (Perkin EImer® Turbomatrix Air Monitoring Trap M0413628), bypassing the inlet split of the
GC injector. By installing the fused silica tubing in this way, the GC carrier gas is supplied by the HS

and the incoming HS sample is not split or diluted in any way.
2.1.2. Headspace-trap principle

The principle of headspace - trap is similar to classical static headspace, but after vial pressurisation,
the vapour is fully vented through an adsorbent trap . The analytes adsorbed to the
trap are desorbed by rapid heating of the trap to high temperatures while passing the carrier gas
flow through the trap to the column . In this way, the amount of sample vapour
entering the GC column can be increased by a factor of up to 100 times . The other
advantages of such a trap is that it separates the volatile analytes of interest from the excess of the
diluted headspace gas , While purging water, nitrogen and oxygen from the
trap, thus significantly reducing the amount of these compounds from entering the GC-MS
instruments . used an HS trap method to enrich and focus
volatile constituents from spirits prior to separation and found detection limits and extraction yields

35-55 times lower than those observed with direct static headspace.
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The Turbomatrix HS 40 Trap instrument (coupled to a GC-MS) for the analysis of volatile compounds

is an autosampler for up to 40 vials that can be used to determine volatile organic compounds (VOCs)

present in several matrices (Barani et al. 2006).

(A) Loading of the HS-Trap l
1 — | —_—
|
HS Trap
(45°C) GC column
Pressurized vial
— 50 C)
(B) Drye Purge Step l
— —_— — J—
HS Trap (( )>
(45°C) GC column
)
==
(C) Desorptioin of the analytes
1 —_— —_—
L
HS Trap
] (375°C) GC column

Figure II-1: Principle of sample preparation with headspace (HS) trap. The loading is accomplished by pressurizing the

sample vials and allowing the pressure to decay through the cooled adsorbent trap (A). A drying step removes moisture from

the sample (B). After thermal desorption, the analytes are transported by the carrier gas into the GC column for separation

(C) (from Schulz et al. 2007).

The analysis sequence is detailed in the following steps. Throughout all of the steps before

desorption/injection, the transfer line and analytical column are pneumatically isolated (Figure 11-1),

constantly supplied with carrier gas avoiding any column pressure change (‘TurboMatrix Headspace

Sampler and HS 40/110 Trap User’s Guide’ 2008).
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2.2.1. Equilibration

The vial is heated in an oven at 60 °C for a 10 min (THMs) or 20 min period (HAAs) (Table II-2),
defined by the sample characteristics in order to reach equilibrium conditions between the sample

and its vapours in the headspace
2.2.2. Pressurization

After the equilibration phase, 1 min vial pressurization is done by a needle which pierces the septum

and allows the carrier gas at a pre-set pressure to enter the vial to set the internal pressure to 40 psi

2.2.3. Trap load

After vial pressurization, the pressurized headspace vapour inside the vial is allowed to vent for
1.3 min — which is sufficient to allow the pressure in the vial to decay to its lowest value — through an
adsorbent trap which retains the analytes (Figure 1l-1A). An isolating flow of carrier gas keeps the
headspace vapour out of the GC column during this step. This pressurization/loading process may be
repeated up to 4 times to vent up to 99% of the headspace vapour through the adsorbent trap

. This option could be valuable for enhancing the sensitivity in trace analyses.
However, increasing the number of vial extractions leads to increasing amounts of water adsorbed
on the trap, thus requiring more extensive drying prior to trap desorption and

thus only 1 cycle was chosen in our method.
2.2.4. Trap dry-purge

After loading the trap, the trap is then purged with carrier gas (Figure 11-1B) for 4 min to eliminate

water to protect the capillary column and lower the baseline
2.2.5. Trap desorb and trap hold

After dry purge completion, the trap temperature is rapidly increased to the desired high value (‘trap
desorption temperature’, Table 1l-2) to desorb the trapped analytes. The temperature is then kept at
that value for a specified amount of time to clean the trap and avoid any possible carry-over. As soon
as the trap is heated, the column isolation is turned off, the flow of carrier gas is reversed,

transporting the analytes to the GC column and the GC run begins
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Table II-2: Headspace trap parameters.

Parameters THMs HAAs
Sample volume 10 mL 10 mL
thermostatting 10 min, 60 °C 20 min, 60 °C

needle temperature 90 °C 90 °C
transfer line temperature 100 °C 100 °C
trap load temperature 42 °C 42 °C
trap desorption temperature 220°C 200 °C
number of cycles 1 1
pressurization time 1 min 1 min
decay time 1.3 min 1.3 min
Dry purge time 4 min 4 min
desorption time 0.5 min 0.5 min
trap hold 13 min 10 min
column pressure 15.6 psi 15.6 psi
vial pressure 40 psi 40 psi
desorption pressure 15.6 psi 15.6psi

2.3. Headspace-trap GC-MS methodology

2.3.1. GC-MS conditions

Initially the MS was operated in scan mode with an m/z scan ranging from 46 to 400. Once the

standard peaks were identified along with their retention times, the MS was operated in SIM mode

with 29 ms dwell times.

Table II-3: GC conditions.

Parameter

Conditions

Column
Inlet conditions

GC temperature program

lon source temperature
MS transfer line temperature
Full scan window

HP-5MS column (30 pum x 250 pum 1.D. x 0.25 pum)
Splitless, 200 °C. Column flow rate: 1.0 mL min?
40 °C for 3 min, 20 °C min™ to 60 °C, hold 3 min. 5°C min™
to 100 °C, and 25 °C min™* to 200 °C, hold 5 min.
250 °C
290 °C
Start at 1.5 min, from m/z 46 to 400

© 2019 Tous droits réservés.
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2.3.2. Data acquisition and processing

2.3.2.1. Order of analysis

Before each batch of samples is run, the trap is cleaned at 300 °C for 30 minutes. Then a matrix blank
to test for contamination or interference is run followed by the external standards, more blanks to
check for carry-over, the samples, and finally a medium concentrated standard is repeated after the
samples (or if there are many samples, after approximately 10 samples). The calibration standards
should not deviate from the calibration curve by more than 20 percent. Acceptable recoveries are 80

to 120 percent of the true value for the repeated standard(s).
2.3.2.2. Internal standard count

The ratio between the peak area corresponding to the quantification fragment and the peak area of
the internal standard 1,2-dibromopropane were used for quantification.

In order to check for HS vial leaks due to poor crimping of the vial caps, the area count of the internal
standard was monitored. Samples with low IS area counts where leaks are suspected were thus

discarded.
2.3.2.3. Software

The HS-trap system was controlled by an internal graphical user interface, while the GC and MS were
controlled by the Xcalibur Quan software (ThermoFisher). The Xcalibur Quan software
(ThermoFisher) is used for method development and running the analysis while TraceFinder
(ThermoFisher) is used for peak integration, calibration, and quantification.

Excel and SigmaPlot softwares were used for establishing graphs and correlations.

3. Sample analysis

3.1. NOM characterization

3.1.1. DOC analysis

Glass tubes with 30 mL of directly filtered samples (with 0.45 um PES filters) and 150 pL of sodium
azide (6.5 g L") were collected for TOC and chromatographic analysis. The concentration of dissolved
organic carbon (DOC) was determined using a TOC-meter-Shimadzu analyser (TOC-Vs¢; combustion

catalytic oxidation) after filtration through a 0.45 um PES filter.
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3.1.2. Natural organic matter

NOM size fractionation was performed using high performance liquid chromatography (HPLC)
(Agilent® 1260 Infinity I1) equipped with a size exclusion column (Agilent® Bio SEC-5 column, 100 A;
300 mm x 7.8 mm, 5 um particle size), with an exclusion limit range of 100 to approximatively
100,000 Da. A phosphate buffer eluent was used: 1 g L™; pH 6.8 and ionic strength of 0.039 M

. Other parameters used during HPLC are an injection volume of 100
uL, a flow rate of 1.0 mL min™, a pressure of around 80 bar and a temperature of 23 °C. The HPSEC is
coupled to both a diode array detector equipped with a 60 mm high sensitivity cell. The eluting
dissolved organic matter fractions were detected using UV absorbance at 254 nm. Samples with
organic carbon concentrations exceeding 5 mgC L™ were diluted before analysis to avoid fouling of
the column and signal saturation.
Some of the samples were characterized by size exclusion chromatography coupled to organic
carbon detection (LC-OCD) at the certified laboratory “Het Waterlaboratorium (HWL)” (Haarlem,

Noord-Holland) according to the LC-OCD procedure, described by

3.1.3. lodine and bromine speciation

3.1.3.1. Inorganic species

lodide, iodate, bromide and bromate were measured using a liquid chromatograph coupled to an
inductively coupled plasma mass spectrometer (IC-ICP-MS).

Separation was done by a Dionex lonPac AS16 (2 x 250 mm) analytical column with an AG16
(2 x 50 mm) guard column using NaOH 20 mM gradient eluent (Table II-3). ICP-MS (Agilent 7900)
conditions were set at an RF Power of 1550W, no gas mode (collision cell), with an aerosol dilution

(0.1 L min™), and bromine and iodine were determined through their °Br and ¥’

| isotopes,
respectively. The quantification limit was 0.2 pg L™ for all 4 species. Calibration curves were prepared
in mQ water from 1 g L liquid standards of iodide, bromide, bromate and solid KIO;. 6-point
calibrations with concentrations from 5 to 200 pg L™ were used for bromide and from 0.5 to 20 pg L™

for the three other inorganic compounds.

Table lI-4: HPLC conditions for iodine and bromine speciation by HPLC-ICP-MS.

Injection volume (uL) 25
Elution flow rate (uL min™) 400
10 mM NaOH held for 3 min, increased to 20 mM in 1 min, held at
Elution gradient 20 mM for 8 min, decreased back to 10 mM in 30 s, held for
another 5 minutes for equilibration (total run time: 17.50 min).
Targets retention times 105:2min50s; Br:5min20s;1:12min10s
118

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

3.1.3.2. Total iodine and bromine

Total iodine and bromine in the water samples were determined by ICP-MS (Varian 820 MS) in 0.5%
tetramethylammonium hydroxide matrixes with ***Xe as internal standard

Analyses were performed using He at 100 mL min™ at the collision reaction interface (skimmer cone)
to handle potential polyatomic interferences. The quantification limit level was 0.5 pg L™ for both
iodine and bromine. lodine and bromine standards were prepared from liquid standards of 1 g L™
bromide and iodide respectively. The standard calibration curve went from 0.5 to 200 pg L™ for both

bromine and iodine.
3.1.3.3. Total organic bromine and iodine

The total organic bromine and iodine have been assessed by:
TOBr = [total bromine] — [Br] — [BrOs]
TOI = [total iodine] — [I'] = [I057]

Bromate was never detected in any drinking water samples (<0.2 pg L™).
3.2. Trihalomethane formation potential tests

The THMFP test was carried out using a 7-day chlorine test procedure according to the Standard

Methods 5710B with minor modifications.
3.2.1. Reagents

A phosphate buffer was prepared with 68.1 g KH,PO, and 11.7 g NaOH in 1 L water, in order to get a
pH of 7 after a 1/50 dilution in the target sample.
A standardised stock hypochlorite solution (10-15% NaOCl) was used (§ 3.3.1) to prepare a stock

5000 mg L sodium hypochlorite in mQ water.
3.2.2. 4-hour test

735 uL phosphate buffer (1/50 dilution to obtain a pH of 7.0 + 0.2) and 735 pL stock sodium
hypochlorite solution were added into a 25 mL vial, filled completely (36.50 mL actual volume) with
the sample and tightly closed with a PTFE-lined screw cap and buffered by a phosphate solution and
chlorinated. They were then stored in the dark for 4 h at 25 °C.

The free chlorine residual was then measured using the N-diethyl-p-phenylenediamine (DPD)
colorimetric method, and the chlorine demand (D¢) in mgCl, L™ was calculated as the difference

between the initial concentration (100 mgCl, L") and the residual chlorine concentration.
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3.2.3. 7-day test

The volume (Vp) of stock 5000 mg L™ sodium hypochlorite required for the 7-day test was then

calculated according to the following formula:

Dcl+3 Vs
Vp=—— X —
5 100

With V,, the sample volume to be analysed in mL.

From the chlorine consumed during the 4-hour test, this standard formula gives an estimation of the
excess of chlorine to add in order to reach 3 to 5 mg L™ residual free chlorine in the sample after 1
week. However, as this is an estimation, to increase the likelihood of achieving the desired chlorine
residual concentration (3 to 5 mg L™) at the end of the 7-day reaction period, several sample portions
were dosed to provide a range of chlorine concentrations, with each initial chlorine dose differing in
increments of 2 mgCl, L

A reagent blank was also prepared for quality control of the reagent solutions by adding 1 mL
chlorine dosing solution to 50 mL phosphate buffer, mixing and completely filling a 25-mL vial,
immediately closed with a PTFE-lined screw cap. The samples and the blank were then incubated at
25 + 2 °C for 7 days, after which the free chlorine residual of each sample were immediately

measured once more.
3.2.4. Sample quenching

After the residual free chlorine measurements, the samples with chlorine residuals between 3 and
5 mg L at the end of the chlorination test were immediately quenched using 1 mL sodium
thiosulfate (0.45 mg L") and the samples were stored at 4 °C in the dark until the DBPs were analysed
by HS-trap-GC-MS.

145 pl of the quenching agent was also added to another reagent bottle with 735 pL of the reacted
reagent blank and immediately filled with mQ water and closed. After mixing, a portion of this
reagent blank was measured for THMs. The sum of all THMs in the reagent blank should be less than

5 ug L™ TTHM as pugCHCl, L™,

3.3. Chlorine analysis

3.3.1. UV for stock solution

Either the standardized stock hypochlorite solution (10-15% NaOCI) or the stock 5000 mg L™ sodium
hypochlorite solution were diluted by respectively 1/1000 or 1/50 to reach approximately 100 mg L™.
The absorbance of the solution was then measured with a Carry 100 spectrophotometer at 292 nm.

Two high precision spectrophotometer cells made of Quartz SUPRASIL 10 mm Light Path were used.
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The cells were cleaned with a Hellemax solution and rinsed with mQ water before use. At 292 nm,

the molar absorption coefficient of OCl is 357 M™* cm™

3.3.2. N-diethyl-p-phenylenediamine (DPD) colorimetric method for low chlorine concentrations

3.3.2.1. Reagents

Another phosphate buffer was prepared, with 24 g anhydrous disodium hydrogen phosphate
(Na,HPO,), 46 g anhydrous potassium dihydrogen phosphate (KH,PO,) and 800 mg disodium
ethylenediaminetetraacetate dehydrate (EDTA) in 1 L mQ water.

The DPD indicator solution was prepared with 6 mL of concentrated sulfuric acid solution, 200 mg
EDTA (to improve stability by retarding oxidation of the solution) and 1 g DPD oxalate in a brown-

glass bottle.
3.3.2.2. Calibration and free chlorine measurements

The 5 g L™ concentrated solution was diluted successively to 100 and then 10 mgCl, L™ to prepare a
5-point calibration curve with 0.2, 0.4, 0.6, 0.8 and 1.0 mgCl, L™ before each measurement campaign.
In a tube, 9 mL of mQ water were added, followed by 0.5 mL of phosphate buffer, 0.5 mL of DPD
solution and 1 mL of sample (which amounts to a 1/10 dilution of the sample). The absorbance of the

calibration standards and the samples were measured at 515 nm.

4, Water matrix

4.1. De Blankaart drinking water treatment plant (Belgium)

The water samples used in this study were sourced from a drinking water treatment plant, located in
the West of Flanders in Belgium and designed for a production of 40,000 m? day™. The raw water is
drawn from the river lJzer (approximately 80%) and from surrounding polders (approximately 20%)
. The water is characterized by a high NOM content, with an average DOC
content of 13 mgC L™ , combined with a high alkalinity and hardness. During the
summer months, algae blooms occur in the 3 million m? reservoir for the raw water storage due to a
high phosphate concentration . The Belgian part of the hydrographic basin of
the lJzer river covers an area holding 110,000 inhabitants and is largely agrarian: intensive farming
and intensive cattle breeding
The water is treated by a conventional treatment train consisting of biological ammonia oxidation,
enhanced coagulation with ferric chloride, decantation, rapid sand filtration, granular activated

carbon (GAC) filtration and disinfection with NaOCI (Figure 1I-2). A pH adjustment is performed
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before and after coagulation by sulfuric acid addition and sodium hydroxide respectively. An
intermediate chlorination is performed before sand filtration in order to enhance manganese

oxidation, which in its turn is removed during sand filtration.

i Intermediate | Sand i
Raw water Nitrification Coagulatl_on/ GAC filtration Fl'nal .
Decantation chlorination Filtration chlorination

Figure 1I-2: Flow chart of the water treatment process at De Blankaart.

Due to the combination of high DOC concentration and relatively high alkalinity, the water requires
large amounts of flocculant and sulfuric acid during coagulation (Verdickt et al. 2012). De
Watergroep has been studying the possibility of replacing the enhanced coagulation and decantation
treatment step by a combination of ion exchange (IEX), coagulation and flotation. A fluidized ion
exchange pilot plant has been in operation since the end of 2015 on a scale of 50 m3 h™*, with resin

PPA860S (Verdickt and Schoutteten 2018).
4.2. lon exchange column test samples

A small column experiment was performed as it is easier than using a jar-test to translate the results
to the full scale. The four resins tested were Purolite PPA860S (France), Amberlite IRA410, Amberlite
IRA958 and Dowex TAN-1 from Inaqua (Germany). Three of the resins are strong base type | resins
with a quaternary ammonium group, and one is a strong base type Il resin where a methyl group is
replaced with an alcohol group.

Their main properties are presented in Table II-5.

Table II-5: Properties of the four anion exchange resins selected.

Total
Mean Water
Trade Resin Matrix/ Exchange
Functional Group Particle Content Manufacturer
Name Type Structure Capacity
Size (um) (%) .
(eq.L™)
TAN-1 MP Styrene-DVB Quaternary amine  420-1200 70-82 0.7 Dowex
Dimethyl ethanol Rohm and
IRA410 Gel Styrene-DVB 600-750 45-51 >1.25
ammonium Haas
Crosslinked Quaternary Rohm and
IRA958 MP 630-850 66-72 >0.80
acrylic ammonium Haas
Polyacrylic
Quaternary
PPA860S MP crosslinked 740 66-72 0.8 Purolite
ammonium
with DVB

DVB: divinylbenzene; MP: macroporous; References: https://www.lenntech.com/Data-sheets

The experiment took place in October 2018. Four parallel transparent PVC columns, with an internal

diameter of 8.64 cm, were used for performing breakthrough experiments. The resins were
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pretreated extensively to avoid possible leaching of residual monomers, and to avoid irreversible
adsorption of NOM occurring on virgin resins. The procedure consisted of a jar pretreatment and a
dummy loading run in the columns. For the jar pretreatment, the following regeneration procedure
was conducted three times consecutively: regeneration using 3 Bed Volumes (BV) of a 10% NacCl
brine followed by decantation, and a triple rinsing with 3 BV of tap water followed by decantation.

After the jar pretreatment procedure, the resins were transferred inside the columns, and a dummy
loading run was performed using 500 BV of filtered raw water at an empty bed contact time (EBCT)
of 1.73 min, followed by a regeneration with 1 BV of 10% NaCl at an EBCT of 30 minutes and a rinse
with 1 BV of tap water at an EBCT of 30 minutes. The latter regeneration procedure coincides with
practices in IEX pilot scale research conducted at De Watergroep . After this
extensive pretreatment procedure, the resins were considered to be suitable to perform a

representative IEX cycle.

brine dose
| .
Raw water feed
IEX treated water
) effluent
Bag filter
| IEX fluidized bed
IBC container to contactor column
store filtered

water - ]
__@J spent brine (wastewater) extraction

peristaltic pump

Figure 1I-3: IEX column test scheme. The lines in green are the regeneration lines.

The breakthrough experiments were run in fluidized bed modus (i.e. bottom — up, see Figure II-3)
using raw water from the De Blankaart reservoir, which had been prefiltered over a 25 um bag filter
(Filtration CVBA, Drongen, Belgium), at an EBCT of 1.73 min. Samples were taken at 0 and every
recurring 50 BV, until 500 BV of raw water were treated. To simulate the average treated water
quality which would be obtained after 500 BV, a mixed effluent sample was created by mixing equal

volumes (208 mL) of each of the 11 taken samples for each resin.
4.3. Water sampling

Samples were collected from the full scale or the pilot plant. Amber glass bottles of 1 L or 2.5 L were
used for the collection of samples for chlorination tests and DBP analysis. A quenching agent
(ascorbic acid or sodium thiosulfate) was added in excess to the samples which already contained

chlorine. Samples were filtered through 0.45 um Polyethersulfone (PES) filters within a few hours
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after sampling. Glass tubes with 30 mL of directly filtered (0.45 um PES filters) samples and 150 pL of
sodium azide (6.5 g L) were collected for TOC and HPSEC analysis. Finally, samples were stored at 4

°C until the chlorination experiments or analysis.
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[ll. Development of analytical methods

1. Review of existing headspace-gas chromatography methods
for disinfection by-products / assessment of headspace-trap
gas chromatography — mass spectrometry feasibility

1.1. Introduction

1.1.1. Gas chromatography — mass spectrometry for disinfection by-products

DBPs are most frequently identified and quantified using gas chromatography (GC)

, Which is used for organic compounds that can be volatilized without thermal decomposition,
usually with both a molar mass lower than 500 g mol™ and a boiling point lower than 400 °C

. In GC analysis, the sample is vaporized and injected onto the head of a chromatographic
column in a stream of carrier gas. The components of the vaporized sample are fractioned between
the inert gaseous mobile phase (usually helium, nitrogen, or hydrogen) and the stationary phase,
which can be either solid or liquid supported by an inert solid matrix . The elution speed

of the various analytes mainly relies on their interaction with the stationary phase

Currently GC coupled to mass spectrometry (MS) still dominates the analysis of a wide variety of
volatile, semivolatile, and nonpolar compounds in environmental samples
The separation of the compounds by GC is followed by identification based on molecule
fragmentation, with electron ionization or electron impact (El), the most common ionization mode
for determining DBPs; either in full scan (FS) mode to attain more information for the identification
and structural confirmation of target DBPs, or in selected ion monitoring (SIM) or selected reaction
monitoring (SRM) modes for their quantitative determination
However, most GC-MS analytical methods are unable to directly analyse samples from complex
environmental matrices . In the case of aqueous samples, most
stationary phases are intolerant towards repetitive injections of high amounts of water, while
standard injection liners are incompatible with the huge gas expansion of water

. Therefore one or more pretreatment steps prior to GC-MS determination of analytes of

interest are still mandatory in many applications
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1.1.2. Headspace extraction

Analysing a gas extract of volatile compounds, from a liquid sample placed in a closed vessel and
heated at known temperature, by gas chromatography is called headspace gas chromatography (HS-
GC). There are two main types of HS-GC; the most common technique is a single step static
headspace extraction (SHE) or simply named headspace, where the sample is in equilibrium with the
gas phase in a closed vessel. The other main technique is referred to as dynamic headspace
extraction, gas-phase stripping, or purge and trap (PT) where the volatile compounds are stripped by
a continuous flow of an inert purge and accumulated in a cryogenic or sorbent trap (Kolb and Ettre
2006; Koning, Janssen, and Brinkman 2009).

