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Abstract  11 

Conventional wastewater treatment methods have shown to be unsuitable for a complete elimination of 12 

iodinated X-ray contrast agents (ICMs), which have thus been found in wastewater treatment plant 13 

(WWTP) effluent and in surface water. Once in the surface water, they could be transformed through 14 

different processes and form several transformation products that may need to be monitored as well. To 15 

this end, we studied the abatement and transformation of ICMs by combining laboratory experiments with 16 

in field analyses. We irradiated different aqueous solutions of the selected pollutants in the presence of 17 

TiO2 as photocatalyst, aimed to promote ICMs degradation and to generate photoinduced transformation 18 

products (TPs) similar to those occurring in the environment and effluent wastewater. This experimental 19 

strategy has been applied to the study of three ICMs, namely iopromide, iopamidol and diatrizoate. A total 20 

of twenty-four, ten, and ten TPs were detected from iopamidol, diatrizoate and iopromide, respectively. 21 

The analyses were performed using a liquid chromatography-LTQ-FT-Orbitrap mass spectrometer. The 22 

mineralization process and acute toxicity evolution were assessed as well over time and revealed a lack of 23 

mineralization for all ICMs and the formation of harmful byproducts.  24 

After characterizing these transformation products, WWTP effluent and surface water taken from several 25 

branches of the Chicago River were analyzed for ICMs and their TPs. HRMS with MS/MS fragmentation was 26 

used as a confirmatory step for proper identification of compounds in water and wastewater samples. All 27 

three of ICM were detected in the effluent and surface water samples, while no significant amount of TPs 28 

were detected. 29 

 30 

Keywords: X-ray contrast agents, transformation products, wastewater, TiO2, HRMS  31 
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1. Introduction 32 

Every year between 40 and 80 million doses of iodinated X-ray contrast agents (ICMs) are used for 33 

diagnostic purposes, the estimated annual production is more than 5000 tons (Wendel et al 2014, 34 

Gharekhanloo and Torabian 2012). ICMs are excreted mainly un-metabolized (>90%) (Wendel et al 2014), 35 

so most of the drug dose enters urban wastewater after urinary elimination. Their abatement is partly 36 

achieved in secondary anoxic or anaerobic treatment, while only a small percentage is removed under 37 

aerobic conditions (Busetti, et al. 2008). The yields of removal for nonionic contrast agents via ozonation in 38 

water treatment plants are 35-55% and even less than 20% for ionic ones (Seitz et al 2008; Putschew et al 39 

2007). Reverse osmosis systems are used to remove absorbable organic halide (Drewes et al, 2001). 40 

Iopamidol and diatrizoate are stable with respect to chlorination, while iopamidol is not. (Wendel et al 41 

2014). Filtration-based treatments, biotransformation (Kormos, et al 2010) or direct photolysis (Doll and 42 

Frimmel 2003, Sichel et al 2011) have been proposed as well; however, these methods require long 43 

treatment times and exhibit low efficiency.  44 

Due to their wide use, high biochemical stability, and low yields of abatement in treatment plants, elevated 45 

concentrations of ICMs have been detected in hospital and domestic wastewater, treated wastewater 46 

effluent (Redeker et al 2014), surface water, groundwater and drinking water (Węgrzyn and Żabczyński, 47 

2014; Ternes and Hirsch, 2000; Stuart et al 2012, Kase et al 2011, Watanabe et al. 2016).  48 

In the present study, we focus on the photocatalyzed transformation of three ICMs: iopamidol, iopromide 49 

and diatrizoate. Iopamidol (IO) is one of the most popular and widely used non-ionic ICMs worldwide. This 50 

molecule has a good solubility in water, with a partition coefficient (LogPOW) of -2.09 and a distribution 51 

coefficient (logDOW, pH 7.4) of -2.31 (Pitrè and Felder  1980). Standard activated sludge treatment may 52 

remove up to 35% of IO (Ternes and Hirsch, 2000, Ternes et al., 2007, Kormos et al., 2011). The 53 

concentration of IO in effluent from hospitals and municipal WWTPs are high and ranged from 0.2 to 54 

16 μg/L (Ternes et al., 2003, Busetti et al., 2010, Kormos et al., 2011). As a result the concentration of IO in 55 

river water that is fed with this effluent may be as high as 0.386 μg/L (Bruchet et al., 2005) and >0.5 μg/L 56 

