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Summary

lodinated X-ray contrast media (ICM) are a groupenferging contaminants which have been
detected at elevated concentrations in the aqeattdonment. These compounds are excreted
unmetabolized into hospital wastewater, and evdlgtireated at wastewater treatment plants
(WWTPs). The removal of ICM in WWTPs has not beenyweffective and therefore the ICM

enter the aquatic environment via WWTP effluentckésges. Research has investigated the
removal of selected ICM via abiotic and biotic preses, however limited work has attempted to

determine the fate of these compounds once reléaiethe environment.

This thesis investigates the biotransformation ofirf selected ICM (diatrizoate, iohexol,

iomeprol, and iopamidol) in aerobic soil-water asediment-water systems as well as in
different environmental matrices. lohexol, iomepeoid iopamidol were biotransformed to
several TPs in the aerobic batch systems, whilbiotnansformation was observed for the ionic
ICM, diatrizoate. In total 34 biotransformation duzts (TPs) of the three non-ionic ICM were
identified. The combination of semi-preparative KIRUV, hybrid triple quadrupole-linear ion

trap mass spectrometry (Qg-LIT-MS) was found toabeaccurate approach for the structural
elucidation of ICM TPs. The ICM TPs resulted ircrobial transformation occurring at the side

chains of the parent ICM, with the iodinated aramahg unmodified.

Biotransformation rate constants were calculatedte parent ICM in different batch systems
and it was found that zero-order reactions couldubed to explain the biotransformation
observed in the different aerobic systems. Lowée cdnstants were reported for iopamidol
compared to iohexol and iomeprol. The slower bimtformation of iopamidol could be related

to the increase in steric hindrance of brancheddwydated side chains of iopamidol. The
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elevated concentrations of iopamidol detected &l emvironmental samples correlates well to

the slow transformation observed in the aerobictbaystems.

Based on the chemical structures and the sequdnte mrmation in the batch systems three
reactions types were suggested which could be nsgde for non-ionic ICM biotransformation.
It appears that that the primary hydroxylated mesetare oxidized first, followed by
decarboxylation and cleavage of the N-C bond {leacetylation and removal of hydroxylated

propanoic acids). The microbial transformatiorhpatys were proposed for all three non-ionic.

A LC tandem MS method was developed to investitfadeoccurrence of the identified TPs in
WWTPs, surface water, groundwater and drinking wétevas found that up to 80% of iohexol,
iomeprol and iopromide could be transformed dubigogical treatment in WWTPs resulting
in the formation of ICM TPs. Minimal removal was seloved for diatrizoate as well as
iopamidol. ICM TPs were also found in surface w&i@ concentrations > 100 ng/L for some
TPs (i.e. iomeprol TP687 and TP629). In additstaple TPs were formed during soil passage
and bank filtration, suggesting a potential remayation for the parent ICM, but resulting in the
formation of stable TPs. The presence of theselestdBs in groundwater or ground water
influenced by surface water is of concern if thesger resources are use for drinking water
production. Samples collected from selected dnigkwater production facilities show that
certain ICM TPs are not effectively removed by #lolation, sand filtration, ozonation and in

some cases GAC filtration.

The results presented in this thesis provide ampleaof how important it is to investigate the
fate of compounds when assessing the environmeistal For the case of ICM, the parent

compounds were not found at high concentratiomawnwater or treated drinking water, but the

12



formation of stable TPs resulted in contaminatibrgrmundwater and drinking water supplies.
The impact of these TPs in drinking water supplesiot currently known, but in order to
provide a comprehensive risk assessment of ICM,shiBald be considered to some extent when

determining the risk.
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1 General Introduction

1.1 lodinated X-ray Contrast Media (ICM)

X-ray contrast media, also referred to as radiopaggents or diagnostic aids, are a class of
pharmaceuticals used for the imaging of internglaos, blood vessels and soft tissues during
radiological and medical diagnostic proceduresgPéand Barceld, 2007). The main objective of
contrast media is to effectively absorb X-radiatiand therefore enhance visualization between
internal structures of interest and the surroundisgues during diagnostic testing (Christiansen,
2005). As earlier as the 1930s it was discoveratitdine, having a high electron density, could
be attached to aromatic rings to produce stablepoaomds for use as diagnostic agents
(Wallingford, 1953). In the 1950s, the first tridioated benzene derivatives, also known as

iodinated X-ray contrast media (ICM), were introdd¢Wallingford, 1953).
1.1.1 Consumption and Application of ICM

Currently, iodinated X-ray contrast media (ICM) #ne dominant contrast media used in human
medicine. By weight, these radiological agentstheemost frequently used pharmaceuticals in
hospitals (Hirsclet al. 2000), and are reported to be the most widely ygeamaceuticals for
intravascular administration (Christiansen, 200biséti et al. 2008). A 2003 publication by
BLAC (Bund/Landerausschuss fur Chemikaliensichérheeported the consumption of
diatrizoate, iomeprol, iopamidol, and iopromidebt approximately 60669, 83377, 42994 and
64056 kg/a, respectively, in Germany (BLAC, 2003)e worldwide consumption of ICM has
been reported to be approximately 3.5 ¥ k@/a (Pérez and Barcel6, 2007). It has been
estimated that 600 million X-ray examinations asaducted on an annual basis, with 75 million

of these tests involving the application of cortrasdia (Christiansen 2005).
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ICM can be used in a number of different diagnostiedical procedures. Some of the most
common applications of ICM include: computerizedntgraphy (CT) for head and body
imaging, angiography of the cardiovascular systemrepral and peripheral arteriography,
coronary arteriography, aortography), venographyelography (lumbar, cervical and thoracic),
and urography (Steger-Hartmaehal. 1999; Dooley and Jarvis, 2000). In addition, ICM ¢z
used in the examination of the gastrointestinattirahoulder and knee joints, and female
reproductive organs. In most cases, ICM are injeatéravenously or intra-arterially, but can
also be administered by the intrathecal (spinaébaor oral route. ICM are administrated at high
concentrations and large volumes, which can resudt single dose containing up to 200 g of
active substance or approximately 100 g of iodisteder-Hartmannret al. 1999). The
formulations of common ICM approved for use in Eag@nd North America can vary between
140 mg iodine/mL up to 370 mg iodine/mL with poésilinjection volumes up to 200 mL
depending on specific use (Gallatti al. 1994). It can be expected that the consumptid& bf
will continue to increase as the medical professiwove towards early screening tools and

examinations for proper diagnosis of health proslexperienced by individuals.

1.1.2 Physical and Chemical Properties

Most ICM are derivatives of 2,4,6-triiodobenzoicichcand therefore have a simple basic
structure of three iodine atoms attached to an atioming. The functional groups at the other
ring positions make each ICM distinct, in addittonincreasing water solubility, hydrophilicity,

and lowering the chemotoxicity and osmolality ofigjection solution (i.e. minimizing adverse
reactions) (Christiansen 2005). ICM have a rel&givegh molecular weight (600 to 1300 Da)

compared to other pharmaceuticals. They have beesaridbed as chemically inert, and have
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shown limited biodegradability in short-term degahdn experiments (Steger-Hartmaenal

1999; Steger-Hartmaret al.2002).

Commercially available ICM are usually categorizgdfour types: ionic monomers, non-ionic
monomers, ionic dimers, and non-ionic dimers. (hilye most of the contrast media available
on the market are non-ionic monomers, which halener frequency of adverse reactions in
patients. In fact, non-ionic ICM are at least atdaof 5 less toxic than the ionic ICM (Steger-

Hartmannet al. 2002; Christiansen, 2005).

The difference between ionic and non-ionic ICM &séd on the functional groups attached to
positions 1, 3, and 5 of the aromatic ring. lon€M, such as diatrizoate, ioxaglic acid,
iodipamide and iothalamic acid, have side chainth wne or more free carboxylic moieties
attached to the iodinated aromatic ring. lohexoimeprol, iopamidol and iopromide are
examples of non-ionic ICM, and have hydroxylateddmriunctional groups as their side chains.
The non-ionic ICM usually have two identical sideams resulting in a divalent structure

(Christiansen, 2005; Pérez and Barcelo, 2007).

The chemical structures and physicochemical prggsefor five common ICM (diatrizoate,

iohexol, iomeprol, iopamidol and iopromide) are soanized in Table 1.1.
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Table 1.1: Chemical and physical properties ofaebbiodinated X-ray contrast media

Compound

Structure LogKy

pKa

LOgKow

Molecular Weight
(g/mol)

Diatrizoate

(ionic monomer)

CAS no.
117-96-4

[ [
o CHs

-3.76"Y
).L NH/&O

Hye” SN

3.4Y

1.3%

613.95"

lohexol
(non-ionic
monomer)

CAS no.
66108-95-0

OH

0 NH\//l\\/,OH

|
H
HO MH OH
M
;\ | 0
HO” O CH

-3.08?

821.18Y

lomeprol
(non-ionic
monomer)

CAS no.
78649-41-9

H
o NH\/ji\J,OH
\\/ji\tjééigl:ﬂ/ H\/:Ei,/ w7
HO N OH
I
CH 0

2.79Y

777.08)

lopamidol
(non-ionic
monomer)

CAS no.
60166-93-0

o NH-_[j“\OH
!

CH

N -3.90Y
COH
o \I:T\\

CH

|
HaC
3 wJ\NH
OH

-2.43?

777.08)

lopromide
(non-ionic
monomer)

CAS no.
73334-07-3

CHs
|

Hy OH
0 N\\/,L\\/,OH
[ |
0 OH
O\W/JL\ Nﬂ\//L\¢,OH
Hat”” NH
0

-2.33%
-2.08%

791.1%

B Ternes et al. 2007 ChemlIDplus, United States National Library of Mzde, http://toxnet.nim.nih.gov/cgi-
bin/sis/htmlgen?CHEM?® Steger-Hartmann et al. 2002Syracuse SRC Interactive PhysProp Database.
http://www.syrres.com{accessed May 24, 2010)
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1.1.3 Pharmacokinetics

In contrast to most pharmaceuticals, ICM are netgieed to have a specific therapeutic activity.
These compounds are metabolically stable and amenated quickly from the human body
(Ternes and Joss, 2006; Pérez and Barceld, 200&)average half-life time of ICM in the body
was estimated to be approximately 2 h based onsemignd consumption data of selected ICM
in a hospital in Switzerland (Weissbraettal. 2009). In most cases, > 90 % of the administered
dose is recovered unmetabolized in the urine witkdh h (Steger-Hartmanet al. 2002;

Christiansen, 2005; Weissbraettal. 2009).

Following intravascular injection, ICM are mixedtlvithe circulating plasma volume, and can
cross blood vessel walls into the extracellularcepdn most cases, the ICM do not enter cells,
which eliminates the possibility of ICM undergoiegtensive human metabolism (Dooley and

Jarvis, 2000; Christiansen, 2005).

In general, there are very few adverse reactionserold in patients administered ICM.
However, the high doses applied may result in rgusemiting, fever and different skin
reactions. In addition, renal impairment, severi@a gkuptions and anaphylactic reactions in the

cardiovascular and respiratory system may resub(@ and Jarvis, 2000; Christiansen, 2005).

1.2 Sources of ICM

It has been well documented that the major pointees of ICM entering the domestic sewage
system, and indirectly the aquatic environment,veastewaters from hospitals and radiological
clinics. Gartiseret al (1996) found elevated concentrations of absogbabfganic halogens

(AOX) in hospital wastewaters. When comparing tlhasumption of several pharmaceutical

products, it was found that ICM represented a dantiproportion of the AOX load in hospital
18



wastewaters. Other studies have shown that thedagbentrations of absorbable organic iodine
(AOI) in hospital and clinical wastewater can batlyaexplained by the presence of ICM
(Dreweset al. 2001; Putschevet al. 2001). Therefore, one can assume that the renggainin

amount of AOI is represented by metabolites amusfaamation products.

The fluctuation of the AOI loads in hospital wastegr and wastewater treatment plants
(WWTPs) receiving wastewater from hospitals coroesjs well to the consumption pattern of
ICM. Higher loads and concentrations of ICM haverbeletected in samples collected from
hospital wastewaters and municipal WWTPs on weekdaynpared to weekends (Ternes and
Hirsch, 2000; Drewest al. 2001). In contrast to other emerging contaminahts)oads of ICM
entering the WWTP and therefore the aquatic enwiem fluctuate over a week with
concentration peaks occurring Monday to FridaysTdan be explained by the fact that ICM are
applied sporadically at high doses for relativaw fpatients, and most radiological examinations
take place in hospitals and clinics predominatelyneekdays (Joss al. 2006; Ternes and Joss,

2006; Weissbrodt al 2009).
1.3 Analytical Methods and Instrumentation

The application of liquid chromatography tandem snapectrometry (LC tandem MS) has
become the analytical tool of choice for the detaation and quantification of pharmaceuticals,
personal care products, and other emerging poanic compounds in agueous environmental
samples. Therefore, it is not surprising that L@diem MS has been used extensively in
investigating the presence of ICM in different eowmental samples (Santesal. 2010). The

application of solid phase extraction (SPE) cage®l has been effective in removing matrix

components, and extracting ICM in complex environtaesamples. However, some published
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LC tandem MS methods developed for ICM have omitteluse of SPE for sample clean-up
and extraction (Seitz et al. 2006a). Although,ah@unt of time required for sample preparation
was reduced and matrix effects for the ICM were townoderate, the sensitivity of the method

decreased significantly by omitting a sample extioacstep.

One of the first analytical methods published fatedmining the presence of ICM in the
environment was reported by Hirsehal. (2000). The authors developed a method usingtksolu
ENV+ cartridges and LC tandem MS with electrospamyzation (ESI) for the detection of eight
ICM in aqueous samples. A similar analytical methods applied for investigating the
occurrence and fate of ICM in WWTPs and surfaceergafTernes and Hirsch, 2000). Putschew
et al. (2000) also developed a LC ESI MS method for aeiteing the presence of selected ICM
in aqueous environmental samples, but different 8&fidges (LiChrolut EN and Envi-Carb
cartridges) were selected to achieve a more efficéxtraction. Recently, Busett al. (2008
and 2010) developed a method using direct injecti@Gntandem MS for quantifying selected
ICM in aqueous samples, however the authors repddeer sensitivity compared to other

methods.

Sacheret al. (2005) validated an analytical method for meagusix ICM in water samples by
coupling ion chromatography and inductively-coupt¢aisma mass spectrometry (IC-ICP-MS).
When comparisons were made between the use of FeMS and LC tandem MS, higher
sensitivity and specificity were found for the &attHowever, the IC-ICP-MS method had the

advantage of no sample clean-up, and iodate amdei@duld be measured concomitantly.
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1.4 Occurrence of ICM in the Environment

The application of LC tandem MS instrumentation baen intensively used to determine the
presence of ICM in different environmental samplése concentrations of selected ICM in
different environmental samples are been summarizeétiable 1.2, and are also reported by
Santoset al. (2010). ICM can be detected at concentrationspd/Q, and are found throughout
the urban water cycle. In comparison to other plaaeuticals, these particular organic
contaminants are found at higher concentrationd, Gam be explained by their high stability
during different treatment processes as well agutall removal processes (i.e. riverbank

infiltration).
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Table 1.2: Concentrations [ug/L] of Selected ICMDiffferent Environmental Matrices

ICM WWTP influent WWTP effluent Surface water Groun dwater Bank filtrate Drinking water Reference
Diatrizoate 1.14 0.11;0.14 0.06 Hirsch et aD@
lomeprol 2.06 0.04
lopamidol 0.59 0.30; 0.18 0.07
lopromide 3.07 0.15 0.04
3.3 4.1
_— Ternes and Hirsch
Diatrizoate 0.25 (median); 0.23 (median); 0.03 (median); 2000
8.7 (max.) 100 (max.) 0.17 (max.)
1.6 1.3
lomeprol 0.37 (median); 0.10 (median);
3.8 (max.) 0.89 (max.)
4.3 4.7
lopamidol 0.66 (median); 0.49 (median); 0.16 (median);
15 (max.) 2.8 (max.) 2.4 (max.)
7.5 8.1
lopromide 0.75 (median); 0.10 (median); <LOQ (median);
11 (max.) 0.91 (max.) 0.21 (max.)
6 - 8
Diatrizoate 13-15 (1r%ce|vmg _ channeél) Putschew et al. 2001
(lake)
2
lohexol 7 (receiving  channel)
0.5
(lake)
8.5 - 11
lopromide 20-21 (Zrecelvmg channel)
(lake)
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ICM WWTP influent WWTP effluent Surface water Groun dwater Bank filtrate Drinking water Reference
Diatrizoate 0.960 (lake) 0.298 — 0.632 \?V';ti?) (raw drinking - s iviio et al. 2004
lopromide 0.860 (lake) 0.037 - 0.219 <0.02
Diatrizoate 0.13-0.44 Sacher et al. 2005
lohexol 0.03-0.09
lomeprol 0.05-0.12
lopamidol 0.09 -0.22
lopromide 0.09-0.20
_ )
Diatrizoate 5.8 0.089 0.158 Seitz et al. 20064
(median)
Y 004 — 0086 @ Seitz et al. 20068
lohexol 2.6 i
(median)
| | 6.6 0.100 - 0.168
omepro ' (median)
lopamidol 7.6 0.210? (median)
0.076 - 0.108
i )
lopromide 2.4 (median)
Diatrizoate 0.080 - 0.208 0.129 - 0.149 Seitd.2006¢
lohexol 0.106 — 0.253 0.038 — 0.040
lomeprol 0.081 - 0.092 0.081 - 0.092
lopamidol 0.307 — 0.399 0.072 - 0.098
lopromide 0.232 - 0.287 0.069 - 0.077
2%28:?0' (tertiary Trenholm et al. 2006
lopromide 0.017 ' 0.0022 0.0046 (cited in Santos et al.
2.67 (secondary
2010)
effluent)
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ICM WWTP influent WWTP effluent Surface water Groun dwater Bank filtrate Drinking water Reference

lopromide 2.63 (1.17 - 4.03) 0.134 (0.020 - 0.361) 0.143 -0.177 Kim et al. 2007
3.2 - 9.6 (wells)

Diatrizoate 3.3 3.3 Ternes et al. 2007
1.4 — 3.5 (lysimeters)

lohexol 9.0 1.0

lomeprol 10 11

lopamidol 2.3 1.9

lopromide 18 3.0

lopromide 3.7-31 1.2-7.0 0.075 Schulz e2@08

lopromide 16 - 119 018 (TP731) - 0013 (TP643) -

biotransformation

products (TPs)

(sum of TPs)

4.6 (TP701A) 0.045 (TP759)

lopromide

0.033 — 1.8 (river)
0.78 — 8.1 (creeks)

Yoon et al. 2010
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1.4.1 Wastewater Treatment Plants (WWTPS)

A number of studies have investigated the pres@ifcgelected ICM in wastewater samples
collected from various treatment facilities (Terreasd Hirsch, 2000; Putscheet al. 2001;
Busettiet al. 2010; Yoonret al. 2010). The limited removal of ICM during wastewateatment
has been intensely investigated (Ternes and Hi2@b0; Carballaet al. 2004; Carballaet al.
2007), and can be attributed to the high stabéiyg hydrophilic properties of these compounds.
In most cases, maximum concentrations in influent @éfluent samples have been greater than 1
pa/L for commonly applied ICM (Hirscht al. 2000; Ternes and Hirsch 2000; Putschetval.

2001, Carballaet al 2004).

Some results have shown that certain ICM can bectkly transformed (> 80%) during
wastewater treatment (Ternesal. 2007). lohexol, iomeprol and iopromide were eliated by
80 to 90% in a conventional German WWTP. The higdge retention time (SRT) of 12 — 14 d
could be responsible for the increase in removiitiency of iopromide since it allows more
time for the slow-growing bacteria to transform degrade the ICM during activated sludge
treatment (Batet al. 2006). The high removal efficiency was not obseéri@ diatrizoate or
iopamidol with elimination reported to be 0% andd, #espectively (Ternest al 2007). Clara
et al. (2005) reported that iopromide was not detectedaimples collected from a membrane
bioreactor (MBR) pilot plant with high SRT and hgdfic retention time s (HRT). However, it
was detected in wastewater samples collected fraancbnventional WWTPs operating at low

SRT and HRT.
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1.4.2 Surface Water

The concentrations reported in surface waters, lynast river water, were lower than the
concentrations reported in WWTPs, however, conasiotrs were still found above 1 pg/L.
Since WWTPs are an important source of ICM contation in the aquatic environment, it is
not unexpected that higher concentrations of ICMfaund downstream of WWTP discharges
(Seitzet al. 2006b; Yooret al. 2010). For example, higher concentrations ofridiadite, iohexol
and iopromide were detected in a channel direatigeiving WWTP effluent compared to
concentrations detected in a nearby lake (Puts@teal: 2001). Other studies have shown that
higher percentages of wastewater effluent in serfaaters results in higher concentrations of

ICM (Ternes and Hirsch, 2000; Sedral. 2006b; Yooret al.2010).

1.4.3 Groundwater and Bank Filtration

The presence of ICM in groundwater and at bankafittn sites has been studied, but to a lesser
extent compared to other matrices. Sa@tel. (2001) investigated the presence of four ICM in
groundwater as part of a groundwater well monigrprogram in Germany. lopamidol was
detected in five wells with a maximum concentratodrd.3 pg/L, while diatrizoate was detected
in 21 wells with a maximum concentration of 1.11lugrhe authors concluded that the presence
of ICM in groundwater is due to the indirect oredir input from WWTPs, and mostly likely
groundwater is influenced by surface water to aagerextent. Ternes and Hirsch (2000)
reported a maximum concentration of 2.4 pg/L f@aimidol in groundwater samples, and lower
concentrations for diatrizoate and iopromide. Skbiet al. (2004) illustrated that ICM can be
removed during anoxic bank filtration. For examphegh concentrations (> 0.8 pg/L) of

iopromide and diatrizoate in lake water were redues water passed through the soil.
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Concentrations detected in the observation wellsr 00 m from the lake were 0.298 pg/L
(diatrizoate) and 0.045 pg/L (iopromide), and im raater used for drinking water purposes
concentrations were below 0.2 pug/L. The concemmatif AOI was eliminated by 64% during
anoxic bank filtration, therefore suggesting pardieiodination took place in addition to

transformation of ICM to partly deiodinated organ@mpounds.

A study by Oppekt al. (2004) showed that iopromide or its TPs have & mgbility in soils,
with close to 50% of the initial amount detectedail leachate samples. The mobility of ICM in
soil raises concerns about their potential to coimate groundwater, and suggests that

significant transformation of iopromide is possildl&ing soil passage.

The presence of diatrizoate at relatively high emi@ations in groundwater wells and lysimeters
after irrigation of secondary effluent and sludgecoagricultural land, suggests this ICM is not
effectively eliminated by soil-aquifer passage (leset al. 2007). In some cases, irrigation of
treated effluent leads to contamination of grourtéwaith ICM. lopamidol was also detected a
low concentrations in groundwater wells, suggesthy stability of this nonionic ICM during

soil-aquifer passage.

When surface water and bank filtrate samples wegasored for ICM, iopromide was found to
decrease after bank filtration suggesting a paemgmoval mechanism (1.6 pg/L to non-
detectable levels). However, the same conclusioitdaaot be drawn for diatrizoate in which the
concentrations were comparable between surfacer wate bank filtrate samples (Putschetv

al. 2000).

Recently, Pattersoet al (2010) investigated the fate of certain pharmacals during the

passage of aerobic treated reverse-osmosis (R@y Wabugh an anaerobic aquifer system in
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sediment columns. lohexol was selected for theper@xents and was found to degrade slowly
under anaerobic conditions (i.e. half-life was >01d). The authors concluded that

biodegradation during soil-aquifer passage mayoootir, especially under anaerobic conditions.

The presence of ICM in groundwater samples andndubank filtration suggests that ICM
infiltrate into groundwater aquifers, and can camteate groundwater supplies used for drinking

water production (Putschest al. 2000; Oppekt al.2004; Ternegt al. 2007).

1.4.4 Drinking Water Treatment Plants (DWTPSs)

There have been limited studies focusing on thesgmee of ICM in DWTPs. However,
published research clearly illustrates that thesiarpcompounds are found in drinking water
(Seitz et al. 2006¢; Hirschet al. 2000). Seitzet al. (2006c) investigated the presence and
elimination of diatrizoate, iohexol, iomeprol, iopalol and iopromide in a German DWTP, in
which river water is used for drinking water protiac. Diatrizoate was not removed during the
various treatment steps including flocculation, Idggical removal (bio-reactor), ozonation,
granular activated carbon (GAC) filtration, anddiyorine dioxide disinfection. Flocculation as
well as biological removal did not have an impanot rn-ionic ICM elimination. However,
removal of the non-ionic ICM was observed duringration as well as GAC filtration. The
non-ionic ICM were transformed by 46% to 85%, wathaverage of 30% removal by ozonation,
and 50% by GAC filtration. Comparable results walserved for the removal of iopromide in a
DWTP in South Korea which used lake water for dngkwater production. The authors
reported coagulation and ultra-filtration were redtective, but GAC filtration resulted in

concentrations below the limit of quantificationdQ) (Kim et al. 2007).