The main advantages from using HS are sample preparation simplification for the analysis of VOCs in
complex matrices, and clean sample injection as the needle never penetrates the surface of dirty
liquid samples (Kolb and Ettre, 2006). Different modifications have been developed to the static HS
method, such as the use of headspace solid-phase microextraction (HS-SPME) (Pérez Pavon et al.

2008a; Rubio and Pérez-Bendito 2009), and HS traps (Ross 2012).
1.2. Feasibility of analysis method for trihalomethanes

Many HS methods exist for THMs, some of which are presented in Table Ill-1. These include purge
and trap GC-MS (Ekdahl and Abrahamsson 1997; Chen and Her 2001; Lee et al. 2001;
Golfinopoulos et al. 2001; Nikolaou 2002; Zoccolillo et al. 2005; Culea et al. 2006; Lara-Gonzalo
et al. 2008; Ruiz-Bevia et al. 2009; Prakash et al. 2009; Ikem 2010), PT-GC-electron capture
detector (ECD) (Zygmunt 1996; Ekdahl and Abrahamsson 1997; Allonier 2000; Vikesland et al.
2007) or PT-GC with atomic emission detection (AED) (Campillo et al. 2004), static headspace (HS)
with either GC-MS (Golfinopoulos et al. 2001; Nikolaou 2002; Safarova et al. 2004; Culea et al.
2006; Caro et al. 2007; Pérez Pavén et al. 2008b; Rosero et al. 2012; Montesinos and Gallego
2013a) or HS-GC-ECD (Kuivinen and Johnsson 1999; Gallard and von Gunten 2002) or HS-SPME
followed by GC-MS (Stack et al. 2000; Cardinali et al. 2004; Nakamura and Daishima 2005; San
Juan et al. 2007; Niri et al. 2008; Joll et al. 2010) or HS-SPME-ECD (Cho et al. 2003; Antoniou et
al. 2006; Bahri and Driss 2010; Sa et al. 2011) and HS-SPME-pECD (Rosero et al. 2012). However
all these have only focussed on the regulated THM4 as well as other compounds in several cases.
Few have included the ITHMs. Cancho-Grande et al. (2000) were the earliest to study HS-GC-ECD
and purge and trap GC-MS for I-THMs but found LLE more suitable than HS and PT to recover all |-
THMs quantitatively. Weinberg et al. (2002) included I-THM analysis by an EPA method using
dynamic purge and trap in a US nationwide drinking water study. Allard et al. (2012) developed a

new HS-SPME-GC-MS method for simultaneous analysis of all 10 THMs using a programmable
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temperature vaporizing (PTV) inlet with good method performance. In the food industry, a HS-GC-MS
method was developed by Montesinos and Gallego (2014) for all 10 THMs in soft drinks and fruit
juices, while Cardador et al. (2015, 2016) and Cardador and Gallego (2016a,b) analysed all 10

THMs in cheeses and in both liquid and solid phases of canned vegetables.

Table IllI-1: GC-MS methods for THMs in drinking water or other food matrices using headspace techniques.

Analytical THMs Detection limits
method analysed (ngL?) References
PT-GC-MS THMA4 NR (Cancho et al. 2000)
PT-GC-MS THMA4 50-100 (Golfinopoulos et al. 2001)
PT-GC-MS THMA4 50-100 (Lee et al. 2001)
PT-GC-MS CHCl;, CHBr3 2-59 (Martinez et al. 2002)
PT-GC-MS THMA4 10-50 (Nikolaou 2002)
PT-GC-MS THMA4 In the order of ng L (Zoccolillo et al. 2005)
PT-GC-MS THM4 1x10° (Culea et al. 2006)
PT-GC-MS THMA4 40-200 (Lara-Gonzalo et al. 2008)
PT-GC-MS THMA4 50-100 (Prakash et al. 2009)
PT-GC-MS THM4 NR (Ikem 2010)
HS-SPME-GC-MS THMA4 (1-2.8) x 10° (Stack et al. 2000)
HS-SPME-GC-MS THM4 0.43-6 (San Juan et al. 2007)
HS-SPME-GC-MS THM4 5-6.3 (Kim et al. 2012)
HS-SPME-GC-MS ITTHH'\::S 81'_280 (Allard et al. 2012)
HS-GC-MS THM4 50-400 (Nikolaou 2002)
HS-GC-MS THMA4 <100 (Culea et al. 2006)
HS-GC-MS THMA4 23-102 (Rosero et al. 2012)
(Montesinos and Gallego
HS-GC-MS THM4 10-20 2013)
HS-GC-MS THMA4 10-20 (Montesinos and Gallego
HS-GC-MS I-THMs 20-100 2014)
HS-GC-MS IT:HI\/IM4$ 152%_150000 (Cardador et al. 2015)
THMA4 10-20 (Cardador and Gallego
HS-GE-MS I-THMs 20-150 2016b)

1.3. Feasibility of analysis method for haloacetic acids

© 2019 Tous droits réservés.

Delgado et al. (2014) describe in a chapter of a relatively recent book the different analytical
methods available in order to analyse HAAs in waters intended for human consumption. In the

following paragraphs, methods based on HS-GC-MS are discussed.
1.3.1. Challenges with haloacetic acid analysis by gas chromatography

Gas chromatography is most commonly used for analyzing HAAs. However, HAAs are challenging to

study by GC due to their low volatility and high polarity. Hence the existing methods to analyse the
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HAAs require a derivatisation step to their respective methyl esters to make them suitable for GC

Several methods are currently approved by the EPA for compliance monitoring of HAAS in drinking
waters:

- EPA Method 552.1,

- EPA Method 552.2,

- EPA Method 552.3,

- EPA Method 557,

- Standard Method 6251B (22" edition),

- Standard Method online 6251B-07,

Standard Method online 6251B-94

EPA Methods 552.1 and Standard Method 6251B can also be used to determine BCAA
concentrations, while EPA Methods 552.2, 552.3 and 557 can analyse the HAA9 . These
methods use methyl tert-butyl ether (MTBE) or anion exchange resins to extract HAAs from water
samples; diazomethane or acidic methanol (derivatization) to convert HAAs into methyl esters, and
analysis by gas chromatography-electron capture detection (GC-ECD). However, these methods have
the following limitations:

- (i) a low sensitivity detection for monochloroacetic acids (MCAA),

- (ii) a susceptibility to chromatographic interference,

- (iii) identification problems due to drifting in retention time,

- (iv) long GC run times,

- And (v) poor or no response for brominated trihaloacetic acids (tri-HAAs)

1.3.2. Headspace for haloacetic acid analysis

While HS is usually used for volatile compounds, HS-GC can also be used as an alternative way to
guantify some nonvolatile compounds if they can be quantitatively transferred to related volatile

substances by related reactions
1.3.2.1. Thermal decarboxylation

There are several HS method analytical possibilities for HAAs. Thermal decarboxylation of TCAA to

CHCI; has been used for HS-GC determination of TCAA in various matrices

CCI;CO0OH — CHCl; + CO,
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The other tri-HAAs (i.e.) TBAA, BDCAA and CDBAA which are difficult to analyse by conventional GC
methods could theoretically also be thermally decarboxylated and measured as CHBr;, CHBrCl,,
CHBr,Cl . However the mono-HAAs and di-HAAs
cannot be measured in the same way, as their thermal degradation is a hydrolysis process

. Hence, for analysis of HAAs in water samples by HS techniques, methylation of the HAAs

to their less soluble methyl esters has been the method of choice.
1.3.2.2. Methylation
1.3.2.2.1. Headspace gas chromatography methods

Methyl esters of haloacetic acids are less soluble in water than free acids, giving headspace methods
analytical possibilities. were the first to develop a HS-GC-MS technique using
dimethylsulfate (DMS) as a methylating agent to analyse 3 HAAs (MCAA, DCAA, TCAA) directly in
water. Using tetrabutylammonium hydrogensulfate (TBA-HSQ,) as an ion-pairing agent for the in-situ

methylation reaction (Figure lll-1) greatly increased the yield of the reaction

R-COOH + (CH5CH,CH,CH,),N(HSO,) <~ R-COON*(CH,CH,CH,CH,), + H,S0,

2 R-COO'N*(CH4CH,CH,CH,), + (CH4),S0, . " 2 R-COO-CH,+ 2((CH5CH,CH,CH,),N*)S0,%

-
Figure IlI-1: HAA methylation by DMS in the presence of TBA-HSO,

have improved the HS-GC-MS method one step further for the HAA9 by
adding a micro-volume of n-pentane (LLME step) which protects the esters and increases their
volatility by co-evaporation of n-pentane and the methylated esters. Additionally, THMs were also

analysed simultaneously. In the absence of n-pentane only four HAA methyl esters (MCAA, MBAA,

DCAA, and TCAA methyl esters) were extracted . For the past decade, they
have been optimizing the method for various food matrices ,
including the analysis of MIAA or4l-
HAAs as well

1.3.2.2.2. Headspace solid-phase microextraction gas chromatography methods

Also in 1999 a method for the analysis of six HAAs using HS-SPME-GC-MS was first developed

, using acid-catalysed ethylation to obtain low detection limits (Table IlI-2), and
good sensitivity for the HAA6 with LODs 2 to 20 times lower than those obtained with the EPA
method 552.2, but still with a significant cost of time and labor . In 2000 they
proposed a new method with direct derivatization of HAAs in water by DMS and were able to analyse
all the HAA9. also determined 9 HAAs after derivatization to their respective

methylated esters with DMS, using the commercial fiber CAR-PDMS and HS-SPME-GC-ECD.
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and Gallego (2010) attempted to combine liquid-liquid microextraction (LLME) — using n-pentane as

extraction solvent, and-HS-SPME — using a CAR-PDMS SPME fiber and with derivatization by DMS in

the presence of TBA-HSO,. However they concluded that the method was far less sensitive than the

more simple LLME HS-GC-MS technique and inadequate for the levels of HAAs in drinking water

samples.
Table IlI-2: HS-GC methods (using derivatization) to monitor HAAs (mainly in water samples).
3 Derivatisation Extraction . LOD RSD
HAAs Matrix . Detection 4 References
reagent technique (ng L) (%)
MCAA,
DCAA, Water DMS HS MS 1-10 <6.6 (Neitzel et al. 1998)
TCAA
DCAA, Blood and Acidic (Muralidhara and
o HS MS 5and 10 -
TCAA solid tissues methanol Bruckner 1999)
0.02-
HAA9 Water DMS LLME-HS MS 0.40 <10.4 | (Cardador et al. 2008)
Liquid
phase of 0.02- (Cardador and Gallego
13 HAAs DMS LLME-HS MS <10.5
canned 0.50 2016b)
vegetables
. 0.01- »
HAA6 Water Acidic ethanol HS-SPME IT-MS 0.20 <7.9 (Sarrion et al. 1999)
0.01- -,
HAA9 Water DMS HS-SPME IT-MS 0.40 <10.9 (Sarrion et al. 2000)
LLME-HS- (Cardador and Gallego
HAA9 Water DMS MS 0.3-15 <12.7
SPME 2010)
Acidic LLME-HS-
HAA9 Water ECD 0.2-16 - (Wu et al. 2002)
methanol SPME
] Acidic LLME-HS- ,
TCAA Urine ECD 0.015 - (Rastkari et al. 2012)
methanol SPME
Acidic LLME-HS- (Hammami and Driss
HAA9 Water ECD 0.02-0.7 <12
methanol SPME 2013)
0.029- .
6 HAAs Water DMS HS-SPME ECD 0283 <20 (Sa et al. 2012)
DCAA, Acidic 3and (Wang and Wong
Water HS ECD <213
TCAA methanol 0.5 2005)
(Ghoochani et al.
HAAS5 Water DMS HS ECD 0.5 -
2013)
HAAG + 0.005- .
Water DMS HS-trap MS <20 This work
MIAA 0.10

DMS: dimethylsulfate, ECD: electron capture detection, HS: headspace, LLME: liquid-liquid microextraction, LOD: limit of
detection, MS: mass spectrometry, RSD: relative standard deviation

Some authors have also combined the utilization of LLE using MTBE as extractant solvent to HS-

SPME-GC-ECD, with acidic methanol for derivatization (table 1lI-2). The most sensitive method among

them is the one by Hammami and Driss (2013). Nevertheless, the sample preparation is more

complex as it involves first LLE with evaporation of the extraction solvent to dryness, before HS-SPME

derivatization of HAAs into their methyl esters with acidic methanol and finally extraction.
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1.3.3. Conclusion

The esterification processes used to transform HAAs in their respective methylated esters, make
these compounds less polar, more stable and volatile. However, the thermal instability of HAAs is an
important problem that must be controlled throughout the process since there might be
degradation. While there exist several HS-GC methods for the determination of HAAs with low
detection limits and adequate precision performance (Table 1lI-2), there are currently no HS-trap GC-

MS method described in the literature for the analysis of HAAs in drinking water.

1.4. Feasibility for haloacetonitriles and haloacetamides

1.4.1. Feasibility for haloacetonitriles

Several LLE, HS and HS-SPME-GC-MS methods exist for their analysis with many able to analyse THMs
in the same run. Better limits of detection are achieved with HS and HS-SPME than with conventional
LLE pre-treatment related methods . It is worth noting that in several HS
studies MCAN and MBAN have significantly higher detection limits than other haloacetonitriles

, explained this by the
lower K, values of MCAN (0.14) and MBAN (0.25) compared to BCAN (1.23), DBAN (1.30), DCAN
(1.53) and TCAN (2.54) at 25 °C. However found lower values for MCAN and MBAN
than for all the other HANs they studied in their HS-SPME-GC-MS method.

1.4.2. Feasibility for haloacetamides

HAcAms analysis is particularly complex due to their low volatility and mono- and di-halogenated
HAcAms having significantly different polarity to their trihalogenated analogues. The use of GC-MS is
limited or of no use when the target DBPs have high molecular masses, are non-volatile or very polar
. Previous studies have indicated that the organic solvents methyl tert-butyl ether
(MTBE), n-hexane, and ethyl acetate can be used as extraction solvents towards the detection and
identification of HAcAms by GC-MS . HAcAms analysis has
focused on DCaCAm and TCAcAm because of high LODs for the mono-HAAmMs and
because DCAcAm is the main HAcAm found in drinking water
To our knowledge, there is no existing HS method for HAcAm analysis. in their
review on the recent advances in the analysis of nitrogenous disinfection by-products wrote that HS

and PT are not suitable for the concentration of HAcAms, because of their high boiling points.
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1.5. Conclusion

Highly water soluble analytes such as the HAAs and the HAcAms are more challenging to analyse by
HS-GC than the more volatile THMs and HANs, due to poor partitioning into headspace. Thus, they
are expected to require extraction in a volatile solvent and/or derivatisation to a more volatile form
for acceptable method performance. HAcAms analysis by HS has never been achieved before and
they are not suitable for direct HS analysis.

Most of the methods developed to date for the determination of HAAs in waters have two serious
drawbacks: the time required for the sample treatment and the degradation of the most unstable
species to other DBPs . In the case of the studies,
what is highly interesting is that they were able to combine the analysis of the 10 THMs as well as 13
HAAs. Thus, the initial step was to attempt to combine HAA and THM analysis by HS-trap-GC-MS.
From that premise, the aims of this work were to first develop a fast derivatisation/extraction
method to analyse HAAs — possibly in combination with ITHMs — by HS-trap and attain low

guantification limits, and to develop a method for the other N-DBPs.

2. Initial attempts to combine THM and HAA analysis

Briefly the mechanism was, each HAA in an aqueous medium forms an ion-pair with TBA-HSO,
enabling the transfer of HAAs from the aqueous phase into the organic n-pentane phase where they
react with DMS to produce methyl haloacetates
Sample preparation was based on the procedure described in
In a 22 mL glass HS vial were placed:

- 4g(2.8 M) of Na,SO,, 9.6 mL water samples or mQ water containing the spiked HAAs,

- 6.4 pgL" of 1,2-dibromopropane,

- 10 pg L™ of 2-bromopropionic acid,

- 100 pL of a 0.5 M concentration of an ion pairing agent (TBA-HSQ,, 2.3 umol as aqueous

solution), 150 ul of derivatisation reagent (DMS),

- and 150 pl of n-pentane were added.

The vials were immediately sealed and stirred in a Vortex mixer for 3 min in order to carry out the
methylation process. Finally, the vial was placed in the 40-space autosampler carrousel from which
the robotic arm took each one and introduced it in the HS oven.

THM and HAA methyl ester separation through the chromatographic column was performed by using

an appropriate program of temperatures described in Chapter II.
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2.1. n-pentane, a problematic solvent

An important n-pentane and DMS solvent front is clearly visible on the first chromatogram
(Figure 11I-2a)), hindering early peak detection as illustrated in the case of the chloroform and
bromodichloromethane peaks (Figure 1ll-2c)), which are greatly affected (poor peak resolutions and

intensities).
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Figure IlI-2: An example of the n-pentane issue for chloroform, 20 ug L trihalomethanes, 50 ug L TBA-HSO,, 50 ug L bms,
150 ul n-pentane. a): Full scan 40-400, where the DMS solvent front is clearly visible, b): SIM m/z 47 (characteristic of
CHCl3), and c) m/z 85 (characteristic of CHCl; and CHBrCl,).

n-pentane also impacted on the detection of HAAs. With increasing n-pentane levels, peak areas
decreased for all HAAs especially for the early eluting peaks MCAA and MBAA - that were not
detectable after adding a tiny amount of n-pentane - as well as DCAA. This is probably due to the
presence of both the extractant (n-pentane) and the derivatisation reagent DMS competing with the
active sites of the fibre, which can reduce the sorption of the analytes on the fibre as well as its
lifetime . According to , in HS-SPME-GC-MS, by
decreasing the temperature to 45 °C, less n-pentane was volatilized, therefore reducing the
competition with the esters in the fibre and/or the affinity of the analytes for the fibre coating. The
thermostatting temperature was tested at 45, 55 and 60 °C using 80 uL DMS and 150 pL n-pentane
but this did not lead to any significant improvement in the peaks.

The problem is more related to the column temperature program. Indeed, due to the low boiling
point of n-pentane (36.1 °C), when starting the GC column at 40 °C, the solvent does not recondense
in the column inlet. In the absence of cryogenic units, it was not possible to start the column

temperature 10 to 40 °C below that temperature to condense the solvent and prevent tailing peaks.
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By using an important split-ratio, were probably able to reduce the amount of
n-pentane reaching their column, however only splitless injections are possible in our HS-trap
configuration (see Chapter Il).

Eventually it was decided to work without n-pentane for THMs as well as for HAAs as even small

amounts (10 pL) decreased peak area size for MCAA and MBAA.

2.2. In the absence of n-pentane
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Figure 111-3: 20 ug L™ haloacetic acid standard without trihalomethanes added.

In the absence of n-pentane, huge THM formation from HAA thermodegradation was clearly visible
especially CHBr,Cl and CHBr;, but also CHCl; and CHBrCl,. Hence, it is not possible to analyse THMs
and HAAs in the same run as the degradation of trihaloacetic acids, artificially increases THM

concentrations during the analysis.

3. Trihalomethane method

3.1. Sample preparation

3.1.1. Salt addition

Adding salt to an HS vial often optimizes the extraction, according to
, the best results for THM4 among different salts (potassium chloride, sodium chloride and
anhydrous sodium sulfate) is with sodium sulfate.
found that for all 8 of the 10 THMs the extraction efficiency of all analytes
increased with the sodium sulfate concentration even above the salt saturation of the solution at
5.5 g. The two exceptions were CHCl; and CHCI,Br where the maximum was found around 2.5 g.
The solubility of sodium sulfate is highly dependent on temperature, with a sharp increase in the
solubility up to 32.4 °C, followed by a slight decrease in solubility at higher temperatures
. When totally solubilized, samples can even be put in the fridge, whereas if one salt

crystal remains, when the lab temperature drops slightly (such as in the evening), some of the salt
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will re-crystallize. Additionally, if some salt remains after 3 minutes of vortexing, it will not entirely
dissolve during the thermostatting.

As the lab temperature varies slightly thus the salt saturation as well. Because the increase in
efficiency was not the same for all THMs it was preferred to maintain the salt addition always below
the saturation point for better correction by the internal standard, therefore it was fixed at 4 g (40%

w/v), and sometimes at 3 g when the solubility was too low (see part V.2).
3.1.2. Solvent addition

Organic modifiers are often used to accelerate volatilization of analytes from the water in HS-GC-MS.
n-pentane was previously shown to be problematic for THMs. Other organic modifiers such as MTBE
and n-hexane have been shown to improve the volatilization of brominated THMs (Montesinos and
Gallego 2013), but were not used as the THMs are already sufficiently volatile and non-polar and to

protect the column.