(Seitz et al., 2006). Actually, iopamidol has also been frequently detected at high concentrations (2.7-57 

3.3μg/L) in the source water processed into drinking water (Duirk et al., 2011, Simazaki et al., 2015). 58 

Iopamidol is also thought to be the major precursor of iodinated disinfection byproducts (Duirk et al, 2011). 59 

Iopromide (IP) is a low osmolality, non-ionic contrast agent and one of the most common molecules used in 60 

diagnostic radiology; the production of iopromide alone is about 130 tons per year (Ning et al 2008). The 61 

LogPOW value for iopromide is -2.95, while the logDOW (pH 7.4) is equal to -2.12 (Pitrè and Felder  1980). It is 62 

refractory to common wastewater treatment (Kalsch et al 1999) and is frequently detected in surface 63 

water, groundwater and soils (Schulz et al 2008, Perez et al 2006), as well as in effluent from urban areas 64 

near hospital complex in concentrations from ng/L to µg/L (Pitrè and Felder  1980, Santos et al 2013).  65 
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Diatrizoate (DTZ), a ionic ICM, has a LogPOW, 1.53 and logDOW (pH 7.4) equal to -2.53, indicating a high 66 

solubility in water (Pitrè and Felder 1980). It is essentially non-biodegradable (Seitz et al 2008) and was 67 

detected in surface water and groundwater at concentrations up to 1 µg/L (Howard and Muir 2011). 68 

Coated biofilm reactors (Hapeshi et al 2013)  and advanced oxidation processes (AOP, Polo et al, 2016) have 69 

been tested for treatment of  wastewater containing DTZ as well. 70 

To date, only a few studies of ICM transformation products have been carried out. Eleven TPs were 71 

prioritized and their structures elucidated by HRMS and NMR, using a screening approach not dependent 72 

upon the availability of standards (Zonja et al 2015). LC-QTOF-MS (Singh et al. 2015) coupled with the 73 

statistical tools was used to identify TPs at environmentally relevant conditions. In this approach, unspiked 74 

wastewater samples were collected and analyzed for the presence of iopromide and its putative TPs.  75 

Photocatalytic treatment processes using titanium dioxide (TiO2) hold promise for treating contaminated 76 

water with highly recalcitrant organic contaminants. Ionic ICMs like diatrizoate that had shown to be 77 

remarkably resistant to biotransformation (Kalsch et al 1999, Haiss and Kümmerer 2006) but may be 78 

degraded by photocatalytic treatment. At present, only a few studies concerning the photocatalytic 79 

treatment of ICM have been undertaken. Doll and Frimmel (2004 and 2005) studied the photocatalytic 80 

degradation of nonionic ICM (iomeprol and iopromide), suggesting significant ICM degradation and release 81 

of iodine substituents from the central ring structure, but with only a limited mineralization of organic 82 

carbon. Some transformation products of iopromide have been generated by UV/H2O2 (Singh et al. 2015). 83 

Heterogeneous photocatalysis is widely used not only to achieve the decontamination of aquatic systems, 84 

but also to simulate the abiotic transformation of pollutants occurring in the euphotic zone leading to 85 

potentially harmful transformation products. In the present study, we aim to investigate the whole ICM 86 

degradation process by studying the transformation products, the mineralization process and the toxicity of 87 

the system. Initially, laboratory experiments were performed to artificially produce transformation 88 

compounds similar to those formed in oxido/reductive pathways by adopting a photocatalytic process as a 89 

model system. This approach was previously successfully used and permitted to identify several TPs, 90 

alongside the parent compounds, in water samples (Calza et al 2010, 2011, and 2013). 91 

In a second phase, we analyze WWTP effluent and searched for all ICMs and their transformation products. 92 

 93 

 94 

2. Experimental section 95 

2.1. Materials and Reagents 96 

N,N'-Bis(1,3-dihydroxy-2-propanyl)-2,4,6-triiodo-5-(lactoylamino)isophthalamide (Iopamidol, IO), 3,5-97 

bis(acetylamino)-2,4,6-triiodobenzoic acid (Diatrizoate, DTZ, ≥ 98.0%), 1-N,3-N-bis(2,3-dihydroxypropyl)-98 

2,4,6-triiodo-5-(2-methoxyacetamido)-1-N-methylbenzene-1,3-dicarboxamide (Iopromide, IP, ≥ 98.0 %), 99 
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acetonitrile (≥99.9%), acetonitrile (≥99.9%), formic acid (99%) and phosphoric acid were purchased from 100 