28



1.5 Impact of Chemical and Biological Processes ¢8M Removal

Numerous studies have focused the elimination M hen applying various abiotic and biotic
processes. In addition, few studies have invesityathat intermediates and products are formed

from the application of these processes.
1.5.1 Chemical Treatment

The elimination of ICM by ozonation and advanceddation processes (AOPs) has been
investigated. In general, ICM were more resistant dxidation compared to other
pharmaceuticals (Ternest al. 2003). Oxidation of ICM did not result in minetation
suggesting the formation of oxidation products (JOf8ng et al. 2007; Putschewet al. 2007;
Ning et al. 2008; Seitzet al. 2008). In some cases, the application of ozong & a possible
treatment option for the removal of selected ICMsweéfective. The actual mechanism of how
ICM are degraded by ozone and AOPs is not completetlerstood, but it has been suggested
that a direct reaction of moleculag @ith ICM is unlikely, and therefore ICM are attackby
OH radicals (Hubeet al. 2003; Hubeet al. 2005; Ninget al. 2007; Seitzt al. 2008). This non-
selective oxidant probably attacks the iodine-cartbmnd resulting in partial or complete
deiodination of the ICM. The deiodinated ICM isrhaore susceptible to further degradation by

other oxidants (Seitzt al 2006b; Seitzt al. 2008; Knittet al. 2008).

Seitzet al. (2008) investigated the removal of selected ICMapplying different ozone doses.
Oxidation of diatrizoate by ozone was not effectitHowever, iomeprol and iopromide were
partly oxidized by ozone. As expected, ozonatiah mibt result in complete mineralization of

ICM, and oxidation products of iomeprol were formédtial identification of one OP showed
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that it had a molecular weight of 775 Da. The arglsuggested that this OP was the result of an

aldehyde or carbonyl group being formed on a siagncof iomeprol.

Non-ionic ICM (iomeprol, iopamidol and iopromidekgre effectively oxidized (> 80%) with an
ozone dose of 15 mg/L or the combination efHRO, and Q/UV at ozone doses higher than 10
mg/L. (Terneset al. 2003). However, diatrizoate exhibited limited adidn with only 14%
oxidized with 15 mg/L @ and 25% to 36% with £H,0,and Q/UV, respectively (Ternest al.

2003).

Huberet al (2003 and 2005) showed that ICM are not effettiegidized by ozonation in water
or wastewater samples. The oxidation of iopromideater samples was approximately 40% for
applied Q doses up to 5 mg/L (Hubet al 2003). The oxidation percentage of ICM by ozone
was found to be independent of the wastewater xndtpromide, iomeprol and iopamidol in
conventional activated sludge (CAS) effluent did react with Q doses of 0.5 to 5 mg/L. At
higher doses limited oxidation was observed fos¢heon-ionic ICM, and likely a result of non-
selective oxidation. Diatrizoate was resistant xadation by ozone, and had a relatively low

reactivity to OH radicals (Hubet al. 2005).

Studies have also investigated the transformatibriCdM by stimulated solar irradiation,
photochemical reactions (i.e. ultra-violent radiatiand hydrogen peroxide, UV4/8,) and
photocatalytic processes (i.e. use of titanium idiexand metal catalysts). Doll and Frimmel
(2003) concluded that iomeprol photodegrades lmyustited UV solar radiation. The increase in
iodide concentration and the slow decrease in Addlcentration during degradation suggested

that iodinated or partly iodinated intermediates formed. Canonicat al. (2008) showed that
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iopromide is partly removed (15%) during UV-C inaibn, and therefore this ICM can be

phototransformed during UV disinfection to a linditextent.

Pereiraet al. (2007) investigated the photolysis and UWZH oxidation of iohexol using a low-
and medium-pressure UV system. The transformatfoimlexol was less than 25% using the
low- and medium-pressure lamps as well as applywgH.0, treatment. Sprehe et al. (2001)
concluded that photochemical oxidation is a possibéchnique for decreasing AOX
concentrations and increasing the degradation patesf ICM in hospital wastewaters. ICM
degradation was observed in an UV reactor with W@H It was reported that iodine atoms

were released and partial mineralization took place

Ning et al. (2007 and 2009) investigated the removal of ICM dpnolysis (ultrasound
irradiation) by itself and in combination withs@nd HO,. The authors reported that the
application of gaseouss@ltrasound irradiation andJBy/ultrasound irradiation showed better
oxidation performance compared to only@ pure ultrasound irradiation. The oxidation ©M

resulted in an increase of iodine being releasedg Bt al. 2007).

Pérezet al (2009) investigated the degradation of iopromigeartificial sunlight. A total of
eight photodegradation products were identified nagsi ultra performance liquid
chromatography/quadrupole time-of-fight mass gmesetry (UPLC-QQTOF MS).
Photodegradation of iopromide could be explainedobhg or more of four main reactions;
deiodination, replacement of iodine with a hydroxybup, N-dealkylation of amide in the
hydroxylated side chain, and oxidation of the hygtated side chain with the methylene group

being converted to a ketone. These identified TB®®wot the same as the ones observed during
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biological degradation in activated sludge systems aerobic soil-water systems (Battal.

2006; Schulzt al 2008).

Some studies have shown that photocatalytic presemse useful for oxidizing ICM. Benott

al. (2009) showed > 70% of iopromide was oxidized irphotocatalytic reactor with UV
radiation and titanium dioxide (TR however high treatment levels were required.irAilar
result was reported by Doll and Frimmel (2004), wlkeealed that iomeprol and iopromide were
degraded with simulated solar irradiation and tyees of TiQ material. However, complete
mineralization of iomeprol and iopromide did notocbased on the concentrations of AOI and
DOC measured during the experiments. It is likdlgt tdeiodination occurred resulting in the
formation of partly iodinated degradation produ@sll and Frimmel, 2004; Doll and Frimmel,

2005).

Knitt et al. (2008) showed that reductive catalysis, a treatrpeocess using metal catalysts
(nickel and palladium) to convert hydrogen gas tomac hydrogen, results in complete
hydrodehalogenation of diatrizoate and iopromidewklver, further experiments need to be
conducted to investigate the influence of matrimiponents on the efficiency and activity of the

metal catalysts.

Zwiener et al (2009) reported that electrochemical reductiootéptiostatic electrolysis) is a
promising technique for the deiodination of ICM.e&ochemical reduction resulted in the
formation of four products of iomeprol. Three oktproducts were identified as the sequential
loss of one, two or three iodine atoms. The foymtbduct (/z 342) was proposed to be a
completely deiodinated structure with the loss ¢£@=CHOH from the non-identical side

chain of iomeprol.
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Putschewet al. (2007) and Stiebeet al (2008) showed that the use of zero-valent iroa. (i
reductive dehalogenation treatment) at a pH of @ffisctive in the removal of iopromide. The

degradation of this ICM could be explained by fostder kinetics.

Hennebelkt al. (2010) used biogenic palladium nanoparticles @i)-to deiodinate diatrizoate.
It was found that the dominant precursor ions ie #Bamples collected after removal of
diatrizoate by bio-Pd was the sequential deiodomatof diatrizoate. Diatrizoate was also
removed in bio-catalytically active membrane syste(ne. high concentration of bio-Pd
nanoparticles and polyvinylidene fluoride membranegth a removal efficiency of 77% after 2

d.

In addition to oxidation techniques, ICM can be ogad by other treatment processes including
reverse osmosis (RO). Busattial. (2008 and 2010) investigated the presence of &g¥tin a
water reclamation plant which uses microfiltratiand reverse osmosis (RO) treatment for
supplying water to industrial areas. It was fouhdttRO treatment effectively removed ICM to
below the limit of detection (LOD), with eliminatiopercentages of > 90%. This can be
explained by the high molecular weights of the IdM. RO membrane rejection), and suggests

RO treatment is an option for ICM removal.

1.5.2 Biological Treatment

Most research looking at microbial degradation ledqmaceuticals has focused on characterizing
their elimination during wastewater treatment apaged to degradation in fresh water systems
or marine environments. In either case, microbegrddation is an important removal pathway
in WWTPs as well as natural systems, especiallynndwmpounds are resistant to hydrolysis,

photolysis, and various chemical oxidation procegsainkelet al. 2008). Loffleret al. (2005)
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investigated the degradation of iopromide in labmma water-sediment systems. lopromide
showed resistance to degradation, resulting ig please of two weeks and a {gValue of 29 d.
Complete transformation occurred after 100 d ofibation and resulted in the formation of four
unknown products. Since most of the initial concaidn of iopromide was detected in the water
phase, sorption of iopromide to sediment was mihiflais correlates well to the hydrophilic
nature of ICM, and the low logKvalues estimated in activated sludge systems &llarét al.

2008; Joset al. 2006).

Schulz et al. (2008) identified 12 biotransformation productsP§) of iopromide in aerobic
water-soil systems using semi-preparative HPLC,snfiegmentation experiments, and nuclear
magnetic resonance (NMR) to structurally elucidéwe chemical structures. The TPs resulted
from modifications to the hydroxylated side chainghile the triiodinated aromatic ring

remained intact.

Batt et al. (2006) reported biodegradation of iopromide imifying activated sludge systems to
be 97 % when the nitrifying bacteria were not inmiedh, and 86% when nitrification was
inhibited in laboratory-based studies. The degiaddtalf-lives were estimated to be 20 h during
nitrification and 34 h if nitrification was inhil@tl. The authors suggested that nitrifying bacteria
(ammonia oxidizing and nitrite-oxidizing bacterg@lpy an important role in the degradation of
iopromide in activated sludge systems. These haciee slow-growing microbes and tend to be
dominant in WWTPs with a longer SRT. Two metabslit¢ iopromide were identified (i.e1/z
760 andm/z806) in the batch systems. A TP witliz 760 was detected in the batch system, in
which nitrification was not inhibited, while a TRitym/z806 was detected in the batch system

in which nitrification was inhibited.
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Josset al (2006) investigated the biological degradationaohumber of PPCPs, including
selected ICM, and estimated the degradation ratestants in batch systems with activated
sludge from two WWTPs focusing on nutrient remogiad¢. CAS and MBR facilities). The
authors classified the biodegradability in WWTPsdzh on their rate constants. For iohexol,
iomeprol and iopromide rate constants were caledlab be between 0.5 to 2.5 tsgd". The
rate constants for diatrizoate and iopamidol weoé celculated, since the lower limit was
beyond experimental resolution. The authors clessgubstances with biological rate constants

between 0.1 and 10['gsd" to be partially removed.

Lecouturieret al. (2003) investigated the reductive deiodinatiom @irecursor molecule of ICM,
5-amino-2,4,6-triiodophthalic acid. It was foundaththis compound was converted to three
metabolites (deiodinated metabolites) by an endciméxed culture sludge system performed
under anaerobic conditions. Deiodination was oolynfl to take place when an electron donor
was added (i.e. ethanol). The di-iodinated and die&ied metabolites were detected at higher
levels compared to the mono-iodinated metabolitee RButhors showed deiodination being
coupled to microbial growth, proposing that the noiiees might somehow obtain energy from
dehalogenation of certain compounds. Lecoutusteal. (2008) illustrated that the same ICM
precursor molecule can be mineralized to a greéénéxn an anaerobic-aerobic fixed-bed
reactor. As expected, deiodination of this compotguk place mostly in the anaerobic reactor
while carbon removal was higher in the aerobic tegacThe removal of iodine allowed the

aerobic microbes to degrade the deiodinated congsonnore effectively.

lopromide was removed by approximately 80 % in tabmy-conducted wastewater batch
systems (OECD 303A test), and resulted in the faomaof a “free amino” metabolite of

iopromide (Steger-Hartmanet al. 2002). The authors proposed the product was forbed
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cleavage of the N-C bond, the same nitrogen atomhich the methylene group is attached.
Further biotransformation batch experiments (iightiexposed and dark-exposed systems)
showed that the free amino product of iopromide degraded. Degradation was faster in the
dark-exposed systems with the formation of padtlinated products. In the light-exposed batch
systems degradation was slower and the free arapromide was photodegraded to deiodinated

compounds.

Both Kalsch (1999) and Hail3 and Kimmerer (2006pmenl degradation of diatrizoate, and
proposed that diatrizoate was degraded to metabahtwhich the acetyl groups were removed.
Kalsch (1999) observed degradation of diatrizoatevater-sediment systems, while Hail3 and
Kimmerer (2006) reported degradation in the Zahtiahe test system (i.e. type of activated
sludge test). Both studies reported that under spegific conditions diatrizoate is transformed,
but not completely mineralized. Kalsch (1999) aleported degradation of iopromide in

activated sludge as well as water-sediment syst@ims. metabolites were not identified, but
were different between the two systems based oretbation times during the LC analyses. The
one metabolite observed in the water-sediment systas likely the result of deiodination, due

to the increase in iodide concentrations.

Perezet al. (2006) investigated the transformation of ioproenid activated sludge systems as
well of nitrifying activated sludge systems. Thegdelation of iopromide was faster in the
nitrifying system compared to the CAS system. Thmestabolites of iopromide in the CAS
system were identified by LC ion trap MS. One priduad a molecular weight of 819 Da and
the other two products a weight of 805 Da. All thigroducts resulted from oxidation of the
primary hydroxyl groups of iopromide. In the batsiistems conducted with the nitrifying

activated sludge, a different Tinfz 760) was observed resulting from dehydoxylationaof
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secondary hydroxyl group. Schulz et al. (2008) reggba TP with an/z of 760 in water-soil
batch systems. This TP was identified as the resfilbxidative decarboxylation of the
hydroxylated side chain and not dehydroxylatiorthef secondary hydroxyl groups. However,

the same three TPs in the CAS were also detecti iwater-soil systems.

In general, limited research has tried to identifg enzymes that might be responsible for the
biotransformation observed in natural aquatic emnments as well as in activated sludge
systems. Rode and Mduller (1998) illustrated thaitevinot fungi (Trametes versicolyrare
capable of degrading diatrizoate and other trinatBd benzoates under aerobic conditions.
Three metabolites were detected in the extracelflléd of this microbe, and likely resulted
from the cleavage of C-1 bonds. The authors proghdkat initial deiodination of diatrizoate is
likely the result of extracellular peroxidases amdaccases and mostly likely a non-specific
reaction. These results show that diatrizoate cagergo reductive dehalogenation by certain

microbes.

1.6 Ecotoxicology of ICM

Currently, there is limited ecotoxicological infoatron available for ICM. The results from the
limited toxicity tests conducted for iopromide seggthat it has low toxicity towards aquatic
organisms (Santost al 2010; Steger-Hartmanet al 2002). Steger-Hartmanet al. (2002)
reported that iopromide showed no inhibition of inescence inVibrio fisheri (anaerobic
bacterium), and no growth inhibition of green alg&eenedesmus subspicgtos a bacterium
(Pseudomonas putiglavith effect concentration values (Efalues) estimated to be > 10 g/L.
Acute and chronic toxicity tests usiaphnia magnashowed the iopromide did not effect the

immobilization of these species and no significdiffierences were observed between exposed
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and control groups in a reproduction test. In addjtno mortality was reported for two fish
species,Danio rerio and Leuciscus idusgxposed to iopromide. Lethal concentrations sg.C
were reported to be > 10 g/L for these fish speeiggsed to iopromide (Steger-Hartmaatral.
2002; Santoset al 2010). Similar results were reported for a melitdof iopromide (free
amino iopromide metabolite), in which low toxiciyas reported in a growth inhibition test with
green algae, an immobilization test usgphnia magnaand an acute mortality test with zebra
fish. For an early life stage 28 d test with zefish, a no-observed-effect-concentration (NOEC)
of > 100 mg/L was reported based on four endpdirgs body weight and length, hatchability

and post-hatch survival).

Steger-Hartmannret al. (2002) conducted a screening environmental riskessnent for
iopromide, in which the risk was based on the campa of the predicted environmental
concentration (PEC) (or measured concentratiomlédowest predicted no effect concentration
(PNEC). The authors estimated a PEC to be 2 ugltl,eaPNEC of 10 mg/L, and concluded
iopromide would pose a minimal risk to the aquatiwironment based on the PEC/PNEC ratio
of < 0.0002. Busettet al (2010) and Weblet al. (2003), used a slightly different approach for
estimating the risk of ICM. Both compared the pcésti or measured concentrations to either
health based values (Busedtial 2010) or therapeutic doses (Wedthal. 2003). In both cases,

the authors indicated a negligible or low risk torfans.

Although research has focused on different treatrpeocesses to remove the ICM, and has
clearly shown that mineralization of these compauisdrare, limited information is available on
what products are formed during treatment and #te bf ICM once they have enter the
environment. In order to accurately assess the datkthese ICM in the environment,

identification of products formed during chemicatlabiological treatment is needed.
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1.7 Objectives

The overall objective of this thesis was to invgste the environmental fate of iodinated X-ray
contrast media (ICM). In particular, to investigéte biotransformation (microbial degradation)
of diatrizoate, iohexol, iomeprol and iopamidolaerobic laboratory batch systems as well as in

the environment.

A literature review Chapter 1) illustrated that hospital and radiological climigre major sources
of ICM, and their presence in wastewaters contebtiv elevated concentrations of AOI. In most
cases, ICM enter the aquatic environment via diggsof treated wastewater. Studies have
shown that ICM are not effectively removed duringstewater treatment and as a result ICM
have been detected at high concentrations in ®unfeaters. In addition, their presence in
groundwater, during bank filtration, and even mated drinking water illustrates their potential
resistance to certain biotic and abiotic proceslsegeneral, limited information is available on

the environmental fate of ICM once they have emtaguatic ecosystems.
The specific objectives of this study include:

1. To determine if selected ICM (diatrizoate, iohexmmeprol and iopamidol) are
microbially degraded, under aerobic conditionsgamtact with soil and to elucidate
the chemical structures of biotransformation prasi€Ps) of selected ICM shown

to be biotransformed in laboratory aerobic wateakisatch systemsGhapter 2).

2. To compare and characterize the differences imdnstormation of the selected ICM
in different aerobic soil-water and sediment systamich systems. In particular, to
determine the biotransformation rate constant®@fparent ICM and sequence of TP

formation for the selected ICM and the differentchasystems. Additionally, to
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propose microbial transformation pathways of théecded ICM and possible
enzymes and biochemical reactions responsible fbe tobserved ICM

biotransformationChapter 3).

3. To investigate the occurrence and fate of ICM dmeirtnewly identified TPs in
various environmental matrices (i.e. raw and tekatestewater, surface waters,
ground water and drinking water) using a recendlyefoped LC tandem MS method.
In particular, to illustrate the formation and cbas in TP composition between

different environmental compartmenGh@pter 4).
1.8 Structure of Thesis

The thesis is divided into five chapters:

Chapter 1 provides a comprehensive overview of the appbeatind consumption of ICM, the
occurrence of these compounds in the environméet,rémoval efficiencies of ICM during
chemical as well as biological treatment processes] the current knowledge about the

environmental fate and toxicity of ICM.

Chapter 2 presents a multistep approach to structurallyighie TPs of three non-ionic ICM
(iohexol, iomeprol and iopamidol) formed in aerobkmil-water batch systems. This approach
involved the use of various analytical techniquesjuding semi-preparative HPLC-UV, LC

tandem/ion trap MS, aniti- and**C-NMR analyses.

Chapter 3 investigates the biotransformation of diatrizoaddexol, iomeprol and iopamidol in
different aerobic water-soil and water-sedimentesys. In particular, the characterization and

formation of the ICM TPs during incubation (i.eqeence of TP formation, dominant ICM TPs),
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as well as estimating biotransformation rate canstavas performed. This chapter also reports
on possible biochemical reactions and enzymes wedolin the microbial transformation

pathways of ICM.

Chapter 4 focuses on the development and optimization o€adndem MS method to quantify
the presence of five parent ICM and 46 TPs in thmm water cycle. Samples were collected
from WWTPs, surface water, groundwater influencgdirface water, natural groundwater and
drinking water. The concentrations of the ICM TRsedted in the different environmental
samples were reported, and changes observed gothposition of the parent ICM and the TPs
throughout the urban water cycle were determineestablish the extent of ICM TPs found in

the environment.

Chapter 5 discusses the results presented in other chajpteds summarizes the major

conclusions. In addition, future research initiafi\are presented.
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Abstract

This study investigated the application of a hybtighle quadrupole-linear ion trap mass
spectrometer (Qg-LIT-MS) in combination with NMR etucidate the chemical structures of 27
biotransformation products (TPs) of the nonionidinated X-ray contrast media (ICM), iohexol,
iomeprol, and iopamidol, formed in contact withls®he combination of M5and MS spectra
with Qg-LIT-MS was essential to determine the M&gmentation pathways crucial for
structural elucidation'H-NMR and **C-NMR analyses were needed to confirm the chemical
structures of TPs proposed by MS fragmentationtr8isformation occurred exclusively at the
side chains of the iodinated X-ray contrast mediaile the iodinated benzene ring remained
unaltered. Several of the newly identified TPs bé tICM were found in surface water,
groundwater and even drinking water. Concentratiasshigh as 1450+110 ng/L (iomeprol
TP629) were detected in groundwater that is inteeinby wastewater infiltration, and as high as

289141 ng/L (iomeprol TP643) in drinking water.

2.1 Introduction

It has been well documented that pharmaceuticats parsonal care products (PPCPs) are
present in the environment (Kolpat al. 2002; Looset al. 2009). In recent years, most of the
research has focused on the development of sensaitilytical methods to be able to detect low
concentrations in complex matrices, and treatmenhrtologies to reduce or eliminate the
compounds from entering the aquatic environmentn@® 1998; Grost al. 2006). The use of
liquid chromatography (LC)/tandem mass spectrom@ifys) has become the instrument of
choice for analyzing and quantifying target polalytants in different environmental matrices.

Recently, more research has focused on the enveotaifate of these emerging pollutants with
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regards to their degradation potential via abiotidviotic processes, and sorption capabilities
(Doll and Frimmel, 2003; Drilleet al. 2005; Loffleret al. 2005; Schulzt al. 2008). However,
there is still a major lack of information with &g to the formation of biotransformation

products (TPs) in wastewater treatment plants (W¥YER well as in the environment.

Some research has focused on the development dftieak techniques for structural
identification of TPs of environmental contaminartybrid triple quadrupole-linear ion trap
mass spectrometers (Qg-LIT-MS) as well as a quadeupme-of-flight mass spectrometers
(QQg-TOF-MS) have been applied to a limited extemtdtructural identification of new drugs
and their excreted metabolites, and TPs of varmlkitants (i.e. pesticides, pharmaceuticals)
(Martinez Buenocet al. 2007; Pérezt al. 2007; Radjenovyi et al. 2008; Seitzet al. 2008;
Trautweinet al.2008). However, the information obtained from M&gmentation pathways and
elemental compositions is frequently insufficiemt ¢onfirm the chemical structures. The
application of MS techniques and NMR has been wideled for the identification of drug
metabolites during pharmacokinetics and metabolstudies, but minimal research has
investigated the use of this combination for idésdtion of TPs of environmental contaminants
(Schulz et al. 2008). The application of on-line LC-NMR-ESI-MS & possible option for
structural identification (Corcoraat al. 2003).However, the challenge would be to establish
optimal conditions (e.g., compatible mobile phasgg)ropriate for both NMR and electrospray
ionization (ESI) MS as well as to obtain sufficientantities for NMR. Another option is the
combined use of Qg-LIT-MS and off-line NMR for sttural identification. This combination

has been applied in the current study.