3.2. Headspace-trap conditions

3.2.1. Thermostatting

Montesinos and Gallego (2013, 2014) as well as Cardador et al. (2015a) found that peak signals
increased with temperature up to 70 or 80 °C and with a minimum of 10 minute equilibration time,
above which conditions the signals remained constant. However, important HAA degradation could
take place at temperatures = 60 °C as shown in Table lll-4, which could be an issue in real samples
containing both THMs and HAAs.

Zhang and Minear (2002) calculated the decomposition rates of 30 ug L™ of the brominated tri-
HAAs in water at pH7 at 4 different temperatures (4, 23, 36 and 50 °C). Table IlI-4 presents the
degradation percentages of the brominated tri-HAAs by extrapolating the equations from the

following figure:
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Figure Ill-4: Correlation between the decomposition rates for the brominated tri-HAAs and the water temperatures (figure
built using the decomposition rates given by Zhang and Minear (2002)).
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Thus to limit the degradation, the temperature was left at 60 °C and the heating period at 10

minutes.

Table Ill-4: Estimation of brominated tri-HAA decarboxylation, using data from . (In grey, from
extrapolated decomposition rates).

Temperatures 36°C | 50°C 60°C | 70°C | 80°C
HAAs % loss (calculated) % loss (extrapolated)
10 minutes
TBAA 0 2 12 84 100
DBCAA 0 1 6 46 100
BDCAA 0 0 1 9 61
20 minutes
TBAA 0 4 26 100 100
DBCAA 0 1 11 100 100
BDCAA 0 0 2 19 100

3.2.2. Desorption

In this study, desorption temperatures of 180, 200 and 220 °C were evaluated. The responses were
found to be relatively similar at 200 and 220 °C, even for the highest molecular weight compounds

(CHBrl, and CHI3). Hence, the temperature was fixed at 220 °C to limit carry-over.

3.3. Results

3.3.1. Chromatographic separations

Chromatographic separations for all the THMs were achieved in less than 18 minutes. All the analytes
and internal standard peaks were well separated, with adequate gaussian peaks except for CHCl;,
which eluted the earliest with some tailing. However, the precision and linearity remained

acceptable (see Chapter Il).

3.3.2. Method validation

3.3.2.1. Precision

The precision of the method was evaluated by determining the repeatability. The repeatability was
done with five samples at 6 pug L™ of each regulated THMs and 60 ng L™ of I-THMs in one day. RSDs

were always below 10%.
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3.3.2.2. Linearity

The linear range and the r® for each compound were studied. The linearity was investigated up to
300 pg L™ for THM4 and up to 5 pg L™ for the I-THMs. For the highest molecular weight compounds
and iodoform in particular, the calibration curves became sometimes exponential at the higher
concentration, be it with external or internal calibration. One of the possible answers could be the
presence of excess amounts of MeOH from the stock standards at high standard concentrations. For
example, a solution containing 16 mg L™ THM4 diluted in mQ to 40 pg L leads to 25 uL of MeOH
added in the HS vial.
Possible issues from the presence of excess MeOH:

- MeOH could perhaps increase the solubility of the less soluble compounds,

- MeOH could perhaps compete for space in the gas phase, changing the partitioning

coefficient,

- MeOH could perhaps compete for the sites on the trap with the more volatile compounds.

Therefore high concentrations of MeOH are one of the most common problems in purge-and-trap
analysis by creating signal response anomalies

More concentrated standards of THM4 were thus bought (2 g L™ instead of 0.2 g L"), allowing the
preparation of working standards with less MeOH traces.

For the THMA4, the calibration curves were linear up to 60 pug L™, but at 300 pg L™ there was a slight
decrease by 15% compared to the expected value calculated by the linear regression for CHBr; and
CHBr,Cl, and tailing of CHBrCl, leading to part of the peak exceeding the RT and not being totally
measured (-30%). Hence, the upper range for the THM4 was fixed at 60 pg L™

3.3.2.3. Carry-over

Some carry-over took place in the ng L range, which could potentially affect the measurements of
the lower concentrations of the I-THMs, especially for the heaviest iodinated THMs, mainly CHIs,

CHBrl, and CHClII,.

Table IlI-5: Carry-over for I-THMs.

Compound Sctigfsgt(;a;ﬁ?) Carry-over (ngL™) sc‘czr;(izsgi:\a;l??) Carry-over (ng L™)
CHBrClI 348 No 870 No

CHBrl, 300 Negligible 1200 8

CHClIl, 300 1 768 1.6

CHBr,l 340 0.8 800 1.3

CHCIl,l 290 Negligible 1160 0.9

CHl3 300 0.75 1200 20
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3.3.2.4. Haloacetic acid interferences

25 pg L' HAAs were spiked in Saint-Amand mineral water and analysed with the method for THMs.
The percentage of THM formation was calculated by assuming 100% to be the spiked HAA
concentration, and calculating the peak area of the decomposition THM for each tri-HAA. Less than

1% CHClI3, CHBr,Cl and CHBrCl, were formed while 6.5% CHBr; was produced.

4. Haloacetic acid method development

4.1. Sample preparation (without n-pentane)

4.1.1. Dimethylsulfate volume

Nearly all the studies reported in Table Ill-2, that used dimethylsulfate (DMS) as a methylation agent,
added amounts close to 100 uL. More specifically, studied the effect of the DMS
concentration by adding a range of different volumes up to 200 pL and found optimal volumes
between 60 and 100 pL with 100 pL the best for most of the HAAs except for MBAA, which was at 60
uL. Surprisingly in our case, when first attempting to add 100 uL of DMS to HS vials containing the
HAA standards, the excess of DMS was extracted on the fibre appearing in the chromatogram. This
lead to a shift in RTs and broadening of the peaks for some of the analytes. None of the previous
studies reported any such issue with the DMS excess, except for who
explained their problem with DMS fronting in the case of HS-SPME-GC/MS to be due to the presence
of n-pentane enhancing volatilization of DMS.

A test with a range of DMS volumes was thus carried out from 50 to 100 pL in increments of 5 pL.
Surprisingly no such fronting was found, this is because DMS half-life in water at pH 7 and 25 °C is
only of 1.15 hours, producing methanol and sulfuric acid ( . This means that the excess
DMS, in the absence of any solvents, will degrade rapidly in water. As all samples had been prepared
in one go and placed on the carrousel, there had been sufficient time (several hours) to hydrolyse the
DMS in excess for the samples with high amounts of DMS. Thus leaving a sufficient amount of time
for excess DMS to decrease should remove the fronting problem in the first tubes.

Therefore, a period of 3 hours and 30 minutes (see part on methyl ester stability) was chosen
between the time the samples were prepared and the analysis. The amount of DMS was increased
from 50 puL up to 150 pL in increments of 5 pL. With such conditions, volumes of 70 pL and more lead
to DMS excess and poor peak shapes. To ensure complete methylation of the analytes without too

much DMS excess that can reach the trap and column, a volume of 60 uL of DMS was chosen.
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4.1.2. Salt addition parameter

The effect of the amount of sodium sulfate on the extraction of HAA methyl esters was studied to the
water from 0 to 50% w/v addition in duplicates, using 25 ug L'* HAAs with 100 pL of TBA-HSO,, 60 uL
of DMS. All samples were entirely dissolved except for those at 5 g, where some salt crystals

remained.
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Figure IlI-5: Evolution of the HAA signal with the salt added to the HS vials.

Different behaviours were observed for mono-, di- and tri-HAAs. All three mono-HAAs (MCAA,
MBAA, MIAA) showed an 2-fold increase in signal at every 1 g salt increase from 0 to 4 g. The di-HAAs
also showed a doubling of the signal from 0 to 1 g and from 1 to 2 g. However from 2 to 3 g the signal
increases by approximately 15 times for DCAA, BCAA, and DBAA respectively, and increased by
approximately 4 times from 3 to 4 g with the same trend of slightly higher increase for the more
brominated species. TCAA dropped tenfold in signal count at 1 g, before increasing back to the same
level at 2 g. At 3 g, the signal increase by 360 times for TCAA and by 12 at 4 g.

Unfortunately, at 5 g, peak areas dropped for all HAAs except for MCAA and MBAA. MCAA the
earliest to elute showed a slight increase in the RT and some tailing. The following peaks for 2-
bromopropionic acid, DCAA and MBAA showed poor “roundish” shapes with an important shift in
their RTs, typical signs of the presence of excess DMS in the column. MIAA, TCAA peaks were no
longer visible, but seemed to have suffered huge RT shifts out of the usual RT peak range. The RTs for
the following HAAs (BCAA, DBAA) had considerably shifted as well. The signal for several fragment
ions were completely drowned, notably those at m/z 127 and 129 for BCAA. Overall, it seems as if an
increase from 4 to 5 g allows more DMS to reach the column and negatively impact the analysis.

It is worth noting that both (Sarrion et al. 2000) and (Cardador et al. 2008) were able to use 5 g of

salt which they found gave the highest signal for 10 mL samples. However in order to use 5 g, one
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would need to i) leave the samples for a longer time between preparation and analysis to hydrolyze
DMS and ii) make certain all the salt is dissolved at 5 g for better repeatability, since the different
HAAs behave differently. For these reasons, it was decided not to increase the salt content and to
useonly 4 g.

Sodium sulfate of higher granulometry (Sigma-Aldricht), was easier to vortex than the salts from
other suppliers (Merk and VWR) which quickly formed a solid block at the bottom of the vial,
extremely difficult and long to dissolve without heating. Also only with this salt were the 3

brominated tri-HAAs detectable at 40% salt content.
4.1.3. Tetrabutylammonium hydrogen sulfate addition

The effect of the amount of ion-pairing agent on the derivatization of 25 pg L™ HAAs was studied by

adding up to 200 pL (6.6 umol) of TBA-HSO, (0.5 M) to the water and using 60 pL of DMS.

7 190
a) b)
6 170 LI
o ©® _
® & 150 g
=3 S °
2 ® =130 o L]
x4 3 b
g P .2 110 ®
23 S g0 °
v
8 o ° °® [
°
e 2 70
°
1 50
0 50 100 150 200 250
0 TBA-HSO, (uL)
0 50 100 150 200 250
TBA-HSO, (uL) DCAA @®BCAA ®DBAA @TCAA
28 6
26 C) : d)
g % «z-: ?
= 22 = 4 P
x = ®
5 18 ° 5 [ ] °
= 16 ) ° °
o} o} [ ]
o 14 ) a
12 !
10 0 ° ® o o o
0 100 200 300 0 50 100 150 200 250
TBA-HSO, (pL) TBA-HSO, (pL)
MIAA @ BDCAA © MCAA @ MBAA @DBCAA @ TBAA

Figure IlI-6: Influence of the volume of ion-pairing agent on a) the sum of signals for the 9 HAAs, b), c) and d) individual
HAAs.
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For MBAA and MCAA, the signals increased from 50 to 200 with positive quadratic curves. The signals
increased initially in a linear manner for MIAA, DCAA, BCAA, TCAA, DBAA, with some reaching
maximums for the highest volumes of TBA-HSO, tested. Increasing the volumes lead to initially
higher peak area signals at 125 pL or 150 plL for the brominated tri-HAAs then linear decrease
onwards.

Hence 150 pL may be a good compromise between increasing the peak signal for 7 of the HAAs while
not losing too much in signal for the brominated tri-HAAs. However, as the brominated tri-HAAs
esters greatly suffer from hydrolysis and are tricky to analyse anyway, it may be more interesting to
use 200 pL of 0.5 M TBA-HSO, for HAA analysis for several reasons: mainly boosting the signal for
MCAA and MBAA that have the poorest limits of detection and also to increase the repeatability of

the analysis by lowering the impact of the volume of TBA-HSO, on the signal variation.
4.1.4. Methyl ester stability: influence of pH and time

could only detect MCAA, MBAA, DCAA, and TCAA by HS-GC-MS in the absence
of n-pentane due to methyl ester hydrolysis. and on the other
hand did not report any stability issues for the 9 brominated and chlorinated methyl esters in
aqueous samples, with good RSDs in particular for
However with the HS-trap using an autosampler, many samples can remain for hours on the
autosampler tray, awaiting analysis, thus compounds which are not stable in an aqueous media will
degrade with the last samples to be analysed experiencing the most hydrolysis.
Thus the effect of pH on methyl ester stability in the aqueous matrix, was studied by adding sulfuric

acid to the water to set the pH at different values (2.6, 5.4, and 7) (Figure 11I-6).
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7 with 100 uL of TBA-HSO4, 60 uL of DMS, 4 g of salt.
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At pH 2.6, brominated tri-HAAs methyl esters degrade and no peaks are seen except for DBCAA,
which was detected 5 times in the first 7 standards but with huge non repeatable variations.

At all three pHs studied, the highest peak areas for the more stable compounds is actually for the 2m
or 3" vial, thus after approximately 3 hours at lab temperature before analysis. With increasing time

before analysis, the signal decreased except for the mono-HAAs.

4.2. Headspace trap - GC parameters

4.2.1. Choice of internal standard

Initially 1,2-dibromopropane was chosen as the internal standard and 2-bromopropionic acid as
surrogate. However 1,2-dibromopropane peak area signal increased with HAA concentrations and
was thus discarded. 2-bromopropionc acid was used as the internal standard instead, as is

recommended by who experienced the same phenomenon.
4.2.2. Desorb temperature

The desorb temperature was tested at 175, 200, 225, 250 and 275 °C. The carry-over decreased from

175 to 200 °C but no further at higher temperature. So a desorb temperature of 200 °C was chosen.

5. Attempts at combining trihalomethane with haloacetonitrile
analysis

5.1. Parameter optimisation

5.1.1. Salt addition

According to , the best results for HANs among different salts
(potassium chloride, sodium chloride and anhydrous sodium sulfate) is with sodium sulfate. Similarly
to most of the THMs, peak signals increase with salt addition, even above the saturation point

. For the reasons already previously stated for THMs, the salt amount was kept at 4 g.
5.1.2. Solvent addition

Peak signal for HANs have been found to increase with the addition of microvolumes of MTBE
. No solvent was added in our study to

avoid solvent fronting by HS-trap GC-MS.
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5.1.3. pH

The hydrolysis rate of HANs increases with an increasing pH value (Glezer et al. 1999). It also
depends on the number and type of halogen atoms in the molecule, with the following hierarchy of
hydrolysis rates: ky TCAN > kyy BDCAN > ky DCAN > ky BCAN > ky DBAN > ky MICAN >k, MBAN (Yu and
Reckhow 2015). The hydrolysis of haloacetonitriles under basic conditions yields the corresponding
haloacetamides, which can be further hydrolyzed into the corresponding haloacetic acids. Therefore
HANs should be preserved in weak acid solutions between sampling and analysis (Glezer et al.
1999).

HANSs can be analysed by HS between pH 2.6 and 5.6 (HANs), above which the signals decrease due
to base-catalysed degradation (Montesinos and Gallego 2013). A pH of 5.3 was used for the

subsequent tests.
5.1.4. Thermostatting

Montesinos and Gallego (2013) found an optimal heating of the HS vials at 80 °C, for 18 minutes.

Such high conditions were not used to limit potential degradation of HAAs in real samples.
5.1.5. Desorption

A previous study found 220 °C an optimal temperature for desorption of HANs from SPME fibers (Luo

et al. 2014), hence this parameter was not modified.
5.2. Results

CHCIl; and CAN elute with very close RTs (1.9 min for chloroform and 2.34 min for CAN). Thus when a
high concentration of CHCl; is used compared to CAN, drowning of m/z 48 and 50, two of the few
possible m/z fragments (Figure 111-8a)). While m/z 75 and 77 can be used, there is some tailing

occurring. Bromoacetonitrile is also impacted for m/z 79, while m/z 119 and 121 can be used.

RT.2.35/5td14 RT.3.73|5td14

100 1004

20 204
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21 22 2.3 24 25 35 36 3T 38 38

Figure I11-8: THM/HAN mix standard a) CAN peak m/z = 48 (green), 50 (blue), 75 (black), b) BAN peak m/z = 79 (green), 119
(black) and 121 (blue).

To allow better elution and separation of these early eluters, a lower starting temperature is

required. Several studies using similar columns start the oven temperature program at 35, 34 or even
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30 °C. However, in our lab it is not realistically possible to lower the initial oven temperature to 30 or
35 °C, to allow better separation of these two eluting compounds. Indeed, at lower temperatures,
the oven will take much longer to cool down after each run. One way of cooling the initial
temperature is by using cryogenic cooling. used a cryogenic unit with liquid
CO, to optimize their HS-SPME-GC-MS method by testing different initial temperatures (0, 10 and
35 °C) on the same column — ZB-5 Phenomenex® column (30 m x 0.25 mm ID, 1 um film thickness) —
as in our study. They reached Gaussian peak shapes for all HANs at 0 °C initial temperature. Another
possibility of improving separation of these two peaks is by switching to a thicker column which
would give better results for early eluters (but which may increase run time and carry-over for late

eluters).

6. Attempts to analyze haloacetamides

HAcAms have similar stability to HANs and they can hydrolyse to their corresponding HAAs via base
catalysis in neutral and basic conditions . A comparison on the stability of DCAcAm
and TCAcAm at pH 4, 5, 6 and 7 showed they were the most stable at pH 5, for up to seven days

. Therefore water samples need to be acidified at the time of sampling to a pH between 5 and 6
to prevent the base-catalysed hydrolysis of HAcAms . Hence, a pH of 5.5 was chosen
for the following experiments in mQ water.

The GC oven conditions were the following: 40 °C for 11 min, 25 °C/min to 285 °C, hold 4 min.
6.1. Initial attempts by HS-trap GC-MS

Analysis of aqueous standards of HAcAms was tested in the presence of Na,SO,, but no peaks were
detected. Small aliquots (50-150 pL) of polar volatile solvents (MeOH, MTBE, ethyl acetate) were
then also added to try and enhance the volatility of HAcAms but no peaks were detected either.

Hence traditional equilibrium headspace was abandoned for full evaporation headspace.

6.2. Full evaporation technique

6.2.1. Aqueous matrix

10 uL of a 1 ppm HAcAm sample in mQ water was injected in a HS vial and fully evaporated. All 4
HAcAms tested were detectable, but detection limits were high (no peaks detectable at 10 pg L™).

Thus, analytes required concentration before analysis.
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Some tailing was visible, especially for the first two compounds, probably due to their high polarity as
the GC column is nearly non-polar. It is difficult to avoid some degree of tailing for polar peaks that

strongly interact with surface imperfection.
6.2.2. Liquid-liquid extraction in ethyl acetate

Ethyl acetate LLE was carried in the presence of Na,SO,. The latest eluting compounds BAcAm,
DCAcAm and TCAcAm were detectable with LOQ < 10 pg L*. CAcAm on the other hand is not

detectable, probably because the low quantifying and confirming ions are drowned by ethyl acetate.
6.2.3. Initial oven temperature variation

Increasing the temperature from 40 to 60 °C meant peaks eluted faster, reducing the run time, but
the signal decreased. The better results at 40 °C, can be attributed to ethyl acetate focussing.
Without cryogenic focussing, it is not possible to go much lower than 40 °C, because of the lab

temperature and slower oven cooling time at low temperature, which greatly increases run time.

7. Discussion: Disinfection by-product stability issues leading to
uncertainties in measurements

7.1. Choice of quenching agents

7.1.1. For haloacetamides

have investigated the effects of four quenching agents: sodium thiosulfate,
sodium sulfite, ammonium chloride, and ascorbic acid, on the stabilities of HAcAms. Ammonium
chloride was the best at preventing the decay of DCAcAm and TCAcAm. And while ascorbic acid
showed a better capacity to prevent the decay of DCAcAm and TCAcAm than sodium thiosulfate and
sodium sulfite , a relatively large (>> stoichiometric) amount of all three quenching

agents all degraded HAcAm compounds to some degree, especially the bromine-containing HAcAms

7.1.2. For haloacetonitriles

Ammonium chloride is recommended in USEPA method 551.1 as a dechlorination agent when
analysing HANs . While ammonium chloride showed no adverse effect on the
stability of HANSs, it is considered to be a non-ideal quenching agent, only suitable for samples

containing a free chlorine residual . Ascorbic acid does not significantly affect
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the stability of HANs , While sodium sulfite and sodium

thiosulfate have been found to degrade HANs
7.1.3. For trihalomethanes

Ascorbic acid and sodium thiosulfate were found to be suitable quenching agents for all ten THMs,

while sodium sulfite degrades CHCII,, CHBrl, and CHI; in raw water
7.1.4. Ascorbic acid issue for haloacetic acid methylation

A study investigated the applicability of five quenching agents: sodium sulfite, sodium arsenite,
sodium borohydride, ascorbic acid and ammonium chloride, for the analysis of seven different
categories of chlorinated and brominated DBPs (including THMs, HAAs, and HANSs) in drinking water.
Ascorbic acid was recommended for the analysis of most organic chlorinated and brominated DBPs
while sodium sulfite was suitable for the analysis of inorganic DBPs

However ascorbic acid can also react with DMS in our method thus the pH has to be adjusted (as the
pK, for ascorbic acid is of 4.76 and higher than the pK,s for HAAs (0.03 -3.18). If HAA methyl esters
are too unstable in acidic aqueous media, ascorbic acid may not be the right quenching agent.

US EPA methods use ammonium chloride forming chloramines, which are postulated to preserve
HAAs from microbial degradation. However small amounts of HAAs continue being formed during

sample storage

Table IlI-6: Summary of recommended quenching agents for different DBP classes.