Sigma Aldrich, Italy. All aqueous solutions were prepared with ultrapure water Millipore Milli-QTM. 101 

TiO2 P25 (Evonik Industries, Italy) was used as photocatalyst, after being subjected to irradiation and 102 

washings with ultrapure water in order to eliminate the potential interference caused by adsorbed ions 103 

such as chloride, sulfate and sodium. In all photocatalytic experiments, TiO2 was used at a loading of 200 104 

mg L1. 105 

 
106 

2.2. Irradiation procedures  
107 

Irradiation experiments were performed in stirred cylindrical closed cells (40 mm i.d. x 25 mm, made of 108 

Pyrex glass) on 5 ml of aqueous dispersions containing 20 mgL-1 of each analyte and 1000 mg L-1 of TiO2. A 109 

Blacklight Philips TLK 05 (40W) lamp source with emission maximum at 360 nm was employed for 110 

irradiation. 111 

The dispersions were collected from the cells at the end of the programmed irradiation period and then 112 

were filtered through 0.45 µM Millex LCR hydrophilic PTFE membranes (Millipore) before the analysis. 113 

 114 

2.3. Analytical procedures   115 

2.3.1. Liquid Chromatography-MS  116 

All samples were analyzed by HPLC/HRMS. The chromatographic separations, monitored using an MS 117 

analyzer, were carried out with a Phenomenex Luna C18 (2) 150 × 2.1 mm × 3 µm particle size 118 

(Phenomenex, Bologna, Italy), using an Ultimate 3000 HPLC instrument (Dionex, Thermo Scientific, Milan, 119 

Italy). The Injection volume was 20 μL and the flow rate 200 μL/min. The following gradient mobile phase 120 

composition was adopted: 5/95 to 100/0 in 40 min acetonitrile/formic acid 0.05 % v/v in water when run 121 

on ESI positive mode or acetonitrile/ammonium acetate /0.1 mM in the negative ion mode.   122 

A LTQ Orbitrap mass spectrometer (Thermo Scientific, Milan, Italy) equipped with an atmospheric pressure 123 

interface and an ESI ion source was used. The LC column effluent was delivered into the ion source using 124 

nitrogen as both sheath and auxiliary gas. The capillary voltage and tube lens voltage in the ESI source were 125 

maintained at 37.00 V and 65 V, respectively. The source voltage was set to 3.5 kV (in both positive and 126 

negative ion mode). The capillary temperature was maintained at 275°C. The acquisition method used was 127 

optimized beforehand in the tuning sections for the parent compound (capillary, magnetic lenses and 128 

collimating octapole voltages) to achieve maximum sensitivity. Mass accuracy of recorded ions (vs 129 

calculated) was ± 20 millimass units (mmu, without internal calibration). APCI conditions were as follows: 130 

capillary temperature 250°C; APCI vaporizer temperature 450°C; source voltage 6.00 V; source current 5.00 131 

uA; capillary voltage 2.00 V (-10.00 V negative ions); tube lens 80.00 V (-118.00 V negative ions). 132 

Analyses were run using full scan MS (50-1000 m/z range), MS2 acquisition in the positive ion mode, with a 133 

resolution of 30000 (500 m/z FWHM) in FTMS (full transmission) mode. Product ion studies were carried 134 
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out in positive ion mode rather than negative because a wider distribution of structure-specific fragment 135 

ions were observed. The ions submitted to MS2 acquisition were chosen on the base of full MS spectra 136 

abundance without using automatic dependendent scan. Collision energy was set to 30 % for all of the MS2 137 

acquisition methods. MS2 acquisition range was between the values of ion trap cut-off and m/z of the 138 

(M+H)+ ion. Xcalibur (Thermo Scientific, Milan, Italy) software was used both for acquisition and data 139 

analysis. For each ICM, we have built a calibration curve over 5 points ranging from 10 to 5000 μg/L in 140 

ultrapure MilliQ water, river water and real wastewater. Linearity and selectivity were verified. No 141 

significant matrix effect was observed neither at lower nor at higher concentration level. We selected an 142 

instrumental LLOQ value of 10 μg/L for each ICM after checking that the signal/noise ratio was > 10 (see 143 