One group of emerging pollutants which are commaietyected at relatively high concentrations

(i.e., micro per liter range) in environmental mzds are iodinated X-ray contrast media (ICM)
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Hirschet al.2000; Pérez and Barceld, 2007). ICM are used indmumedicine for distinguishing
between different organs and blood vessels. Mokt e derivatives of 2,4,6-triiodobenzoic
acid. ICM can be referred to as ionic (e.g., dia@ie) and nonionic (e.g., iohexol, iomeprol and
iopamidol) compounds. The ionic ICM contain carbaxynoieties at their side chains, while the
nonionic ICM are amide derivatives with hydroxyhtiional groups (Pérez and Barcelo, 2007).
The global consumption of ICM is close to 3.5 ¥ kf/year, and a single application can be as
high as 200 g/application. The ICM are designeldeidnert substances, and are eliminated in the
urine and feces unmetabolized within 24 hours (®Pérel Barcelo, 2007). Therefore, most of
what is consumed enters the domestic sewage systehanged. The ICM are not completely
eliminated by conventional and advanced treatmemtgsses of WWTPs (Ternes and Hirsch,
2000; Carballeet al 2004; Putschewet al. 2007; Ternest al 2007; Busettet al. 2008) and
therefore enter receiving waters and soil when WVETtRient is irrigated on agricultural fields.
The biotransformation of ICM in contact with irrtga soil and during bank filtration is likely
due to the enhanced biological activity and thadesge time. Nevertheless, only limited
research has investigated the environmental fal€Mf but some results indicate that iopromide
and diatrizoate are biodegradable under certaiditons (Kalsch, 1999; Steger-Hartmaainal.
2002; Hap and Kimmerer, 2006; Schudt al. 2008). However, there is a lack of information for

iomeprol, iopamidol and iohexol regarding the idfgcdtion of TPs.

The aim of this study was to investigate the biwtfarmation of iomeprol, iopamidol and
iohexol under aerobic conditions in contact withl,s@ith emphasis on the identification and
characterization of the TPs formed. Advanced arcalinstrumentation involved the use of Qg-
LIT-MS for determining the MS fragmentation pathwafj.e., cleaved moieties), aiH- and

13C-NMR for structural confirmation (Figure 2.1). Shis one of the first studies to provide a
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comprehensive examination of the combination of LIHtMS and NMR for the structural

elucidation of TPs of environmental micropollutants

HPLC-UV Method

(detection, fractionation)

|

Mass Spectrometer

(Q1 scans, molecular mass)

|

Quadrupole-Linear lon Trap MS

(MS? and MS? spectra,
fragmentation)

i N

LC Tandem MS Method pH dependence on retention time
(sequence of TP formation) (presence of acidic moieties)

N “

| Potential Chemical Structure |

|

Confirmation by NMR
('H- and *C-NMR)

Figure 2.1: Multistep approach for the identificati of biotransformation products of selected iotddaX-ray
contrast media

2.2 Experimental Section

2.2.1 Chemicals and Standards

lohexol, iomeprol and iopamidol were supplied by&aSchering Pharma (Berlin, Germany),
and had a purity of >95%. All solvents (n-heptaaegtone, methanol and acetonitrile) were
picograde and purchased from Merck (Darmstadt, @eyn Formic acid (98-100%) was ACS

grade and purchased from Merck (Darmstadt, Germany)
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2.2.2 Aerobic Water-Soil Systems

Water-soil systems were prepared for each of thectsel ICM. Approximately 100 g of a low
organic soil was placed into a 1 L amber bottlej &0 mL of groundwater (with an ICM
concentration of up to 1 g/L) was added. The ebVapiking concentration was used to detect
and obtain sufficient quantities of the TPs in titer-soil systems. The batch systems were
placed in the dark at room temperature (approX.C24 The soil used for the batch systems was
collected from an agricultural area which had beggated with secondary wastewater effluent
for approximately 50 years. A detailed summaryhef $oil characteristics is provided elsewhere
(Terneset al. 2007). The experiment was conducted under aerotditions by measuring
redox potential throughout the experimental periédter-soil systems (2 g of soil and 20 mL of
1g/L of ICM) were also prepared with 2 mL of formahyde (37%, v/v) to determine if the
transformation observed was the result of microbevity. In addition, a blank water-soil
system was prepared with 25 g of the soil and 1250Mmgroundwater. The groundwater was

collected from a deep well in Arenberg, a distatKoblenz, Germany.

2.2.3 Liquid Chromatography

An analytical method was developed, using an Agifaries 1100 chromatography system with
an ultraviolet (UV) detector (Agilent TechnologieSanta Clara, USA), to detect the parent
compounds as well as potential TPs in batch watiéisgstems during the experimental period.
The chromatographic system consisted of an autdeangmlumn oven, quaternary pump and
solvent degasser. Separation was achieved by ocguplio reversed-phase Synergi Polar RP
columns of 4 um particle size, 150 mm in length @mdm i.d. (Phenomenex®, Aschaffenburg,
Germany). For the detection of iomeprol TPs andamoiplol TPs, the elution was isocratic and

the eluent consisted of 90% Milli-Q water and 10%etanitrile plus the addition of 0.1%

94



aqueous formic acid. The composition of the eldentietection of iohexol TPs was 95% Milli-

Q water and 5% acetonitrile plus 0.1% aqueous fomwid. The UV detector was operated at
two wavelengths, 245 nm and 254 nm, for iomepral impamidol, and one wavelength of 242
nm for iohexol. The injection volume was 50 pL,woh oven temperature was 50°C, run time
was 20 min, and flow rate was 0.4 mL/min. The Mliwater was obtained with a USF ELGA

PURELAB Plus water purification system (conductnatf 0.055uS/cm).

2.2.4 I solation via Semipreparative HPLC-UV

A Waters HPLC-UV system, with Waters 717 plus aamogler, column oven, Waters 600
controller with quaternary pump, in-line degassatt 8Vaters 2487 dual wavelength absorbance
detector was used to fractionate and collect TPsewi-preparative column, Synergi Polar RP
column 10 mm i.d., 250 mm, 4 um, (Phenomenex®, aehburg, Germany), was used to
separate the TPs, and fractions of the eluent wa@tected using an automated sample collector
based on the retention time of the peaks in thenshtogram (Advantec SF-2120 Super Fraction
Collector, Techlab GmbH, Erkerode, Germany). Theee composition was the same as
described above, however the flow rate was incoesé.5 mL/min. An aliquot of each fraction
collected was analyzed by LC/tandem MS to deterrtiigecomposition and the purity of the
fraction. If the fraction contained only one TPg tlemaining amount of the fraction was freeze-
dried. A pure solid material was obtained whichlddoe used for NMR and as a standard for

guantitative method development.

2.2.5 Mass Spectrometry

Mass spectrometry was performed on an Applied Biesys/MDS Sciex 4000 Q Trap QQ-LIT-

MS (Applied Biosystems, Langen, Germany). The systensisted of a hybrid triple quadrupole
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and linear ion trap mass spectrometer equipped avitleSI source. Nitrogen was used as the

drying, nebulizing and collision gas.

Q1 scans were performed on the fractions colletdedetermine the nominal masses. The ESI
source was operated in both positive and negativéesito determine the dominant precursor
ions at both polarities. The fractions were dineatifused into the mass spectrometer at a flow
rate of 5 to 10 pL/min. The parameter settings dsed)1 scans included curtain gas at 1.4 x
10° Pa, ion source gas 1 and gas 2 at 2.8°<PH) lonSpray voltage at 4500 V, temperature at
450 °C, declustering potential at 50 V, entranceiptial at 10 V and a scan rangenoz100 up

to m/z900.

The predominant product ions in the fractions aéld were determined from the KSpectra
obtained during MS fragmentation. The parameteinggst used for the MSspectra were the
same as for the Q1 scans with additional paramestergor collision energy at 30 eV and
collision cell exit potential at 10 V. Infusion amization was also conducted on the fractions
collected to determine the optimal source and cam@alependent parameters for each
dominant precursor-product ion mass transition.? igSectra were completed for a selected
number of fractions, in which there was a high efointensity to obtain MSscans. Additional
parameter values were required for Mectra with the excitation energy, collision eyer
spread and scan rate set at 100 V, 5 eV, and 100sanespectively. For MSand MS spectra,

the sample was directly infused into the mass spaetter at a flow of 10 to 15 pL/min.

2.2.6 Nuclear Magnetic Resonance (NMR) Analyses
Approximately 15 mg of iomeprol, iopamidol and igbg and 2 to 12 mg of their TPs isolated

from the water-soil batch systems were dissolvéd th8 mL of DMSO-¢. *H-NMR and*®C-
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NMR spectra were determined for the parent compspamdl selected TPs. NMR analyses were
carried out on a Bruker NMR DRX 700 Avance and DBBO instrument (Rheinstetten,
Germany)H-NMR spectra were measured at 700 MHz with a teatpee of 298.3 K, antfC-
NMR spectra were measured at 176 MHz as a spin-achaemperature of 298.3 K or at 125
MHz with a temperature of 293.1 K.

2.2.7 Sample Preparation and Analysis of |CM and TPsin Aqueous Samples

Surface water, groundwater and drinking water weamitored to determine if TPs of ICM
identified in the batch systems by Qqg-LIT-MS and RMere also found under environmental
conditions. Grab samples were taken of surfacenveatevell as groundwater and drinking water.
Sample preparation and detection by LC/tandem M$RM mode are already described in
Schulzet al. (2008). However, MRM transitions were determinedthe newly identified TPs..
In brief, the samples were adjusted to pH 2.8 Wi&M of sulfuric acid, and spiked with 10 pL
of the two surrogate standards, desmethoxyioprogidiél) and N-(2,3-dihydroxypropyl)-2,4,6-
triiodo-5-methoxyacetyl-amino-N’-methylisoph-thalet@ (DDPHI) provided by Bayer Schering
Pharma (Berlin, Germany). Aqueous samples (1 L)ewanriched via Isolute® ENV+ SPE
cartridges (200 mg, 3mL, IST, Hengoed, UK) and weltged with 10 mL of methanol. The

extracts were evaporated to 100 pL and reconditypeto 500 pL with Milli-Q water.

The samples were analyzed by LC/tandem MS equipfitacan ESI source. A Synergi Polar RP
column (Phenomenex®, Aschaffenburg, Germany) wignard column was used for separation.
The column oven was set to 50 °C, flow rate atrl4min and injection volume was 20uL. A
gradient was used with mobile phases consistingilifQ water plus 0.1% aqueous formic acid

(mobile phase A) and acetonitrile plus 0.1% aquédormic acid (mobile phase B). The gradient
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was as follows: after 4 min of 95% mobile phasdhf percentage of A was decreased to 75%
within 11 minutes, and then returned to the initi@hditions for the duration of the 20 min run
time. Due to insufficient reference quantities foost TPs (isolated by LC fractionation),
presently only the following TPs could be quantfia environmental samples: iomeprol TP629,

TP643, TP701; iopamidol TP745, TP761, TP791; ahdxol TP599, TP657, and TP687A.

2.3 Results and Discussion

The results from this study confirm that the sedaton-ionic ICM were biotransformed under

aerobic conditions in the water-soil batch system#) close to 100% of the parent ICM being

transformed into a variety of TPs. Twenty-seven ICRk were identified with the combination

of the elucidation of the MS fragmentation pathwagsl NMR analyses. The absence of TPs in
batch systems with addition of formaldehyde (37%well as in blank batch system suggests
that transformation of ICM in the soil-water systewas the result of microbial activity.

The proposed chemical structures of the TPs atedli;m Table 2.1a and 2.1b, with all TPs

resulting from modifications to the side chainstloé parent ICM. In general, oxidation of the

primary and secondary hydroxyl groups was theahliiological process to occur followed by

oxidative decarboxylation, deacetylation, and tleawage at the amide moieties of the side

chains of the ICM.
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Table 2.1a: Proposed chemical structures of trameftoon products of iohexol and iomeprol

Chemical Structure

Chemical Structure

Chemical Structure

Chemical Structure

Name Name Name Name
side chain A1 OH OH OH
o e} NH%(OH ] NH\)\/OH ¢} NH\)\/OH
[} NHJ\/OH o | | o on | | o I 1 oH
o] OH
o] ' ! OH
H_CJI\NIE/>;‘/NH\)\/OH H':C)]\N NH\)w(OH H3C)J\N NH\)WOH H3C)kN NH\)\f(OH
Ho 6 — Ho o o HO I o o HO o °©
side chain A2
L HO (] Ho ° HO'
side chain B
lohexol lohexol TP86: lohexol TP84 lohexol TP83!
OH O NH [o] NH. O NH
0O NH\AO ’ ’ :
1 1 ! | | |
1 1 [o] OH o] OH o OH
[} OH
NH
Hof 1 o o] Hor [e] [} HO | o} g i
N
HO Q HO o) HO (o]
lohexol TP833 lohexol TP775 lohexol TP745 lohexBIGB7A
Oy, MNH2 Ox _NH
o NH; o NH;
| | | 1
it | | | |
HCLN NH, o} OH NH o
3 HN
HO. J | [o] HSC)J\NH NH\/go HO | o ch)kNH Nz
/J\i i ) o i o
Ho o o
lohexol TP687B lohexol TP657 lohexol TP629 lohekBb99
sida chain A1 OH
—_— OH OH
o NH\)Oi/OH o} NH\)}(OH [} NH\)\[(OH o NH\/‘ﬁrOH
I 1 Q | | o] | | o]
o 1 | on o OH \/ﬁ\ OH o OH
HO\)J\N NH\)\/OH HO%T NH\/IWOH HO. y NHJ\‘(OH HO\”)J\N NH\/KO
<|:H9 I 0 —— o o ° © o e ° o éH3 | )
[ — side chain A2
side chain B
lomeprol lomeprol TP819 lomeprol TP805 lomeprol78P2
OH OH OH OH
o NH\/S(OH e} NH\/S(OH o NHMKO o} NH\/&O
| | [e] | | [e] | 1 | |
(o] (o] o [o]
HO%T NH, Ho\)j\'il NH; HOT\/U\']‘ NH, Ho\)J\N NH,
o] CH; | o CHy | o O CHy | o éHg I o)
lomeprol TP717 lomeprol TP701 lonoepiP687

lomeprol TP731

o) NH,
| |
Q
HO NH
YH 2
e} CH; | e}

Ox_ _NH,
[ I
o)
HO\)J\ NH;
)
C I o

Hs

lomeprol TP643

lomeprol TP629
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Table 2.1b: Proposed chemical structures of tramsftion products of iopamidol

Chemical Structure Chemical Structure Chemical Structure Chemical Structure
Name Name Name Name
side chain A1 ? fo) o
o NH‘E\OH o NH*\(LOH 0, NH~\[‘LOH o NH\)J\OH
HC\(ﬁ\jé/;i’;/N:H o j?;gr OH o o It&i;( o o \/E\é('r 2
OH I o \(\OH Hscw/lkNH N OH HZD\HkNH A OH H3E\H]\NH i OH
side chain B _O,H_/ OH o \é OH 1 o] \Eo: OH o \ﬁ:
lopamidol lopamidol TP805 lopamidol TP791 lopamidB775
o] o o °
¢} NHVlkOH o NH\*OH o NH\)J\OH o NH \AOH
o | | o o | | o | | o o | |
HSC\[HJ\NH NH\E‘\OH HSC%NH NH\(\OH HSC%MH NH\)&OH HgC%NH NH,
0o | o on OH | o] oH OH | [e} OH | o
lopamidol TP773 lopamidol TP761 lopamidol TP745 doydol TP687

2.3.1 Determination of Molecular Weightsvia Q1 Scans

The nominal masses of the TPs in the fractionsectdtd were determined by Q1 scans in both
positive and negative ionization modes. In totdl, TPs were determined via Q1 scanning, with
11 TPs detected for iohexol, nine TPs for iomepaol seven TPs for iopamidol. The molecular
weights of all TPs were odd numbered, suggestiag dh odd number of nitrogen atoms were
present. This is based on the nitrogen principi¢ skates a neutral molecule will have an uneven
molecular mass, when there is an odd number ajgetr atoms. The odd molecular mass of the
TPs suggests that the nitrogen atoms were notexdeduring transformation, since the cleavage
of two nitrogen atoms would result in a much loweolecular weight. A similar result was
reported for iopromide by Schukt al. (2008), Battet al. (2006), and Péreet al. (2006) in

which the molecular weights of iopromide TPs wemneven.
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Determination of the molecular weight and therefthre mass difference between the TP and
parent compound indicated possible reactions ferftiimation of the TP. In some cases, the
mass difference could be explained by a commonicgad-or example, the mass difference of
14 Da between iohexol and iohexol TP835 suggestatidxidation of a primary alcohol to a

carboxylic moiety occurred. However, a large mafsr@énce between the parent compound and
lower molecular weight TPs (i.e. iomeprol TP62%drol TP599) was difficult to explain, since

different reactions had taken place. For example,nass difference of iomeprol and iomeprol
TP643 was 148 Da, which resulted in a several ima{i.e. oxidation and cleavage of certain

moieties on the side chains) to obtain the comeags difference.

2.3.2 Fragmentation Pathwaysvia Qg-LI T-MS

The MS and MS spectra and the proposed MS fragmentation pathfeaytke parent ICM and
TPs are provided in the Supporting Information d¢oilision energy of 30eV. In general, the
fragmentation pathways of iomeprol TPs and iopamid®s were found to be similar to each
other, while the fragmentation of iohexol and iBsTwere different. One possible explanation is
the distinct difference in the functional moietigsside chain B of iohexol (Table 2.1a). This
particular ICM has a propane-1,2-diol and a N-dcetgiety on side chain B which is not

present for iomeprol or iopamidol.

The fragmentation of iohexol, as well as for madtexol TPs (e.g. iohexol TP849, TP833, and

TP745), showed the cleavage of an iodine radicabmbination with the cleavage of the acetyl

group (loss of 42 Da) on side chain B. Other comwleaved moieties for iohexol TPs included
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the loss of two iodine radicals in combination watlCO group (28 Da), and a loss of £LH(30

Da).

In the MS fragmentation pathways, it was commondoe or more side chains at the amide
bond to be cleaved as well as the neutral lossIgfLBB Da), the loss of carbonyl groups (28
Da), the loss of water (18 Da) and the loss ofriediadicals (127 Da). In addition, the cleavage

of CO, and HCOOH suggested oxidation had occurred ositleechains.

The loss of ammonia (17 Da) and removal of CO-NH Ph) were common for the lower
molecular weight TPs (e.g., iomeprol TP643, iohekBb57). For the higher molecular weight
TPs, the loss of 17 Da could only be explainedheydleavage of a hydroxyl radical (HO-). The
loss of a hydroxyl radical was one of the majorup® cleaved during fragmentation of the

iopamidol TPs.

The MS spectra provided useful information for the deieation of the proposed MS
fragmentation patterns by locating the site of gfarmation. For example, the difference in
molecular weight of 28 Da between iopamidol andarmomlol TP805 was likely the result of
oxidation, but it was unclear if oxidation occurredice on the same side chain or on two
different side chains. The absence of certain fexgnons in the MSspectra indicated which

side chains were oxidized.

In addition, the MSspectra indicated which product ions originatexirfithe precursor ions. The

MS?® spectra also suggested if there was more thammjer fragmentation pathway for each

62



TP. For example, the MSpectra of iopamidol TP805 (Figure S2.6.14 inisac®.6) showed
that there was only one major fragmentation pathfeayhis TP, since all dominant fragment
ions found in the M&spectrum were present in the #48/2806 — 701. Hence, both M3and

MS?® spectra were needed for proposing reliable cherminactures.

The MS fragmentation pattern of iomeprol TP805 damt provide sufficient information to
propose a chemical structure. Instead two potestiattures could be explained from the mass
spectra. The mass difference between iomeprol ameprol TP805 suggested that oxidation
occurred twice, but it was unclear from the magssp which side chains were oxidized (Figure
S2.6.4 and S2.6.5 in section 2.6). As describethenNMR section, the presence of multiple
chemical shifts representing the methyl group ae sthain B for iomeprol TP643, and the
stabilization of two isomers by hydrogen bonding #utomerism resulting in two peaks in the
LC chromatogram for this TP, was associated witldation on side chain B. The presence of
one peak in the LC chromatogram suggested thatgosh&@P805 resulted in oxidation occurring

on side chain A1 and A2.

In addition, there were TPs (e.g., iopamidol TP78famidol TP761) in which the cleavage of
iodine radicals and hydroxyl radicals resultedha fragment ions observed in the mass spectra.
Although, these cleavages were unusual in collishaluced dissociation (CID) fragmentation,

the NMR data confirmed the chemical structures.
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2.3.3 Determination of TPswith acidic moieties

Samples collected from the batch system were aedlyia LC/tandem MS using an acidic pH
2.8 and then a neutral eluent to indicate which ddtgained acidic moieties such as carboxylic
groups. There were only two TPs, iohexol TP599 ianmeprol TP629, in which retention time

was not influenced by changes from acidic to néuyry and therefore obviously did not have
acidic moieties (Figure S2.6.1; Chapter 2.6). Thpiocedure only provided additional

information about the presence of acidic functiagalups.

2.3.4 Nuclear Magnetic Resonance Analysis

The NMR data was used in combination with the imfation obtained from the MS
fragmentation data and pH-dependent experimentsrided above to confirm the chemical
structures of the TPs. lohexol, iomeprol, iopamidold selected TPs (i.e. iomeprol TP629,
TP643 and TP701; iohexol TP599 and TP657; iopamid®r45, TP761 and TP791) were
analyzed by*H-NMR and **C-NMR (Tables S2.6.1-S2.6.5 and Figures S2.6.38:53). The
NMR spectra confirmed that the benzene ring, ardntiethyl group present on side chain B
were not modified. The differences in the chemstafts between the parent ICM and TPs were
the result of changes to the side chains, andctiiielated well with the proposed structures

from the MS fragmentation experiments.

It has to be noted that many NMR signals were dplitthe ICM and ICM TPs because
diasteromers andis-trans isomers were simultaneously occurring, due toptiesence of chiral
carbon atoms and C=N double bonds (tautomeric tstreg of the amide moieties), in the

chemical structure, respectively. In the currentnusaript the NMR spectra were used to
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confirm the proposed chemical structures derivemimfrthe MS fragmentation pathways.
Therefore, the splitting of many NMR signals wag fwosther discussed as long as it was not

crucial for the confirmation of the chemical sturets.

The presence of a chemical shift at approximate®B $pm in the'H-NMR spectra for the
iohexol TPs and its absence in the spectrum fogxohindicated the formation of a secondary
amide group on side chain B. In addition, many Ieitsgwere present between 7.6 ppm and 8.0
ppm for the iohexol TPs as well as the iomeprol, Td@sfirming the formation of primary amide
functional groups due to the cleavage of propan@lelol moieties. For iohexol TP599 (Figures
S2.6.35 and S2.6.36 in chapet 2.6) the integraenlted in four hydrogens, indicating that two
NH, groups were present, and for iohexol TP657 Figi?e5.34), integration resulted in two
hydrogens or one NHgroup. The possible formation of C-N double bobgisautomerism of
the amide structures, causing a hindered rotatfctheo C-N bonds and formation ofs-trans
isomers, is an explanation for the multiplet degdcin *H-NMR (Gutowsky and Holm, 1956;

Quintanilla-Liceaet al. 2002).

The presence of more than one distinct peak fomtathyl group on side chain B t#-NMR
spectra of iomeprol TP701 and TP643 (Figure 2.2ajj “*C-NMR spin-echo spectrum of
iomeprol TP643 (Figure 2.2b) confirmed once aghapresence of structural isomers. Already
in 1956 Gutowsky and Holm reported two distingudsisenglets for the two N-CHgroups of
N,N-dimethylformamide due to the formation of a C=Nublle bond by the tautomerism of the
amide moiety. This might also explain the two pealiserved for the methyl groups in the NMR

spectra of the iomeprol TPs.
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Figure 2.2:'H-NMR spectra of iomeprol TP701 and iomeprol TP§dBmeasured at 700MHz and temperature of
298.3K, and*C-NMR spin-echo spectrum for iomeprol TP643 (b) suead at 176MHz and temperature of 298.3K

In the NMR spectra of TP701 and TP643 (Figure 2y, distinct peaks for the methyl group
on side chain B could be identified, while for camapds such as iomeprol TP629 without the
carboxylic moiety at side chain B only one NMR s$atgvas found for the methyl moiety. It

should be noted that the TPs were isolated at @icguH, and thus the protonated form of the

DMSO-

k’d6
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compounds were present. In the LC tandem MS chamgrats (Figure 2.3) two separate peaks
were also identified at pH 2.8 for iomeprol TPshndt carboxylic moiety on side chain B, while
at pH 7 only one peak occurred. Based on the NMRtsp and LC/tandem MS chromatograms,
it can be assumed that the intramolecular hydrdogemd (i.e., proton on the carboxylic acid) in
conjunction with tautomerism keeps the amide boathfrotating and stabilizes the formation of

two cis-transisomers.