DBP class Recommended quenching agent
Trihalomethanes Ascorbic acid, sodium thiosulfate, sodium arsenite
Haloacetic acids Ascorbic acid, sodium thiosulfate
Haloacetonitriles Ascorbic acid, ammonium chloride
Haloacetamides Ammonium chloride, ascorbic acid

7.2. Thermodegradation and trihalomethane overestimation during analysis

As seen previously, while THMs are stable in drinking water for a wide pH range and at ambient
temperatures, several classes of compounds, which are less stable can degrade and form THMs. The

major interferences in the case of Headspace GC-MS analysis of THMs come from HAAs and HANs

7.2.1. Haloacetic acid degradation to trihalomethanes by the headspace conditions

Several studies have reported that HAA hydrolysis via decarboxylation will lead to the formation of
carbon dioxide and their corresponding THMs
. Decarboxylation of haloacetic

acids is in the order tri > di > mono- substituted acids . The reactions are first-
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order, temperature dependent, and independent of the initial HAA concentration

, with rate constants increasing exponentially from 4 °C to 50 °C
for brominated tri-HAAs
During GC analysis, HAA breakdown is what leads to lower formation potentials for HAAs and
overestimation of THM concentrations . studied
the effect of heating conditions on the formation of THMs from THAAs during straight-forward HS-
GC-MS of water (without any kind of derivatisation nor solvent addition). After 30 minutes at 60 °C,
2% TCAA, 12% DBCAA, 21% BDCAA and 100% TBAA degraded to their respective THMs. Further tests
showed neither pH, nor heating time had any influence on Tri-HAA degradation when heating at

60 °C.
7.2.2. Degradation of other compound by the GC-MS conditions

Other volatile DBPs may be released from the solution during the extraction

. Bromopicrin forms bromoform at GC injection temperatures above 170 °C. Other trihalonitro
compounds, such as dibromochloronitromethane, bromodichloronitromethane, and chloropicrin,
also decompose extensively (about 50%) at an injection port temperature of 250 °C, forming several
products including the other THM4.
Some degradation of these trihalonitro compounds can also occur in the transfer line, especially

when at or above 250 °C
7.3. Conclusion

Temperature and pH are important for the hydrolysis kinetics of THMs, HAAs, HANs and HAcAms. To
preserve sample stability and avoid degradation of HAAs, HANs and HAcAms, it is necessary to keep
samples in cold and in slightly acidic conditions (pH 5-6) before and during thermostatting.

High inlet temperatures (200-250 °C) may lead to overestimation of THMs, while lower temperatures

will increase carry-over of the less volatile compounds such as the heaviest I-THMs.
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8. Possible future improvements, using a programmable
temperature vaporizing inlet or a cryogenic cooling system

8.1. Possible installation

The cryofocusing option can be ordered for the Turbomatrix HS 40, a water adsorption trap is
required to remove water from the sample and prevent ice formation and blockage of the GC
column. However, the cryofocusing option is for the use with HS only (without trap). Nevertheless, it
allows more HS gas volume and thus up to 50 times lower detection limit for static HS without trap

. Increasing the
sensitivity would allow the use of lower thermostatting temperature and hence reduce the risk of (or

actual) thermodegradation of sensitive compounds compared to the use of the trap

8.2. Possible improvements

8.2.1. For better separation in the column

A low initial temperature and a suitable GC oven ramp program would then be applicable to improve

separation of early eluters such as chloroform and HANs and suppress band broadening.
8.2.2. For potential use of n-pentane to analyse haloacetic acids

a) By focusing and removing the excess n-pentane,

b) The presence of n-pentane will stop the time-related methyl ester hydrolysis,

c) Thus reducing the sample preparation time by allowing the preparation of all
samples together instead of every 36.7 minutes, making it more user-friendly,

d) And also enabling better analysis and less thermal degradation of brominated tri-
HAAs,

e) Therefore potentially being able to simultaneously analyse THMs and HAAs in one

single run.

150

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

0. Conclusion

Two HS-trap GC-MS methods were successfully developed for the analysis of 10 THMs and 7 HAAs.
These methods were then implemented for 2 studies on a drinking water treatment plant (Chapter IV
and Chapter V).

The method for THMs is generally more sensitive than prior methods while using conditions, which
do not lead to overestimation of the THM4 concentrations.

The method for HAAs does not allow the analysis of the more thermodegradable brominated tri-
HAAs.

HANs elute early which leads to poor peak shapes and drowning of the signal. However, this can be

improved in a future GC setup, with a new multimode injector (MMI — Multimode Inlet — Agilent).
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Abstract:

In this case study, high sensitivity simple methods for the analysis of trihalomethanes (THM4),
iodinated-trihalomethanes (I-THMs), haloacetic acids (HAAs), bromide, iodide and iodate have been
developed. A one-step procedure for the analysis of haloacetic acids by headspace GC-MS provides
good reproducibility and low limits of quantification (< 50 ng L™). These methods were applied to
characterize the formation of DBPs in a full scale drinking water treatment plant. In this treatment
plant, the incorporation of bromine into THMs increases throughout the water treatment line, due to
the formation of bromine reactive species favored by the decrease of competition between DOC and
bromide towards chlorine. A linear correlation has been observed between the bromine
incorporation factor and the Br/DOC mass ratio. The conversion of iodine to iodate by chlorination
occurs in this water due to the relatively high bromide concentration. Moreover, a higher formation
of iodate compared to iodide levels in the raw water is observed indicating a degradation of organic
iodinated compounds. The formation of I-THMs was constant in terms of quantity and speciation
between campaigns despite fluctuating concentrations of DOC and total iodine in the raw water. A
preferential removal of DBPs formed by the intermediate chlorination in the order I-DBPs>Br-
DBPs>CI-DBPs occurs during the subsequent activated carbon filtration. The removal rates range
from 25 to 36% for the regulated THM4, from 82 to 93% for the >I-THMs and 95% for haloacetic
acids. The assessment of the relative toxicity shows that despite a much lower concentration of HAAs

(less than 10% of the total mass of measured DBPs) compared to THMs, these compounds are
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responsible for 75% of the relative cytotoxicity of the treated water. Bromoacetic acid on its own
accounts for more than 60% of the overall toxicity of the 17 compounds included in this study.
Keywords:

DBPs, chlorination, activated carbon, trihalomethanes, haloacetic acids, natural organic matter.
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1. Introduction

Chlorine is the main chemical disinfectant used in drinking water treatment, especially as a final step
to maintain a residual concentration in the distribution network, avoiding bacterial regrowth. Pre-
chlorination or intermediate chlorination is also used to oxidize iron or manganese or to avoid
biofouling of filters. However, chlorine also reacts with natural organic matter (NOM) and halides to
form a variety of disinfection by-products (DBPs) . The removal of
NOM is effective to control the DBP formation, however, literature shows that the efficiency of
physical-chemical processes for NOM removal is highly variable and that the same treatment process
can lead to different treatment efficiencies when applied to different water types
Coagulation can effectively remove the humic substances with a high hydrophobic character but will
be much less effective for the hydrophilic fractions; then activated carbon could be useful for the
removal of these remaining fractions . Activated carbon (GAC) is considered as an
advanced treatment for NOM removal through adsorption and/or biodegradation
for the control of DBP formation. However, only few studies deal
with the interest of GAC for the removal of DBPs preformed from pre-chlorination or intermediate
chlorination . Pre-chlorination has
been shown as a detrimental process in terms of DBP formation. However,
recently showed the reduction of the relative toxicity of the pre-chlorinated water by GAC.

The concentration and properties of aqgueous NOM have a significant influence on the formation of
DBPs during disinfection. The different reactive fractions of NOM can be present in a wide range of
concentrations and preponderance within the same geographical area as for example the
hydrophobic fraction representing from 30 to 84% of the raw water NOM in 30 resources across
Scotland . In addition, the level of bromide and iodide in water plays an important
role in DBP formation, inducing the formation of a mix of chlorinated, brominated and iodinated
DBPs

. Bromide also plays a role in the speciation of iodine species by the
enhancement of iodate formation, a safe end-product for iodide, hence reducing the risk of
formation of I-DBPs during chlorination . Considering the toxicity, iodinated
DBPs (I-DBPs) are usually more cytotoxic and genotoxic than the brominated analogues which
already are considered as more toxic than the chlorinated ones . First
identified in drinking waters in 1976 , iodinated THMs (I-THMs) were the
first I-DBPs studied due to early concerns about medicinal taste and odours in drinking water

with the lowest odour threshold at 0.03 pg L™ for iodoform
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. I-THMs are the most important class of I-DBPs in terms of occurrence, sometimes even
exceeding the THM4
In this study, we investigated the removal of DBP precursors in a full scale water treatment plant in
relation to bromine and iodine incorporation and DBP formation. A high sensitivity new method for
the analysis of THMs and HAAs is described. An assessment of individual DBP removal by GAC has
been carried out at higher levels of halides than what could be found in literature. This study is the
first to report the effectiveness of I-THM removal by GAC in a full scale plant and to relate it to
physical-chemical properties of DBPs. Finally, a comparison of theoretical relative toxicity from

regulated and unregulated DBPs analyzed in this study is presented.

2. Material and Methods

2.1 Water resource, drinking water treatment plant and sample collection

The water samples used in this study were sourced from a drinking water treatment plant, located in
the West of Flanders in Belgium and designed for a production of 40,000 m? day™. The raw water is
drawn from the river lJzer (approximately 80%) and from surrounding lowlands (approximately 20%)
, and stored in a 3 million m3 reservoir. The water is characterized by a high
NOM content, with an average DOC content of 12 mgC L™, combined with a high alkalinity and
hardness. The Belgian part of the hydrographic basin of the lJzer river covers an area holding 110,000
inhabitants, and a largely agrarian activity, i.e. intensive farming and intensive cattle breeding
. The water is treated by a conventional treatment train consisting of biological ammonia
oxidation, enhanced coagulation with ferric chloride, decantation, rapid sand filtration, granular
activated carbon (GAC) filtration and disinfection with sodium hypochlorite. A pH adjustment is
performed before and after coagulation by adding sulfuric acid and sodium hydroxide respectively.
An intermediate chlorination is performed before sand filtration in order to enhance manganese
oxidation, which is then removed during sand filtration.
Samples were collected from the reservoir (raw water) and after each treatment step in the spring
and summer of 2018. Three different campaigns were performed, two campaigns (A and B) for the
determination of the THM formation potential (THMFP) and the characterization of precursors, and
one (campaign C) for the determination of THMs and HAAs (Table I1V-S1). Amber glass bottles of 2.5 L
were used for the collection of samples to perform chlorination tests and for determination of initial
DBP concentrations. A quenching agent (sodium thiosulfate for THMs (4.65 mg L™) and ascorbic acid
(5 mg L™) for HAAs) was added in excess to the sand filtrate, GAC filtrate and final water, as these

three water samples contain or potentially contain some residual free chlorine. Samples were filtered
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through 0.45 um polyethersulfone (PES) membrane filters within a few hours after sampling. In
addition, 30 mL samples were taken for dissolved organic carbon (DOC) and size exclusion
chromatography (HPSEC) analysis. These were taken at the same sampling locations using a glass
syringe, immediately filtered using 0.45 um PES syringe filters (after discarding the first 5 mL of
filtrate), and spiked with 150 pL of sodium azide (6.5 g L™"). Finally, all samples were stored at 4 °C
until the chlorination experiments or analysis.
The concentration of dissolved organic carbon was determined using a TOC analyzer (Shimadzu®
VCSH). NOM size fractionation was performed using high performance liquid chromatography
(Agilent® 1260 Infinity 1) equipped with a size exclusion column (Agilent® Bio SEC-5 column, 100 A;
300 mm x 7.8 mm, 5 um particle size), with an exclusion limit range of 100 to approximatively
100,000 Da. A phosphate buffer eluent was used: 1 g L™; pH 6.8 and ionic strength of 0.039 M

. Other parameters used during exclusion chromatography are an
injection volume of 100 pL, a flow rate of 1.0 mL min™, a pressure of around 80 bar and a
temperature of 23 °C. The HPSEC is coupled to a diode array detector equipped with a 60 mm high
sensitivity cell. The eluting dissolved organic matter fractions were detected using UV absorbance at
254 nm. Samples with organic carbon concentrations exceeding 5 mgC L were diluted before

analysis to avoid fouling of the column and signal saturation.
2.2 Development of high sensitivity methods

A headspace-trap method has been developed for the analysis of the 10 THMs. The analytical
instrument used was a Trace™ 1300 GC coupled with an ISQ-LT single quadrupole mass spectrometer
(Thermo Scientific®) operating in SIM mode. A ZB-5MS (Phenomenex®) column (30 m x 0.25 mm ID,
1 um film thickness) was used for gas chromatographic separations. The headspace trap injector
(Perkin EImer® TurboMatrix Headspace 40 Trap) was directly connected to the GC-MS bypassing the
inlet split of the GC injector. For THMs analysis, 10 mL of the water samples were transferred into 22
mL glass vials containing 4 g of sodium sulfate (2.8 M), and were spiked with 1,2-dibromopropane as
internal standard (6.4 pug L™). The vials were immediately sealed and stirred in a vortex mixer until
complete salt dissolution. This method ensured low quantification limits for the 10 THMs included in
this study, ranging from 0.4 ng L (CHBr,l) to 2 ng L™ (CHI;) for I-THMs and 3 ng L™ for THM4
(Table IV-1).

Haloacetic acids (HAAS5 + iodoacetic and bromochloroacetic acids) were analyzed by a one-step
procedure. HAAs in aqueous medium forms an ion-pair with tetrabutylammonium hydrogensulfate
and react with dimethylsulfate to produce methyl haloacetates which are directly volatized in the
head-space. 9.84 mL of the water samples were spiked with bromopropionic acid (10 pg L?) as

internal standard, acidified to pH 2.6 using sulfuric acid, and placed in a 22 mL glass vial containing 4 g
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(2.8 M) of sodium sulfate. 100 pL of a 0.5 M ion pairing agent (tetrabutylammonium hydrogensulfate,
final amount of 2.3 umol) and 60 pl of derivatization reagent (dimethylsulfate) were then added. The
vials were immediately sealed and stirred before being placed into an autosampler. The analysis was
performed after 2 to 4 hours of reaction time, this time should not exceed 5 hours to avoid the
hydrolysis of methylester. The limit of quantification ranged from 5 ng L™ (iodoacetic acid) to
50 ng L (chloroacetic acid) (Table IV-1). The Headspace-trap-GC-MS operating parameters are

specified in the Supporting Information (Tables IV-S2 to 1V-54).

Table IV-1: Disinfection by-products analyzed, formulae and limits of quantification

Compound Formula Limit of quantification

(ngL?)
Trihalomethanes
THM4
Trichloromethane (chloroform) CHCl; 3
Bromodichloromethane CHBrCl, 3
Dibromochloromethane CHBr,Cl 3
Tribromomethane (bromoform) CHBr3 3
I-THMs
Dichloroiodomethane CHCl,l 0.4
Bromochloroiodomethane CHBrClI 1
Dibromoiodomethane CHBr,l 0.2
Chlorodiiodomethane CHClIl, 0.5
Bromodiiodomethane CHBrl, 0.8
Triiodomethane (iodoform) CHI3 2
Haloacetic acids
HAAS
Chloroacetic acid CICH,COOH 50
Bromoacetic acid BrCH,COOH 25
Dichloroacetic acid Cl,CHCOOH 10
Dibromoacetic acid Br,CHCOOH 10
Trichloroacetic acid Cl;CHCOOH 10
others
Bromochloroacetic acid BrCICHCOOH 10
lodoacetic acid ICH,COOH 5
Inorganic species
Bromide Br 200
lodide I 200
lodate 105 200

lodide, iodate and bromide were measured (on quenched samples) using a liquid chromatograph
coupled to an inductively coupled plasma mass spectrometer (HPLC-ICP-MS). Separation was done by
a Dionex lonPac AS16 (2 x 250 mm) analytical column with an AG16 (2 x 50 mm) guard column using
NaOH 20 mM gradient eluent (Table VI-S5). ICP-MS (Agilent 7900) conditions were set at an RF

Power of 1550W, no gas mode (collision cell), with an aerosol dilution (0.1 L min™), and bromine and
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iodine were determined through their "°Br and *?| isotopes, respectively. The quantification limit was
0.2 pg L for all 4 species. Total iodine and bromine in the water samples were determined by ICP-
MS (Varian 820 MS) in 0.5% tetramethylammonium hydroxide matrixes with *’Xe as internal
standard . Analyses were performed using He at 100 mL min™ at the collision
reaction interface (skimmer cone) to handle potential polyatomic interferences. The quantification

limit level was 0.5 g L™ for both iodine and bromine.
2.3. Chlorination tests

The THMFP tests were carried out using a 7-day chlorination procedure according to the Standard
Methods 5710 for the formation of trihalomethanes and other by-products

with minor modifications. The samples were placed in either 25 or 50 mL glass reagent bottles
with PTFE lined screw caps, buffered with a phosphate solution at pH 7.0 £ 0.2 and chlorinated using
a stock solution of 5000 mg L™ sodium hypochlorite at different doses in order to ensure samples
with free chlorine residuals between 3 and 5 mg L™ at the end of the chlorination test. Samples were
incubated in a thermostatically controlled cabinet at 25 + 2 °C for 7 days, after which the free
chlorine residual of each sample was measured using the N, N-diethyl-p-phenylenediamine (DPD)
colorimetric method . In the samples containing a free chlorine residual between
3 and 5 mg L™, the chlorine residual was quenched using sodium thiosulfate and the samples were
stored at 4 °C in the dark until the THMs were analyzed. Note that for the sample after nitrification
(campaign A), no bottle having a free chlorine residual between 3 and 5 mg L™* was obtained,
therefore the bottle with the closest chlorine residual (i.e. 1.9 mgCl, L™) was selected. Results are
presented as ATHMFP corresponding to the difference between THM concentrations after

chlorination tests and THMs already formed in the treatment line

3. Results and discussion

3.1. THMFP vs. NOM fractions

The DOC concentration decreases from 8.5 to around 2.5 mgC L™ for campaign A and from 6.7 to
2.2 mgC L™ for campaign B along the treatment line, corresponding to a removal of around 70% of
DOC for both campaigns. The biggest removal occurs during the coagulation step — from 57 to 65% —
which are high removal efficiencies when comparing to the literature (14-66%

). The DOC decrease in subsequent steps is quite low
with less than 12% of the initial DOC content removed during activated carbon filtration (Figure IV-

1a).
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The removal of THM precursors is slightly higher than the DOC removal with a decrease of the
THMPFP of around 80% for the entire treatment (Figure 1V-S1). The THMFP/DOC ratio is around 70 pg
THM/mgC in the raw waters for both campaigns A and B, despite the different DOC concentrations of
8.5 and 6.7 mgC L™, for campaigns A and B, respectively (Figure IV-52). This result is in agreement
with the literature showing good correlation between THMFP and DOC in raw waters with
THMFP/DOC ratios usually in the 27 to 167 ug THM/mgC range (Table IV-S6). As such, the DOC in this
surface water has an intermediate reactivity towards the formation of DBPs compared to the full
range of NOM characterized in literature. The THMFP/DOC ratio (Figure IV-S2) decreases
progressively along the treatment line (around 35% for both campaigns), thus the THMFP is more
reduced than the DOC during treatment. The same behavior has been observed in several studies
(Table IV-S6). For example, Golea et al. (2017) show a 50% decrease of the THMFP/DOC ratio during
water treatment. This reflects a more preferential removal of the highly reactive organic THM
precursors by the water treatment process — such as reactive hydrophobic fractions by coagulation-
decantation — or the progressive transformation of NOM towards less reactive moieties as the DOC is

not significantly removed during nitrification nor in the filtration steps.
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Figure IV-1: Evolution of the ATHMFP ([THM] g — [THM)],) in waters sampled after the different treatment steps in function
of (A) the DOC content (B) the fraction of humic substances and (C) the fraction of building blocks for treatment steps after
coagulation. (D) Size exclusion chromatograms with UV detection (254 nm) for campaign A (campaigns B and C in Figure
S3). 1- raw water, 2- after nitrification, 3- after coagulation-decantation, 4- after intermediate chlorination and sand
filtration, 5- after GAC filtration, 6- after final chlorination. (a.u.: arbitrary unit).
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Considering the speciation of the THM4 formed in the THMFP tests (Figure 1V-S1), CHCl; is the main
THM formed at all treatment steps. Of the four regulated THMs, the three brominated species were
present in relatively low concentrations, accounting for 12-51% (mass weighted) of the THM4 despite
a consequent level of bromide in raw water [Br] = 140-170 ug L. CHBrCl, was found to be the main
brominated THM species present, being formed at all treatment steps. In the standardized protocol
of the formation potential tests, chlorine is introduced in a large excess explaining the predominance
of chloroform and the extremely low I-THMs levels (<0.1 pg L™). In the chlorinated final water from
the drinking water treatment plant (residual = 0.3 + 0.1 mgCl, L") the main species found were
CHBrCl, and CHBr,Cl. This difference in detected THM species is due to the higher rate constants
observed for reactive bromine species compared to reactive chlorine species (Criquet et al. 2015),
thus the NOM precursor sites are preferentially brominated at low chlorine doses. The THM4 in the
final water ranged from 26 up to 34 pg L™, well below the THM regulation level of 100 pg L™ imposed
by the European Union.
In Figure IV-1, a similar trend is shown between the reductions of the ATHMFP with DOC (a) and the
humic substance fraction measured using SEC-UV (b). This fraction, corresponding to compounds of
relatively high molecular weight, is the main fraction removed by the coagulation step (reduction of
around 90% of its UV absorbance in the SEC chromatogram; Figure IV-1d). These results are in good
agreement with previous studies which have found good correlation with this particular fraction
. Assuming that the UV absorbance
properties of humic substances (HS) are not significantly changed during coagulation, a lower
reduction of THMFP (70%) compared to humic substances (90%) is observed, underlining the role of
other organic fractions in addition to HS as THM precursors. In addition, the DBPFP was further
reduced while the humic substances were not removed by the following treatment steps (Figure IV-
1b). A proportional decrease of the THMFP vs. the building-block fraction was then observed during
the two sampling campaigns (Figure 1V-1c). Good correlations were obtained for the steps after
coagulation/decantation (r* = 0.79, Figure IV-1c) when the remaining humic substances were no

longer removed.
3.2. Bromine incorporation

The formation of bromine-containing DBPs is of particular interest as they are generally more toxic
than chlorine-containing compounds . The bromine incorporation factor (BIF),
first developed by , describes the molar contribution of all brominated species
(Eg.1, with THMs in molar concentrations), and can range from 0 to 3, with values closer to 3

representing a more brominated THM sample.