Table S1). 144 

 145 

2.3.2. Ion chromatography 146 

Ammonium ions formed during the mineralization process were analysed with a Dionex instrument 147 

equipped with a conductometer detector and a CS12A column.  Methanesulphonic acid (25 mM) was used 148 

as the eluent at a flow rate of 1 mL min-1. In such conditions, the retention time of the ammonium ion was 149 

4.7 min. Anions (iodide, nitrate and nitrite) were analysed with an AS9HC anionic column and a mobile 150 

phase composed of NaHCO3 (12 mM) and K2CO3 (5mM) at a flow rate of 1 mL min-1. Under these 151 

experimental conditions, the retention times of nitrite, nitrate and iodide were 7.35, 10.92 and 24.52 min, 152 

respectively.  153 

 154 

2.3.3. Total organic carbon analyzer  155 

Total organic carbon (TOC) was measured in filtered suspensions using a Shimadzu TOC-5000 analyzer 156 

(catalytic oxidation on Pt at 680°C). The calibration was performed using potassium phthalate standards. 157 

 158 

2.3.4. Toxicity Measurements 159 

The toxicity of reaction mixtures collected at different irradiation times was evaluated with a Microtox 160 

Model 500 Toxicity Analyzer (Milan, Italy). Acute toxicity was evaluated with a bioluminescence inhibition 161 

assay using the marine bacterium Vibrio fischeri by monitoring changes in the natural emission of the 162 

luminescent bacteria when challenged with toxic compounds. Freeze-dried bacteria, reconstitution 163 

solution, diluent (2% NaCl) and an adjustment solution (non-toxic 22% sodium chloride) were obtained 164 

from Azur (Milan, Italy). Samples were tested in a medium containing 2% sodium chloride, in five dilutions, 165 

and luminescence was recorded after 5, 15, and 30 min of incubation at 15oC. Since no substantial change 166 

in luminescence was observed between 5 and 30 minutes, only the percent toxicity recorded at 15 minutes 167 

will be discussed. Inhibition of luminescence, compared with a toxic-free control to give the percentage 168 

inhibition, was calculated following the established protocol using the Microtox calculation program. 169 
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 170 

2.4. Sample preparation 171 

Real water samples (river water and wastewater) were collected at two sites close to the city center of 172 

Chicago (Illinois, U.S.A), in a sampling campaign performed from March to May 2015.  173 

The locations and dates of sampling are summarized in Table 1. Sampling sites other than water treatment 174 

plants (Bertau and Weed Street) were selected due to their proximity to hospitals and ease of access to the 175 

shoreline of the river. The site called Weed Street is downstream from a cluster of hospitals that include 176 

Memorial Hospital, Northwestern Memorial Hospital, Olson Hospital, the Rehabilitation Institute of 177 

Chicago, and Veterans Lakeside Medical Center. The site called Berteau (Intersection of Berteau Ave. and 178 

Montrose Ave.) is near Kindred and Forkosh Hospitals adjacent to Lincoln West Medical Center. The 179 

Chicago River flows from Lake Michigan inland.  The direction of the Chicago River was reversed in the early 180 

part of the 20th century to prevent pollution in the river from contaminating the drinking water intake 181 

portals in Lake Michigan.  Effluent water samples were acquired from the Stickney Wastewater Treatment 182 

Plant (WWTP) and the Kirie WWTP in the Chicago metropolitan area to determine if Iodine contrast media 183 

compounds or their transformation products were entering the Chicago River from the WWTPs.  Maps of 184 

these sites are shown in Figure S1. The first is the Chicago’s newest facility, is fully automated and serves a 185 

predominantly residential area, with a capacity of 272 million liters of wastewater per day. The Stickney 186 

Water Reclamation Plant is the largest wastewater treatment facility in the world. The Plant serves 2.38 187 

million people in a ca. 670 square kilometers area including the central part of Chicago and 43 suburban 188 

communities. In these facilities, wastewater undergoes a number of physical and chemical cleaning 189 

processes that include sedimentation, coagulation, and sand filtration. In the Kirie Water Reclamation Plant 190 

disinfection with sodium hypochlorite is carried out from 30 April to 30 October when outdoor water 191 

recreation activities occur. For this reasons the first sample (called Kirie Before) was collected in April 192 

without having undergone chlorination and a second sample (called Kirie After) after chlorination. 193 

The pH of the wastewater samples were 7.3 (Kirie Before), 6.9 (Kirie After), and 7.1 (Stickney).  The pH 194 

value of the Chicago River water samples collected at the four sites below ranged from 6.1 to 6.5.  195 