The™*C-NMR spectrum (refer to Figure 23C-NMR spin-echo spectrum for iomeprol TP643)
confirmed that the benzene ring remained unchamggdthree iodine atoms and three amide
moieties attached. The chemical shifts of approseiyal 70 ppm (presence of carbonyl groups),
151 ppm (carbon atoms in the benzene ring attathechrbonyl groups), 143 to 148 ppm

(carbon atoms in the benzene ring attached toctida B), and approximately 100 ppm and 91
ppm (carbon atoms in the benzene ring attacheddime atoms) were present for the parent

ICM as well as all selected TPs.
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Figure 2.3: LC tandem MS chromatograms showingptesence of structural isomers of iomeprol TP7CL vi
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Although, the NMR confirmed the proposed structdrem the MS techniques, the use of NMR

alone would not be sufficient to elucidate the cloainstructure of TPs. This can be explained
since the chemical shifts cannot always be allac&bethe chemical groups, and that certain
signals maybe hidden by the water peak observéd-INMR spectra. This water peak was still

observed in the NMR spectra despite the isolatesl Béghg dried several times before analysis.
In addition, the presence of structural isomersva as the presence of tautomerism makes
interpretation of the NMR spectra quite complicafatiis was the only technique being used for

structural identification. Thus, MS fragmentatioasacrucial for TP identification as well.

2.3.5 Presence of ICM TPsin Aqueous Environmental Samples

Some of the newly identified ICM TPs were detedtedurface water, groundwater and drinking
water using the described LC/tandem MS method. OBéandem MS chromatograms (MRM
mode) are shown in Figure 2.4. lohexol TP599, iamlepP629, TP643, TP717 and iopamidol
TP687, TP745, TP791 were identified in surface wapoundwater and even drinking water. In
Table 2.2 measured concentrations are listed f& TiPs (iohexol TP599, iomeprol TP629,
TP643 and iopamidol TP745 and TP791) with a swfitiquantity isolated by LC fractionation
as well as the target ICM. Concentrations of iomakdiP629 were greater than 1 pg/L in a
groundwater influenced by wastewater infiltrati@md as high as 289+41 ng/L for iomeprol
TP643 in finished drinking water. Obviously, thesults obtained with the water-soil batch
systems can be transferred to real environmentaditons. However, in order to achieve an
exact quantification for all TPs, reference staddanf more TPs need to be synthesized or

isolated in sufficient quantities. Future initiagg/ will involve a higher number of TPs as well as

6S



a comprehensive sampling campaign to elucidate biloeransformation of ICM and the

occurrence of the ICM TPs in the aquatic environimen
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groundwater and drinking water

Table 2.2: Concentrations and 95% confidence iaterfn = 3) of selected ICM and TPs in surface wate

ICM and TPs Surface Water Groundwater Drinking Water
(influenced by infiltration of
WWTP effluent)
lohexol 96 + 26 <LOQ <LOQ
(LOQ =1 nglL) (LOQ =4 ng/L) (LOQ =2 ng/L)
lohexol TP599 <LOQ 28+6 83+11
(LOQ =1 ng/L) (LOQ =10 ng/L) (LOQ =2 ng/L)
lomeprol 280 + 23 10+3 <LOQ
(LOQ =4 ng/L) (LOQ =4 ng/L) (LOQ =1 ng/L)
lomeprol TP629 100 £19 1450 £ 110 18+2
(LOQ = 2.5 ng/L) (LOQ =10 ng/L) (LOQ =2 ng/L)
lomeprol TP643 <LOQ <LOQ 289 +41
(LOQ = 2.5 ng/L) (LOQ =10 ng/L) (LOQ =1 ng/L)
lopamidol 180 + 39 470 £ 65 244 + 44
(LOQ =20 ng/L) (LOQ =20 ng/L) (LOQ =1 ng/L)
lopamidol TP745 42 +9 76+ 24 <LOQ
(LOQ = 2.5 ng/L) (LOQ =4 ng/L) (LOQ =1 ng/L)
lopamidol TP791 <LOQ <LOQ 57+11

(LOQ =1 nglL)

(LOQ =1 ng/L)

(LOQ =2 ng/L)

*Concentrations were quantified by use of ICM asadlated TP standards and by applying the descliltéd
tandem MS method

2.4 Conclusions

The use of QQ-LIT-MS to elucidate potential struesuand NMR for structural confirmation
was an effective approach for investigating therbimsformation of ICM. The combination of
the fragmentation patterns obtained from the?M8d MS spectra with'H- and *C-NMR
enabled the structural elucidation of 27 previousiydentified ICM TPs. Since some of them
were present in aqueous samples, it can be corditm&t nonionic ICM are biotransformed
under specific experimental conditions, even thotlgly are resistant to human metabolism and
several water treatment processes. Due to theabgformation, the use of nonionic ICM as

ideal wastewater tracers should be carefully camnsitl The present study provides an example
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of how important it is to elucidate the environnarfiate of micropollutants because several

stable TPs might be formed.
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2.6 Supporting Information

2.6.1 Experimental design

The following section contains information on tlargple collection and preparation of the
samples collected from the batch systems as wélbasthe environment. In addition, there is
information about how the samples were preparetHiRItC-UV analysis, the MS fragmentation

experiments, and LC tandem MS method.

Sample CollectionSamples (2 mL aliquots) were collected from theeaqs phase of the batch
water-soil systems at repeated intervals for thratehn of the 150 d. These samples were frozen
to prevent further degradation. In addition, largglumes were collected from the batch
systems at certain experimental days to have &muff volume for fractionation and isolation

of the TPs. Large volumes were collected on day@8@nd 129 for iopamidol, day 67, 94 and

146 for iomeprol, and day 102 and 143 for iohexol.
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Sample Preparation and Extractioffor screening and detection of the parent ICM &Rd,
samples were prepared by taking 100 pL of the Zafiguot and adding 900 puL of a 90:10 (v/v)
Milli-Q water and acetonitrile solution. The samgpléor fractionation and isolation were
prepared by collecting 100 to 150 mL of the aquewaser phase from the batch water-soll
systems at the specified days mentioned above eT¢aaples were filtered using folded filters,
@ 240 mm (Schleicher & Schill GmbH, Dassel, Germaingzen at -25 °C and then freeze dried
using a Lyovac GT 2 system (Amsco Finn-Aqua. GmHHIrth, Germany) at a pressure of 0.14
mbar. The freeze-dried samples were diluted withal@5 mL of Milli-Q water and sonicated
for 10 to 15 min using an ultra-sonication bath.pAgximately 2 to 3 mL aliquots of the
prepared sample were passed through pre-conditieakd-phase extraction (SPE) cartridges
containing approximately 400 mg of bullkkg&orbent for clean-up purposes. The SPE material
was pre-conditioned by using 2 mL n-heptane, 2 mét@ne, 4 x 2 mL methanol and 5 x 2 mL
Milli-Q water. The eluate from the cartridges waslected and transferred to HPLC vials for

analysis and fractionation via HPLC-UV.

For the real environmental samples, the sampleapatipn procedure and analytical method
applied were similar to what was reported previpust Schulz et al., 2008All samples were
acidified to pH 3 with 3.5M of sulfuric acid to ent further degradation, and filtered through
glass fiber filters (GF 6, Schleicher and Schu2#issel, Germany). The sample volumes used for
enrichment were 1L for groundwater, surface watet drinking water samples. All samples
were adjusted to pH 2.8 with 3.5M of sulfuric aemd spiked with 10 pL (20png/mL) of the two
surrogate standards, desmethoxyiopromide (DMI) MA@,3-dihydroxypropyl)-2,4,6-triiodo-5-
methoxyacetylamino-N’-methylisophthalamide (DDPHIJhe samples were enriched with

Isolute® ENV+ SPE cartridges (200mg, 3mL, IST, Heedy UK). The cartridges were
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conditioned with 2mL of n-heptane, 2mL of acetd8mL of methanol and 8mL of groundwater
adjusted to pH 2.8. The cartridges were dried bgratle stream of nitrogen and then eluted with
10mL of methanol. The eluted sample was evaporatddOuL and reconstituted up to 500uL

with Milli-Q water.

The samples were analyzed by LC tandem MS usingpptied Biosystems/MDS Sciex 4000
QTrap system with an electrospray ionization (E®iyirce in MRM mode. At least two mass
transitions were optimized for each TP as wellagtie parent ICM. The mass transitions with

selected compound-dependent parameters are surethariChapter 3, section 3.6.

Stock solutions were prepared for all nine isoldéd (i.e. iohexol TP687A, TP657 and TP599,
iomeprol TP701, TP643 and TP629, as well as iopami®#791, TP761 and TP745) and the
parent ICM by dissolving approximately 1mg of starttinto 10mL of Milli-Q water. External
calibration standards were prepared by diluting sheck solutions with Milli-Q water and
spiking 10pL (20pg/mL solution) of the two surrogeattandards. The calibration samples

ranged from 1ng/mL to 2000ng/mL.

A Synergi Polar RP column (Phenomenex®, Aschaffemb@ermany) with a guard column was
used for separation. The column oven was set t&C5Glow rate at 0.4 mL/min and injection
volume was 20uL. A gradient was used with mobilag@s consisting of Milli-Q water with
0.1% aqueous formic acid (mobile phase A) and adeile with 0.1% aqueous formic acid

(mobile phase B). The gradient was as follows:raftemin of 95% mobile phase A, the
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percentage of A was decreased to 75% within 11 t@suand then returned to the initial

conditions for the duration of the 20 min run time.

2.6.2 Identification of TPswith acidic moieties

This section provides further details about théuarice of pH on the retention time of the ICM
TPs when measured via LC tandem MS. The absencerasdnce of acid (formic acid) in the
eluents during LC tandem MS analysis provided mfation about the acidic properties of the
TPs. Samples collected from the aerobic watersg@tems were prepared as described above
and were analyzed by LC tandem MS. The samples mesured with 0.1% formic acid in
Milli-Q water (pH 2.8) and acetonitrile, and thdretsamples were analyzed again at a neutral
pH. Comparisons were made between the retentiogstioh the different TPs with and without
the addition of formic acid. There were only twosTRohexol TP599 and iomeprol TP629)
which were not influenced by pH changes. Figuré632shows an example of the presence of
iomeprol TP626 when analyzed with the additionasfific acid and without. The retention time
for iomeprol TP629 remained the same whether medsatra neutral or acid pH. Similar results
were found for iohexol TP599. This gave a strondjaation that these two TPs did not have
acidic moieties in their structures. This was imeggnent with the structures proposed from the

MS fragmentation experiments and NMR data.
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2.6.3 MS Fragmentation Experiments

The following figures contain the M&ind MS spectra for the parent non-ionic ICM and their

TPs, as well as the proposed fragmentation pathways
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2.6.4 Nuclear Magnetic Resonance (NMR) Analyses

The non-ionic ICM and selected TPs were analyzeNMR for structural confirmation of the
structures proposed from the MS fragmentation expats. The selection of DMSO as the
solvent for dissolving ICM and ICM TPs is obviouschuse one can observe acidic protons in
functional groups, like NH, COOH or OH, durifig NMR experiments without the exchange of
the protons. Spin-echo experiments (“attachedoprtgst”) were also completed for a selected
number of ICM TPs and provided additional inforroatabout whether an odd or even number
of protons were attached to the carbon atom. Itttemical shift was above the baseline an even
number of protons were attached to the carbon aaohan odd number of protons were
attached if the chemical shift was below the basdl the NMR spectrum. The following tables
(Table S2.6.1-S2.6.6) provide a summary of theildetam the’H- and**C-NMR spectra (i.e.

chemical shifts, integrated values). In additidbre, NMR spectra are provided.



Table S2.6.1: Summary of thie-NMR analysis completed for iohexol and selects#teiol TPs

Corresponding Chemical -
Compound Number in Figure Shift (ppm) Peak Description Integrated Value Structure
lohexol 4 8.50 t0 8.59 Two multiplet peaks 2.33 -COHCH,-
47610 4.77
Two groups of 2.96 for first group -CHz-OH,
6 4.531t04.63 multiplet peaks and 5.0}01:)r second -CH,-CH(OH)-
group CH,0H
7 3.681t03.91 Multiplet peak 5.33 -G8BH (OH)-CH,-
8 3.391t03.48 Multiplet peak 8.28 HG-OH
-Ar-N(CO-)-CH»-
CH(OH)-
9 3.00t03.31 Multiplet peak 5.65
- NH-CH,-CH(OH)-
CHZ
10 1.78101.79 Doublet peak (split 3.00 (set value) -cola,
peak)
lohexol TP657 1 12.70 Singlet peak 0.6 -CGD
2 9.931t09.97 Triplet peak 0.90 -A-NCO- CH
Two singlet peaks -Ar-CO-NH-CH,-
s 8.80108.86 (doublet peak) 0.65 COOH
Combination of
5 7.631t08.01 singlet and doublet 2.05 -Ar-CO-NH,
peaks
) -NH-CH,-COOH
7 38410391 yice doupletor 226
pletp -N(CO-)-CH,-COOH
10 2.02 Singlet peak 3.00 (set value) -CB;C
lohexol TP599 2 9.911t09.95 Triplet peak 0.86 -AENCO-CH;
Combination of
5 7.63t08.02 singlet and doublet 4.00 (set value) -Ar-CO-N,
peaks
10 2.02 Singlet peak 2.7 -CaHe
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Table S2.6.2: Summary of th%&-NMR analysis completed for iohexol and select#tekol TPs

Corresponding

Compound Letter in Figure Chemical Shift (ppm) Structure
lohexol a 169.54 to 170.74 ) Ar-N_(é;f-g_cN&:Hg
b 151.02 C-CO-NH-CH-
c 147.74 C-N(CH,-)-CO-CH,
d 100.05 to 100.91 C-l
e 91.51t0 91.60 C-l
f 70.06 (negative signal) -GHCH(OH)-CH,-OH
g 63.83 t0 64.52 CH,-OH
h 52.96 to 53.56 -Ar-N(COGH,-
i 42.48 -NHCH,-CH(OH)-
k 22.78 (negative signal) -COH;
lohexol -Ar-NH-CO-CH,;
TP657 a 168.47 to 171.90 -Ar-CO-NH-CH,-COOH
-Ar-CO-NH;
C-CO-NH-
b 150.46 to 151.47
C-CO-NH,
c 144.11 C-NH-CO-CH,
d 99.73 t0 99.89 [oX
e 90.36 Cl
i 42.08 -Ar-CO-NHCH,-COOH
k 23.82 -COCH3;
T";*;‘;Xg"' a 167.62t0 171.11 ) Ariﬁﬁ.cc%'.“cHﬁg
b 150.57 C-CO-NH;,
c 143.24 C-NH-CO-CH;
d 98.31t0 98.41 C-l
e 88.87 C-l
k 22.96 -COCH;
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Table S2.6.3: Summary of thie-NMR analysis completed for iomeprol and seledtedeprol TPs

Corresponding Chemical .
Compound Number in Figure Shift (ppm) Peak Description Integrated Value Structure
lomeprol 3 8.50 to 8.63 Two groups both as 2.00 -CO-NH-CH;-
doublet peaks
5 4.93104.95 Multiplet peak 0.80 -CO-¢8H
6 47410 4.79 Two groups both as 2.07 -CH-OH
doublet peaks
7 4.54 10 4.58 Multiplet peak 2.12 -GIBH(-OH)-CH.-
9 3.67 t0 3.69 Multiplet peaks 2.30 -CO+EOH
10 3.39103.48 Multiplet peaks 3.65 for first group -CH»-OH
and 2.61 for second
group -NH-CH,-CH(-OH)-
CH;-
11 3.00t0 3.18 Multiplet peaks 0.96 and 1.43 -CHCH (-OH)-CH,-
12 2.96 Singlet peak Value of 1.00 -Ar-N(-COHEC
lomeprol TP701 1 12.63t0 14.62 Three groups, two  1.57 (total) -CO®!
singlet peaks and then
a doublet peak
2 8.84 t0 9.02 Three triplet peaks 0.82 -CA-BH,-
4 7.69 to 8.06 Group of multiplet 2.00 (set value) -CON;
peaks
8 3.82t0 3.96 Group of multiplet 1.94 -NH-H,-COOH
peaks
12 3.01t03.14 Singlet peak and 1.75 for singlet -Ar-N(-CO-)-CH3
triplet peak peak and 0.91 for
triplet peak
lomeprol TP643 1 13.88 Singlet peak 0.69 -¢G0O
4 7.68 t0 8.07 Combination of 4.00 (set value) -CON;
singlet and doublet
peaks
12 3.01t03.13 Singlet peak and 3.01 -Ar-N(-CO-)-CH3
triplet peak
lomeprol TP629 4 7.73 t0 8.03 Combination of 4.00 (set value) -CON;
singlet and doublet
peaks
5 4.97 10 4.99 Triplet peak 0.96 -CO-g6H
9 3.49103.71 Two groups both Firstis 1.06 and -CO-CH,-OH
two doublet peaks secondis 1.11
12 2.97 Singlet peak 2.77 -Ar-N(-CO-Hg
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Figure S2.6.40'H-NMR spectrum for iomeprol at 700MHz and temperainf 298.3K
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Table 2.6.4: Summary of tH&C-NMR analysis completed for iomeprol and seleéeteprol TPs

Corresponding

Compound Letter in Figure Chemical Shift (ppm) Structure
lomeprol a 169.34 to 170.69 -Ar-CO-NH-
-Ar-N(-CH,)-CO-
d 151.03 to 151.14 C-CO-NH-
e 145.34 C-N(-CHs)-CO
f 98.59 to 98.87 C-l
g 92.28 c-l
h 69.89 to 70.17 (negative signal) -£EH-(OH)-CH,-
[ 63.83 t0 63.92 GH,-OH
j 61.38 -CO€H,-OH
k 42.36t0 42.51 -NHGH,-CH(-OH)-
I 33.30 (negative signal) -Ar-N(-COgH;
lomeprol TP643 a 171.58t0 171.76 -B0O-NH,
b 165.13 -Ar-N(-CHj3)-CO-
COOH
c 162.15 -COzOO0H
d 151.94 to 152.18 C-CO-NH,
e 146.43 to 147.50 C-N(-CHjy)-CO-
f 97.14 to 98.56 C-l
g 91.57 c-l
I 34.98 to 36.44 (negative signal) -Ar-N(-CQZH;
lomeprol TP629 a 171.06to 171.74 -Ar-CO-NH,
-Ar-N(-CH,)-CO-
d 152.55 C-CO-NH-
e 146.24 C-N(-CHjz)-CO-
f 98.62 to 98.85 C-l
g 91.96 c-l
j 62.20 -COEH,-OH
I 34.13 (negative signal) -Ar-N(-COgH;
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Table S2.6.5: Summary of the-NMR analysis completed for iopamidol and seledtgmidol TPs

Compound Corresponding Chemical Peak Integrated Value Structure
Number in Figure Shift (ppm) Description
lopamidol 2 9.69-9.70 Triplet peak 1.00 (set value -Ar-NH-CO-
4 8.19-8.24 Two groups of 1.54 for first group, and -CO-NH-CH(-CH,OH)-
doublet peaks 0.49 for second group CH,OH
7.54-7.63
5 5.61-5.72 Three groups 1.00 -CO-CH(-®)-CH;s
of doublet peaks
7 4.66-4.69 Two groups, 1.07 for first group, and -CH,-OH
two doublet peaks  3.16 for second group
4.48-4.53 then doublet and
triplet peaks for
second group
8 4.15-4.17 Triplet peak 1.04 -CAHGOH)-CHs
10 3.82 Singlet peak 2.16 -NH=E-CH,OH)-CH,OH
12 3.63-3.65 Two groups of 4.36 for first group and -NH-CH(-CH,OH)-CH,OH
multiplet peaks 4.34 for second group
3.50-3.53
13 1.38-1.39 Doublet peak 3.31 -CO-CH(-OH)-C
lopamidol 1 12.65 Singlet peak 0.85 -C®0
TP791
2 9.67-9.75 Triplet peak 1.00 (set value) -AHCO-
3 8.66-8.75 Three groups 0.79 for the first group, -CO-NH-CH(-CH,OH)-
of multiplet peaks 0.95 for second group and COOH -CO-
8.00-8.20 0.25 for third group (total NH-CH(-CH,OH)-CH,OH
of approx. 2)
7.53-7.76
5 5.62-5.67 Triplet peak 1.02 -CO-CHH®CH;
6 4.88 Singlet peak 0.77 -NHHE-CH,OH)-COOH
7 4.68-4.71 Two groups of 2.94 -CH-OH
doublet peaks
4.47-4.53
8 4.16 Singlet peak 1.02 -CCHG-OH)-CHs




Compound Corresponding Chemical Peak Integrated Value Structure
Number in Figure Shift (ppm) Description
10 3.82 Two groups 5.18 for the first group -NH-CH(-CH,OH)-CH,OH
with triplet and and 1.89 for the second
11 3.76t03.77  doublet peaks  group (total of approx. 7) -NH-CH(-CH,0H)-COOH
12 3.51t03.64 -NH-CH(-CH,0OH)-CH,OH
13 1.38t01.39 Doublet peak 3.15 -CO-CH(-OHjC
lopamidol 1 12.69 Singlet peak 0.85 -C®0
TP761
2 9.69109.72 Multiplet peak 1.02 -ArENCO-
3 8.82108.91 Three groups 0.69 for the first group, -CO-NH-CH,-COOH
of multiplet peaks 0.95 for second group and
8.20t0 8.25 0.23 for third group (total -CO-NH-CH(-CH,OH)-
of approx. 2) CH,0OH
7.73107.81
5 5.621t05.71 Triplet peak 1.00 (set value) -C(-OH)-CH;
7 4.49 10 4.66 Multiplet peak 1.98 -GIOH
8 4.17 Singlet peak 1.07 -COHG-OH)-CHg
9 and 10 3.90t0 3.91 Two groups 2.99 -NH-CH,-COOH
with multiplet
3.82103.83 peaks -NH-CH (-CH,OH)-CH,OH
12 3.63103.64 Two groups 2.21 for the first group -NH-CH(-CH,0H)-CH,OH
with triplet and and 2.16 for the second
3.52 doublet peaks group
13 1.38101.39 Doublet peak 3.34 -CO-CH(-OHjC
lopamidol 1 12.69 Singlet peak 1.81 -Ce0
TP745
2 9.71t09.77 Multiplet peak 1.00 (set value) -Mi-CO-
3 8.8210 8.92 Two groups of 1.45 for the first group -CO-NH-CH,-COOH
multiplet peaks  and 0.48 for second group
8.42 t0 8.50 (total of approx. 2)
5 5.62t05.71 Triplet peak 0.95 -CO-CHHPCH;
8 4.16t0 4.17 Singlet peak 1.08 -COHEOH)-CHs
9 3.82103.91 One multiplet 4.22 -NH-CH,-COOH
peak and then two
groups of doublet
peaks
13 1.38t01.39 Doublet peak 3.32 -CO-CH(-OHjC
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Table S2.6.6: Summary of th%&-NMR analysis completed for iopamidol and seledtg@midol TPs

Compound

Corresponding Letter in

Chemical Shift (ppm)

Structure

Figure
lopamidol a 169.02 to 172.63 -Ar-CO-NH-
-Ar-NH-CO-
b 149.78 C-CO-NH-
c 142.76 C-NH-CO-
d 98.96 C-l
e 90.04 C-l
f 67.54 (negative signal) -COH(-OH)-CHs
h 58.78 t0 59.21 -CHGH,OH)-CH,OH
i 53.06 to 53.16 (negative -NH-CH(-CH,OH)-
signal) CH,OH
I 21.07 (negative signal) -CH(-OH)H;
lopamidol TP791 a 168.87 to 172.64 BO-NH-
-Ar-NH-CO-
-CH(-COOH)-CH,OH
b 149.33 to 149.82 C-CO-NH-
c 142.75 C-NH-CO-
d 99.14 C-l
e 90.48 C-l
f 67.54 -COEH(-OH)-CHs
g 61.30 -NH-CH(-COOH)-
CH,OH
h 59.22 -CH(EH,OH)-CH,OH
i 54.48 -NH-CH(-COOH)-
CH,OH
] 53.04 to 53.15 -NH-CH(-CH,OH)-
CH,OH
21.06 -CH(-OH)EH;




Corresponding Letter in

Compound Figure Chemical Shift (ppm) Structure
lopamidol TP761 a 169.03 to 172.61 -B0O-NH-
-Ar-NH-CO-CH(-OH)-
CHs
-CH,-COOH
b 149.50 to 149.84 C-CO-NH-
c 142.81 C-NH-CO-
d 98.89 to 99.32 C-l
e 90.03 C-l
f 67.54 -COEH(-OH)-CHs
h 58.89 to 59.22 -CHGH,OH)-CH,OH
j 52.84 t0 53.16 -NH-CH(-CH,OH)-
CH,OH
k 41.13 -NHEH,-COOH
| 21.06 -CH-(-OH)EH,
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Figure S2.6.52*3C-NMR spectrum for iopamidol TP791 at 125MHz ana &mperature of 293.1K
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Figure S2.6.53"*C-NMR spectrum for iopamidol TP761 at 125MHz anuperature of 293.1K
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Abstract

lodinated X-ray contrast media (ICM) are commonbtetted in the aquatic environment at
concentrations up to the low pg/L range. In thigdgtthe biotransformation of selected ICM

(diatrizoate, iohexol, iomeprol and iopamidol) iarabic soil-water and river sediment-water
batch systems was investigated. In addition, miatdbansformation pathways were proposed.
Diatrizoate, an ionic ICM, was not biotransformedhile three nonionic ICM were transformed

into several biotransformation products (TPs) at pH lohexol and iomeprol were

biotransformed to eleven TPs and fifteen TPs, sy, while eight TPs were detected for
iopamidol. Since seven of the TPs detected duringamsformation had not been previously
identified, mass fragmentation experiments wereptetad to elucidate the chemical structures.
Oxidation of primary alcoholic moieties, cleavagetlle N-C bonds (i.e. deacetylation and
removal of hydroxylated propanoic acids), and otridadecarboxylation are potential reactions
that can explain the formation of the identified sSTHohexol and iomeprol had similar

biotransformation rates, while iopamidol was bingfarmed slower and to a lesser extent. A LC
tandem MS method confirmed the presence of ICM ihPaqueous environmental samples.