[CHBrCl,]+2 [CHBT,Cl]+3[CHBT3]
[CHCI3]+ [CHBTCl,]+[CHBT,Cl]+[CHBT3]

BIF (THMs) = Eq. 1
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The incorporation of bromine into THMs after the THMFP tests increases along the treatment line
(Figure 1V-2). The BIF after the THMFP test is low for the raw water and after the nitrification step
(around 0.15), then increases after coagulation to approximately 0.4, and increases further after GAC
filtration (from 0.5 to 0.65 for campaigns A and B, respectively). It has to be noted that the bromide
concentration decreases after sand filtration due to the intermediate chlorination step, but increases
once more after GAC filtration indicating bromide release while DOC is slightly removed (Figure IV-3).

This could be due to microbial degradation of some brominated compounds adsorbed on GAC.
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Figure IV-2: Correlation between the bromine incorporation factor (BIF) from ATHMFP vs. Br-/DOC in the treatment line
including sampling campaigns A and B.

The BIF for ATHMFP was found to increase linearly in function of the Br//DOC (Figure IV-2).
Effectively, a higher Br/DOC ratio (usually the result of DOC removal during treatment) favors
reaction of chlorine with Br™ instead of DOC, resulting in the formation of reactive bromine species
(which in turn react with NOM to form brominated THMs, resulting in a higher BIF). The maximum
BIF value (0.63) is reached after GAC filtration, where the Br//DOC ratio is highest. Even though this
value represents a quite moderate bromine incorporation into THMs, one should keep in mind that
the formation potential protocol favors reactive chlorine species over bromine species. The samples
from both A and B campaigns show a single correlation between the BIF and Br’//DOC ratio (Figure IV-
2), however when correcting the Br//DOC ratio for the amount of Cl, consumed, different
correlations for campaigns A and B are found (Figure 1V-S6). In addition, adjusting the Br/DOC ratio
with consumed chlorine increases the linearity of the established correlations with BIF, as indicated
by regression coefficients of 0.99 and 0.91 for campaigns A and B respectively (Figure 1V-S6 — with

correction for Cl, consumed), and regression coefficients of 0.80 and 0.83 for campaigns A and B
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respectively (Figure IV-2, regression lines not shown — without correction for Cl, consumed). The
different slopes could be due to the higher bromide concentration in the raw water for the campaign
B (170 pg L) compared to campaign A (140 pg L) in conjunction with lower DOC values (6.7 and
8.5 mgC L™ respectively for campaigns B and A). Then, the competition between NOM and Br  is in
favor of a higher formation of bromine active species in campaign B.

The BIFs of the treated water having a chlorine residual around 0.3 mgCl, L™ (sampled from the water
treatment works without further treatment except chlorine residual quenching), ranged from 1.1 to
1.4 for campaigns A and B respectively, which is much higher than the ones observed for the THMFP.
This matches BIF values found by , ranging between 0.86 and 1.42 for bromide
values between 109 and 209 pg L™. The removal of bromide ions from the raw water to the final
chlorination ranges from 37 to 56%, which is due to incorporation of bromide into the organic matrix
through the chlorination steps. During final chlorination, 20 to 40% of the bromide content is
incorporated into NOM (Figure 1V-S5). This result is in agreement with the literature showing from 10

to 40% of halogen incorporated into NOM
3.3. lodine speciation and I-DBP formation

The level of iodide ion found in the raw water during this survey highly varied, with concentrations
between < 0.2 and 18.2 pg L. These concentrations are however in line with the range of
concentrations usually found in surface waters . During
campaign A (Figure IV-3), iodide was not detected and iodate was below the quantification limit
(< 0.2 pg L") in the raw water, however, some I-THMs and mainly iodate were found after
intermediate chlorination (see below). Then, a part of iodine could certainly be present in the raw
water as incorporated in the organic matrix. Analysis of total iodine by ICP-MS during campaign B
confirmed this fact, with only 17% of the total iodine present as iodide in the raw water (total
iodine =33.3 pg L'%; [I1=5.6 ug L™ and [I057] < 0.2 pg L™) which is in the same range as that found by

(15% of iodine as inorganic iodine in a lake). The absence of supplementary
peaks on the HPLC-ICP-MS chromatogram suggests that the iodine is bound to non-ionic organic
species. Regular monitoring since 2017 shows the presence of iopromide and iomeprol up to
0.3 pg L' in the raw water. However, these target substances could represent only a small part of the
iodinated anthropogenic substances present in this water; no extensive study has been performed
on iodine speciation and importance of the organic fraction. In addition, other sources of organic
iodine may originate from the surrounding agricultural activities, and may include iodinated cattle
feed supplements , as well as iodophor medication, iodine-containing
sterilizers of milking equipment, teat dips and udder washes, or pesticides and fungicides containing

iodine
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2002). One should also consider that some authors suggest that the major fraction of iodine in a
number of natural fresh waters is bound to high molecular weight humic substances (Gilfedder et al.
2009). This complexation could then interfere with the analysis of iodide. lodate was near absent

(< 0.2 ug L) in raw water and all treatment steps before intermediate chlorination.
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Figure IV-3: A) lodine speciation after each treatment step of the water treatment plant (campaign B) and B) I-THMs
formation after final chlorination for the 3 campaigns. lodide and iodate were analyzed by IC-ICP-MS. Total Organic lodine
was assessed by the difference between total iodine measured by ICP-MS and inorganic iodine species (iodide and iodate).

The speciation of iodine and I-THMs formation has been assessed directly on the (filtered) water
samples from the treatment plant without further experiments involving chemical modification (such
as a DBPFP test). In fact, the DBPFP test is not suitable for I-DBPs, as the large chlorine dose would
favor the formation of iodate and I-THMs would hardly be detected. The organic iodine (TOI) has
been assessed by the difference between the total iodine concentration obtained by ICP-MS and the
inorganic species, i.e. I and iodate contents determined by HPLC-ICP-MS. According to Figure IV-3, a
part of organic iodine is removed after nitrification while the concentration of iodide stays
unchanged. This behavior is not fully explained, especially because the DOC remains unchanged at
this step. It is possible that organic iodine is incorporated into the biomass. A second decrease of
organic iodine without significant change of iodide is observed during coagulation suggesting that a
part of the organic iodine is bound to the high molecular weight NOM, which constitutes the major
fraction removed during this process (Figure IV-1d). After the intermediate chlorination step, most of
the iodine is converted into iodate. In fact, the quantity of iodate formed is higher than the initial
iodide present in the water before chlorination, indicating that a part of the organic iodine also
contributes to the formation of iodate. This behavior has been observed for the 3 campaigns (Figure
IV-3). This high degree of transformation is certainly due to the relatively high concentration of
bromide, which plays a role of a catalyst in iodide oxidation to iodate during chlorination (Criquet et

al. 2012). Interestingly, the iodate concentrations varies from 5 to 13 pg L™ in the treated water
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between sampling campaigns, however despite this variation a surprisingly stable I-THMs formation
and speciation is observed (Figure IV-3). The same reproducibility between the campaigns is
observed for the intermediate chlorination step. The sum of I-THMs formed ranges from 73 to
80 ng L' in the distributed water which corresponds to less than 0.6% (on a mass basis) of the total
THMs formed. The major I-THMs formed are the CHBrCll and CHCI,l followed by CHBr,l, while no
iodoform has been observed. These compounds correspond to the mono-iodinated compounds
which are predominant for low iodide levels . lodoacetic acid reached a
concentration of around 20 ng L™ after the intermediate chlorination step but was below detection

level (< 2 ng L") in the final water (Figure IV-4b).
3.4. Impact of GAC filtration on DBPs: THMs, I-THMs and HAAs

The presence of an intermediate chlorination step in this water treatment plant allows to assess the
efficiency of the full-scale activated carbon filtration to remove DBPs. While two previous studies
found that some I-THMs were removed by GAC filtration

, scarce information on the removal efficiency of I-DBPs in a full scale drinking water treatment
plant is available. THM4 were formed (from 15 up to 28 ug L™) and are present in the treatment
steps after intermediate chlorination. Some iodinated THMs were formed as well, adding up to a
total of 270-312 ng L™ of I-THMs, as well as HAAs reaching 8.4 pg L™ (campaign C) for the sum of the
7 HAAs analyzed (Figure IV-4).
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Figure IV-4: Concentrations of (a) THM4, sum of I-THMs and (b) HAAs in the water treatment plant (campaign C) after
intermediate chlorination-sand filtration, activated carbon filtration (GAC) and final chlorination steps. Relative cytotoxicity
of (c) THMs and (d) HAAs in the treated water for the same treatment steps. The relative cytotoxicity has been calculated
using the LC50 related to each compounds (see paragraph 3.5).

The concentrations after activated carbon filtration showed a decrease in all analyzed DBPs. The
removal based on the total mass ranged from 25 to 36% for the THM4 (3 campaigns); from 82 to 93%
for the 3I-THMs (3 campaigns) and 95% for HAAs (campaign C). Considering the THM4, CHBr; shows
the highest removal (58% on average) followed by CHBr,Cl (43%), CHBrCl, (18%) and CHCl; (15%).
This indicates that the removal of the highly brominated THMs is significantly higher than the
chlorinated ones. This is also corroborated by Speth and Miltner (1990), who investigated the
activated carbon adsorption behavior of different halogenated compounds including THM4, and
reported increasing Freundlich adsorption constants with increasing bromine content. The removal
efficiency increases with increasing molecular weight and increasing hydrophobicity (Figure 1V-5). In
addition, I-THMs show much higher removal, ranging between 77 and 99% on average for each
compound. The same trend of increased removal with increasing molecular weight is observed
(CHCII, showing the best removal — note that iodoform and CHBrl, were not detected, Figure IV-5). A
positive relationship has been found between these two parameters (R>= 0.83, Figure IV-5), however
I-THMs seems to have their own proportional increase with the molecular weight. Considering the

hydrophobicity of the compounds, THM4 and I-THMs are in a similar range of K,,, (Table IV-S7), and
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then this parameter could only explain the variation within iodinated or non-iodinated compound
families (Figure IV-5), therefore other factors such as biodegradation or
halogen bonding could have impacted the THM
removal on GAC. The latter process involves interactions with basic sites present on the activated
carbon surface , and its bond strength increases in the order of Cl < Br < | (two
references above). In comparison to other commercially available activated carbon types, the GAC
type used in this drinking water treatment plant (Filtrasorb F400, Calgon Carbon — Chemviron and

Norit GAC1240) indeed contains a substantial amount of basic sites on its surface.
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Figure IV-5: Percentage of trihalomethane removal through the granular activated carbon filtration expressed in function of
molecular weight and hydrophobicity (values and references in Table IV-S8) Error bars represent the deviation of data from 3
campaigns.

HAAs show high removal efficiency by activated carbon filtration, from 87% (trichloroacetic acid) up
to 97% (bromo- and dibromoacetic acids). The overall removal, based on total mass of the 7 HAAs
analyzed in this study is around 95% (Table IV-S7, the same removal efficiency is obtained
considering the HAAS). showed that adsorption plays a minor role in HAA removal
and GAC filters have a lower adsorption capacity for mono-and dihaloacetic acids than for the
regulated THMs. On the other hand, showed that the removal of HAA5 by
adsorption was high at the early stage of GAC operation and better than for THM4, with
breakthrough occurring later. The GAC filtration here consists of 6 filters with 4 to 5 filters working in
parallel during the campaigns. The average time since reactivation varied from 305 to 350 days for
the 3 campaigns corresponding to bed volumes from 19000 to 21150. The contact time also varied
between campaigns from 16 to 32 minutes. Considering the different varying parameters it is difficult
to assess the main factor modifying the DBP removal. However, CHCl; and CHCI,Br showing the
lowest adsorption on the one hand and CHBr,l, CHCIl, and CHBrCll showing the highest removal on
the other hand, show the same variation with the different parameter (data not shown). More

contrasted parameters would be necessary to assess the key parameters of adsorption, halogen

172

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

bonding and/or biodegradation and to explain the higher variability of THM4 removal. The latter
process can in fact play an important role especially considering the different removal efficiency of

compounds showing the same hydrophobicity.

3.5. Relative toxicity assessment
A final chlorination step is performed after activated carbon filtration. The chlorine dose is controlled

" in the treated water leaving the plant. The median

to achieve a target value of 0.3 mgCl, L
concentration of THM4 in the treated water is 25 pug L™ (n = 135, from routine monitoring analysis
results from January 2016 until May 2019). In this study, the THM4 reached a concentration ranging
from 25 to 34 pg L™ for the 3 campaigns which is far below the EU and US guidelines (respectively
100 and 80 pg L ). The highest concentration was found during
campaign A, which coincides with the highest DOC concentration. The quantity of THM4 present in
the water after final chlorination is always higher than the quantity present after the intermediate
chlorination. The increase is however limited, i.e. from 4 to 11 pg L™. The concentration of THM4
corrected of the chlorine dose lower in the final step is indeed lower than during the intermediate
chlorination. In addition, the quantity of I-THMs and HAAs formed during final chlorination is much
lower compared to the quantity formed during intermediate chlorination. The occurrence of both I-
THMs and HAAs is a factor 3 to 4 lower after postchlorination compared to intermediate
chlorination. The low formation of I-THMs can be explained by the conversion of iodide into iodate,
while the organic HAA-precursors has to be supposed to be the limiting parameter of HAA formation.
on the contrary showed a chlorine controlled HAA formation, i.e. a
continuous increase of HAA formation with the increasing chlorine dose.
In order to prioritize the different DBPs, regardless of the non-toxicity of the produced water and the
compliance with the national and supranational quality guidelines, an assessment of relative toxicity
has been performed using the mammalian cell cytotoxicity data as reported in Table 1V-S8. In this
approach, the concentration of each DBP is divided by its respective LCs, x 10° (lethal concentration
for 50% of a population) , as the contribution of a DBP to toxicity is a
function of both concentration and toxic potency. The relative cytotoxicity of THMs and HAAs has
been summed to compare the toxicity of these two families.
Considering THMs, the general trend of cytotoxicity is similar to the species-specific concentration
(Figures IV-4a and IV-4c). The LCsos of the regulated THM4 are between 4.0 x 10° and 1.2 x 102 M,
and despite exhibiting the highest concentration only the relative toxicity of CHBrCl,, having the
highest LCso, is reduced compared with the other species. Considering |-THMs, their low
concentrations and the absence of iodoform (most cytotoxic I-THM, LCsy = 4.47 x 10° M), induce a

low contribution of only 0.48-0.58% to the overall THM cytotoxicity in final waters. The GAC filtration
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showing high removal of I-THMs contributes significantly to reduce the impact of these species to the
relative cytotoxicity, as their contribution has been seen to account for up to 4.5% (campaign B) of
the overall cytotoxicity of the THMs formed from the intermediate chlorination.

Compared to THMs, HAAs show much lower LCs, values, indicating their higher relative toxicity. This
is especially the case for bromoacetic acid (9.6 x 10° M) and iodoacetic acid (2.95 x 10°® M). The main
HAAs present (dichloroacetic acid, dibromoacetic acid, trichloroacetic acid and bromochloroacetic
acid) do not contribute much to the total relative cytotoxicity of HAAs (Figure 4d). On the contrary,
bromoacetic acid contributes the most with 80% of the relative cytotoxicity of HAAs in the final
water. Considering the intermediate chlorination, iodoacetic acid (showing the lowest LCs, value)
contributes to 16% of the relative cytotoxicity despite a concentration of at least a factor 10 lower
than the other HAAs (23 ng L™). However, the iodoacetic acid is removed well from the water by the
GAC filtration and is no further formed in the final chlorination. The GAC filtration reduces the total
relative toxicity by a factor higher than 10.

As stated in paragraph 3.5, the HAAs formed during intermediate chlorination are removed well in
the subsequent GAC filtration (95%), while the DOC reduction only accounts for around 10% of the
initial DOC. Then it could be questioned if the HAAs would have been much higher in the final water
without intermediate chlorination, as their NOM precursors may not be specifically removed by the
GAC . Remarkably, HAAs represent less than 10% of the total mass of
measured DBPs (i.e. THMs + HAAs) but account for more than 75% of the relative cytotoxicity of the
treated water. Bromoacetic acid by itself accounts for more than 60% of the overall toxicity of the 17
compounds included in this study.

It is clear that currently unregulated DBPs (i.e. HAAs or I-DBPs) can have a higher contribution to the
relative toxicity of chlorinated waters than currently regulated DBPs (i.e. THM4). However THMA4
serve as an indicator parameter for DBPs in general in the European drinking water directive.
Drinking water companies should apply a risk based approach to minimize formation of DBPs by
removing precursors in the treatment and by limiting the amount of disinfectant used, however
without compromising the disinfection efficiency . Nonetheless, the

recently commended to include 9 chlorinated and brominated HAAs in the drinking water legislation,
as these substances are formed to a higher extent under acidic conditions. Together with THM4,

these 9 HAAs should then serve as indicator parameter for all DBPs formed and all water types.
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4. Conclusion

THMFP tests performed on samples taken from a drinking water treatment plant in addition to the
characterization of organic matter give some valuable information on the DBP formation and the
removal of NOM fractions during the different steps of water treatment. First, the majority of DOC,
especially high molecular weight fractions, are removed during coagulation, which was accompanied
by the highest decrease of THMFP. However, a further decrease of the THMFP is seen with the
subsequent removal of the building block fraction despite the relatively low removal of the overall
DOC. The possible incorporation of bromine into THMs is seen to increase throughout the water
treatment plant, since the reduction of DOC concentration results in a lower competition for chlorine
to react with bromide, forming bromine reactive species.

Despite large modifications of water quality in terms of DOC and iodine concentrations, the
formation of I-THMs was constant in terms of quantity and speciation between campaigns. A high
conversion of iodine into iodate by chlorination is observed in this water certainly due to the
relatively high bromide level which catalyzes iodate formation. A degradation of organic iodinated
compounds is observed in this water treatment plant with a larger formation of iodate compared to
iodide levels in the raw water.

In this water treatment plant, the activated carbon filtration is effective to remove the HAAs and I-
THMs (> 80%) formed during intermediate chlorination but to a lesser extent for THM4 (< 40%). A
preferential removal in the order |-DBPs>Br-DBPs>CI-DBPs is observed with no clear trend related to
the compound hydrophobicity suggesting other factors such as biodegradation or halogen bonding
are also governing DBP removal on GAC. The amount of DBPs formed per quantity of DOC decreases
through the treatment line showing the preferential removal of the highly reactive precursors. This is
especially the case for HAAs that are not formed in a high extent during the final chlorination step.
From a theoretical assessment, the relative cytotoxicity of HAAs is more important than the one of
THMs, even considering their much lower concentrations. Bromoacetic acid accounts for 60% of the
relative cytotoxicity of THMs and HAAs formed in the distributed water. These results would support
the importance of inclusion of HAAs in the future European regulation considering their higher
toxicity, their different behavior and formation compared to THMs presently used as a surrogate for
all DBPs.
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6. Supporting information

Table IV-S1: Information relative to the campaigns performed on the drinking water treatment plant.

Campaigns A B C
Date 10th of April 2018 24th of June 2018 5th of June 2018
Analysis of treated X X X
waters
DOC characterization X X X
DBP F i
orm_atlon X X
potential
THMs X X X
HAAs X
Brom.lde, iodide, X X X
iodate
Total iodine X
179

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

Table IV-S2: Analytical figures of merit for the determination of HAAs and THMs by HS-trap GC-MS in SIM mode.

Limit of .
Compound Formula quantification I?etentlt.m m/z*
(ng L) time (min)
Trihalomethanes
THM4
T”(C:r"‘l’;for?;tr:?”e CHCl3 3 1.89 47,83, 85
Bromodichloromethane CHBrCl, 2.73 83, 85, 129
Dibromochloromethane CHBr,Cl 4.17 127,129,131
T”f’gforaoor?j:r:?”e CHBrs 3 6.18 171,173
I-THMs
Dichloroiodomethane CHCl,l 0.4 4.75 83, 85, 127
Bromochloroiodomethane CHBrClI 1 7.21 127,129,131
Dibromoiodomethane CHB,l 0.2 10.38 171, 173, 300
Chlorodiiodomethane CHClI, 0.5 11.42 175,177,302
Bromodiiodomethane CHBrl, 0.8 14.66 219, 221, 348
T”'(?:;or?j::j”e CHI; 2 17.2 140, 267, 394
Haloacetic acids
HAAS
Chloroacetic acid CICH,COOH 50 3.51 108, 79, 59
Bromoacetic acid BrCH,COOH 25 4.67 152,93, 95
Dichloroacetic acid Cl,CHCOOH 10 491 85, 83, 59
Dibromoacetic acid Br,CHCOOH 10 9.97 171,59, 173
Trichloroacetic acid Cl;CHCOOH 10 6.94 117,59, 119
Others
Bromochloroacetic acid BrCICHCOOH 10 7.16 129,59, 127
lodoacetic acid ICH,COOH 5 7.10 200, 169, 141
Internal standards
s s3s | 91
" s3n | w1001

© 2019 Tous droits réservés.

*Mass used for quantification underlined
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Table IV-53: GC conditions for THMs and for HAAs.

Parameter

Conditions

Column
Inlet conditions

GC temperature program

lon source temperature
MS transfer line temperature

ZB-5MS Phenomenex  column (30 m x 0.25 mm 1 um film thickness)
Splitless, 200 °C. Column flow rate: controlled by the HS column pressure*

40 °C for 3 min, 20 °C/min to 60 °C, hold 3 min. 5 °C/min to 100 °C, and

25 °C/min to 200 °C, hold 5 min.

250°C
290°C

* The GC-MS was directly connected with the TurboMatrix Headspace 40 Trap, thus bypassing the

inlet split of the GC injector. By installing the fused silica tubing in this way, the GC carrier gas is
supplied by the HS and the incoming HS sample is not split or diluted in any way.

Table IV-S4: Headspace trap parameters.

Parameter

Optimum conditions

Sample volume
thermostatting
needle temperature
transfer line temperature
trap load temperature
trap desorption temperature
number of cycles
pressurization time
decay time
Dry purge time
desorption time
trap hold
column pressure
vial pressure
desorption pressure

10 mL
10 min, 60 °C
90 °C
100 °C
42 °C
220 °C
1
1 min
1.3 min
4 min
0.5 min
13 min
15.6 psi
40 psi
15.6 psi

For HAAs, each sample should be analyzed 3.5 hours after preparation (allowing sufficient time to

hydrolyze the excess of dimethylsulfate) but no more than 5 hours later, to limit methyl ester

hydrolysis.