The samples were filtered using 8 µm Whatman Glass microfiber filters, Grade GF and formic acid added in 196 

order to reach pH=2.  197 

All samples were concentrated by solid-phase extraction (SPE) using Oasis HLB 5cc Glass Vac Cartridge (200 198 

mg sorbent, 60 mm particle side, Waters Corp, Milford, MA, USA).  They were conditioned with 6 ml CH3OH 199 

added with 0.25% (v/v) of formic acid followed by 5 mL of ultrapure water. 200 

Water samples (500 mL), spiked with 500 μL isoxsuprine (1 mg/L) used as recovery standard (Ohmori et al. 201 

2008), were percolated through the cartridge  at a flow rate 10 mL/min. Elution was performed with 6 mL 202 

of 0.25 % (v/v, w/w) formic acid in CH3OH. Eluates were concentrated to 100 μL under nitrogen flux and 203 

reconstituted with 200 μL of 20 % CH3OH (v/v) in water, then directly analyzed by HPLC-MS. 204 
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Quantitative data were obtained with an external calibration after normalization on isoxsuprine signal. We 205 

routinely use isoxsuprine as internal standard aimed to evaluate the instrumental response fluctuations. 206 

Limit of detection after concentration on SPE cartridges were 0.5, 0.7 and 1 ng/L for IP, IO and DTZ, 207 

respectively. The same extraction procedure was applied to a standard mixture analysis of an ultrapure 208 

water and real waste water sample spiked with target molecules. The same procedure was applied to each 209 

ICM subjected to illumination in ultrapure water and wastewater, aimed to establish the recovery of ICMs 210 

and their photogenerated TPs following SPE; the analysis of photo-degradation mixture was performed 211 

before and after SPE. The extraction recovery was >90 % percentage for all of the parent molecules studied. 212 

Considering TPs, for IO and IP recovery ranges from 60 to 85% for most of TPs, with the exception of TP 213 

involving the ring closure, for which recovery was 5-10%. For DTZ, recovery of TPs still holding the 214 

carboxylic group and with several hydroxyl groups were 30-70%, while TPs involving ring closure was 5-215 

20%.  216 

 217 

3. Results and discussion 218 

3.1. ICMs degradation and toxicity assessment 219 

ICMs were irradiated under UV-A light in the presence of TiO2 P25 and analyses were run in the ESI positive 220 

ion mode, suitable both for the parent compounds and for most of the photogenerated products. The 221 

degradation curves for ICM compounds are plotted in Figure 1 and show that several hours of irradiation 222 

are required for their complete degradation. Iopromide degrades the fastest (t1/2 30 min), while diatrizoate 223 

is the most refractory (t1/2 2h).  Complete degradation was achieved after 8, 16 and 24 h for IP, IO and DTZ, 224 

respectively. 225 

The TOC profiles suggested an initial fast degradation followed by a slower TOC decrease as irradiation 226 

times increased; in all cases, the complete mineralization was not achieved even after 48 h of irradiation 227 

(Fig. 1). The mineralization of Iopamidol proceeded quickly; during the first two hours of irradiation almost 228 

55% of the initial TOC was abated. Afterwards, the mineralization slowed down and 10% of TOC persisted 229 

at the end of the 48 h period.  A similar TOC trend was also observed for iopromide, where almost 50% is 230 

degraded within 2h, then TOC slowly decreases until only 15% persisted. Diatrizoate is the ICM with lowest 231 

extent of mineralization (40% remains after 48 h) and showed the slowest degradation rate as well. 232 

Most of the Iodine atoms were recovered as iodide ions (around 75%), while the fate of nitrogen was more 233 

complex, slow, and similar for all ICMs. The release of nitrogen is initially very fast and within a few hours 234 

almost 50-60% of the stoichiometric amount is mineralized, as expected mainly as ammonium ions (Calza 235 

et al, 2005). At longer irradiation times the recovery slightly increased but for all ICMs complete nitrogen 236 

mineralization was not achieved; a residual of almost 30-40% still remains bound to organic carbon. 237 
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238 

239 

 240 

Figure 1. TOC profile and iodine and nitrogen release over time: (top) iopamidol, (middle) iopromide and 241 