Fifteen of the ICM TPs were even detected in dngkivater with concentrations up to 120 ng/L.
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3.1 Introduction

lodinated X-ray contrast media (ICM) are used fmiaging soft tissues, internal organs and
blood vessels, and can be administered to humadesass up to 200 g per diagnostic session
(Pérez and Barceld, 2007). They are designed toesistant to human metabolism and are
excreted mostly unchanged within 24 h (Pérez arrde@ 2007; Weissbrodit al. 2009). ICM

are commonly detected at elevated concentratiodsnmestic and hospital wastewaters (Ternes,
1998; Hirschet al. 2000; Ternes and Hirsch, 2000; Putschezval2000; Putschevet al 2007;
Busettiet al. 2008; Weissbrodet al. 2009), surface waters (Ternes, 1998; Ternes argthi
2000; Seitzt al. 2006a), groundwater and bank infiltrate samplegii®ret al. 2001; Ternegt

al. 2007; Schulzet al. 2008), soil leachates (Oppet al. 2004), and even in drinking water
supplies due to their high polarity and persistef@atzet al. 2006b). ICM are not effectively
removed in drinking water treatment plants (DWT&s)l hence are detected in finished water.
However, certain advanced processes such as adiwarbon filtration and nonselective
oxidation reactions have increased removal effaes (Joset al. 2006a; Seitzt al. 2006b).
Soil passage and bank filtration are other posséigoval processes for ICM (Oppatlal. 2004;
Schittkoet al. 2004). However, the sorption affinity of ICM taudige and suspended matter is
limited (Loffler et al. 2005; Ternet al. 2007). The presence of ICM is partly responsible f
the high absorbable organic halogen (AOX) conteahd in hospital wastewaters and effluents

from radiographic practices (Putschetal. 2000; Schittkcet al. 2004).

ICM are only partly transformed in municipal waséger treatment plants (WWTPs) during
nitrification with elevated sludge retention timg&RT) (Battet al. 2006; Carballaet al. 2007;
Schulzet al. 2008). However, mineralization was observed f@recursor of ICM, 5-amino-

2,4,6-triiodophthalic acid, in a two-stage anaeced®robic reactor (Lecouturiet al. 2003).
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Ozonation and advanced oxidation processes (i.gHt) have not been effective for the
removal of ICM (Ternegt al. 2003; Seitzt al. 2006a; Bahet al. 2007; Putschewt al. 2007),
and the photocatalytic activity of TiQlid not result in the complete mineralization @meprol
(Doll and Frimmel, 2005). Although, reductive dedggnation with zero-valent iron (Putschew
et al. 2007) and hydrogen dehalogenation in the presehoeetal catalysts (Knitét al. 2008)
were promising for ICM removal dissolved in pureteva either iodinated by-products were
formed or the removal efficiencies were limited water containing high DOC and natural
organic matter. Recent studies have shown thabdieation of ICM can occur with chemical
oxidation (Seitzet al. 2006b; Knittet al 2008), photolysis (Steger-Hartmaeh al. 2002 or

biocatalysts, specifically enzymes of white rotgu(Rode and Mduller, 1998).

Transformation of ICM has been investigated in gludystems as well as in sediment-water
systems, however the results have been inconsigtatsch, 1999; Steger-Hartmaehal. 1999;
Lecouturier et al. 2003; Hap and Kiummerer, 2006). Nevertheless, in all studies
mineralization of ICM was rare, and biotransforroatiof ICM was a relative slow process
compared to that of other environmental organidupehts. Recently, Kormost al. (2009)
identified a number of TPs of the nonionic ICM, éxol, iomeprol and iopamidol. However, the

biotransformation rates and transformation pathweayge not yet been investigated.

The aim of this study was to elucidate the biotfamsation of diatrizoate, iohexol, iomeprol and
iopamidol in different aerobic soil-water and sedntiwater systems, and to propose microbial
transformation pathways. In addition, seven unidiedt ICM TPs were structurally elucidated.
Furthermore, the occurrence of ICM TPs was invagdid in the aquatic environment to compare

the results obtained in the batch systems to reat@mental conditions.
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3.2 Experimental Section

3.2.1 Chemicals and Standards

The physical and chemical properties of the setel@® are described in Table 1.1 (Chapter 1).
Desmethoxyiopromide and N-(2,3-dihydroxypropyl);B:4riiodo-5-methoxyacetylamino-N’-
methylisophthalamide were selected as the surragatelards and used for quantification of the

ICM and TPs in the batch systems and environmesataples.

3.2.2 Soilsand Sediments

Two different soils were selected for the biotransfation experiments. The LUFA 2.2 soil is a
well-known European loamy sand soil which has laglanic matter content (organic carbon of
2.3%). The Ap horizon layer (or the upper plowed $ayer) of an agricultural field in
Braunschweig, Germany was the other soil seleatddch had low organic matter content
(approx. 0.9%) and a sand content of more than 90#s. particular soil has been irrigated with
secondary treated wastewater effluent and sludgemdéoe than 50 years. Natural river sediment
was collected from Unterbach, a tributary of theniaRiver, near Dausenau, Germany. This
sediment has a high organic carbon content of 4@3@&nd clay/silt content of 47 %, and
previously published in Steiat al. (2006). The individual parameters of the soils aver

sediment are listed in Table S3.6.1.

3.2.3 Soil/Sediment-Water Batch Systems
The groundwater used in the batch systems wasctedlédrom a deep well in Arenberg, a district
of Koblenz, Germany, and characteristics of thmugdwater are found in section 3.6. All batch

experiments were conducted under aerobic conditibhe redox potential was measured in the
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aqueous phase throughout the experimental periddamed between 100 to 220 mV. In order
to determine whether microbial transformation tqukce, batch systems were prepared by
adding 2 mL formaldehyde solution (37%, v/v) to @dh system consisting of 2 g of soil or
sediment and 20 mL of 1 g/L of ICM. Experimentdater concentrations (e.g. 1 mg/L) were
not included in the manuscript because similar ltesuere achieved and the transference to
environmental concentrations is already confirmed the detection of the ICM TPs in
environmental matrices. Unspiked batch systems aiithtio of 1:5 soil(sediment):groundwater

were always run in parallel.

Soil-water batch systenvgere individually spiked with the four selectedMCThe volume ratio

of soil to groundwater was 1:5. The batch systeomsisted of 80-100 g of soil and 400-500 mL
of groundwater containing a concentration of 1 gflthe individual ICM. The batch systems

were placed at room temperature (20-22°C) in ahosad cupboard, to prevent transformation
of the ICM by natural or artificial light. Previougsearch has found that selected ICM (i.e.
iomeprol) can photodegrade by stimulated sunligittem specific conditions (Doll and Frimmel,

2003). In addition, batch experiments consistinghaf Braunschweig soil, were conducted at
30£1°C in a temperature controlled water bath. Sas(2 mL aliquots) were collected from the

aqueous phase of the soil-water batch systemspatted intervals for the duration of the

experimental period (up to 159 d).

Sediment-water batch systemvere spiked with the three nonionic ICM. The ratibriver
sediment to groundwater was 1:5. The batch systemsisted of 4 g of sediment and 25 mL of
groundwater containing a concentration of 1 g/lthaf individual ICM. The batch systems were

placed in an enclosed cupboard at room temperf20r22°C). Samples (100 uL aliquots) were
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collected from the aqueous phase of the sedimetdrveystems at repeated intervals for the

duration of the experimental period (up to 155 d).

Prior to analysis, the sample aliquots from thelbatystems were prepared by diluting 10 pL of
the sample with Milli-Q water (total volume of 1 mand spiking with 10 pL of each of the two
surrogate standards (20 pg/mL). LC ESI tandem MS wgd to measure the ICM and TPs in

the prepared samples.

3.2.4 Aqueous Environmental Samples

Grab samples were collected from the influent afftuent of a conventional WWTP in
Germany, which consists of mechanical treatmenteésts, grit chambers, sedimentation)
followed by biological treatment (denitrificationné@ nitrification). The sludge age is
approximately 16-20 d, and the WWTP serves 600,00pulation equivalents (PE). Grab
samples were collected from the Rhine River claseMiainz, Germany. In addition, grab
samples were collected from a German DWTP. Thenest processes of the DWTP consisted
of flocculation, ozonation and activated carbotrdtion. The raw water source for this particular
DWTP is river water. The samples were acidifiedotd 2.8 after collection, filtered through
glass fiber filters, and extracted with Isolute® ENSPE cartridges (200 mg, 3 mL) according
to Schulzet al. (2008) and Kormost al. (2009). Prior to SPE the two surrogate standar®w
spiked into a sample volume of 500 mL of surfacéewand drinking water, 100 mL of WWTP
influent, and 200 mL of WWTP effluent. The SPE ddges were conditioned with 2 mL of n-
heptane, 2 mL of acetone, 4x1 mL of methanol antl A% of groundwater at pH 2.8. The

cartridges were dried with a gentle stream of girg and then eluted with 8 mL of methanol.



The sample extracts were evaporated to 100 pL,tleen reconstituted to 1 mL with Milli-Q

water.

3.2.5 Detection via LC ES| tandem MS
LC ESI tandem M$Applied Biosystems/MDS Sciex 4000 Q Trap systemas used for the
detection of the parent ICM and identified TPs Ire tsamples collected from the batch

experiments as well as environmental samples (3ehtal 2008; Kormost al. 2009).

The ICM and TPs were separated on a Synergi Polar dlumn (Phenomenex®,
Aschaffenburg, Germany), with the column oven $&0a°C. A gradient elution was used and
the flow rate was set at 0.4 mL/min. The mobile ggsaconsisted of Milli-Q water with 0.1%
aqueous formic acid (mobile phase A) and acettamitvith 0.1% aqueous formic acid (mobile
phase B). The gradient program was as follows:r aftanin of 95% mobile phase A, the
percentage of A was decreased to 75% within 11 tesuand then returned to the initial
conditions until the end of the measurement timee Thjection volume was 20 pL and the

duration of the run was a total of 20 min.

3.2.6 I dentification of Transformation Products via MS Fragmentation

The structural elucidation of the seven new ICM Tgpamidol TP717, iomeprol TP791,
iomeprol TP775, iomeprol TP761, iomeprol TP745, epnol TP657 and iomeprol TP599) was
completed using the approach described by Korea@s. (2009). This involved determining the
fragmentation patterns of the TPs based orf Bfctra, as well as applying the information

obtained from previous MS fragmentation experimeitigng structural elucidation of ICM TPs.
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3.2.7 Quantification of Parent ICM and TPsvia LC ESI tandem MS

Stock solutions were prepared for the nine isoldied (i.e. iohexol TP687A, TP657 and TP599,
iomeprol TP701, TP643 and TP629, as well as iopamié791, TP761 and TP745) and the
four parent ICM. The nine ICM TPs were isolated dsemi-preparative HPLC-UV system
coupled to a fraction collector. The fractions eoted were infused into a LC tandem MS to
determine the purity of the fraction. If only onenginant precursor ion was present in the Q1
scans, the fraction was freeze-dried to obtain 1@ pubstance to be used for preparation of
spiking solutions and calibration standards. A naetailed explanation can be found elsewhere
(Kormos et al. 2009. Approximately 1 mg of standard was dissolved ih@bmL of Milli-Q
water. Calibration standards were prepared byidduhe stock solutions with Milli-Q water and
spiking 10 pL of each of the two surrogate stansi@?® pg/mL). At least two optimized MRM
transitions were used for identification and canftion of the ICM and TPs in the batch system
samples as well as the environmental samples.t/A1i$1RM transitions with optimized MS
parameters as well as the source-dependent paranietehe ESI source are summarized in
Table S3.6.2-S3.6.5. The limit of quantificationQQ) values for the ICM TPs detected in the
environmental samples are provided in Table 3.2.

The concentrations of the parent ICM and nine stehd Ps were determined from the linear
regression {r> 0.98) of the calibration curves. For quantifieatof the ICM TPs for which
standards were not available, either the calibmatiorve of the parent ICM or a TP with a similar

fragmentation pattern and chemical structure whectssl.
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3.2.8 Determination of biotransformation rate constants and DTso values

Concentrations of the parent ICM detected in theeags phases of the batch systems were
plotted over the experimental period. In additimoncentrations of the parent ICM were
normalized to the measured initial parent ICM conicgion and plotted over time (Figure
S3.6.7 (a)-(d)). The graphs were used to determhi@M biotransformation followed zero-order
reactions. The biotransformation rate constakyig, were estimated from the slope of the
concentration vs. time plot if a zero-order reactwere assumed. The rate constants were

estimated within the linear range of the graphs.

Disappearance time (DT) is the time in which th&ahconcentration of the parent ICM is
reduced by a certain percentage, usually 50 %d{)0F 90 % (D). For this study, a Dsp

value (DTspiinea) Was calculated within the linear range of theasariration vs. time graphs, and
a DTsorota Value was estimated for the linear range of bistf@mation as well as the initial lag
phase. For zero-order kinetics, thespValues were estimated by using daifiear= Co/ (2%Kpio1),

and DTsowotal = lag phase + Dsbiinear

3.3 Results and Discussion

3.3.1 Biotransformation of ICM

The nonionic ICM (iohexol, iomeprol and iopamidalgre biotransformed to several TPs in the
aerobic soil- and sediment-water batch systems. ffhiedinated aromatic ring was not
modified, and hence these ICM did not undergo nailiation. The normalized concentration
vs. time graphs (Figure S3.6.7 (a)-(d)) illustrdtat more than 95% (in most cases close to

100%) of the parent nonionic ICM in the aqueoussphaf the batch systems was biotransformed
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within a time period of 159 d. The only exceptioasithe biotransformation of iopamidol in the
LUFA 2.2 soil-water system, in which close to 50¢4he parent ICM was detected. Diatrizoate,
an ionic ICM, was not biotransformed in all aerob&ich systems. This is in contrast to the
transformation of diatrizoate observed by KalscB9d) and Hail3 and Kimmerer (2006) who

reported the formation of two TPs formed by a dgdagon taking place at the side chains.

The biotransformation rates of the nonionic ICMiedrin the different batch systems. Zero-
order reactions were always the most appropriatdeio describe the ICM biotransformation
observed in the batch systems. Lag phases betwe@7 @l were observed for iomeprol and
iopamidol in the sediment-water systems, the Brelmasig soil-water systems incubated at
30°C and the LUFA 2.2 soil-water systems. This sstgythat microbial adaptation was required
prior to biotransformation. However, lag phasesevabsent during the biotransformation of
iohexol, iomeprol and iopamidol in the Braunschwesgil incubated at 20-22°C. One
explanation could be that the microorganisms wes# adapted in the Braunschweig soil after
the long-term irrigation of treated wastewaterwedfit containing X-ray contrast media. Based on
previous experimental results, it can be assumadstirption of ICM is negligible (Loffleet al.
2005;Carballeet al 2008). ICM are hydrophilic compounds with repdrteg K, values of less

than 1.5 (Table 1.1, Chapter 1).

Biotransformation rate constanti,§) for the nonionic ICM, summarized in Table 3.1,reve

calculated for the linear portion of the concembratvs. time graphs. The linear section of
biotransformation represented a significant portadnthe total transformation observed (i.e.
greater than 70 % biotransformation of parent IOM)h regression coefficient values of
> 0.9. Thekyio values ranged from 0.27 to 2.48 piMdepending on the nonionic ICM and batch

system. lomeprol and iohexol showed similar bictfarmation patterns, while iopamidol was
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transformed at a significantly slower rate. For thregated Braunschweig soil and the river
sediment systems, > 90% of the initial concentratiof iohexol and iomeprol was
biotransformed within 49 d, while for iopamidol neathan 90 d of incubation was needed for >
95% transformation. An exception was the complétaieation of iopamidol after 28 d in the

batch systems incubated at 30°C.

DTso values, DFoiinearand Doy are listed in Table 3.1. Rdwta Values ranged from 12.1 to
42.0 d for iohexol and iomeprol, and 20.0 to 64.6odiopamidol. The higher Dy values
clearly illustrate the slower rate of iopamidol toémsformation in the Braunschweig soil-water
system incubated at room temperature and the sathwaer systems. The lower Bbloa
values calculated for iomeprol in the LUFA 2.2 sgdter system can be explained by the

absence of a lag phase.
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Table 3.1: Summary of kinetic analyses for ioheimheprol and iopamidol in the different aerobi¢diesystems, including lag phases, estimated

biotransformation rate constanks,,, regression coefficients, and disappearance ti(B8Sjinearand DEotota)

Batch System ICM Lag phas& Linear range®  Kpio > (UMd™) r? DTsoinear (d)°  DTsototal (d)°
Braunschweig lohexol 0d-51d 0.46 0.9489 27.6 27.6
Soil (20-22°C)
lomeprol 0d-42d 0.61 0.9515 20.6 20.6
lopamidol 0d-72d 0.29 0.9671 41.6 41.6
Braunschweig lomeprol 0d-15d 15d-28d 1.99 0.9539 6.3 321.
Soil (30°C)
lopamidol 0d-15d 15d-28d 2.48 0.9128 5.0 .020
LUFA 2.2 Soill lomeprol 0d-17d 0.99 0.9252 12.1 12.1
lopamidol 0d-24d
River Sediment lohexol 0d-21d 21d-39d 1.15 0.9401 9.3 30.3
lomeprol 0d-27d 27d-52d 0.78 0.9849 15.4 442
lopamidol 0d-20d 20d-104d 0.27 0.9625 44.0 64.0

%hased on the concentration vs. time grafisiransformation rate constants determined folitiear range of the concentration vs. time graphs;

“DTsoiinearValue for the linear rangéDTsomaNalue is estimated by including the lag phase e Tsgjinear Value
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Josset al (2006b) determined higher biotransformation red@stants for ICM in activated
sludge systems witky,io=1 to 2 L-gs3d™ for iohexol and iomeprol, and less than 0.1 L*gss
for iopamidol (gss-L representing the suspended solid concentratiorgll Imatrices (e.g. soil,
sediment, and activated sludge) lowgs values were reported for iopamidol. One explamatio
might be the branched hydroxylated hydrocarbonach#d to the amide moiety which is

different for the other nonionic ICM.
3.3.2 Influence of temperature on biotransformation

Two separate batch systems consisting of the Bcawedg soil, one incubated at 20-22°C and
the other one incubated at 30°C, were prepareaviestigate the influence of temperature on the
biotransformation of the selected ICM. The calcdiabiotransformation rate constarksg, for
iomeprol and iopamidol were higher in the Braunseigwsoil-water systems incubated at 30°C
than those at room temperature (20-22°C), increafsom 0.61 to 1.99 uMdand 0.29 to 2.48

uMd?, respectively (Table 3.1).

Previous research has shown that temperature isarampter which influences the
biotransformation rate of organic compounds in aohwith activated sludge (Claed al. 2005;
Josset al. 2006a). It has been suggested that temperatuendepce can be described by the

Arrhenius equation (Joss al. 2006a).
Koiol, Tref = Koiol, 7 - € (""" Eq (1)

Where,kyiol, Tret IS the biotransformation rate constant at a refeFeemperaturekyq T IS the
biotransformation rate constant at an observed ¢eatyre i is the temperature coefficient,d
is the reference temperature, and T is the expetmhéemperature. Josst al. (2006b)
concluded that & value is expected to be between 0.03 to 0.09dlige systems.
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For iomeprol and iopamidol in contact with the Brachweig soilx values using Eq (1) were

calculated to be as high as 0.15 and 0.27 respdcti®ne explanation might be that the
biotransformation rate depends on the growth rédtéhe bacteria in the batch systems, and
therefore temperature dependence does not follewple model like the Arrhenius relationship

(Heitzeret al. 1991).

3.3.3 Formation of Transformation Products (TPSs)

Since seven of the TPs detected during biotransftbom had not been previously identified,
mass fragmentation experiments were completedutdate the chemical structures. Figure 3.1
provides the MS spectrum used to propose a fragitientpathway for iomeprol TP791. The
MS spectra and proposed fragmentation pathwaythéremaining six ICM TPs are illustrated

in Figure S3.6.1 to S3.6.6 of section 3.6.
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Iohexol: In the sediment-water systems and the Braunschseigvater systems, the TPs were
formed during two distinct phases, as can be glesgén in Figure 3.2 (a) and (b). During the
first phase, five TPs (TP863, TP849, TP835, TP833@ &P775) emerged and reached their
maximal concentrations after 40 d, and in the segomase six more TPs (TP745, TP687A,
TP687B, TP657, TP629 and TP599) were formed. At#3 d, five TPs formed during the

second phase were still present.
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lomeprol: In the batch systems, TPs were formed during twbrait phases. Initially TP791 was

formed, followed by TP805 and TP819, and five addal TPs (TP717, TP731, TP789, TP761
and TP775) (Figure 3.2 (c)). After 60 d, six mofesT(TP701, TP687, TP657, TP643, TP629
and TP599) were formed in the second phase of iohéptransformation. The TPs detected
in the second phase appeared simultaneously aralmednat relatively constant concentrations

until the end of the experimental period (Figur2 @l)).

lopamidol: In contrast to iohexol and iomeprol, there were distinct phases during TP

formation. lopamidol TP791 was the initial TP fongnd was dominant during the first half of
the experimental period (Figure 3.2 (e)). Four othEes (TP805, TP775, TP773 and TP761)
appeared shortly after the appearance of TP79hppAtoximately 80 d the last iopamidol TP
(TP687) appeared in the batch systems, and remaiméddhe end of the experiment (Figure 3.2

(e)). TP745 was the dominant TP present duringéeend half of the incubation period.

3.3.4 Mass Balance

Eleven TPs of iohexol, fifteen TPs of iomeprol aight TPs of iopamidol were detected in the
samples collected from the aqueous phase of bgstrss. Kormogt al. (2009) elucidated the

structures of 27 TPs found in soil-water batch esyst by means of NMR analyses or MS
fragmentation experiments. The structures of tidbtiatal seven ICM TPs have been identified

in this study and are reported in Figure 3.1 amedsérction 3.6.

With a few exceptions, the mass balance (sum &ampd€M and identified TPs over time)
ranged between 80 to 120% suggesting that the m&siof the parent ICM were identified in
the respective batch systems (Figure 3.3 (a)i(f)iwo cases, a significant reduction from 100%

(e.g. 40 to 60% after 120 d; Figure 3.3 (c) andl\igs observed for iomeprol and iopamidol in
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the Braunschweig soil-water batch systems afterdloDincubation. It can be assumed that in

those cases further TPs were formed, which wereletected. In either case, it appears that the

most relevant TPs were identified.
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3.3.5 Microbial Transformation Pathways and Biochemical Reactions

The proposed microbial transformation pathwaysherthree nonionic ICM are shown in Figure

3.4 to 3.6. The pathways are based on the strisctirine TPs, fundamental metabolic logic, and
the time sequence of their appearance. All idedtifiPs seem to be the result of modifications
to the side chains of the parent compound, in @der changes to the hydroxylated carbon side

chains attached to the nitrogen atoms.
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Control experiments, in which formaldehyde was add&arly indicate that the observed
transformations were the result of microbial atyivirhe presence of the same TPs in all batch
systems suggests that common microbial reactiots @sdependent of the matrix composition.
However, differences were observed with respebidtyansformation rates. This is not an
unexpected result, as the microbial compositiotnédifferent batch systems may vary

substantially.
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The formation of most ICM TPs in the batch systeaus be explained by succession of one, two
or three of the following biochemical reaction tgpg oxidation of the primary or secondary

alcohol groups, ii) decarboxylation, and iii) clege of N-C bond.