© 2019 Tous droits réservés.
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Table IV-S5: HPLC conditions for iodine and bromine speciation by HPLC-ICP-MS.

Injection Volume (pL)

25

Elution flow rate (uL min™)

400

Elution gradient

10 mM NaOH held for 3 min,
increased to 20 mM in 1 min,
held at 20 mM for 8 min,
decreased back to 10 mM in 30 s,
held for another 5 minutes for equilibration
(total run time : 17.50 minutes).

Targets retention times

I05:2min50s
Br:5min20s
12min10s

Table IV-S6: THMFP/DOC measured in both raw and treated waters with the same THMEFP test in the literature.

© 2019 Tous droits réservés.

Chlorination THMFP/DOC raw waters THMFP/DOC
conditions (ug THM mgC™h) treated Wateff
(1g THM mgC™)
27.3 21.64-25.53 (Teksoy et al. 2008)
7 days, pH 48.2 (Tubi¢ et al. 2013)
7,25°C 3-5 59-167 (Pifer and Fairey 2014)
mg L™ free 95 (average) 76 (average) (Yang et al. 2015)
chlorine (Delpla and Rodriguez
residual 43-145 2016)
149 71 (Golea et al. 2017)
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Table IV-S7: Average retention by the activated carbon filtration and standard deviation observed for the 3 campaigns of
measurement for THMs and percentage obtained for campaign B for HAAs. Chemical and Physical properties of THMs and

HAA when available.
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Average Relative
removal standard
MW Solubility
Species during GAC deviation log Kow
(g mol™) (gL")
filtration (3 campaigns)
(%) (%)
Trihalomethanes
CHCl; 15 17 1194 8.0 1.97
CHBrCl, 18 10 163.8 4.0 2.0
CHBr,Cl 43 9 208.3 2.7 2.16
CHBr3 58 15 252.7 3.1 24
3 THM4 31 6
CHCl,! 77 8 210.8 0.717 (a) 2.03 (a)
CHBrClI 88 6 255.3 0.346 (a) 2.11(a)
CHBr,l 94 5 299.7 0.162 (a) 2.20 (a)
CHCll, 96 2 302.3 0.082 (a) 2.53(a)
CHBrl, Not present - 346.7 0.038 (a) 2.62 (a)
CHI; Not present - 393.7 0.100 3.03 (a)
Y I-THMs 87 6
Haloacetic acids
Chloroacetic acid 91 - 94.5 0.22
Bromoacetic acid 97 - 138.9 0.41
Dichloroacetic acid 96 - 128.9 0.92
Dibromoacetic acid 97 - 217.8 0.70
miscible
Trichloroacetic acid 85 - 163.4 1.33
Bromochloroacetic acid 96 - 173.4 0.61
lodoacetic acid >91 (b) - 185.9 0.85
Y HAAs 95 -

References: Pubchem Open database

(a) Environ. Sci. Technol. 2018 52(22): 13047-13056.

(b) Calculated with the limit of quantification

© 2019 Tous droits réservés.
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Table 1V-S8: Individual LC 50 chronic cytotoxicity (Lethal Concentration for 50% of a population) from

Individual cytotoxicity
LC50
Trihalomethanes LC50 (M) LC50 (g L") | Haloacetic acids LC50 (M) 3
(ug L)
CHBrs3 3.96 x 10° 15.7 Chloroacetic acid 8.10x 10* 8.57
25.7
CHBr,Cl 5.36 x 10° Bromoacetic acid 9.60 x 10° 0.07
CHBrCl, 1.15x 10° 70.2 Dichloroacetic acid 7.30x 107 56.6
Trichloroacetic
CHCl; 9.62x10° 80.6 2.40x 103 14.7
acid
CHI5 4.47 x 10° 0.11
Dibromoacetic
CHBrl, 1.91x10° 5.5 5.90 x 10™ 2.7
acid
CHClIl, 2.40x 10° 7.9 lodoacetic acid 2.95x 10° 0.02
Bromochloroacetic
CHBr,l 1.40x 107 4.7 7.78 x 10" 4.5
acid
CHCl, 4.13x10° 19.6
CHBrClI 2.42x10° 9.5
700 600
a) . CHCI, b) . CHCL,
600 === CHB(Cl, 500 - [ CHBrCl,
B CHEr,CI B CHBr.Cl
[ CHBr, 1 CHBr,
510 7 B Sum |-THMs 200 B Sum -THYs

400

300

THMFP (ug L")

200

100 4

Figure IV-S1: THMFP reduction across the treatment line. a) campaign A and b) campaign B.
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Figure IV-S3: Chromatograms of waters samples obtained by size exclusion chromatography with UV detection at 254 nm. a)

campaign C, and b) campaign B. 1: raw water, 2: after nitrification, 3: after coagulation-decantation, 4: after intermediate
chlorination and sand filtration, 5: after GAC filtration, 6: after final chlorination. A: biopolymers, B: humic substances, C:
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building blocks, D: low molecular weight acids, E: low molecular weight neutrals.
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Figure IV-54: Bromine incorporation factor (BIF) evolution along the treatment line.
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Figure IV-S6: Evolution of the bromine incorporation factor (BIF) for ATHMFP as a function of the Br /DOC concentration
ratio and chlorine consumption. 1: Raw water, 2: after nitrification, 3: after coagulation-decantation, 4: after intermediate
chlorination and sand filtration, 5: after GAC filtration, 6: after final chlorination.
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Figure IV-S7: lodide and iodate evolution across the treatment line. a) campaign A, b) campaign B, c) campaign C.
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Figure IV-S8: Total I-THMs in the last 3 treatment steps for all 3 campaigns.
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1. Introduction

The most commonly applied methods for removal of NOM from water are coagulation
, adsorption , membrane filtration
, advanced oxidation processes (AOPs) . lon exchange processes (IEX) —
where negatively charged NOM fractions are removed by reversible exchange of a counter ion,
usually chloride, from the anionic resin surface — were introduced more recently,
with presenting a summary of the studies on NOM removal by ion exchange in
the last 10 to 15 years in a recent review. The first industrial applications considered the magnetic
ion exchange resin (MIEX) early in the 2000s. More recently, other types of processes such as
suspended ion exchange (SIX) and fluidized ion exchange (FIX)
have been explored as well.
The raw waters at De Blankaart treatment plant have relatively high concentrations of DOC, usually
in the 10-15 mg L™ range. The conventional coagulation/decantation treatment step at the plant thus
requires very high and costly amounts of coagulant in order to lower the DOC before further
treatment steps. An IEX pilot plant has been in operation since 2015 to test the feasibility of adding
an |IEX treatment step in the treatment line.
lon exchange is indeed of interest as a pre-treatment before coagulation as it has been shown to
significantly reduce the coagulant dose required (by 50 to more than 80%)
, as well as increase the floc size and strength
. IEX is also more efficient than coagulation for the removal of charged organic compounds

. Using IEX in combination with coagulation, can thus remove both a higher
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amount of total DOC , and a broader spectrum of NOM precursors, with better
removal of hydrophilic and low molecular weight fractions (LMW) fractions more difficult to remove
using conventional coagulation treatment

and hence enhance reduction
in DBP formation potential (DBPFP)

. Furthermore, anionic resins can also remove bromide from certain water sources with low
alkalinity , thereby potentially reducing the formation of brominated DBPs
during disinfection.

De Watergroep was interested in comparing 4 different ion exchange resins for the optimisation of
the pilot plant. In the past, the removal efficiency of NOM by IEX resins was mainly studied through
measuring color and NOM characteristics such as DOC, TOC, UV absorbance at 254 nm
and more recently NOM fraction removal
. While these studies offer useful guidance in understanding the removal of NOM fractions,
less has been done on DBP formation potential, with studies focusing on THMFP and HAAFP
. In this study, the efficiency of the four
resins to remove NOM was compared in terms of DOC, UV absorbance and NOM fraction removal.
Following ion exchange fluidized bed column tests, DBP formation potential tests were carried out to
compare precursor removal and bromine and iodine incorporation under different halide

concentration scenarios.

2. Material and Methods

2.1. Water resource and pilot plant

2.1.1. Raw water

The raw water is drawn from the river Iser (approximately 80%) downstream
of the town of Ypres and two wastewater treatment plants and from surrounding lowlands
(approximately 20%) , and stored in a 3 million m3 reservoir.

The water is characterized by a high NOM content, with an average DOC content of 12 mgC L™,
combined with a high alkalinity and hardness. The Belgian part of the hydrographic basin of the Iser
river covers an area holding 110,000 inhabitants, and a largely agrarian activity, i.e. intensive farming

and intensive cattle breeding
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2.1.2. lon exchange pilot

Due to the combination of high DOC concentration and relatively high alkalinity, the water requires
large amounts of flocculant and sulfuric acid during coagulation . De
Watergroep has been studying the possibility of replacing the enhanced coagulation and decantation
treatment step by a combination of IEX, coagulation and flotation (Figure V-1). A fluidized ion
exchange pilot plant has been in operation since the end of 2015 on a scale of 50 m3 h™*, with resin

PPA860S
2.1.3. Column experiment and ion exchange resins

A column experiment was performed, as it is easier using a column than a jar-test to translate the
results to the full scale. The four resins tested were Purolite PPA860S, Amberlite IRA410, Amberlite
IRA958 and Dowex TAN-1. Three of the resins are strong base type | resins with a quaternary
ammonium group, and one is a strong base type Il resin where a methyl group is replaced with an

alcohol group. Their main properties are presented in Table V-1.

Table V-1: Properties of the four anion exchange resins selected.

Mean Water Total
T Resi Matri Exch
rade esin atrix/ Functional Group Particle Content xe ar.\ge Manufacturer
Name Type Structure . Capacity
Size (um) (%) 1
(eq.L™)
TAN-1 MP Styrene-DVB Quaternary amine  420-1200 70-82 0.7 Dowex
IRA410 Gel Styrene-pvg  Dimethvl ethanol - opn S0 451 5105 Rohm and
ammonium Haas
IRA958 MP Crosslinked  Quaternary 630-850 6672  20.80 Rohm and
acrylic ammonium Haas
Polyacrylic
PPASE0S  MP crosslinked  Quaternary 740 6672 08 Purolite
. ammonium
with DVB

DVB: divinylbenzene; MP: macroporous; Reference: https://www.lenntech.com/Data-sheets

The experiment took place in October 2018. Four parallel transparent PVC columns, with an internal
diameter of 86.4 mm, were used for performing breakthrough experiments. The resins were pre-
treated extensively to avoid possible leaching of residual monomers, and to avoid irreversible
adsorption of NOM occurring on virgin resins. The procedure consisted of a jar pre-treatment and a
dummy loading run in the columns. For the jar pre-treatment, the following regeneration procedure
was conducted three times consecutively: regeneration using 3 bed volumes (BV) of a 10% NaCl brine
followed by decantation, and a triple rinsing with 3 BV of tap water followed by decantation.

After the jar pretreatment procedure, the resins were transferred inside the columns, and a dummy
loading run was performed using 500 BV of filtered raw water at an empty bed contact time (EBCT)
of 1.73 min, followed by a regeneration with 1 BV of 10% NaCl at an EBCT of 30 minutes and a rinse

with 1 BV of tap water at an EBCT of 30 minutes. The latter regeneration procedure coincides with
194

© 2019 Tous droits réservés. lilliad.univ-lille.fr


http://www.dowwaterandprocess.com/products/ix/dx_tan1.htm
https://www.lenntech.com/Data-sheets

Thése de Henry Mackeown, Université de Lille, 2019

practices in IEX pilot scale research conducted at De Watergroep . After this
extensive pretreatment procedure, the resins were considered to be suitable to perform a

representative IEX cycle.

brine dose
| _
Raw water feed
IEX treated water
effluent
Bag filter
| IEX fluidized bed
IBC container to contactor column
store filtered

water = -
__@J spent brine (wastewater) extraction

peristaltic pump

Figure V-1: IEX column test scheme. In green are the regeneration lines.

The breakthrough experiments were run in fluidized bed modus (i.e. bottom — up, see Figure V-1)
using raw water from the De Blankaart reservoir which had been prefiltered over a 25 um bag filter
(Filtration CVBA, Drongen, Belgium), at an EBCT of 1.73 min. Samples were taken at 0 BV and every
recurring 50 BV, until 500 BV of raw water were treated. To simulate the average treated water
quality which would be obtained after 500 BV, a mixed effluent sample was created by mixing equal

volumes (208 mL) of each of the 11 taken samples for each resin, for the DBP experiments.
2.2. Sample collection and analysis

The sample collection and analysis were performed according to the procedures detailed in Chapter

1.
2.3. Chlorination tests

The THM,4 tests (using a 7-day chlorination procedure) presented in Chapter Il were used to
compared the different treated waters.

In addition, to avoid the bias by the large amount of chlorine used in the 7-day tests on iodine
speciation, chlorination experiments with different halide concentrations have been performed with

a lower chlorine dose, i.e. 0.3 mg Cl, L residual after a contact time of 24 h.
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The THM,4, and HAA,,, formation potential tests were carried out in the same manner, except that
the chlorine dose was lower so as to reach a chlorine residual of 0.3 mg L and the incubation time
and temperature were of 24 h and 20 °C respectively. The following concentrations and ratios of

bromide and iodide have been used as well as the samples with no spiking (Table V-2).

Table V-2: Range of iodide and bromide concentrations after spiking.

I (ng L) 7 63 63 63 63 254
Br (ug L") 228 228 400 800 2200 228
Br’/I" (molar ratio) 50 5.7 10 20 55 14

3. Effect of ion exchange treatment on NOM and inorganic
compounds

3.1. Raw water composition

The DOC of the raw water was relatively high, around 12 mgC L™ (Table V-4), but at a typical level for
this site. The SUVA was moderate, around 2 (Table V-6) indicating the presence of hydrophilic and
low molecular weight compounds , as well as some hydrophobic and

high molecular weight compounds.
3.1.1. Natural organic matter fractions

LC-OCD fractionation indicated that humic substances (HS) dominated (40%), followed by
hydrolysates of biopolymers, building blocks (BB) and low molecular weight neutrals (LMWN), these
3 fractions each representing approximately 14% of the DOC. No low molecular weight acids (LMWA)
were found in the feed water by LC-OCD. Additionally, around 15% of the DOC is not eluted through
the column presumably due to hydrophobic interactions; this represents the so-called hydrophobic
organic carbon fraction (HOC).

The results of fractionation performed on a higher resolution column by LASIR (Chapter Il 3.1.2.), but
only with UV detection, are in agreement with these results except for the slight presence of
absorbing low molecular weight acids in the water. The biopolymer fraction was however not

detected as this fraction usually does not absorb in the UV range
3.1.2. Inorganic compounds

The further characterization of the water samples has been performed by De Watergroep. The

mineralization of the water is relatively high, mainly with calcium, chloride, sulfate and bicarbonate,
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while low nitrate and iron levels were detected (Table V-3). The concentration of ammonia in the raw
water was 0.16 mg L™

Table V-3: Evolution of some of the main cations and anions.

Br’ I cr Na* | NH, | NO, | NOj ca” $0,” | HCOy

ng Lt gLt | mglt | mgLl' | mgl'| mgl"' | mgL® mgL” mgLt | mgL”
Raw water 195 7.2 147 105 0.16 0.01 - 71.9 104 247
IRA410 196 1.1 264 123 0.17 0.03 1 713 11 227
IRA958 228 7.0 305 185 0.17 0.06 - 73.1 58 243
TAN-1 215 3.2 270 147 0.28 0.03 - 71.9 52 232
PPA860S 208 5.9 220 112 0.26 0.05 - 72.1 49 226

3.2. Effect of ion exchange on water characteristics

3.2.1. Dissolved organic carbon removal

The treatment of raw water by ion exchange removed from 23 up to 41% of the dissolved organic
carbon content depending on the type of resin (Table V-4). The best removal is obtained with the
type Il strong base resin IRA410, a styrene divinyl benzene type with a dimethyl ethanol ammonium
functional group. This resin has the best total exchange capacity according to the manufacturer
information (Table V-1). This parameter however does not explain the difference of removal rates

obtained for the 3 other resins, which are all type | resins with a quaternary ammonium group.

Table V-4: DOC measurements by Het Laboratorium.

DOC
Water samples 4
mgC L % decrease
Raw water 11.8
IRA410 6.9 41
IRA958 9.1 23
TAN-1 7.8 34
PPA860S 7.5 37

The DOC removal by such resins is usually in the 40-70% range (See below section 3.3.1).
3.2.1.1. Removal of NOM fractions

Considering the removal of the different fractions of NOM, the humic substance fraction is the main
one removed by the different IEX resins (from 41 to 72%), followed by the building block fraction (12-
41%) and LMWN fraction (13-36%) (Figure V-2 and Table V-5). After IEX treatment, the concentration
of the biopolymer fraction was found to slightly increase by 6-32% (see Table V-5), which may have

been caused by the release of polymeric IEX material
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Figure V-2: Representation of NOM fraction removal by the 4 resins.

These results are in agreement with previous studies that show effective removal of high charge
density organic fractions such as HS and less effective removal of BB, LMWN, and no removal of
biopolymers due to size exclusion (Bond et al. 2010; Cornelissen et al. 2010; Huber et al. 2011;
Grefte et al. 2013). Nevertheless, in the future treatment plant scheme, if SIX is added before
coagulation, this biopolymer fraction can be expected to be greatly removed by the post-coagulation

step (Galjaard et al. 2018).

Table V-5: Percentage of removal of the different NOM fractions by the four resins based on LC-OCD results.

NOM fraction IRA410 IRA958 TAN-1 PPA860S
Biopolymers -17% -6% -22% -32%
Humic substances 68% 41% 57% 72%
Building blocks 41% 21% 36% 12%
Low molecular weight neutrals 36% 13% 18% 13%
Hydrophobic organic carbon 26% 11% 34% 50%

Removal of HS and BB fractions by the anionic resins can mainly be explained by ionic interactions.
Removal of the LMWN could possibly be explained by physical adsorption onto the resin material
(Cornelissen et al. 2008).

The most effective resin types for the removal of HS are Purolite PPA860S (72% removal) and
Amberlite IRA410 (68%). The most effective removal of BB and LMWN fractions is with resin type
Amberlite IRA410 (41% and 36% removal respectively).
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Although the IRA410 removed much of the HS fraction, the molecular weight of this fraction
remained approximately the same (-5% around 500 g mol™). The removed part of the HS seems to be
both low and high molecular weight compounds. The molecular weight of HS of waters treated by
the other resins decreased by 15-22% with the lowest MW for PPA860S (400 g mol™), demonstrating

the removal of higher molecular weights HS.
3.2.1.2. Removal of UV absorbing compounds

The removal in UV254 absorbing compounds (40-66%) followed the same trend as the DOC removal,

with IRA410 the most efficient and IRA958 the least efficient amongst the 4 resins (Figure V-3).

100
— 80 .
>
S
2 -40%
S .
©
-~ _E70,
g 57% 61%
(v
o]
£
=)
wm

: -
_ C

O —
Raw water IRA410 IRA958 TAN-1 PPA860S

M Biopolymers  m Humic Substances Building Blocks LMWA ®LMWN

Figure V-3: Decrease in peak areas of UV absorbing compounds by the 4 resins.

Table V-6: Percentage decrease of the UV254 absorbing compounds in the different NOM fractions, overall UV254 and SUVA
by the four resins.

NOM fraction IRA410 IRA958 TAN-1 PPA860S
Biopolymer -78% -118% -104% -27%
Humic substance 90% 58% 76% 91%
Building blocks 79% 35% 67% 52%
Low molecular weight acids 48% 47% 52% 44%
Low molecular weight neutrals 3% -7% 1% 3%
uv254 77% 47% 65% 68%
SUVA 62% 32% 47% 50%

The main UV254 absorbing fraction removed was the HS fraction (58-91%), followed by the BB
fraction (35-79%), and the LMWA fraction (44-52%), while the LMWN were not removed (Table V-6).
A slight increase in the biopolymer peak areas was also observed here.

It can be seen from Table V-6 that resins PPA860S, IRA410, and TAN-1 removed more (approximately
70%) of the UV254 absorbing organics than IRA958 (approximately 45%).

199

© 2019 Tous droits réservés. lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

The SUVA was lowered by the IEX treatment system by 32-62%, indicating preferential removal of
higher-SUVA components. The final SUVA values (0.75-1.34) indicate that the remaining NOM is

mainly hydrophilic
3.2.2. Removal of cations and anions

The cation removal for all the resins was indeed low or inexistent as these resins are designed for the
exchange of anions. Considering iron, while its concentration is quite low in the raw water (15 pg L),
the concentrations after treatment are systematically below that level (by 13-33%); its retention
possibly happens by complexation with humic substances . Conversely, the
sodium concentrations increased in the range (6-76%), which can be probably linked to the
incomplete washing of the resins after regeneration by NaCl.