(bottom) diatrizoate. 242 

Acute toxicity was evaluated as well by monitoring changes in the natural emission of the luminescent 243 

bacteria Vibrio fischeri when exposed to potentially toxic compounds. Out of the various available 244 

bioassays, this test is sensitive, rapid, cost effective, reproducible and it can be used for almost all kind of 245 

toxic compounds (Parvez et al, 2006, Matsushita et al, 2015). The toxicity was expressed as percentage of 246 

inhibition of the bacteria luminescence. Results obtained on samples subjected to different irradiation 247 

times are plotted in Figure 2. A clear correlation exists for all ICMS between their degradation and the 248 

progressive increase in the toxicity. Acute toxicity increased from 0 min onward, so assessing that while 249 

ICMs are not toxic, their transformation proceeded through the formation of toxic compounds. This shape 250 

suggested the formation of harmful compounds during the different stages of ICMs transformation but, in 251 
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particular, the species formed in the last stages of degradation seemed to be more toxic ones. The study of 252 

DTZ degradation by solar radiation in the presence of H2O2 conducted by Polo et al (2016) reported a 253 

relationship between increased percentage DTZ abatement and a greater inhibition luminescence of Vibrio 254 

fischeri. 255 

Wendel et al (2016) has demonstrated that the chlorination of iopamidol produces low molecular weight 256 

transformation products that account for the majority of the observed toxicity. Furthermore, we checked 257 

the toxicity of all inorganic ions possibly formed, namely cyanate, nitrate, nitrite, ammonium, iodate, 258 

iodide, and all exhibit no effect. Therefore, the measured toxicity cannot be ascribed to the released 259 

inorganic ions.  260 

The test with Vibrio fischeri performed on standard solutions of the released inorganic anions allow us to 261 

exclude their contribution to the observed increased toxicity. Duirk et al 2011 observed a similar toxicity 262 

increase when using cells as organism and they attribute it to the formation of iodo-halomethanes and 263 

iodo-acetic acids. Although the bioluminescence inhibition test is different from cytotoxicity assay used by 264 

Duirk et al 2011, it cannot excluded that part of this observed toxicity could be attributed to the formation 265 

of iodo-acetic acids. 266 

 267 

Figure 2. Inhibition percentage over time:  ■ Iopamidol, ■ Iopromide and ■ Diatrizoate. 268 

 269 

3.2. ICMs transformation pathways  270 

3.2.1. Iopamidol 271 

The photocatalytic degradation of IO yields twenty-four transformation products presented below. Table 2 272 

summarizes the measured masses and most probable empirical formulas of all TPs, while their evolution 273 

profiles are provided in Figure 3 (main TPs) and Figure S2 (secondary TPs). 274 
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Thirteen of the degradation products were identified in the present study for the first time and their 275 

empirical formulas were assigned by HRMS analysis. Structural features of the transformation products 276 

were investigated by MS2 studies, presented in Tables S2-S6 and in Spectra S1-S13.  277 

The most common ion formation processes involve losses of iodine atoms, HI, NH3, H2O, CO, HCO, and 278 

H2CO that do not provide a great deal of structural information and thus permit to recognize TPs only at 279 

level 3 (Schymanski et al. 2014).  This occurs for TPs IO-505, IO-487, IO-332, IO-331, IO-636, IO-577, IO-454, 280 

IO-794 and IO-541, whose MS2 spectra and structural features are reported in SI (see spectra S5-S13). 281 

Conversely, TPs IO-385, IO-367, IO-580 and IO-615 yield product ion spectra that demonstrate side-chain 282 

specific fragmentation and permitted to attribute a structure with an higher confident  level; for these, the 283 

structural-diagnostic ions are presented and discussed below. IO-385 and IO-367 are suggested to be 284 

formed by cyclization involving the loss of HI part of the A-side chain in iopamidol. The product ion 285 

spectrum of IO-385 demonstrates fragmentation that is specific for the cyclized ring containing an oxygen 286 

atom (see spectra S1). The fragment ion at 313.9 m/z was formed by the cleavage of the bond between an 287 

aromatic carbon and oxygen and the amide bond in the fused ring followed by the transfer of hydrogen 288 

from the ion to the C3H4O2 neutral formed. The TP IO-367 has a structure that is similar to that of IO-385 289 

except the oxygen atom in the ether ring that is replaced by a pi-bonding carbon atom. It does not exhibit 290 

the fragmentation pathway that produces a C3H4O2 neutral; this observation supports the proposed 291 

structure of IO-367.  292 

The species 579.9407 m/z (IO-580) is indicated by accurate mass analysis to have the empirical formula 293 