The formation of the first TPs to appear in thechatystems can be explained in most cases by
oxidation of the primary alcohol groups. Oxidatminthe hydroxylated hydrocarbon side chains
has been observed before for iopromide during biokd transformation in soil-water systems as
well as in activated sludge systems (Batal. 2006; Schulzt al. 2008). Oxidation of primary
alcohol groups to carboxylates has biochemical guesce in alcohol and aldehyde
dehydrogenases. There are many different typeaahf enzymes, including NAD(P)-dependent
alcohol dehydrogenases, alcohol oxidases, percegdaand monooxygenases (Krowgil al.
2004). Usually carboxylates were the first TPs oles in the batch systems. The absence of
detectable amounts of the respective aldehydesestgythat they were quickly oxidized to the

corresponding carboxylates in all batch systems.

Decarboxylations are another type of reaction olegerlt can be suggested that in the case of
iohexol and iomeprol, decarboxylations succeededottidation of the primary alcohol groups.

Many different enzymes, such as thiamine pyrophatp(iTPP) dependent enzymes, a group of
enzymes consisting of transketolases;keto acid decarboxylases, and pyruvate-like
decarboxylasegSprengeret al. 1999 are capable of catalyzing such reactions. In cdse o
iopamidol, metabolism might proceed slightly diffat (Figure 3.6) as the exact sequence of the

reactions is not yet clear.

Cleavage of the N-C bond is another common readfipe that was observed in the batch

system experiments. In general, this reaction fgake at the end of the incubation period and
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included the removal of acetyl groups (deacetytgtias well as the removal of hydroxylated
propanoic acids. Various enzymes are capable ofavielg N-C bonds, including
monooyxgenases (i.e. cytochrome P-450 monooxygspasé&eto acid-dependent enzymes
(Hegget al. 1999) alcohol and aldehyde dehydrogenases, arathedq/lases. Oxidation of the
carbon atom attached to the nitrogen is necessapramote cleavage at the N-C bond. It is
unclear, however, whether decarboxylation and diideof the hydroxyl groups were required

prior to cleavage of the N-C bond or if direct elage of the N-C bond could occur.

Although TPs contain amide functionalities, amidgdrolysis was never observed during
incubation. The absence of amide hydrolysis durimgnionic ICM biotransformation is
unexpected. Amide hydrolysis is a very common ieagtespecially during the breakdown of
proteins to peptides or amino acids, and was tlaetion proposed to occur during the
transformation of atenolol to atenololic acid (Radvic et al. 2008). One explanation for the
absence of amide hydrolysis might be that the pesef the large iodine atoms render the
amide bonds inaccessible to enzymatic attack (Kal§©9). It has been suggested that the steric
hindrance of the iodine atoms may be responsibighie inability of certain enzymes, such as
oxygenases, to attack the aromatic rings of the.l@Mppears that the iodine atoms need to be
removed before such oxygenases are able to atteclaromatic structure (Kalsch 1999).
similar argument can be used to explain the slamtrémnsformation of iopamidol. The increase in
steric hindrance due to the branched hydroxylajeiidtarbon side chains might be responsible

for the low biotransformation rates estimated &graimidol.



3.4 Environmental Occurrence

The ICM TPs identified in batch systems were foundWWTP effluent, surface water,
groundwater (data not shown) and DWTP samples, witbtal 19 ICM TPs detected in the
environmental samples (Table 3.2). In the efflueht municipal WWTP, 10 ICM TPs were
detected with concentrations as high as 660 n@finéprol TP791). In the Rhine River, close to
Mainz, 15 ICM TPs were detected above the limitgaantification, exhibiting a maximum
concentration of 110 ng/L for iomeprol TP629. Sitlte Rhine River has an average percentage
of treated wastewater significantly less than 1QHé,elevated concentrations indicate the high
stability of some of these ICM TPs in the aquatiwinment. Even in drinking water 15 TPs
were identified, with only seven TPs having a coniaion above 10 ng/L, but a maximum
concentration of 120 ng/L (iomeprol TP629). In gahehigher concentrations were detected for

those TPs which are formed at the end of the pexptansformation pathways.

Obviously, the ICM TPs are already formed to soxterd in municipal WWTPs and are further
formed in contact with soil and sediment. Even adea treatment processes such as ozonation
and activated carbon filtration are not capablearfipletely removing these TPs. Similar results
have been found with iopromide (Schelzal. 2008). The incomplete mineralization of ICM and
the presence of their TPs in the environment gleanhphasize the need for a comprehensive
evaluation of the environmental fate of ICM as wadl other emerging organic pollutants.
Research needs to focus on techniques and assagséss the biotransformation of emerging
organic pollutants to provide more information dwe impact these compounds and their TPs

have on ecological and human health.
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Currently, there is no toxicological data availalibe the newly identified ICM TPs. When
comparing the chemical structures of the parent tIGNhe TPs, it can be assumed that the TPs
will probably pose a similar negligible impact toosystems and humans as the parent ICM. A
potential concern of ICM and their TPs presentrinidng water treatment systems is whether
low molecular toxic iodine-containing disinfectidoy-products are formed (Richardsen al.

2008) when strong oxidants (i.e. chlorine and crlunes) are used for disinfection.



Table 3.2: Concentrations (ng/L) and the 95 % dmnfce intervals (n=3) of the nonionic ICM and ICMsTin wastewater, surface water, and drinking water

(LOQ values are given in brackets)

Sample lomeprol TP805 TP791 TP775 TP761 TP745 TP717 TP687 TP643 TP629
Type
WWTP 6920+£1460  440+28 660+170 7319 18010 99+19 360154 400+150 <LOQ 340159
effluent (4) (4) (4) (4) (4) (4) (4) (4) (10) (10)
Rhine water 150128 16+7 <LOQ 913 <LOQ 29+15 2917 713 7+3 110+33
(2.5) (5) (5) (5) (5) (5) (5) (5) (5) (2.5)
Drinking 31+6 <LOQ 4+1 <LOQ 4.2;3.2 10+5 511 4545 2315 120430
water 1) (1) 1) 1) 1) 1) 1) 1) (2.5) (2.5)
lohexol TP775 TP745 TP687A TP599
WWTP 72132 170121 3104190 <LOQ <LOQ
effluent 4) (4) (4) (40) (10)
Rhine water 4345 2249 82133 <LOQ 3+0.8
1) (1) (10) (10) 1)
Drinking 610.6 3+0.6 27413 13+1 72
water (1) D) (1) (10) (1)
lopamidol TP805 TP791 TP761 TP745 TP717 TP687
WWTP 1870+520 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
effluent (20) (20) 1) 4) (4) (20) (20)
Rhine water  160+48 6.7, 6.3 3814 <LOQ 2319 13+3 5543
(5) (5) (1) (2) (2.5) (5) (5)
Drinking 2017 <LOQ <LOQ 7.5;5.8 2513 310.6 1817
water (1) (2) (1) (5) (1) (1) (1)
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3.6 Supporting Information

3.6.1 Experimental Section

Diatrizoate, iohexol, iomeprol and iopamidol weiiadly provided by Bayer Schering Pharma
(Berlin, Germany), and had a purity of > 95%. Tihemical structures of the ICM as well as
general physicochemical properties are providetainle 1.1 (Chapter 1). Desmethoxyiopromide
(DMI, CAS no. 76350-28-2) and N-(2,3-dihydroxyprdp®,4,6-triodo-5-methoxyacetylamino-
N’-methylisophthalamide (DDPHI) (purity > 95%) weselected as surrogate standards for
guantification of the parent ICM and TPs in the phas collected from the batch systems, as
well as the environmental samples. The surrogatedstrds were provided by Bayer Schering

Pharma.

The organic solvents (n-heptane, acetone, methandl acetonitrile) were picograde and

purchased from Merck (Darmstadt, Germany). Formoid a ACS grade, 98-100%) was

purchased from Merck (Darmstadt, Germany).
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Aerobic batch systems were prepared for each cd¢lexted ICM. Two different soils were
used as well as natural river sediment for theré@sformation experiments. Table S3.6.1

provides detailed characteristics of the differsits and sediment used.

The groundwater used for the preparation of thehtbhsystems was collected from a well in
Koblenz-Arenberg, Germany. This groundwater is @®red pristine, and free of the target
analytes based on measurements of blank groundsatgles. The groundwater has a pH of
6.70, conductivity of 522 uS/cm, TOC level of 0rB8/L, redox potential of 156 mV, and

dissolved oxygen content of 1.4 mg/L.
3.6.2 I dentification of Seven New |CM TPs

In addition to the 27 ICM TPs previously identifieg Kormos et al. (2009), seven new TPs
were found in the aerobic batch systems which ta@doreviously been structurally identified.
One additional iopamidol TP (TP717) and six add#éiloiomeprol TPs (TP791, TP775, TP761,
TP745, TP657 and TP599) were detected in the Imtstems. In general, these additional TPs
were not dominant in the Braunschweig soil-waterstays, and therefore structural
identification of these new TPs was based orf M@ctra, as well as the fragmentation patterns
previously reported for the other ICM TPs. Figur@651-S3.6.6 display the MS spectra and
proposed fragmentation pathways for six ICM TP M6 spectra and fragmentation pathway

for the seventh new TP (iomeprol TP791) is showhigure 3.6.1 of the manuscript.
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Table S3.6.1: Characteristics of the river sedinaert soils used for the biotransformation experisien

Characteristic/Parameter Braunschweig Soft LUFA 2.2 Soif River Sediment
Corg (%) 0.61 2.3 4.36

Organic matter content (%) 0.9 4.0 4.9
Texture cambisol, sand loamy sand fine grain (< 2mm
Clay (%) 2.9 8.2 18
Silt (%) 6.1 17.0 29
Sand (%) 91.3 74.8 53

Sampling depth 0-5cm 0-10 cm 0-10 cm

®Ternes et al. (2007)Schulz et al. (2008f¥u, L.; Fink, G.; Wintgens, T.; Melin, T.; Ternes, A. Sorption
behavior of potential organic wastewater indicateith soil. Water Res2009 43, 951-960.°Stein et al. (2008).

Table S3.6.2: Source-Dependent Parameters for UCF&®lem MS

Source-Dependent Parameter Parameter Value

CAD 10
Curtain gas 138 kPa
Gas 1 276 kPa
Gas 2 276 kPa
Temperature 600°C
lonSpray Voltage 4500 V
10V

Entrance Potential
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Table S3.6.3: MRM Transitions and Optimized MS Regters for Diatrizoate, lohexol and lohexol TPs

Compound Precursor  Product Declustering Collision Cell Exit
lon (m/2) lon (m/2) Potential (V) Energy (eV) Potential (V)

Diatrizoate 614.8 2331 51 63 8

147.9 91 79 4

lohexol 821.9 602.9 111 35 18

500.7 111 67 30

lohexol TP863 863.8 515.1 71 57 40

476.9 71 31 18

lohexol TP849 849.8 616.9 56 67 24

514.8 56 49 26

lohexol TP835 835.9 667.1 66 73 28

514.8 66 41 42

lohexol TP833 833.9 758.9 71 29 20

728.7 71 29 18

lohexol TP775 775.8 531.9 71 67 20

426.7 71 35 16

lohexol TP745 745.7 501.9 61 43 46

703.9 61 25 20

lohexol 687.8 645.6 66 23 20
TP687A

444.0 66 49 8

lohexol 687.8 440.7 71 39 34
TP687B

568.7 86 19 34

lohexol TP657 657.8 454.8 121 33 24

657.9 582.6 71 19 32

lohexol TP629 629.8 458.9 86 21 12

568.7 71 15 18

lohexol TP599 599.8 582.7 101 17 36

454.9 76 33 12
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Table S3.6.4: MRM Transitions and Optimized MS Regters for lomeprol and TPs

Compound Precursor Product Declustering Collision Cell Exit
lon (M/2) lon (M/2) Potential (V) Energy (eV) Potential (V)
lomeprol 777.9 405.0 106 39 14
531.9 71 37 12
lomeprol 819.9 775.9 101 19 18
TP819 670.7 101 23 22
lomeprol 805.8 700.9 116 31 22
TP805 418.9 116 61 6
lomeprol 791.9 558.9 81 29 20
TP791 572.6 81 35 14
lomeprol 789.8 670.7 66 21 22
TP789 640.6 66 23 22
lomeprol 775.9 670.7 86 21 24
TP775 700.7 81 23 24
lomeprol 761.9 558.9 91 31 30
TP761 670.8 91 27 10
lomeprol 745.9 670.7 61 21 22
TP745
515.8 61 37 14
lomeprol 731.9 427.9 66 39 36
TP731 582.7 66 23 16
lomeprol 717.8 330.9 81 69 20
TP717 457.7 81 39 24
lomeprol 701.8 428.0 61 35 24
TP701 657.7 61 15 12
lomeprol 687.8 612.8 81 27 18
TP687 457.9 76 41 22
lomeprol 657.8 427.9 121 39 28
TP657
582.6 71 19 32
lomeprol 643.7 599.7 61 15 20
TP643 300.9 61 51 22
lomeprol 629.9 330.8 41 53 8
TP629 457.8 41 41 36
lomeprol 599.8 582.7 101 17 36
TP599 427.8 101 35 30




Table S3.6.5: MRM Transitions and Optimized MS Regters for lopamidol and TPs

Compound Precursor Product Declustering Collision Energy Cell Exit Potential

lon (m/2) lon (m/2) Potential (V) (eV) V)

lopamidol 777.9 558.8 91 33 18

387.0 91 55 12

lopamidol 805.8 700.9 116 31 22
TP805

418.9 116 61 6

lopamidol 791.9 558.9 81 29 20
TP791

686.7 81 19 38

lopamidol 775.9 670.7 86 21 24
TP775

700.7 81 23 24

lopamidol 773.9 559.0 56 25 16
TP773

670.8 56 17 30

lopamidol 761.9 558.9 91 31 30
TP761

670.8 91 27 10

lopamidol 745.9 670.7 61 21 22
TP745

515.8 61 37 14

lopamidol 717.8 330.9 81 69 20
TP717

457.7 81 39 24

lopamidol 687.8 612.8 81 27 18
TP687

457.9 76 41 22
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Abstract

A LC tandem MS method was developed for the simelbais determination of five iodinated X-
ray contrast media (ICM) and 46 biotransformatiorodoicts (TPs) in raw and treated
wastewater, surface water, groundwater and drinkiiater. Recoveries ranged from 70% to
130%, and limits of quantification (LOQ) were beemel ng/L to 3 ng/L for groundwater and
drinking water, and 10 ng/L to 30 ng/L for wastesvaiohexol, iomeprol, and iopromide were
transformed to > 80% in a conventional wastewatsatinent plant, while for iopamidol it was
only 30%. The loads in WWTP effluent of the ICM T#®@smed under aerobic conditions could
account for up to 45% of iopromide and 16% iomeprahsformation, while for iohexol and
iopamidol only 3% and 1% could be found. A sigrafit change in the pattern of ICM TPs was
found after bank filtration and groundwater reclealgading to TPs formed at the end of the
aerobic transformation pathway. Therefore, sevi@M TPs such as iohexol TP599, iomeprol
TP643, and iopromide TP701A and TP643 were formethd soil passage, and were even not
removed by granular activated carbon (GAC) filoatior ozonation during drinking water
treatment. Seven ICM TPs, such as iomeprol TP68I7T&643, and iopromide TP701A, were
detected at concentrations > 100 ng/L in groundwaxtd drinking water, with most of these TPs

formed during groundwater recharge or bank filtnadi

4.1 Introduction

lodinated X-ray contrast media (ICM) are used for imaging of internal body structures (i.e.
organs, blood vessels and soft tissues) duringhdgt@ examinations (Christiansen, 2005). ICM
have been reported to be the most widely used @weuaticals for intravascular administration,

and most frequently used in hospitals (Hirettal. 2000; Christiansen, 2005). They are applied
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at high doses (i.e. up to 200 g/application), amdediminated unmetabolized in the urine within
24 h (Steger-Hartmanet al. 2002). Most ICM are derivatives of 2,4,6-triiodokeic acid, and
are classified as ionic or non-ionic depending loa functional groups at their side chains. For
instance, the ionic ICM, diatrizoate, is negativelyarged at neutral pH due to its carboxylic
moiety (pKa = 3.4), while the non-ionic ICM (i.eohiexol, iopamidol and iomeprol) are
uncharged at neutral pH because they contain gryolyl groups which become deprotonated

at pH> 10 (Pérez and Barcel6, 2007; Bugsttl 2008).

Several studies have shown that these hydropmtidsgologically stable ICM are not effectively
removed during treatment in wastewater treatmeanttpl (\WWWTPSs) (Ternes and Hirsch 2000;
Carballaet al. 2004; Claraet al. 2005). The elevated concentrations of ICM in stefavater,
groundwater, and even water of drinking water treait plants (DWTPS) indicate their
persistence (Hirscht al. 2000, Putschewt al. 2000; Schittkaet al. 2004; Joset al. 2006; Seitz

et al. 2006; Ternest al. 2007).

Recent research has shown that certain oxidatiocepses (i.e. ozonation, advanced oxidation
processes) as well as biological processes in WWiitPselevated sludge retention times (SRT)
of > 12 d are capable of removing non-ionic ICM [[Dexmd Frimmel, 2004; Pérezt al. 2006;
Seitzet al. 2008; Zwieneet al. 2009;). However, the elimination did not resuliimeralization

of the parent ICM. In most cases, oxidation proslust biotransformation products (TPs) were
formed (Kalsch 1999; Baét al. 2006; Seitzt al 2008; Schulzt al. 2008; Kormost al 2010).
Aerobic biological transformation results in a gy of the side chains of the parent ICM,
while chemical oxidation processes might lead temdiaated organic products (Péret al

2009; Zwieneret al 2009). Recently, a total of 46 TPs for four nonic ICM have been



identified (Schulzt al. 2008; Kormoset al. 2009 and 2010). However so far minimal effort has

focused on the occurrence and the fate of thesé/neéentified TPs in the aquatic environment.

The main objective of this study was to investigdie occurrence and fate of the newly
identified TPs of four nonionic ICM (iohexol, iomeg, iopamidol and iopromide) in different

aqueous matrices using an optimized LC ESI tandeégnnhthod. In particular, this study is
aiming at changes occurring in the composition gatterns of the TPs in water which is
following the urban water cycle from WWTPs via suoé water to groundwater and drinking

water.
4.2 Experimental Section

4.2.1 Description of Sampling Locations
4.2.1.1 Sampling of wastewater treatment plants TWR%Y

Weekly composite samples were collected from a eotional German WWTP (WWTP1)
during a dry weather period in December 2009 (Déeend" to 18" 2009). This WWTP serves
285,000 population equivalents (PEs), and has a@Thydraulic retention time (HRT) of 16 d
and 60 h, respectively. The average wastewatasvinié approximately 35,500 . WWTP1

receives two different wastewater streams from sherounding area. The composition of
wastewater consists of domestic sewage from varibstsicts of the city as well as hospital
wastewaters. WWTP1 consists of mechanical treatméndlogical phosphate removal,
denitrification, nitrification, secondary sedimetda and filtration (Figure 4.1). The mechanical
treatment consists of different sized screens,itargmoval tank (sand filtration tank) and a

primary sedimentation tank. After primary sedimépntg the wastewater enters a biological
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phosphate elimination tank, followed by an actidaséudge tank consisting of a denitrification
compartment and a nitrification compartment. Thitueht enters a secondary sedimentation
tank and a filtration system before being dischdrgo the receiving water body. Figure 4.1
provides a schematic diagram of WWTP1, and whezestimples were collected. Samples were
taken from both influent streams (sampling pointadd 2), prior to biological treatment
(sampling point 3), after secondary sedimentatisampling point 4), and after filtration

(sampling point 5).

Phosphate
elimination

Influent 1 Primary nitrification Secondary

Filtration
Screens sedimentation sed|mentat|on

(:D\ o J° © o o
e Nl oS P BN N e
o, s 0o ‘,,o
g X oo Yoo v © o @
Influent 2 Grit removal denitrification

receiving
water body

Sludge treatment

Figure 4.1: Flow scheme of a conventional German WPWWWTP1) consisting of mechanical and biological
treatment. The numbers indicate the locations whaneples were taken

Grab effluent samples were also collected from tmmicipal WWTPs in Germany to obtain
more information on the composition of ICM and IO¥s being discharged into surface waters.
A detailed description of the two WWTPs, (i.e. WWTB&d WWTP3), can be found in the
section 4.5. In brief, WWTP2 is a medium-sized lfgcivith approximately 300,000 inhabitant
equivalent values, and has a HRT of 36 h and a &R d. WWTP3 has a SRT of 20 d and a

HRT of 36 h, and with a capacity of 600,000 PEse Two WWTPs apply similar treatment
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processes, including screens, grit removal/sartdatibn, primary sedimentation, biological
treatment (nitrification and denitrification), phpdgate elimination, and secondary sedimentation.

4.2.1.2 Sampling of Surface Waters

Ruhr WatershedSamples were collected along the Ruhr River anttiigtaries in September

2009 during dry weather conditions (Figure 4.2).dAtailed description of the sampling
campaign can be found elsewhere (Pragsal. 2010). In brief, water samples were collected
from 23 locations along the Ruhr River, six locaicalong its tributaries, two sites at Rhine
River close to its confluence with the Ruhr, ane @ite at the mouth of the Emscher River

entering the Rhine.
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Figure 4.2: Diagram of the Ruhr Watershed showlregsites where water samples were collected darsgmpling

campaign in September 2009 (Sampling points RuoORu_30 were taken along the Ruhr and its tribesari
Rh_01 and Rh_02 refer to samples taken before fiadj@ining the Rhine, and Em_01 is the sampliogpat the

mouth of the Emscher River). The blue circles repn¢ the sampling spots of the tributaries of thariRthe yellow

circles are the sampling spots along the Ruhrtl@dreen circles are samples taken from the RimideEmscher.

The Ruhr River is a medium-size river with a lengti217 km, located in the Western part of
Germany. The headwaters of the Ruhr begin in ththd&o Mountains and flow through a

moderately populated area. The river enters ther Ridiley, which is the most densely



populated region within Germany, prior to joinifgetRhine River at Duisburg. There are 28
WWTPs located within the Ruhr Watershed, which libsge wastewater of close to two million
inhabitants into the Ruhr or its tributaries (WMéenne, Lenne, Valme, Volme, Mohne, and Raéhr).
The Ruhr and its tributaries serve as a main sdorcérinking water production for millions of

people.

4.2.1.3 Sampling of Groundwater and Bank Filtratiites

Four locations were selected in which infiltratiohsurface water, in particular river water, into
groundwater is known or could be possible basedhenclose proximity of the river to the

groundwater wells.

At sampling location 1, samples were collected frtva river and three groundwater wells
located close to the river. The water level deptirying between 8.3 m to 9.3 m), pH, water
temperature, dissolved oxygen content and condtyctiwere measured at the different
groundwater sampling locations, and are summaiizd@ble S4.5.1 of section 4.5. River water,
groundwater and bank filtrate were collected frampling location 2. Sampling location 3 and
4 are located within the same watershed. The sampdee collected from a river, groundwater
recharge area located close to the river, and ghwater influenced the river. Information about

the hydrogeology for sampling location 3 and 4risved in the section 4.5.

4.2.1.4 Sampling of water after certain DWTP preess

Samples were collected from five German DWTPs. Thain treatment processes are
summarized in Table 4.1. Samples were taken befodeafter certain treatment processes at the
five selected DWTPs (referred to as DWTP1 to DWTH®S)E raw water source for DWTPL1 is a
mixture of groundwater and bank filtrate, whichthen treated by GAC filtration before being
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distributed. DWTP2 receives its raw water from béitkation, artificial groundwater recharge
and natural groundwater. Afterwards, only physicaatment processes are applied such as
aeration, and sand filtration. DWTP3 receives #w water from a reservoir and groundwater
and uses flocculation, multi-layer filtration, abd/ disinfection. DWTP4 and DWTP5 direct use
river water to produce drinking water, and hencgeudti-barrier approach is used to prevent the
breakthrough of pathogens and pollutants by apglpiocesses such as flocculation, ozonation,

and filtration (i.e. sand filtration and GAC filtran).