Table V-7 shows a significant increase in ClI” concentrations after ion exchange treatment for all
resins. However, considering the increase of sodium concentrations (0.28-3.47 meq L%), and
assuming that the same amount of CI” would originate from the washing of the resin, a substantial
part of chloride increase is then not directly linked to the ion or NOM exchange. The amount of

chloride attributable to the ion exchange is highly variable between resin types (0.99-2.53 meq L)

(Table V-7).
Table V-7: Change in ion concentration presented on an equivalent base.
cr
Na* cr Nela HCOy exchanged DOC
with DOC
C A C A C A C A A charge density
Resin 1 a a 1 1 1 1 1 -1 -1
(mgL”) (meql’) | (mgl’) (meql’) | (mgL”) (meql’) |[(mgL’) (meqlL’) (meqL”) (meq gC")
Raw water 105 - 147 - 104 - 247
IRA410 123 0.77 264 3.30 11 -1.94 227 -0,34 0.25 52
IRA958 185 3.47 305 4.46 58 -0.96 243 -0,08 -0.05 -19
TAN-1 147 1.80 270 3.47 52 -1.08 232 -0,26 0.32 82
PPA860S 112 0.28 220 2.06 49 -1.15 226 -0,36 0.27 63

C: concentration; A: change in concentration after IEX treatment

Indeed, sulfate is an important competing ion in De Blankaart waters, with 44 to 89% sulfate removal
for all 4 resins (Table V-7). Sulfate ions are smaller than NOM molecules, and hence the ion exchange
process is kinetically faster for this ion . This explains why a major part of
the practical exchange capacity of the resin goes to the removal of sulfate (0.96-1.94 meq L, which
represents 64-97% of the actual ion exchange), and another small part to bicarbonate
(0.08-0.36 meq L™). To conclude, only 10-19% (0.25-0.32 meq L") of the total amount of chloride
exchanged could be attributed to NOM removal for 3 of the 4 resins, so the charge density of the

organic matter can be estimated to be around 52-82 meq gC". These values are higher than those
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reported, ranging usually between 8 and 11 meq gC*, by

, and — for the same water source with MIEX resin —
For IRA958, the calculated amount of chloride exchanged for NOM was negative (-0.05 meq L") and
close to zero, likely due to the uncertainties on the analytical measurements of the ion
concentrations. also found a negative amount of chloride exchanged for NOM
(-0.18 meq L™), for PPA860S.
Finally, the concentration of chloride is higher than the European quality guideline of 250 mg L™ for
waters treated by three of the four resins in the conditions used here. This parameter would have to
be carefully studied for the upscaling of this process as the increasing chloride concentration could
increase the corrosive character of treated waters.
Bromide can be removed on MIEX resins, as has been shown in several studies
However, for De Blankaart waters, bromide was not removed and even increased by up to 17%,
perhaps due to some bromide contamination during resin regeneration (bromide being a common
contaminant of commercially available NaCl). The bromide anions may also have been outcompeted
for binding sites by the other anions
lodide adsorption onto the resin was also observed (18-85%) for IRA410, TAN-1 and PPA860S (Table
V-3), which has not been previously reported in the literature for these 3 resins. IRA958 was not able

to significantly remove iodide (3% reduction).

3.3. Comparison to literature

3.3.1. Previous studies on the 4 resins

Relatively few studies exist on the 4 resins which were used in this study, except for IRA958. They are
grouped in Table V-8. Some studies on Purolite A860, similar to Purolite PPA860S are presented as

well.
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Resin Scale pH ngcl_,l ﬂ\{ L :g\::\g,l r:::l Removal % (parameter) Reference
Reconstituted
IRA410 | batch 7 (T4c_)5c) NR NR NR 77 (UV254) é%%';’;goai)
41 (DOC) his
IRA410 | column | NR 11.8 23 2 104 77 (UV) )
62 (SUVA) experiment
Reconstituted
IRA958 | batch 7 Ti’_‘;' NR NR NR 73 and 90 (UV254) ;%%';’;goai)
. (Boyer and
Synthetic IRA958 | batch 77';%' 9299 | NR NR NR 90 (DOC) Singer
: 2008)
80 (DOC)
59 (SUVA)
14.0- 47 (DOC) (Humbert
IRA9SS | batch | 7-7.9 | 5667 | [ | 2229 | 13-29 21 (SUVA) ool 2002)
13 (DOC)
3 (SUVA)
853 10 (SUVA) (Kim and
WW effluent IRA958 column 7 (TbC) 12.5 1.47 NR 47 (UV) Dempsey
42 (TOCQ) 2010)
IRA958 | batch | NR NR NR NR NR =73 (DOC) (Gan et al.
2013)
23 (DOC) This
IRA958 | column | NR 11.8 23 2 104 47 (UV) ‘
32 (SUVA) experiment
Filtered SW | TAN-1 | batch | 5.65 | 4(TOC) | 19.5 NR NR 70 (TOC) (Barlezz'gi';'ft
25 (DOC)
TAN-1 batch 27%4; NR NR NR 29 (UV) (Grzag f;)a"
: 6 (SUVA)
57.8 (DOC)
TAN-1 batch | 7.8 5.6 NR NR 27.2 23.2 (S04) (Liu 2017)
8.8 (NO3)
34 (DOC) This
TAN-1 column nr 11.8 23 2 104 65 (UV) .
47 (SUVA) experlment
A860 batch f;'%' 1358 | NR NR NR 37-63 (DOC) (Dixit 2017)
Filtered SW A860 batch | 5.65 | 4(TOC) | 19.5 NR NR 68 (TOC) (Barlezz'gi';'ft
(Cornelisse
A860 FL NR NR NR NR NR 60 (UV254) netal.
2009)
71 (TOC) (Verliefde
PPA860S | column | 7.7-8 | 3.1 NR 3.23 30 68 (DOC) etal.
93 (504) 2009)
73 (TOC), 74 (DOC)
83 (UVA), 37 (SUVA) (Sadmani
PPA860S | column | 8.1 2.4 2.4 1.0 252 | 100(HS), 90 (BB), 57-60 S0t
(biopolymer, LMWN and
LMWA), 99 (504)
35-40 (biopolymers), 40—
Reconstituted 37 67 (HS), 20-33 (BB), 12- (Bazri et al
PPA860 batch NR ) NR NR NR 13 (neutrals), 33-41 '
(T0C) 000 2016)
38-56 (UV)
37 (DOC) This
PPA860S | column | NR 11.8 23 2 104 68 (UV) .
50 (SUVA) experiment

DOC: dissolved organic carbon; NR: not reported; SW: surface waters; TOC: total organic carbon.
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While most of the studies had DOC removal rates in the 40-70% range with their experimental batch
or column test conditions (Table V-8), in some cases, lower removal rates due to competition with
sulfates and nitrates were observed. compared DOC removal for Purolite A860 at
different initial sulfate concentrations, and observed nearly 50% reduction in DOC removal when
increasing the sulfate level from 0 mg L™ to the highest concentration of 100 mg L™, which is
comparable to the concentration in the raw water for De Blankaart in this study.

found PPA860S to efficiently remove most major NOM fractions, including biopolymers, while in

this study BB were poorly removed and the biopolymer concentration increased.
3.3.2. The influence of resin parameters

In the literature, generally none of these 4 resins have been investigated together for the removal of
NOM by IEX (Table V-8) with the exception of two studies, including the one by ,in
which the removal of NOM isolates by 19 types of strong resins and 5 low base resins was compared
based on UV254 absorber removal. Nevertheless, comparison studies on other commercial anionic
exchange resins have shown that NOM removal efficiencies vary considerably depending on the
water type, anion exchange resin, and experimental conditions such as the contact time

. The non-removable NOM fraction — which probably
correlates with the amount of uncharged species in the NOM — may vary between
< 10% and 40% . However, according to our results UV254 overestimates the NOM

removal compared to the organic carbon measurement.
3.3.2.1. Gel vs. macroporous structure

observed that macroporous resins should remove more NOM than gel resins,
through a better diffusion of organic anions. found the opposite due to a higher
swelling capacity of the gel-type resins in water. In our case the structure does seem to have some
influence on the results, as IRA410 (gel) had a slightly better DOC removal rate compared to the
other 3 macroporous resins. Also the gel structure may explain why despite similar HS removal rates,
IRA410 and PPA860S did not target the same MW in that fraction (see 3.2.2), with the macroporous
resin (PPA860S) able to target higher MW HS.

3.3.2.2. Water content and functional groups

The best-performing IEX resin IRA410 (in terms of NOM removal) consisted of a styrene resin with
the lowest water content and highest exchanging capacity.

According to , resins with a styrene structure display a greater affinity for
aromatic compounds than resins with an acrylic structure. on the other

hand found no difference in NOM or NOM fraction removal for styrene or acrylic resins, while
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found polyacrylic resins to be more efficient at NOM removal than the more
hydrophobic polystyrene resins which are thus less open in water. This leads to lower water content,
so it is difficult to dissociate from the water content parameter when comparing two resins with
different structures and different water content.
However previous studies by and have observed better
sorption of UV-absorbing organics for high resin water content and low resin capacity. Indeed, a
resin with high moisture has less dry matter, therefore less active groups and less capacity, but on

the other hand, such a resin may provide a more open structure for large ions into its structure

In the only comparison between IRA410 and IRA958 resins, found equal or better
reduction of UV254 for IRA958 compared to IRA410. Hence the poor performance of IRA958 cannot
be explained by its water content, especially compared to the resin PPA860S which has the same
water content.

When the ionic strength of the water is high, contraction of the NOM will reduce size exclusion of
DOC by polystyrene resins . This may help in explaining the better removal rate

for styrene resin IRA410 compared to acrylic resin IRA958.

To summarize, the small number of resins tested and the large number of resin characteristics which
may influence their performance render it difficult to explain the NOM removal results in our study,

especially the poor performance of IRA958 compared to the very similar resin PPA860S.

4. Reduction of the DBP formation potential

The 4 resins remove different amounts of overall DOC but also different amounts of NOM fraction.
DBP formation potential tests were performed to evaluate the impact of NOM removal by each resin

on the formation of disinfection by-products.
4.1. THM,4, THM,,4, and HAA,,, speciation

Two different trihalomethane formation potentials have been performed (THM;4 and THM,,,). The 7-
day test is the classical procedure to account for the total formation of DBPs, however as shown in
chapter IV, the high chlorine dose of this test is not suitable for the assessment of iodinated DBPs.
Then, the THMy4 has only been performed on the raw and IEX treated waters without increasing
halide concentrations. A lower dose (residual of free chlorine of 0.3 mgCl, L") and contact time

(24 h) have been used to assess the evolution of THM10 and HAAs after IEX treatment. The following
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figure V-4 shows the DBP formation potential decrease through the treatment of water with the four

IEX resins.
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Figure V-4: Evolution of the DBPFPs for the different samples (raw and treated by the 4 different resins) a) THM 4, b) THM 54,
C) /—THM24h, d) HAA24h.

4.1.1. THMy4

The formation potential of the THM4 after 7 days (THM,4) of the raw water is around 550 pg L™
(Figure V-4a)), which is in the same range as noticed for previous experiments (Chapter IV). CHCl; is
the main THM formed in all waters after the 7-day formation potential test. The reduction in THM4
compared to the raw water is in the range 30-60%.

The order of THMFP reduction efficiency for the resins was: IRA958 < TAN-1 = PPA860S < IRA410.
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4.1.2. THM,4, and HAA,4;,

4.1.2.1. THM4

Considering the formation of THM4 after 24h (Figure V-4b)), CHBrCl, is the major compound, due to
the lower chlorine dose used leading to a higher bromide to chlorine ratio. Compared to the 7-day
test, not only are the formation potentials 2.5-3.5 times lower after the 24-h test (Table V-9), but the
reduction in THMFP is also lower, in the range 14-55%, with the exception of the PPA860S waters.
This may be due to some fractions that have not reacted yet after 24 h or that have formed other

unstable DBPs which can end up as THMs after a longer period of chlorination.

Table V-9: Comparison of the THM formation after 24 hours and after 7 days

IRA410 IRA958 TAN-1 PPA860S Raw water
THMyq (ug LY | 219 385 291 284 552
THMaan (g L) | 79 152 115 82 176
THM,¢/THM g, | 2.8 2.5 2.5 3.5 3.1

The order of removal efficiency for the resins was: IRA958 < TAN-1 < PPA860S = IRA410.

4.1.2.2. I-THMs

The major I-THMs formed are CHCI,l followed by CHBrCll and CHBr,l, while no iodoform has been
observed. These compounds correspond to the mono-iodinated compounds which are predominant
for low iodide levels . Compared to the THM4 the reduction in I-THM is 2-10
times higher (Table V-10), in the range 76-96% (Figure V-4c)).

While all resins reduced the I-THM FP more than the THM4 FP, IRA410 resin, in particular is much

more efficient at limiting I-THM formation (Table V-10).

Table V-10: Comparison of the reduction in THM4 and I-THMs by the different IEX (compared to the raw water)

Reduction factor IRA410 IRA958 TAN-1 PPA860S
THM4 2.21 1.16 1.52 2.14
ITHMs 21.47 2.9 6.93 4.16

ITHMs/THM4 9.69 2.51 4.55 1.94

The order of removal efficiency for the resins was: IRA958 < PPA860S < TAN-1 << IRA410.
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4.1.2.3. HAAs

Compared to the THMs the reduction in HAAFP is also higher, in the range 23-63% based on the
24-hour HAA formation potential tests. DCAA, TCAA and BCAA are the main HAAs formed,
representing 78 to 93% of the measured HAAs. The mono-HAAs are at much lower levels, as is

usually the case in the literature

The order of removal efficiency for the resins was: IRA958 < TAN-1 < PPA860S = IRA410.
4.2. Correlation between THMFP and DOC, UV and SUVA

The decrease in THM4 and HAA FPs followed the trends of DOC and SUVA reductions in the samples,
with the highest removal for IRA410 and the least for IRA958.

4.2.1. THMy4

A strong correlation (r* > 0.99) was observed between THM-4 of the 5 waters and DOC as well as
UV254 and SUVA (Figure V-5). The Figure V-5a) shows higher reduction of the THMFP than of the
DOC, thus the different IEX resins are more efficient at removing THM precursors than overall DOC,
with a 10-33% decrease of the THMFP/DOC ratio. Figure V-5b) shows higher reduction of UV254
than reduction in THMFP, demonstrating that a fraction of the precursors do not absorb UV, and
come from more hydrophilic fractions. According to the curve, if the UV absorbance was equal to
zero, approximately 140 ug L™ of THMs would still theoretically be formed. Figure V-5c) shows almost
a direct proportionality between THMFP and SUVA parameters which implies that the decrease in
THMFP after treatment is mainly due to the removal of aromatic high molecular weight compounds.
Non-HS and low UV absorbing organic matter which do contribute substantially to the formation of

THMs are not removed as efficiently by the treatment.
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Figure V-5: Correlations between the THM 4 for the different samples (raw and treated by the 4 different resins) and a) the

DOC, b) the UV254 and c) the SUVA.

While earlier studies also observed strong correlations between DBP formations and SUVA values

(Kitis et al. 2001; Kitis et al. 2002; Kitis et al. 2004), most were for high-SUVA NOM fractions

obtained by various physicochemical separations. Interestingly, in another study by Ates et al.

(2007), no strong correlations between SUVA and THM formations and SUVA and HAA formations

were found in low-SUVA waters (treated by IEX or GAC) and containing lower NOM fractions. Zhai et

al. (2017) also found poorer correlations for SUVA between 0.5 and 2 than above 2 for HAAs and

THMs. The difference may be due to the poor removal of the hydrophilic fractions for De Blankaart

waters. Indeed while some non-UV absorbing compounds also contribute as precursors to THM

formation, mainly the UV-absorbing precursors are removed, leading to the good correlation

between SUVA reduction and THMFP reduction.
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Overall, these results show that the reduction in THMFP by IEX treatment can be estimated by simple
UVA absorbance measurements for the De Blankaart waters, but some more measurements may be

required to make sure this correlation remains true with changing raw water characteristics.
4.2.2. THM,s, and HAA4,

The formation potential of THMs and HAAs after the 24-h test also correlated with the DOC, UV and
SUVA (R? from 0.8 to 0.9 Figure V-51), but the correlations were not as strong as for THM,q, possibly
due to:

- The preferential removal of more or less reactive precursors by the different resins;

- The higher importance of HOBr kinetics with precursors at higher bromide/chlorine ratios
compared to the 7-day test (see 5.1.2. for a more complete explanation), such that the small
differences in initial bromide concentrations in these non-spiked samples leads to different
amounts of DBPs formed. The correlation between SUVA and THMs was due to the
correlation between CHCl; (the dominant THM) and SUVA (Figure V-S5), so an increase in
brominated species changes the overall correlation of THM to SUVA;

- Or due to the formation of other non-measured DBPs.

4.3. THM and HAA (24-h test) evolution

In order to identify the capacity of the resins to remove specifically the DBP precursors, the NOM
fractions have been considered. The THMs and in a lower extend the HAAs are not directly linked to
the humic acid fraction removal (Figure V-S2). The IRA958 resin shows a particularly low THM
precursor removal, as the THM formation potential after 24h is only decreased by around 14%
compared to 23% removal of DOC and 41.3 % of the humic acid fraction. On the other hand, the
THMFP decrease for the resins IRA410 and PPA860S are higher (around 55%) than the removal of
DOC (around 40%). This high degree of THMFP reduction compared to the total DOC removal is
certainly due to the high removal of the humic acid fraction for these two resins (around 70%) (Figure

V-6).
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Figure V-6: Removal efficiencies of DOC, BB, HS and a) THM 4, b) THM 4, and HAA 4.

Considering HAAs, the HAA formation decrease is slightly higher compared to THMs for PPA860S
(59%) and IRA410 (63%) resins (compared to around 55% for the THMs). This difference is much
higher when considering TAN-1 (52% for HAAs and 34% for THMs) and IRA958 (23% for HAAs and
14% for THMs). The PPA860 resin has a particularly low building block removal efficiency (12%),

which does not change substantially its capacity to decrease the DBP FP counterbalanced by the

good efficiency for HS.
4.4. I-THM assessment with initial iodide concentrations

The trend in I-THM formation reduction is a bit different to the trends for THM4, HAAs or SUVA, with
TAN-1 lowering more the DBP formation potential than PPA860S. That is due to the lower iodide
concentration for water treated with TAN-1 resin compared to PPA860S. Indeed, the I|-THM

concentration is correlated either to the initial iodide or to the initial iodine concentration (Figure V-

7) for all 4 treated waters.
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Figure V-7: Evolution of the I-THM concentration as a function of the initial iodide concentration.

However, the raw water sample is different and cannot be correlated to the initial iodide
concentration, presumably due to different physico-chemical characteristics such as the total iodine
concentration. The content of ammonia in the water does not explain neither this behaviour as the
raw water shows the same concentration as the waters treated by the IRA410 and IRA958 resins
(around 0.17 mg L") and lower concentration than the water treated by PPA860S and TAN-1 resins
(around 0.27 mg L ™). Thus, all the resins by lowering iodide and total iodine concentrations or by

removing specific precursors show a beneficial effect, lowering the concentration of I-DBPs.
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5. Assessment of the IEX resins to reduce the formation of DBPs
under different halide concentration conditions

5.1. Increasing bromide concentrations

The formation of bromine-containing DBPs is of particular interest as they are generally more toxic
than chlorine-containing compounds . To better understand the influence of
bromide, the concentration of bromide was varied from 2.5 to 27.5 uM (228 to 2200 pg L") while the
iodide concentration was kept constant (0.5 uM i.e. 63 pg L™). This led to molar bromide/iodide
ratios ranging from 5.7 to 50, comparable to a recent study by . In order to
compare the efficiency of the different resins in the same halide concentration conditions, the
concentrations of bromide and iodide in the raw water and the different IEX treated waters

have been equalized.
5.1.1. THM4 formation and speciation

The sum of THM4 increases with the bromide concentration (Figure V-8) for the raw (x 1.7) and IEX
treated waters (x 1.9-2.3).

However, when considering the molar concentrations, the amount of THMs is also constantly
increased (x 1.4) for the 4 |IEX treated waters with the increasing bromide concentration but not in
raw water (Figure V-S3a)). In fact, the amount of THM4 is constant, around 1.2 uM for the raw water
up to 800 pg L™ of bromide and only slightly increases to 1.3 uM for the highest tested concentration

(2200 pg L"). The THM4 speciation is however greatly modified towards the brominated compounds.
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water, b) IRA410, c) IRA958, d) TAN-1, e) PPA860S. The same figure with molar concentration is presented in the supporting
information (Figure V-S3).

© 2019 Tous droits réservés.

213

lilliad.univ-lille.fr



Thése de Henry Mackeown, Université de Lille, 2019

At a bromide to iodide molar ratio of 5.7 (I = 63 pg L"), with bromide concentrations already quite
high (228 pg L), the main THM4 were found to be a mix of CHBrCl,, CHCl; and CHBr,Cl for the 4
resins, and CHCI; and CHBrCl, for the raw water. Some CHBr; was also formed, especially for IRA410
but was a minor species.
When the bromide concentration was increased to a bromide/iodide ratio of 10, the raw water
contained mainly a mix of CHBrCl,, CHCl; and CHBr,Cl. The 4 resin samples contained mainly CHBrCl,
and CHBrCl,.
When the bromide/iodide ratio was increased to 20, TAN-1 and IRA958 samples contained a mix of
CHBrCl,, CHBr,Cl and CHBr;, with CHBr,Cl slightly predominant, while PPA860 and IRA410 contained
mainly CHBr,Cl and CHBr;. The raw water sample contained mainly CHBrCl, and CHBr,Cl.
When the bromide/iodide ratio was increased to 50, CHBr; was predominant in all 5 samples,
followed by CHBr,Cl, especially in the raw water.
Bromine reacts more with hydrophilic compounds than with hydrophobic compounds

, Which may be the reason for an overall increase in THM formation from the treated waters
which contain less hydrophobic compounds than the raw water. For bromide levels above 800 ug L*,
the water treated with IRA958 produces even more THMs than the raw water despite a substantial

decrease of the DOC (23%).
5.1.1.1. Bromine incorporation factor

The bromine incorporation factor (BIF), first developed by , describes the molar
contribution of all brominated species (Eq.1, with THM4 in molar concentrations), and can range

from 0 to 3, with values closer to 3 representing a more brominated THM sample.

[CHBrCl,]+2 [CHBr,Cl]+3[CHBT3]
[CHCI3]+ [CHBTCl,]+[CHBT,Cl|+[CHBT3]

BIF (THM4) = Eq. 1

The calculated BIF values were plotted against the bromine concentration (Figure V-9a)).
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Figure V-9: BIF evolution for all the tested samples as a function of a) bromide, b) bromide to DOC ratio.

In general, higher levels of bromide resulted in higher BIF values. More specifically, for each treated
water, BIF and Br concentrations were more or less linearly correlated at first before converging
towards the maximum of 3. However, the BIF was sample-specific for the 5 different waters, at each
bromide level, the BIF followed the order: Raw water < IRA958 < TAN-1 < IRA410 < PPA860S (Figure
V-9a).

This indicated that besides the bromide concentration, the NOM properties were also important for
bromine incorporation into DBP precursors.