Table 4.1: Summary of the different treatment psses applied at the five selected German DWTPs

Treatment DWTP1 DWTP2 DWTP3 DWTP4 DWTP5
Process

Bank filtration X X

Flocculation X X

X
X
Sedimentation X X
X

Aeration X

Multi-layer X X
filtration

Sand filtration X X

GAC filtration X X X

UV disinfection X

Ozonation X

Chlorine X
disinfection

4.2.2 Sample Preparation and Extraction for ICM TPs

The aqueous samples were filtered through glass filkers (Schleicher and Schuell, Dassel,
Germany), acidified to pH 3 with sulfuric acid 4Bk, 3.5 M), and stored at 4 °C prior to
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extraction. Two solid phase extraction (SPE) cdges, Gg cartridge (3 mL, 200 mg, J.T. Baker)
coupled with Bakerborld' SDB-1 (3 mL, 200 mg, J.T. Baker), were used siandbusly for
clean-up and extraction, respectively. Both SPHEridges were conditioned with 4x1 mL of
methanol and 4x1 mL groundwater adjusted to pH B ®8i5M HSO,. For raw and treated
wastewater, 100 mL and 200 mL were extracted, otisgedy, and 500 mL or 1 L was extracted
for surface water, groundwater and drinking walgtor to extraction, all samples were spiked
with 10 pL of a surrogate solution (20 ng/pL). Toerogate standard solution consisted of
iohexol-&, iomeprol-d, iopamidol-d, diatrizoate-¢ desmethoxyiopromide (DMI), and N-(2,3-
dihydroxypropyl)-2,4,6-triiodo-5-methoxyacetylamihd-methylisophthalamide (DDPHI). DMI
and DDPHI were kindly provided by Bayer Scheringafha (Berlin, Germany), diatrizoatg-d
was purchased from Compro Scientific (Berlin, Gamg)a and iohexol-¢ iomeprol-d and
iopamidol-& were purchased from Toronto Research Chemicalsti{Nvork, Canada). After
enrichment by SPE, the cartridges were washed 4vithL of Milli-Q water adjusted to pH 3
with 3.5M H,SO,. The SDB-1 cartridges were then dried under algestiteam of nitrogen gas.
The analytes were eluted with 4x2 mL of methanghperated to 100 pL using nitrogen gas and
reconstituted to 1 mL with Milli-Q water (depending the volume extracted during SPE). The

extracted samples were stored at 4° C until meddwyd C tandem MS.
4.2.3 LC ESI(+) Tandem MS detection of ICM and TPs

An Agilent 1200 Series HPLC system, consisting mfaatosampler, binary pump and degasser
(Waldbronn, Germany), was coupled to a column oy&layLab Analytical Instruments,
Austria). Chromatographic separation of the analytas achieved on two coupled Chromolith®
Performance RP-18e columns (4.6 mm x 100 mm, MeB&mstadt, Germany) with a

Chromolith® RP-18e guard column (4.6 mm x 5 mm, dkeiDarmstadt, Germany). A sample
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aliquot of 50 pL was injected into the LC ESI tamd®S, and the analytes were eluted from the
column using two mobile phases, 95% Milli-Q wate¥ methanol and 0.5% formic acid (A),
and 99.5% Milli-Q water and 0.5% formic acid (B)he gradient elution program was as
follows: 0-2 min, 100% A; 17 min 90% A; 17.1-20 mit00% A. lopromide and its TPs were
measured in a different HPLC run using an isocraltition program which consisted of 90% A
and 10% B for 20 min. A flow rate of 0.8 mL/min andlumn oven temperature of 50 °C was

used for the measurements of all ICM and TPs.

The HPLC system was coupled to a 4000 Q TfaplS system (Applied Biosystems/MDS
Sciex, Darmstadt, Germany) consisting of an elsptiay ionization (ESI) source (operated in
positive ionization mode). The source-dependenamaters were optimized for the ICM and
their TPs. These parameters are summarized in Tahl8.2 of the section 4.5. Two mass
transitions were optimized for the parent ICM a@he TP for identification and confirmation
purposes in MRM mode. The MRM transitions and conmgbdependent parameters for the
parent ICM and TPs as well as the surrogate stdadae summarized in Table S4.5.3-S4.5.6 of

section 4.5.
4.2.4 Method Validation
4.2.4.1 Recoveries

Recoveries for the analytical method were deterdchibg spiking the analytes and surrogate
standards into samples of raw and treated wastevgtdace water, groundwater and drinking
water. The spiking concentrations were differertideen the wastewater samples (i.e. spiking
concentration of 0.1 and 1 pg/L) and the other agasamples (i.e. 0.05, 0.1 and 0.2 pg/L), and

based on background concentrations of parent IC&tipusly detected in the different matrix
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types. Recoveries were also carried out in the evaser samples at higher concentrations (i.e.

10 pg/L and 50 pg/L) for direct injection into th€ tandem MS.

The recoveries were calculated by subtracting thamtoncentration (n=3) of the analyte in the
spiked enriched samples ffed by the mean concentration (n=3) in the non-spikadched

samples (Gon-spiked, and dividing it by the initial spiking concentian (Gnitial) (refer to Eq 4.1).

Recovery [%)] = (Gpiked— Chon-spiked * (Cinitiar) X 100 Eq (4.1)

Variations from the mean values (n=3) were give@%% confidence intervals.

4.2.4.2 Quantification and LOQs

The calibration was prepared by spiking standahdtiems of diatrizoate, iohexol, iomeprol and
iopamidol and nine isolated TP standards (ioheXxe687A, TP657, TP599; iomeprol TP701,
TP643, TP629; iopamidol TP791, TP761, TP745) a3 aliopromide and its seven isolated
TPs (TP819, TP759, TP731B, TP729A, TP701A, TP70IK43) into a final volume of 1 mL
Milli-Q water. A detail explanation of how the TRegere isolated and the preparation of the
standard solutions can be found elsewhere (Schuwk 2008; Kormos et al. 2010). In addition,
10 uL of a surrogate standard solution (20 ng/u&3% wpiked into each calibration sample. The
12 point calibration curve ranged from 1 to 300@Lnd.inear and quadratic regressions were

applied to the calibration curves with a weighiagtor of 1/x.

For remaining ICM TPs, which could not be isolatedufficient quantities, the concentrations
were determined using either the calibration curfvihe parent compound or a TP which had the
same detected fragment ions. These TPs are marke@dnvasterisk because the concentrations

have been semi-quantified due to insufficient gmiast of the standards. A summary of the



analytes as well as the surrogate standards useguémtification (semi-quantification) of each

analyte are summarized in Table S4.5.7-S4.5.8aticse4.5.

Samples from the soil-water batch systems withespilCM (i.e. 1 g/L) were analyzed to verify
the correct retention times of different ICM TPsving similar MRM transitions. The
experimental set-up of the batch systems are destin Schulzt al. (2008) and Kormost al.
(2009). At specific time intervals, samples (10 pAgre taken, spiked with 10 pL of the
surrogate standard (20 ng/pL) solution, and dilued mL with Milli-Q water prior to LC

tandem MS detection.

The limits of quantification (LOQ) were defined assignal/noise ratio of > 10, which was
individually determined in each environmental saan@hd calibration sample for each analyte.
In any case, the LOQ was always higher than thesstvealibration point in the linear or

guadratic regression.

4.2.5 Diatrizoate and carbamazepine as municipal wastewater indicators

Diatrizoate and carbamazepine were simultaneousinitored as indicators of wastewater
contamination because these compounds are knola persistent during wastewater treatment
(Ternes and Hirsch, 2000; Ternes et al., 2007; Helenal. 2006). Diatrizoate was measured
and quantified using the described LC tandem MS$hotet Carbamazepine was detected using a

LC tandem MS method described previously by Humenhel. 2006.
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4.3 Results and Discussion

4.3.1 Method Validation for ICM and TPsin Aqueous Matrices

An analytical method using LC tandem MS instrumgotawas developed to determine the
occurrence of diatrizoate, four nonionic ICM (iolbéxomeprol, iopamidol and iopromide), and

46 ICM TPs in various aqueous matrices. The re¢esdor the parent ICM, selected TPs, and
the wastewater indicators, diatrizoate and carbapiag, are summarized in Table 4.2. In
general, the recoveries were between 70% to 130#098% confidence intervals (n=3) of less
than 30%. The LOQs for analytes detected in sunfeater, ground and drinking water ranged
from 1 ng/L to 3 ng/L. The LOQs for the raw andatexl wastewater samples were significantly
higher due to the elevated matrix background amtyed from 10 ng/L to 30 ng/L. The

analytical method developed was able to quantifyl I&éhd their 46 TPs in a variety of aqueous

matrices with sufficient accuracy and sensitivity.



Table 4.2: Recoveries (%) and 95% confidence ialeryn=3) for ICM and selected TPs, and the wasmwa

indicators (carbamazepine and diatrizoate) inlrestigated environmental matrices

Analyte WWTP WWTP River Groundwater® Drinking water©
influent? effluent® water”
lohexol 91+25 120+ 21 71,89 n=2 106 +14 9B+
lohexol TP687A 95+11 119+6 78 +12 75+12 810t
lohexol TP657 106 +21 117 £ 15 90 £ 10 105+4 120
lohexol TP599 83+49 123 + 36 82+5 85+2 1383+
lomeprol 123 + 158* 92 +21 809 113+ 14 89 +41
lomeprol TP701 94 + 29 108 + 22 121 + 26 106 + 29 6 +27
lomeprol TP643 90 + 27 104 + 15 84 + 27 104 + 46 0220
lomeprol TP629 105+17 112+ 9 74+8 82 +16 8%+
lopamidol 111 +13 100+ 9 117 113 +20 128 + 38
lopamidol TP791 874 93+6 93+5 90 +17 87,86
(n=2)
lopamidol TP761 112 +19 97 +10 93+21 88+14 13¥09
lopamidol TP745 94 +4 99 +3 88+14 78+ 6 109 + 25
lopromide 79113 89+14 119+ 33 105+1 111 +15
lopromide TP759 82+10 95+10 102+3 93+15 328
lopromide 701A 81+4 92+3 100 + 15 94 +13 1116+
lopromide TP643 83+11 99 +10 76 +13 72 +18 +7113
Wastewater
Indicators
Carbamazepine 92+9 105+6 111;105 100+ 8 105+ 14
n=2
Diatrizoate 77+8 95+ 15 106 £ 5 112 + 20 77,81 (n=2)

3spiking concentration of 50 pg/L (direct injectipfpiking concentration of 0.1 pg/Espiking concentration of

0.05 pg/L; *spiking concentration was too low (bgalund concentrations were high compared to spiking

concentration)
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4.3.2 Transformation of ICM and TPsin a municipal WWTP

Five-day composite samples were collected from WWTdR five sampling locations, as
illustrated in Figure 4.1. Influent concentratiooisthe more contaminated wastewater stream
(Influent 1) ranged from 18 pg/L (iohexol) to 13@/l (iomeprol), and from 3.7 pg/L (iohexol)
to 6.6 pg/L (iomeprol) in the other influent strea(influent 2) (Table 4.3 and 4.4).
Transformation of the parent nonionic ICM mainlycooed during biological treatment. The
other processes (i.e. filtration) were of minor ortance for the transformation of the selected
ICM. The transformation efficiencies of iohexolmeprol and iopromide were > 80% indicating
the extremely high biological efficiency for WWTHKTable 4.3 and 4.4). This is probably the
result of the high SRT of 16 d and HRT of 60 htas WWTP. In the literature, the removal
rates for ICM have varied from no removal (Terned Blirsch 2000; Carballet al. 2004; Clara

et al 2005) to greater than 80% (Terretsal. 2007) indicating that a minimal SRT of > 8 d is
required (Josst al. 2006). Battet al. 2006 reported that a SRT of 12 to 14 d was resplenfor

the high removal efficiency of iopromide duringiaated sludge treatment.

lopamidol was transformed to a minor extent wittakculated transformation rate of 35% during
biological treatment. This lower removal rate imlbgical wastewater treatment is consistent
with its slow biotransformation rates observed @mobic soil-water and sediment-water batch
experiments (Kormost al. 2010). In the effluent of WWTP1 only one iopamidd® (TP791)
could be detected, while in the same effluent X@eprol TPs and all 12 iopromide TPs were
detected. Obviously, iopamidol is more reluctantvdads biotransformation in municipal

WWTPs than other non-ionic ICM.

191



Table 4.3: Concentrations [ug/L] and loads [gfdjppromide and TPs, and iomeprol and TPs at sjgexdfmpling locations, and mass balance basedanis lo
of iopromide and iomeprol during treatment at WWTP1

Sampling Point| lopromide lomeprol
Conc. [ug/L] Sum of Sum of Sum of phase Mass Conc. Sum of Sum of Mass
(Load [g/d]) phase | TPs phase Il TPS Il TP balance [%4] | [ng/L] phase | TP$ phase Il TPS balance [%4]
[ug/L] [ng/L] [Hg/L] [ [o/d] (Load [g/d]) [ng/L] [ng/L] [g/d]
[9/d] [g/d] [g/d] [o/d] [g/d]
Influent 1 (1) 60 £ 6 0.31+0.08 0.03+0.01 0.17+0.05 131+12 0.6+0.2 0.7+0.2
(1100 + 120) (6 1) (05+0.1) (4.2+0.8) (2400 + (11 £ 4) (13 £ 4)
230)
Influent 2 (2) 1.7+0.2 0.6+0.2(9+ 0.10+£0.04 0.18+0.02 57+0.2 0.21+£0.02 05+0.2
(28 £ 4) 4) (1.7 £0.7) (3.210.3) (95 3) (3.610.2) 9+4)
Pre-biological | 312 1.6+£0.2(62 0.82+0.07 0.58+0.08 71+2 1.2+0.6 1.0+0.3
treatment (3) | (1200 £80) +8) (32+3) (12+3) (2700 £ 60) (45 +11) (40 + 112)
Post-biological | 3.7; 3.8 7.5;8.4 7.3;7.4 3.4;1.3 39%; 44% 12+0.4 3+2 5+2 9%
treatment (4) | (130; 130) (260; 290) (250; 250) (26; 43) (n=2) (410+£10) (73 +61) (170 £ 82)
(n=2) (n=2) (n=2) (n=2)
Effluent (5) 3.4;34 7.6;7.9 6.7; 8.8 4.3;21 42%, 49% 13+3 3.3;2.8 10; 7.6 14%:; 19%
(120; 120)  (260;270)  (230;290)  (66; 41) (n=2) (450 +110) (96; 110) (260; 350)
(n=2) (n=2) (n=2) (n=2) (n=2)

dhase | iopromide TPs are TP819, TP805A, TP8058 T&817;’ phase Il iopromide TPs are TP787, TP731A, TP731BTaPi729 phase Il iopromide TPs
are TP759, TP701A, TP701B and TP6pBase | iomeprol TPs are TP819, TP805, TP791, TPMBY75, TP761, TP731 and TP7iphase Il iomeprol TPs are
TP745, TP701, TP687, TP657, TP643, TP629 and TPBRSs balance is the ratio of the sum of TPs divinkethe transformation of the parent ICM in loads

[o/d]



Table 4.4: Concentrations [ug/L] and loads [g/djatfexol and TPs, and iopamidol and TPs, carbaniiseemd diatrizoate at specific sampling locatiars]

mass balance based on loads of iohexol and iopachigimg treatment at WWTP1

Sampling Point lohexol lopamidol Diatrizoate Carazepine
Conc. [pg/L] Phase Il Mass Conc. [ug/L] TP791 Mass Conc. [ug/L] | Conc. [pg/L]
(Load [g/d]) TP [ug/Ll] balance [%] | (Load [g/d]) [ma/L] balance [%4] | (Load [g/d]) (Load [g/d])
[o/d] [g/d] [o/d] [g/d]
Influent 1 (1) 18+2 0.13+0.04 --- 35+3 27+3 1+0.00
(330 + 30) (2.3+£0.8) (640 + 60) (500 + 50) (1912
Influent 2 (2) 3.7+04 (0.46 +£0.01) --- 6.6 £ 0.5 13;1.2 1.4+05
(62 £ 6) (7.9+£0.2) (120 +8) (24; 22) (n=2) | (24 £ 8)
Pre-biological | 11 +0.3 0.11£0.03 -- 21+1 18+2.6 1.0+0.1
treatment (3) | (410 +10) 4+1) (380 £+ 30) (680 £+ 100) (41 +6)
Post-biological| 0.9 + 0.2 0.2+0.1 1% 13+1 0.07+0.02 0.6% 13+0.8 0.9 +£0.04
treatment (4) | (31x7) 84 (250 £ 10) (440 £ 30) (322
Effluent (5) 1.2+0.1 04+0.1 3% 16+3 0.07;0.08  0.9% 14; 13 11+£0.2
(40 3) (13+5) (280 + 50) (n=2) (440; 470) B7+7)
(n=2)

2phase Il iohexol TPs are TP745, TP687A, TP687BG5R TP629, and TP598ylass balance is the ratio of the sum of TPs diviskethe transformation of
the parent ICM in loads [g/d]
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4.3.3 Mass Balances

The mass balances, calculated in percent, wematizeof the sum of the respective ICM
TPs concentrations [nmol/L] divided by the transefation of the parent ICM [nmol/L],
or the ICM TP loads [g/d] divided by the transfotioa of the parent ICM load. The TPs
of iopromide accounts for about 45% of iopromidansformed during biological
treatment at WWTP1, while the iomeprol TPs and xoh& Ps account for 16% and 3%,
respectively (Table 4.3 and 4.4). It has to be chdbat only three TPs of iohexol (i.e.
TP687A, TP657 and TP599) have been detected aflegical treatment, and were only
phase Il iohexol TPs. One explanation for the mpkete mass balances might be that

other TPs are formed which have not been identgméhr.

Figure 4.3 illustrates the dominant TPs of iomepaold iopromide formed during
biological treatment. Concentrations as high agug/L (iomeprol TP629) were detected.
In general, TPs formed at the beginning of the psep transformation pathways were
expected. This was true for iomeprol TP805 and TR&hd iopromide TP817A and
TP8B05A. However, additional TPs (i.e. iomeprol T®Ghd iopromide TP701A) were
detected which were proposed to be formed at tideoérihe microbial transformation
pathways (Schulet al. 2008; Kormot al. 2010). This might be caused by the elevated
HRT of 60 h and high SRT of 16 d. The concentratbtCM and ICM TPs found in the
effluent samples of WWTP2 and WWTP3 were much lotem those detected in
WWTP1 (Figure 4.4). However, the TP patterns wetatively consistent between the
three WWTPs, in which ICM TPs such as iomeprol T9&8d TP687, and iopromide

TP701A formed at the end of the proposed micrgiasthways were detected. This might
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be caused by the elevated SRT of > 12 d and threuttion of the treated sludge during

wastewater treatment.
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Figure 4.3: Concentrations [ug/L] of iomeprol TR3 &nd iopromide TPs (b) detected prior to biolabic
treatment (sampling point 3), after biological treent (sampling point 4) and in the final effluent
(sampling point 5) at WWTP1 during dry weather dtinds in December 2009.
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4.3.4 Occurrence of ICM and TPsin the Ruhr Watershed

With the exception of diatrizoate, the other pari¥! and their TPs were not detected until
after the Valme River joined the Ruhr (samplingmpdtu_07). The increase in concentrations of
the non-ionic ICM and TPs along the Ruhr River doktd a similar pattern as the two
wastewater indicators, carbamazepine and diatezogtis was obvious when comparing the
concentration profile of the two wastewater indicat(Figure 4.5), and the concentrations of
iomeprol and TPs, and iopromide and TPs from sargpbcation Ru_18 to Ru_30 (Figure 4.6a
and b). As expected, the concentration was coeelt the percentage of treated wastewater in
the Ruhr. The concentrations detected at the samjdications closer to the Rhine remained
relatively constant for the ICM as well as the TPsis suggests that limited biotransformation is

occurring at the lower section of the Ruhr (sangplotation Ru_18 to Ru_30).

700

600

ny M Diatrizoate

S 500 - )

k= O Carbamazepine

5 400

£ 300

c

[}

2 200

o

O

100 +
O,
P o7 oF oF oF oF oF oF T P T ST
Q_O Q_\) Q_O Q_O Q_\) Q_O Q_\) Q_O Q_O Q_\) Q_O Q_O

Figure 4.5: Concentrations [ng/L] of the two wasaéev indicators along a section of the Ruhr Watmtdlsampling
points Ru_18 to Ru_30).
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In general, higher concentrations were detectedn®iparent ICM compared to the TPs (Figure
4.3.4), but the ratio between the ICM and differ€Rs was constant for the lower section of the
Ruhr. Figure 4.3.4 illustrates that higher concaians of iomeprol phase Il TPs were detected
compared to the iomeprol phase | TPs, however gpogite was observed for iopromide. In

either case, the ICM and TP pattern remained velgtconstant.

Elevated concentrations of most analytes monitatesmpling location Ru_20 was observed,
and indicated that this tributary (the Lenne Rivegeives either WWTP effluent with higher
concentrations of ICM and TPs or there is a higbercentage of WWTP effluent in this
tributary. For other tributaries such as the Volufsampling location Ru_22), minimal
contamination of ICM and TPs was observed. The tavemcentrations of carbamazepine and
diatrizoate detected at sampling location Ru_22)ssigd there is a lower percentage of WWTP

effluent in this tributary.

4.3.5 Fate of ICM and TPs during different treatment processes

4.3.5.1 Bank filtration and river water infiltratio

Four sites were compared according to the compaositi ICM TPs before and after surface
water infiltration or bank filtration. The resultenfirmed that i) ICM are further transformed, ii)
the pattern of ICM TPs changed significantly, amdmineralization is unlikely. The results
obtained from most study sites confirmed that ee@M TPs are formed during surface water
infiltration and bank filtration. lohexol TP657 an@dP599; iomeprol TP701 and TP643;
iopamidol TP791 and TP773; as well as iopromide0lA7and TP643 were the dominant ICM
TPs formed during bank filtration or found in grolwater under the influence of surface water

infiltration. Most of these TPs have been propaselde formed at the end of the transformation
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pathways (Schulet al. 2008; Kormoset al. 2010). In addition, the concentrations of the pare
ICM, including iopamidol, as well as the higher emilar weight TPs found at the beginning of
the microbial pathways decreased during bank fiittna Obviously, contact with soil and aquifer
material resulted in further transformation untdlde TPs are formed where the hydroxylated

hydrocarbon side chains were mainly degraded (8@twl. 2008; Kormogt al. 2009).

Figure 4.7 provides an example of the formationceftain iohexol TPs and iopromide TPs
during bank filtration and their presence in growater influenced by the infiltration of river

water at selected sampling sites.
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Figure 4.7: Concentrations [ng/L] of iohexol TPsptgraphs) and iopromide TPs (bottom graphs) atpbag
location 1 (a) and at sampling locations 3 and ¥ sfiowing the formation of TPs during bank filtoati and
groundwater influenced by surface water infiltratio
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4.3.5.2 Granular activated carbon (GAC)

Diatrizoate and iopamidol were the only parent |@b&tected in the raw water of DWTP1. No
removal by the two GAC filters was observed fortalzaate, iopamidol TP791 and TP773,
iohexol TP657, or iomeprol TP701 and TP643. Simiksults were obtained for iopamidol,
iopromide TP701A and TP643, as well as iohexol TP GAC filter 1, while the second
GAC filter exhibited removal of these compoundsviobsly, GAC filtration is able to partially
eliminate ICM and ICM TPs by sorption as long as fitter pre-loading is limited. Previous
research has shown that GAC filtration can remowe-ionic ICM. Selected ICM were
eliminated up to 85% with a combination of differgmocesses including ozonation and GAC
filtration. It was reported that GAC filtration amented for 50% of the observed removal of the
parent non-ionic ICM (Seitet al. 2006). Terne®t al (2002) reported that compared to other
DWTP processes, such as sand filtration and flaticud, GAC filtration was a very effective

removal techniques for certain pharmaceuticals.

In DWTP 5 the concentrations of the four non-iol@®1 were reduced after GAC filtration, but
diatrizoate was not eliminated and some ICM TPsib#dd similar or in a few cases even
slightly higher concentrations. Due to the enhangeldrity, the removal of ICM TPs is very
limited. However, it cannot be excluded that theagal of the parent ICM was at least partly
caused by microbial transformation, since foulighese filters creates an environment suitable

for microbial activities.

With the exception of diatrizoate, the other par€i¥l were detected at lower concentrations
after GAC filtration at DWTP4. As it was observad DWTP5, minimal or no removal was

observed for some of the ICM TPs. For example,»oh&P687A and TP599, iomeprol TP643
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and iopromide TP731A increased after GAC filtratitbm addition, iomeprol TP643 and TP629
as well as iopromide TP701A and TP643 were not wetiar showed minimal removal after

GAC filtration.