Indeed, the BIFs — regardless of the water samples — were found to increase in function of the Br’
/DOC (Figures V-9b)) or Br//SUVA. Effectively, a higher Br/DOC ratio (usually the result of DOC
removal during treatment) favors the reaction of chlorine with Br™ instead of with DOC, resulting in
the formation of reactive bromine species. This explains why the maximum BIF values at each
bromide concentration are reached for IRA410 and Purolite PPA860S, as they were the samples with
the lowest DOCs (Table V-4). Above a Br/DOC ratio of approximately 60 pg mgC”, the curve is no
longer linear, due to progressive saturation of the THM precursors with bromide ions. This is also
seen in the case of CHBr; which is correlated with the Br/DOC ratio for Br up to 800 ug L™
(Figure V-10) with, for each bromide level, the CHBr; concentrations following the same trend
Raw water < IRA958 < TAN-1 < IRA410 < PPA860S, but which is not correlated anymore at the highest
bromide concentration for the resins (not enough NOM precursors available). This explains why at
the highest bromide level, the higher CHBr; concentrations in the samples followed a different order:

IRA958 < Raw water < TAN-1 < PPA860S < IRA410.
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Figure V-10: Bromoform evolution for all the tested samples as a function of the bromide to DOC ratio.

5.1.2. I-THM formation and speciation

In this section, the concentration of iodide has been kept constant (63 pg L™). 87-100% of the total
I-THMs measured consisted of mono-I-THMs (CH,Cll, CHBrCIl and CHBr,l) at all Br' concentrations
(Figure V-11). Very low CHCII, levels were measured at the lowest Br” concentration (Br'/I’ molar ratio
of 5.7; Br = 228 pg L™), this compounds is not detectable anymore when increasing the bromide
concentration. Very low CHBrl, levels were detected at the highest Br’/I ratio for some resins.

At a bromide to iodide molar ratio of 5.7, with bromide concentrations already quite high
(228 ug L"), the main I-THM was found to be CHCI,! for all samples, however closely followed by
CHBrClI (Figure V-11). Some CHBr,l was also formed, especially for PPA860S but was a more minor
species, especially for raw water. When the bromide concentration was increased to a
bromide/iodide ratio of 10, more CHBrCll and less CHCl,l were formed, both dominating the
speciation (Figure V-11). CHBr,l concentrations increased but the species remained minor, except for
PPA860S where all three mono-I-THMs were formed in the same range.

When the bromide/iodide ratio was increased to 20, CHCl,] became minor for raw water and
PPA860S where CHBrCll and CHBr,l became the major species (Figure V-11). For the other waters
CHBrCll dominated while CHCI,| and CHBr,l accounted for similar fractions.

When the bromide/iodide ratio was increased to 50, Br'/I-THMs clearly became the major species

with highest concentrations of CHBr,| (Figure V-11). This is consistent with a previous study by
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Overall when increasing the Br™ to I ratio from 5.7 to 10, an increase in I-THMs was observed for
2 resins TAN-1 (+32%) and IRA410 (+13%), due to more increase in brominated I-THMs than
decrease in CHCI,l (especially in the case of TAN-1 where CHCI,l formation remained the same).
However, the decrease in CHCl,l led to an overall I-THM decrease for raw and PAA860S-treated
waters by approximately 10%. At higher Br’/I” ratios, I-THMs levels decreased for all samples.
The reduction efficiency in I-THMs by IEX (the ratio between the |-THMs formed after IEX and
the I-THM formed in raw water) dropped when increasing the Br’/I ratio (Figure V-12). This is
due to a higher reduction in I-THM formation in the raw than in the treated waters, at increasing
bromide concentrations. Indeed, the higher competition of DOC for reactive bromine in raw water
than in the treated waters at the lower bromide concentrations is less apparent at higher bromide
concentrations.
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Figure V-12: Evolution of the ‘I-THM in raw water / I-THM in treated water’ ratio as function of the bromide concentration.

5.1.3. HAA formation and speciation

The sum of the 7 HAAs remains more or less stable with increasing bromide concentrations, but the
molar concentrations decrease (Figure V-S4). This is most certainly due to the trihaloacetic acids (tri-
HAAs) speciating towards more brominated tri-HAAs which could not be measured in this study.
Indeed, TCAA decreased with increasing bromide concentrations, from being a major HAA species
(24-45% of the mass of the measured HAAs at Br=228 ug L™, to <2 % at the highest Br” concentration.
IRA958 and raw water samples contained the highest amounts and weight percentages of TCAA.
When looking only at di-HAAs (DCAA, BCAA and TCAA), there appears to be a slight increase in the
sum of HAAs (Figure V-13) with increasing bromide concentrations.

But this seems to be due to the increase in MW of the species, because the same graphs but in molar
concentration show no increase (Figure V-54), due to more substitution than new species formation

amongst di-HAAs . At a bromide to iodide molar ratio of 5.7, DCAA was the
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main di-HAA, closely followed by, BCAA and DBAA. DCAA decreased rapidly with increasing bromide
concentrations, while BCAA initially increased then decreased. DBAA increased to become the major
species. At Br = 2200 pg L™, DBAA represents 69 to 83% of the total HAAs (75-92% of the di-HAAs),
with the highest proportion for PPA860S.

No MIAA was detected except in raw water (several dozens of ng L™) where the concentration rapidly
decreased with increasing Br” concentrations. Low levels of MCAA decreased and low levels of MBAA

increased with the bromide concentration.
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Figure V-13: HAA evolution as a function of initial bromide concentration for the 5 samples (iodide = 63 ug L_l) a) Raw water,
b) IRA410, c) IRA958, d) TAN-1, e) PPASGOS.
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Bromine incorporation factor

As was the case for the THMs (Figure V-9), the BIF was found to initially increase linearly in function

of the Br’, the Br//DOC ratio (Figure V-14).
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Figure V-14: HAA BIF evolution for all the samples (with iodide = 63 ug 1Y) as function of a) bromide, b) bromide to DOC
ratio.

The BIF converges towards a maximum of approximately 1.6-1.7, but the BIF is skewered, because
the 3 brominated tri-HAAs — which would increased the BIF — could not be measured in this study.

The BIF was sample-specific for the 5 different waters, at each bromide level, the BIF followed the
order: Raw water < IRA958 < TAN-1 < IRA410 < PPA860S. Overall, the Br/DOC ratio seems a better

indicator than the bromide concentration for the incorporation of bromine in HAAs.
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Unlike for CHBr; (Figure V-10), while the most brominated compound measured here (DBAA) is
correlated to the Br//DOC ratio (Figure V-15), it is sample specific, with IRA958 and raw water
samples forming similar amounts of DBAA at all Br™ levels. TAN-1 and PPA860S also formed similar

amounts off DBAA.

0 50 100 150 200 250 300 350
Br-/DOC (ug mgC1)

Raw water IRA410 IRA958 @ TAN-1 PPA 860S

Figure V-15: Dibromoacetic acid evolution for all the tested samples as a function of bromide to DOC ratio.

While CHBr; levels were higher in the order: Raw water < IRA958 < TAN-1 < IRA410 < PPA860S, DBAA
was formed higher in the order IRA410 < TAN-1 = PPA860S < IRA958 ~ Raw water, which is also
different to the BIF order for di-HAAs: Raw water < IRA958 < TAN-1 < IRA410 < PPA860S.

5.2. Increasing iodide concentrations

The same experiment has been performed with increasing iodide concentrations (at 0.06, 0.5 and
2 uM, corresponding to 7, 63 and 254 pg L™"). The concentration of bromide was kept constant to the

minimum background level possible (228 pg L ™) (Figure V-16).
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For all waters, the I-THM concentrations increase as the initial iodide concentration is increased.
Interestingly the speciation amongst the monoiodinated THMs did not vary much with the iodide
concentration for each sample, but for a slight increase in importance of the brominated species. At
high iodide concentrations of 63 and 254 pg L™, in addition to the three monoiodinated THMs, some
traces of CHClI, (mostly < 10 ng L") were detected in all the samples. No CHI; was detected which is
in agreement with a study by where much higher amounts of iodide were needed
to form a substantial amount of CHIs.

The rate of increase is not the same for all waters (Table V-11). Thus, the correlation which seemed
to exist between the initial iodide concentration and the I-THM formation for the waters with iodide
spiking (Figure V-7) does not exist here after spiking, with different iodide levels in each water
despite identical initial iodide concentrations (7, 63 or 254 pg L™). In addition, the ratio between the
formation of I-THMs in the raw water and each treated water varies in function of iodide
concentrations. In fact, this ratio decreases greatly for IRA410 while it increases for TAN-1 and to a

lower extent for IRA958 and PPA860S.

Table V-11: I-THM raw water/I-THM treated water.

lodide (ugL") | IRA410  IRA958 TAN-1  PPAS860S

7 19.0 2.89 7.85 4.31
63 16.0 3.74 8.47 3.01
254 9.49 4.26 14.3 5.72

Considering the THM4 for the raw water in this study, a slight decrease was observed with the
increasing concentration of iodide (a decrease by 13% at 2 uM of iodide compared to 0.06 uM).
However, the initial iodide concentration has no impact on the THM4 for all resin samples
(Figure V-17). also found no impact of adding 2 uM of iodide to some raw waters

on the THM4.
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Figure V-17: THM evolution as a function of initial iodide concentration for the 5 samples (bromide = 228 ug L'1) a) Raw
water, b) IRA410, c) IRA958, d) TAN-1, e) PPASG0S.
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Another way to visualize the impact of iodide on I-THM formation is to use the iodine incorporation

factor (Figure V-18).
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Figure V-18: Evolution of the IIF with a) the initial iodide concentration (for a constant initial bromide concentration of
228 ug L'l) and b) the initial bromide concentration (for a constant initial iodide concentration of 63 ug L’l).

The iodine incorporation factor increases with the initial iodide concentration and decreases with
increasing initial bromide concentrations (Figure V-18). The different water samples do not follow
this trend in the same way, with the water treated by TAN-1 having the highest IIF amongst treated
waters at a low initial iodide concentration (7 pg L™) but the water treated by PPA860S giving the
highest IIF for iodide concentrations equal or above 63 pg L™, regardless of the level of spiking with

bromide.

6. Correlation between THMs and HAAs

6.1. The bromine substitution factor

To assess and compare the impact of bromide on halogen speciation of DBPs, the bromine
substitution factor (BSF) (Hua, Reckhow, and Kim 2006) was calculated for each DBP class and
subclass studied (THMs, di-HAAs, HAAs), according to equations (1), (2), and (3) respectively. This
corresponds to the normalization of the BIF parameter calculated previously and is useful in order to

compare different compounds.
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Eq. 1

Eq. 2

Eq.3

BSF (HAAs) =

[MCAAl+[MBAA)+2+([DCAA]+[BCAA]+[DBAA))+3+[TCAA]

The molar concentrations were used and the BSF values can vary from 0 (fully chlorinated) to 1 (fully

brominated) neglecting the iodinated compounds. The Figure V-19 presents the relationship

between the incorporation of bromine into THMs and HAAs and di-HAAs from all the data acquired

for the different bromide and iodide levels and for the different resins.
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Figure V-19: Relationship between BSF for THMs and a) BSF for HAAs (7 HAAs), b) BSF for di-HAAs.

The similar BSFs for THM4 and di-HAAs (not presented) indicates that, for both DBP classes, their

organic precursors have similar affinities for reaction with bromine or chlorine. The high linear

correlation between the BSF for di-HAAs and the BSF for THMs (r> >0.99, Figure V-19) demonstrates

that di-HAAs and THMs had the same bromine substitution, which agreed with previous studies (Hua

et al. 2006; Hua and Reckhow 2012; Tan et al. 2016; Hong et al. 2017).
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6.2. Statistical analysis

The relationships of the DBP classes and individual DBP species for all the samples (n=33) were
examined by the Pearson correlation coefficient (r), and the statistical significance verified by the
two-tailed paired-samples t-tests (Table V-12). The following correlations are considered statistically

significant (p <0.05).

Table V-12: Correlation between various THMs and HAAs.

MCAA MBAA DCAA BCAA DBAA TCAA CHCl; CHBrCl, CHBr,Cl CHBr; di-HAAs  HAAs

MCAA

MBAA -0.22

DCAA 0.55 -0.55

BCAA 0.59 -0.04

DBAA -0.34 0.95 -0.59

TCAA 0.44  -0.49 0.98

CHCl, 0.45 -0.56 096 046 -0.58 0.97

CHBrCl, 0.54 -0.50 087 081 -0.50 0.80 0.80
CHBr,Cl -0.06 0.65 -0.34 043 0.71 -0.34

CHBr; -0.49 0.89 -0.64 -0.35 093 -0.53

di-HAAs 0.28 0.50 036 0.74 051 035 0.43 0.60

HAAs 0.48 0.04 0.79 0.78 0.02 0.78 0.73

THMs -0.15 0.75 -0.07 0.27 0.81 0.05 -0.02 0.00 0.67 0.73 0.81 0.52

6.2.1. THMA4 vs. di-HAAs

As the brominated tri-HAAs were not measured in this study, THMs and HAAs cannot be correlated
(R? = 0.10, not presented) when spiking with bromide as the weight of the HAAs is underestimated,
except perhaps for the lowest bromide concentrations (R* = 0.95, not presented). When comparing
THMFP and di-HAAFP, a relatively strong correlation was found (Table V-12), but poorly linear
(Figures V-20a) and b)), due to the increase in total THM concentration at higher initial bromide
concentration, while the di-HAA concentration remains approximately the same, hence increasing
the ratio of THMs to di-HAAs. Thus THMs are a poor surrogate for HAA formation in De Blankaart

waters treated by different resins when increasing the initial bromide concentration.
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Figure V-20: Correlation between THMSs and di-HAAs for all samples a) in mass concentrations, and b) in molar

concentrations.

6.2.2. Other correlations

6.2.2.1. Between individual HAAs

In this study, TCAA and DCAA were produced at roughly the same concentrations (at a ratio of

approximately 1, Figure V-21), which is slightly surprising since previous studies have suggested

that DCAA and TCAA may have different precursors and reaction pathways (Hua and Reckhow 2007,

Hong et al. 2009; Zeng and Arnold 2014; Hua et al. 2015). The good correlation between TCAA and

DCAA in this study may be due to the use of the same raw water, with more or less equal removal of

the different TCAA and DCAA precursors for each resin. Although, the repetition of experiments at

different halide levels on the same 5 waters could artificially increase the correlation.
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Figure V-21: a) Correlation between TCAA and DCAA for all samples b) Correlation between TCAA and DCAA for IRA410 and

© 2019 Tous droits réservés.

PPAS860S.
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When looking into more details, the curves were not quite linear for TCAA to DCAA ratio for raw
waters and IRA958, with the ratio increasing towards the formation of TCAA for concentration
higher than 10 pg L™, i.e. for increasing bromide concentrations (Figure V-21a)). For IRA410 and
PPA860S, the TCAA to DCAA ratio remained the same for all samples (Figure V-21b)). This
difference can be explained by the influence of the Br//DOC ratio with increase in the ratio for

the lowest Br /DOC.
6.2.2.2. Between individual THMs and individual HAAs

In a previous study, the more brominated THMs (bromoform and dibromochloromethane) were
those found with the highest predictive capacity, fully or partially, explaining the concentrations of
eight of the nine HAAs examined, including chlorinated HAAs such as DCAA (Villanueva et al. 2003).

While the correlation between CHCl; and TCAA was not strong (r = 0.658) (Villanueva et al. 2003).
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Figure V-22: Correlation between individual THMs and individual HAAs: a) CHCl; and DCAA, b) CHCI; and TCAA, c) CHBrCl,
and DCAA, and d) CHBr; and DCAA.
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In this study on the other hand, the best THM predictor for several chlorinated HAAs was chloroform,
with CHCI; highly correlated to TCAA and DCAA (r > 0.9, Figure V-22). CHCl; and TCAA in particular
were linearly correlated (Figure V-22b)), especially in non-spiked waters (r> = 0.998, not presented),
indicating possible common precursors

The difference between both studies lies on the fact that analysed different
raw surface water samples without spiking with bromide, whereas this study used the same source
but treated by different resins before halide spiking. The brominated tri-HAAs would be expected to
be better correlated to bromoform and dibromochloromethane, in particular for
dibromochloromethane and dibromochloroacetic acid for which found the

highest correlation.

7. Conclusion

The raw water sample contained a mixture of hydrophobic and hydrophilic compounds, while the
treated waters contained mainly hydrophilic compounds, which explained the reduced formation
potentials in THMs and HAAs.

It can be observed that IRA410 is overall the best resin, followed by PPA860S in terms of UV254
absorbance, DOC and SUVA254 reduction. The IRA410 resin decreases about 70% of UV254, which
can be attributed to the aromatic NOM fraction. The DOC is reduced by 41% and the reduction of
SUVA254 is at 62%. However a major part of the practical exchange capacity of the resin goes to the
unwanted removal of sulfate (> 64%), whereas only 10-19% is used effectively for DOC removal.
Additionally an improvement of the regeneration of the resins is required if the IRA410 is to be used
in the full scale plant, as the chloride concentration in the treated water exceeded the drinking water
limit.

The only resin for which the treated water did not exceed the chloride concentration limit was the
PPA860S resin. However, while the formation potential tests showed IRA410 and PPA860S as the
best resins for reduction of THM and HAA formation, PPA860S is not as good at reducing the
formation potential for I-THMs and care should be taken if the iodide concentrations increase in the

source water in the future.
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General conclusion

As part of the DOC2C’s project, the objective of this work was to assess the formation of DBPs in the
2 seas area, by looking at the benefits of DOC removal by the different treatments of surface waters
used by the project partners on DBP formation and speciation.

The review on the fate of iodide in drinking water treatment gives a comprehensive overview of the
potential formation of reactive iodine species during oxidative water treatment of iodide-containing
waters with various oxidants and their reaction with dissolved inorganic and organic compounds.
lodine reactive species are similar to chlorine and bromine in terms of speciation, mechanism of
reaction or NOM incorporation. The main difference is the possible formation of iodate, safe end-
product during chlorination. The fewer available rate constants do not allow a solid conclusion in
terms of reactivity, which however appears generally to be intermediate between chlorine and
bromine. The iodinated disinfection by-products are favored by chloramination process compared to
chlorination due to the impossible formation of iodate by chloramines. Overall it remains difficult to
compare occurrence and speciation of I-DBPs in real waters due to the lack of occurrence studies
which also measure all the main parameters which can influence the incorporation of I (the oxidant
type, I, Br and NOM concentrations, NOM type, solution pH as well as ammonium concentration). A
better understanding would enable better mitigation of |I-DBP formation, especially through
processes which favor the formation of iodate, in particular controlled ozonation without formation
of bromate or applying a substantial pre-chlorination contact time before chloramination. This is
especially important as I-DBPs are known to have generally higher toxicity than their chlorinated and
brominated analogues. lodoacetic acid and iodoacetamids exibit particularly strong cytotoxicity.
During this PhD, the analysis of DBPs has been set up at the LASIR laboratory, 2 headspace-trap gas
chromatography methods were developed: one for the 10 trihalomethanes — with a focus on
iodinated species — and one for the haloacetic acids. Low detection limits were achieved compared to
previous gas chromatography methods. Both methods have the main advantage of directly analysing
water samples without any extraction required. The method for the THMs is simple, fast, and
without the use of toxic solvents. The method for the HAAs, while effective, is constricted by time, as
the analytes degrade relatively quickly in a water matrix. Additionally the 3 brominated tri-HAAs —
are not measurable by this method. This method was not suitable for the analysis of haloacetonitriles
nor haloacetamides, then, a new multimode injector (MMI — Multimode Inlet — Agilent) has been
purchased to be set up on the recent GC-MS-MS instrument. The implementation of a temperature
ramp on the injector will enable a better separation of these early eluters and will avoid any thermal

degradation.
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Two DBPFP studies were done in 2018 on a drinking water treatment plant in Belgium, belonging to
De Watergroep, one of the partners of the DOC2C’s project. The first study performed on samples
taken from the full scale treatment plant give some valuable information on the relation between
DBP formation and the removal of NOM fractions during the different steps of water treatment at
this plant. Monitoring of iodine and inorganic iodine species showed very high conversion of iodine
into iodate certainly due to the relatively high bromide level which catalyzes iodate formation. A
degradation of organic iodinated compounds is observed in this water treatment plant with a larger
formation of iodate compared to iodide levels in the raw water. Relative cytotoxicity estimations
support the importance of inclusion of HAAs in the future European regulation considering their
higher toxicity — despite their lower concentrations in the final waters of this treatment plant, their
different behavior and formation compared to THMs presently used as a surrogate for all DBPs.

The second study, comparing four ion-exchange resins in terms of disinfection by-product precursor
removal, showed low DOC removal compared to the literature, due to high competition with
inorganic anions such as sulfate. Reductions in THM and HAA formation potentials based on 24-hour
tests were higher and followed the same trend. Only one resin had chloride concentrations in the
treated waters lower than the European limit. However, despite being one of the two best resins for
THMFP and HAAFP reduction, this resin was not as effective for -THM removal and care should be
taken if the iodide concentrations increase in the source water in the future.

In addition to what is presented in this manuscript, a substantial work has been performed in
collaboration with Victoria Hawkes for her Master Thesis from the University of New Hampshire
“Mechanism of by-product formation from different water matrices by chlorination and
chloramination” (Sept. 2019). DBPFPs have been determined on waters from the drinking water
treatment plant of Bangui (Central African Republic). This study showed that the treatment line,
while quite old, removes efficiently the high molecular weight fractions of DOC and that the
maximum formation of disinfection by-products is moderate in the treated water, demonstrating
that the distributed water would certainly respect the drinking water guidelines in terms of
disinfection by-products. Finally, DBP formation potentials have also been determined on a drinking
water resource in Northern France which showed a substantial presence of iodide (32.8 pg L™) and
the formation of iodoform which is rarely shown in the occurrence studies. The implementation of
the nanofiltration process on this water source in Summer 2019, originally to reduce hardness, will
also permit to deliver a water of a better quality in terms of disinfection by-products, taste and

odours to the consumers.
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