4.3.5.3 Fate of ICM TPs at DWTP5

The four nonionic ICM were removed after a comhkoratof processes; flocculation, sand

filtration and GAC filtration (Figure 4.3.6a). Dratoate was not removed after GAC filtration,

and was detected at concentration of > 50 ng/Lufieigt.3.6a). A total of 12 ICM TPs were

detected in at least one of the samples colleateah this DWTP (Figure 4.3.6b). lomeprol

TP745 and TP717, and iopromide TP731A were fourtthénsamples collected in the raw water
as well as after GAC filtration. However, the corapion of TPs changed when groundwater
was mixed with the treated river water. For exampbdexol TP657 and TP599, iomeprol

TP643, as well as iopromide TP701A and TP643 weteatied at higher concentrations after the
treated river water was mixed with groundwater. MDBs present in the mixture of river water
and groundwater are known to be formed at the dntieotransformation pathways and have
been found in bank filtrates. Hence, groundwateohsiously influenced by infiltration of

surface water containing ICM and ICM TPs.
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locations at DWTP5

4.3.5.4 UV disinfection

UV disinfection of all four non-ionic ICM showed rexgnificant decrease in concentration. The
overall concentrations of the ICM TPs were quite lnd therefore transformation of the ICM
TPs could not be investigated. Only two ICM TPsr(@prol P629 and iopamidol TP773) were

detected at concentrations above their LOQs.
4.3.6 Occurrence of ICM and TPsin Drinking Water

Diatrizoate, the four nonionic ICM and their TPsreveneasured and quantified in drinking water
at five different waterworks. The concentrations aummarized in Table 4.5a and 4.5b, and in

general varied from 1 ng/L to 50 ng/L. However eli@d concentrations of up to 500 ng/L
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(lomeprol TP687) were detected. DWTP2 was foundhdge the highest concentrations and

number of ICM TPs compared to the other DWTPs.

The concentrations detected for iopamidol in dngkivater were higher (>100 ng/L) than for
the other nonionic ICM. This confirms the persistenof iopamidol due to its limited

biotransformation (Kormost al. 2010).

In general, it was found that the TPs detected wighhighest concentrations in drinking water
were formed at the end of the proposed microb@hdformation pathways. For example,
iohexol TP657 and TP599, iomeprol TP687, TP643 @R629, and iopromide TP701A and

TP643 were the dominant ICM TPs present in grouteinand drinking water.

It is unclear whether these ICM TPs have a toxigicll impact on human health. However, it
cannot be excluded that ICM TPs may react withngtroxidants (i.e. chlorine) during drinking
water disinfection. There are some indications ffaent ICM react with disinfectants during
drinking water production and this could resulthe formation of oxidation by-products (Seitz

et al.2008) as well as iodinated disinfection by-prody&ichardsoret al 2008).
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Table 4.5a: Concentrations [ng/L] and 95% confideimtervals (n=3) of diatrizoate, iohexol and T&sg iomeprol and TPs in drinking water collectedoat

water treatment facilities in Germany (LOQ values given in brackets)

Diatrizoate | lohexol lohexol lohexol lomeprol lomeprol lomeprol lomeprol lomeprol lomeprol  lomeprol
TP657 TP599 TP761* TP745* TP701 TP687* TP643 TP629
DWTP1 130+ 10 <LOQ(3) 81 231 <LOQ (3) <LOQ (1) LGQ @) 71 <LOQ (1) 480+40 21
DWTP2 91+ 7 <LOQ(3) 71 7+0 11+2 7+4 380+60 020 500+60 250+20 400+*40
DWTP3 62; 61 88 <LOQ (3) 13;13 11; 15 <lOQ(3) GQ (1) 4;5 1;1 16; 14 1;2
DWTP5 55 + 23 <lOQ (1) 131 7+2 <lOQ (3) <LOQ (3) <O3) 9.4;81 21+2 35+12 53 + 12

* no isolated standards available, concentratisasami-quantified

Table 4.5b: Concentrations [ng/L] and 95% confidemtervals (n=3) of iopromide and TPs, and iopainahd TPs in drinking water collected at four wate

treatment facilities in Germany (LOQ values areegiin brackets)

lopromide lopromide lopromide lopromide lopromide lopromide lopromide lopromide| lopamidol lopamidol lopamidol lopamidol
P TP805A* TP759 TP731A* TP729A  TP701A TP701B  TP643 TP791 TP773*  TP761

DWTP1| <LOQ (3) <LOQ (3) <LOQ (3) <LOQ (1) <LOQ(3) 40=zx11 <LOQ (1) 19+4 | 20;15 <LOQ (1) <LOQ (1) <LOQ (1)
DWTP2| 21 £12 18+1 260+11 61 12+1 170+ 4 40+8 401 27030 42+4 308 29+9
DWTP3| 2; 2 <LOQ (3) <LOQ (1) <LOQ (1) <LOQ(3) 10;12 <LOQ (1) 9;9 119; 114 6;9 1;1 <LOQ (3)

<LOQ
DWTP5 <LOQ 440 <LOQ - <lOQ  ni6 72 1343 | 7+1 <LOQ (3) <LOQ (3) <LOQ (3

3) (10) (10) (10)

* no isolated standards available, concentratisasami-quantified
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4.5 Supporting Information

4.5.1 Experimental Section
4.5.1.1 Description of Sampling Locations
Sampling of municipal wastewater treatment pladéd\(TPs)

Samples were collected from a total of three mpalcWWTPs in Germany. Five-day
composite samples were collected from one WWTP (WJTat five sampling points along the

treatment lane (Figure 1).

Grab effluent samples were collected from an aoll#i three WWTPs (referred to as WWTP2
and WWTP3). WWTP1 is considered a medium-sizedifyagvith approximately 300,000
inhabitant equivalent values. WWTP2 has an aveirgtmv of 38,000 m3/day. This treatment
plant consists of an aerated grit chamber, a pyirsattling tank, two aeration basins, a circular

aeration basin and a final settling tank. The plea®t an upstream denitrification step and
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simultaneous precipitation of phosphate with fesatt. The solid retention time (SRT) and

hydraulic retention time (HRT) are 12 d, and 3@ltrrihg dry weather conditions), respectively.

Effluent samples were also collected from WWTP3Niovember 2009. This facility serves
600,000 PE, has a SRT of 20 d and a HRT of 36 éliniinary treatment consists of screens,
aerated double grit chambers and primary sedimenttdnks. Biological treatment takes place
in individual tanks, with eight tanks operated undeaerobic conditions and 14 tanks operating
under anoxic and aerobic conditions, which is fold by secondary sedimentation. Biological
phosphate elimination is completed in combinatioithwnitrification and denitrification

treatment.
Sampling of surface water and groundwater

Sampling location 1Grab samples were collected from a river, and theze groundwater wells
located in close proximately to the river on Novemhd”, 2009. On February 82010, grab
samples were collected the river as well as groatelwwell 3. The river bank and soll
surrounding the groundwater wells was found to ibredf a crushed rock and gravel mixture.

Table S4.5.1 provides some characteristics abewtéatected three groundwater wells.
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Table S4.5.1: Characteristics of the three selegtedndwater wells and corresponding water quakisameter
values

Groundwater Sampling Water  Temperature Distance Conductivity Dissolved pH

well day level [°C] from river [uS/cm] oxygen
depth [m] [m] [ma/L]

Groundwater 18.11.2009 9.29 12.1 150 664 4.04 6.71
well 1

Groundwater 18.11.2009 8.66 12.0 75 671 3.87 6.94
well 2

Groundwater 18.11.2009 8.53 12.1 36 686 3.86 6.63
well 3

Groundwater 18.02.2010 8.30 11.6 36 728 5.01 6.48
well 3

Sampling location 3 and 4roundwater wells described for sampling locatiowe8e found in

an area dominated by mostly gravel from the neanmr. The groundwater level depth was

approximately 14 m, and the wells have been regddebe influenced by the river water. For

sampling location 4, the area consisted of coaramgd gravel and sand, and there is an
impermeable layer of clay and silt at the bottorpp(ax. 20 m below the ground). The

groundwater in this area is the result of riverkbaltration. It has been found that if the Rhine

River is high, this river water can enter groundweadrea. The content of limestone is high,

while iron and manganese is generally low. Theigdwater level depth is approximately 9 m.
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Table S4.5.2: Optimized Source-Dependent Paramfetekdeasurement of lodinated X-ray Contrast Meatia
ICM TPs using LC Tandem MS in MRM mode

Source Parameter lopromide and TPs Diatrizoate, andohexol,
lomeprol, lopamidol and
their TPs
Curtain Gas 10 psi 20 psi
Temperature 600°C 600°C
Gs1 70 psi 60 psi
GS2 50 psi 50 psi
CAD (collision gas) high medium
lonSpray Voltage 5500 V 5500 V
Entrance Potential 0V oV




Table S4.5.3: MRM Transitions and Optimized Compblependent Parameters for Diatrizoate, lohexol

and its TPs for LC ESI Tandem MS detection

Analyte MRM Transitions Declustering Collision Energy Collision Cell Exit
Potential (V) (eV) Potential (V)
Diatrizoate 614.8— 233.1 51 63 8
614.8— 147.9 91 79 4
lohexol 821.9— 602.9 111 35 18
821.9— 500.7 111 67 30
TP863* 863.8— 515.1 71 57 40
863.8— 476.9 71 31 18
TP849* 849.8— 514.8 56 49 26
849.8— 616.9 56 67 24
TP835* 835.9—-514.8 66 41 42
835.9— 667.1 66 73 28
TP833* 833.8— 728.7 71 29 18
833.8— 758.9 71 29 20
TP775* 775.8— 531.9 71 67 20
775.8— 426.7 71 35 16
TP745* 745.7— 501.9 61 43 46
745.7— 703.9 61 25 20
TP687A 687.8— 444.0 66 49 8
687.8— 645.6 66 23 20
TP687B* 687.8— 440.7 71 39 34
687.8— 568.7 86 19 34
TP657 657.9— 582.6 71 19 32
657.8— 454.8 121 33 24
TP629* 629.8— 568.7 71 15 18
629.8— 458.9 86 21 12
TP599 599.8— 582.7 101 17 36
599.8— 454.9 76 33 12

*no isolated standards available, concentratioasami-quantified
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Table S4.5.4: MRM Transitions and Optimized Compabependent Parameters for lomeprol and its TPE@ESI Tandem MS detection

Analyte MRM Transitions Declustering Collision Energy  Collision Cell Exit
Potential (V) (eV) Potential (V)
lomeprol 777.9— 405.0 106 39 14
777.9— 531.8 71 37 12
TP819* 819.8— 7759 101 19 18
819.8— 670.7 101 23 22
TP805* 805.8— 700.9 116 31 22
805.8— 418.9 116 61 6
TP791* 791.9— 558.9 81 29 20
791.9—572.6 81 35 14
TP789* 789.8— 670.7 66 21 22
789.8— 640.6 66 23 22
TP775* 775.9— 700.7 81 23 24
775.8— 670.7 86 21 24
TP761* 761.9— 558.8 91 31 30
761.9— 670.8 91 27 10
TP745* 745.9— 515.8 61 37 14
745.9— 670.7 61 21 22
TP731* 731.8— 427.9 66 39 36
731.8— 582.7 66 23 16
TP717* 717.8— 330.9 81 69 20
717.8— 457.7 81 39 24
TP701 701.9— 657.7 61 15 12
701.8— 428.0 61 35 24
TP687* 687.8— 612.8 81 27 18
687.8— 331.0 76 61 14
TP657* 657.8— 427.9 121 39 28
TP643 643.7— 300.9 61 51 22
643.7— 599.7 61 15 20
TP629 629.9— 330.8 41 53 8
629.9— 457.8 41 41 36
TP599* 599.8— 427.8 101 35 30

*no isolated standards available, concentratioasami-quantified
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Table S4.5.5: MRM Transitions and Optimized Compb@®pendent Parameters for lopamidol and its TPEGo
ESI Tandem MS detection

Analyte MRM Declustering Collision Collision Cell
Transitions Potential (V) Energy (eV)  Exit Potential

V)

lopamidol 777.9— 558.8 106 33 18
777.9— 387.0 91 55 12

TP805* 805.8— 700.9 116 31 22
805.8— 418.9 116 61 6

TP791 791.9— 558.9 81 29 20
791.9— 572.6 81 35 14

TP775* 775.9— 700.7 81 23 24
775.8— 670.7 86 21 24

TP773* 773.9— 559.0 56 25 16
773.9— 686.7 56 17 30

TP761 761.9— 558.8 91 31 30
761.9— 670.8 91 27 10

TP745 745.9— 670.7 61 21 22
745.9— 515.8 61 37 14

TP717* 717.8— 330.9 81 69 20
717.8— 457.7 81 39 24

TP687* 687.8— 612.8 81 27 18
687.8— 457.9 76 41 22

*no isolated standards available, concentratioassami-quantified



Table S4.5.6: MRM Transitions and Optimized Compabependent Parameters for lopromide

and its TPs for LC ESI Tandem MS detection

Analyte MRM Transitions Declustering Collision Energy  Collision Cell Exit
Potential (V) (eV) Potential (V)

lopromide 791.9— 572.7 101 33 20
791.9— 558.7 101 39 18

TP819 819.8— 586.6 101 35 18
819.8— 714.3 101 29 24

TP817A* 817.8— 700.8 91 27 24
817.8— 712.7 91 27 26

TP805A* 805.8— 558.8 91 39 14
805.8— 686.5 91 31 18

TP805B* 805.8— 572.7 101 33 20
805.9— 700.9 91 27 24

TP787A* 787.8— 670.5 81 27 22
787.8— 712.3 81 25 24

TP759 759.5— 670.5 66 23 18
759.5— 684.4 66 23 22

TP731A* 731.5— 6125 91 27 18
731.5— 4535 91 39 12

TP731B 731.9— 626.4 91 23 22
731.9— 467.6 91 41 14

TP729A 729.5— 6125 76 27 18
729.5— 457.5 76 41 30

TP701A 701.5—612.7 66 25 18
701.5— 453.7 66 43 26

TP701B 701.8— 626.6 81 17 14
701.8— 467.7 81 37 22

TP643 643.6— 516.6 61 19 16
643.6— 612.5 61 21 18

*no isolated standards available, concentratioasami-quantified



Table S4.5.7: Quantification of the Occurrence w@itfizoate, lohexol, lomeprol and their TPs in Eomimental Samples

Analyte Isolated Standard Available?  Analyte useddr Calibration Surrogate Standard used for
Curve Quantification
Diatrizoate Yes Diatrizoate Diatrizoate-d
lohexol Yes lohexol lohexold
TP863* No lohexol lohexol-d
TP849* No lohexol lohexol-4d
TP835* No lohexol lohexol-d
TP833* No lohexol lohexol-4d
TP775* No lohexol lohexol-d
TP745* No lohexol lohexol-d
TP687A Yes lohexol TP687A lohexokd
TP687B* No lohexol TP687A lohexokd
TP657 Yes lohexol TP657 lohexal-d
TP629* No lomeprol TP629 lomeprokd
TP599 Yes lohexol TP599 Diatrizoatg-d
lomeprol Yes lomeprol lomeprokd
TP819* No lomeprol lomeprold
TP805* No lopamidol TP791 lopamidok-d
TP791* No lopamidol TP791 lopamidok-d
TP789* No lomeprol TP701 lopamidok-d
TP775* No lopamidol TP791 lopamidok-d
TP761* No lopamidol TP761 lopamidok-d
TP745* No lopamidol TP745 lopamidok-d
TP731* No lomeprol TP701 lopamidok-d
TP717* No lomeprol TP629 lomeprok-d
TP701 Yes lomeprol TP701 lopamidal-d
TP687* No lomeprol TP629 lomeprok-d
TP657* No lohexol TP657 lohexokd
TP643 No lomeprol TP643 lomeproj-d
TP629 Yes lomeprol TP629 lomepral-d
TP599* No lohexol TP599 Diatrizoate-d

*no isolated standards available, concentratioasami-quantified
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Table S4.5.8: Quantification of the Occurrenceopiadmidol, lopromide and their TPs in Environme&ainples

Analyte Isolated Standard Available?  Analyte useddr Calibration Surrogate Standard used for
Curve Quantification
lopamidol Yes lopamidol lopamidokd
TP805* No lopamidol TP791 lopamidok-d
TP791 Yes lopamidol TP791 lopamidal-d
TP775* No lopamidol TP791 lopamidok-d
TP773* No lopamidol TP791 lopamidok-d
TP761 Yes lopamidol TP761 lopamidal-d
TP745 Yes lopamidol TP745 lopamidal-d
TP717* No lomeprol TP629 lomeprokd
TP687* No lomeprol TP629 lomeprokd
lopromide Yes lopromide DMI
TP819 Yes lopromide TP819 DMI
TP817A* No lopromide TP819 DMI
TP805A* No lopromide DMI
TP805B* No lopromide DMI
TP787A* No lopromide TP759 DMI
TP759 Yes lopromide TP759 DMI
TP731A* No lopromide TP701A DMI
TP731B Yes lopromide TP731A DMI
TP729A Yes lopromide TP729A DMI
TP701A Yes lopromide TP701A DMI
TP701B Yes lopromide TP701B DMI
TP643 Yes lopromide TP643 DMI

*no isolated standards available, concentratioasami-quantified
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5 Conclusions

5.1 Conclusions

This thesis focused on the environmental fate gfoaip of emerging contaminants, iodinated X-
ray contrast media (ICM). In particular, the migalbtransformation of selected ICM,

diatrizoate, iohexol, iomeprol, and iopamidol, underobic conditions.

Diatrizoate, an ionic ICM, was not biotransformedthe aerobic batch systems. This result
correlates well with the high concentrations detéch different environmental matrices, and its
use as an indicator of wastewater contaminatiore ffinee selected non-ionic ICM, iohexol,
iomeprol and iopamidol, were biotransformed to savelPs, however did not undergo
mineralization. The ICM TPs were formed and detkdte different aerobic soil-water and

sediment-water batch systems.

In total, 34 previously unknown TPs of three ICMrevstructurally elucidated. For iohexol and
iomeprol, 11 and 15 TPs were identified, and 8 Wese found for iopamidol. The structural
identification of ICM TPs involved the applicatioof a number of analytical techniques.
Although, LC tandem MS was shown to be an accuratthod for structural identification of

TPs, NMR was required for structural confirmatiém.addition, an optimized semi-preparative

HPLC-UV method was needed for isolation of the Td&®med in the batch systems.

The development of a LC tandem MS method in mdtielaction monitoring (MRM) mode for
two optimized mass transitions resulted in the rd@teation of the TPs in the samples collected
from the aerobic batch systems. lohexol and iomepsye biotransformation at a faster rate

compared to iopamidol. One explanation is that binenched hydroxylated side chains of
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iopamidol increase the steric hindrance, and tbeeefestrict enzymes from cleaving the side

chains.

Zero-order reactions were used to explain the &msfiormation of all three non-ionic ICM. Lag

phases were observed for the non-ionic ICM in alich systems except for the low organic
carbon soil system (Braunschweig soil-water systeomducted at room temperature. The lack
of a lag phase in this system suggests that theobes have adapted to the presence of ICM,

since this soil had been irrigated with WWTP effiueontaining ICM for many years.

In most cases, the mass balance in the aerobiensystias between 80 to 120% suggesting that
the most relevant TPs were identified. The fornmatid iomeprol TPs and iohexol TPs took
place in two phases, while no distinct phases weserved during the formation of iopamidol

TPs.

Microbial transformation pathways of the three nomc ICM were proposed based on the
chemical structures as well as the sequence obfirRation in the batch systems. Since the same
TPs were detected in all batch systems, it wasnasguhat common biochemical reactions are
involved in ICM biotransformation. However, the tvamsformation rate was affected by the

composition of the soil and sediment.

The biotransformation of the three non-ionic ICMultbbe explained by a single reaction or a
combination of three reaction types. Oxidation lo¢ fprimary or secondary alcohol groups,
decarboxylation and cleavage of the N-C bond weeedominant reactions proposed. The first
TPs to be formed in the batch systems could beageud by oxidation of the primary alcohol

moieties, while the TPs formed at the end of theppsed microbial pathways resulted from

decarboxylations and cleavage of the N-C bondsuber of enzymes were proposed for the
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observed biochemical reactions, including alcohal aaldehyde dehydrogenases for the
oxidation of the primary alcoholic groups, and thiae pyrophosphate (TPP) dependent
enzymes for the decarboxylation reactions. Thevelga of the N-C bond, which included
deacetylation and removal of hydroxylated propanaetd, could be explained by various

enzymes including monooxygenases afiéto acid-dependent enzymes.

Although, these ICM TPs were detected and well atterized in laboratory aerobic batch
systems, the environmental relevance of ICM bidf@mation remained unclear. A LC tandem
MS method was developed for the parent ICM and B§,Tincluding 12 iopromide TPs, to

determine the occurrence and fate of these compauardifferent environmental matrices.

Results from the occurrence study showed that imhé&meprol and iopromide are effectively
biotransformed during biological treatment in WWTRsspecially WWTPs with a sludge
retention time of > 12 d. A number of ICM TPs wealetected in the WWTP effluents, with
concentrations up to a few pg/L for some TPs. Iagdahwas not eliminated during wastewater
treatment, and correlates well with the slow biegfarmation observed in the aerobic batch
systems. High concentrations of the parent ICM smitie TPs were also detected in the Ruhr
Watershed, with concentrations up to the pg/L raige increase in concentrations of ICM and

TPs were correlated to the percentage of treatstewater.

Elevated concentrations of TPs formed at the enthefproposed microbial pathways were
detected in bank filtrate samples and groundwatiuenced by surface water. This suggests
even though the parent ICM can be removed by ssbage, the formation of ICM TPs takes
place. Certain TPs, such as iohexol TP599, iomepP@43 and iopromide TP701A, which are

formed during soil passage, were also not effelsti’gmoved in DWTPs using GAC filtration,
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ozonation, sand filtration and flocculation treattelhe presence of TPs in finished drinking
water also illustrates the stability of certain TdP&l raises concerns about the impact these TPs

have on human health.

The presented research on the biotransformatid@Mfis an example of how important it is to
investigate the formation of TPs (or oxidation prot) during abiotic and biotic processes.
When completing an environmental risk assessmerd fihemical or product, a comprehensive
evaluation of the environmental fate (i.e. sorptonl biotransformation) is necessary to obtain a
better and more complete understanding of the imbeec parent compound and TPs have on

ecological and human health.

5.2 Future Research Initiatives

The work presented in this thesis provides a betteerstanding about the biotransformation of
ICM in aerobic batch systems as well as underargironmental conditions. However, there are
still many unanswered questions. Below is a listfudfire research initiatives to consider in

understanding the environmental fate of ICM ancptél impact on aquatic and human health.

1. Investigate the presence and removal of ICM TPsrbefand after different
wastewater and drinking water treatment processédgliscale facilities. This would
expand the information already present in Chapteindparticular to predict and
estimate which treatment processes can effectirgrlyove ICM TPs and therefore

decrease exposure to aquatic organisms and humans.

2. Continue with the fractionation and isolation ok tidentified ICM TPs, so high
quantities can be used to prepare standard sadufanquantitative analysis by LC

tandem MS. These isolated standards can also befarsdetermining the toxicity of
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ICM TPs in acute and chronic ecotoxicity tests.sTwould lead to answers about the

impact the ICM TPs have on aquatic ecosystems.

In particular, focus should be placed on obtairhigh amounts of the TPs formed at
the end of the microbial transformation pathwaysese stable ICM TPs were found

at high concentrations in the environment.

Correlate hydrogeological parameters to presender@moval of ICM and TPs. For
example, the comparison between soil compositi@hramoval efficiency of certain
ICM TPs. This also would explore the limitationgdampacts of using bank filtered
water for drinking water production, when contamitsa such as ICM TPs are

present.

The enzymes and biochemical reactions involvedhénttansformation of ICM needs
to be further discussed. Experiments should be wded to investigate if certain
enzymes are capable of transforming ICM under varmonditions. This information
would be helpful to WWTPs for enhancing microbiatiaty in activated sludge

systems for better removal.

Research is currently being conducted to investigja reaction of certain ICM with
strong disinfection oxidants commonly applied in D®é. The purpose is to
investigate whether ICM can lead to the formatibmesy toxic iodinated disinfection
by-products. It is important that this area ofe@sh also focuses on the reaction of

disinfectants have to stable ICM TPs which are comignidentified in DWTPs.
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