C14H20O6N3I2. This ion undergoes a side chain specific cleavage of a nitrogen –carbon bond to lose C3H6O2 (1-294 

propene-1,3-diol),  from  either the A or A’ side chain after the transfer of a hydrogen atom to the charge-295 

baring fragment. Product ions formed by the losses of smaller molecules (NH3 and CH3OH) are observed as 296 

well (spectrum S3), so assessing the presence of a primary amine and a primary alcohol.  297 

The species 614.7746 m/z (IO-615) with empirical formula C11H10O4N2I3 is generated by the loss of the side 298 

chain B and by the loss of one of the side chains A/A during photocatalytic transformation. The side chain 299 

A/A’ is observed to undergo a loss of C3H5O2 by cleavage of the carbon nitrogen bond in this side chain to 300 

form an ion at product ion 541.7227 m/z. This side chain has a terminal aldehyde and alcohol, instead of 301 

two hydroxyl groups as the fragmentation of IO-580, so the neutral fragment lost has less hydrogen. These 302 

evidenced allowed to recognize this structure at level 2 (Schymanski et al. 2014). An  ion at 486.8626 m/z, 303 

resulting from the loss of HI is observed as well (spectrum S4). 304 

Schemes 1-2 show the proposed structures for all identified TPs. Transformation products appear to be 305 

formed by different pathways, described by one or more reactions characterizing the path itself, and their 306 

formation involved: 307 

- Deiodination and oxidation: IO-652, IO-650, IO-636, IO-580, IO-577, IO-545, IO-505, IO-487, IO-385, 308 

IO-367, IO-332 and IO-331; 309 
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- Detachment of the amidic chain: IO-736, IO-706, IO-662 and IO-632; 310 

- Reversal of the amidic chain: IO-779, IO-778 and IO-705; 311 

- Detachment of the side chains: IO-615 and IO-541; 312 

- Oxidation: IO-794 and IO-776; 313 

- Dimerization: IO-1407. 314 

The initial pathways are mainly oxidative, involving the attachment of hydroxy groups to alkyl side chains, 315 

the conversion of alcohols to carbonyl and carboxylic acid groups, and the replacement of iodine with H/OH 316 

groups. 317 

Twelve transformation products underwent a de-iodination reaction, a process known to easily occur both 318 

in AOPs and chlorination treatments (Singh et al 2015, Zhao et al. 2014, Tian  et al 2014) and are presented 319 

in Scheme 1. The deiodination process could involve attack at one of the iodine sites with: (1) dissociative 320 

electron attachment, as seen with iomeprol (Jeong et al. 2010); (2) concomitant attachment on the side 321 

chain with ring closure. Two of them, namely IO-650 and IO-652, are known to be formed via direct 322 

photolysis (Tian et al 2014), and IO-652 also under UV-Fe(III) (Zhao et al. 2014), while the others were 323 

identified for the first time in this study. Four mono-iodinated compounds, namely IO-385, IO-331, IO-332 324 

and IO-367 are detected and their formation could involve iopamidol cyclization on the side chains. A 325 

tentative structure is proposed in Scheme 1. 326 
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Scheme 1. Transformation pathways of iopamidol in the presence of TiO2 P25 - part I -due to de-iodination 328 

and oxidation processes. 329 

Transformation pathways not involving deiodination were observed as well in this study. Most of these 330 

pathways were recognized during chlorination treatment as well (Wendel et al 2014; Singh et al 2015) and 331 

are reported in Scheme 2. Two products formed by the oxidation of the molecule without deiodination 332 

were detected. While IO-776 formation is known to occur during H2O2/UV treatment (Singh et al 2015), IO-333 
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794 is identified for the first time in this study (path 2.e). The formation of a dimeric product occurred, 334 

named IO-1407 in path 2.d and is known to also occur during the chlorination process (Wendel et al  2014). 335 

Four products, referred to as IO-706, IO-736, IO-662 and IO-632 in path 2.c and 2.f, are derived from the 336 

detachment of the amidic side chain. Two derivatives (IO-736, IO-662) were detected as well and could 337 

match with nitro derivatives (Wendel et al. 2014); a further detachment of the amino group leads to the TP 338 

IO-615.  339 

Three species resulting from the inversion of amide side chain B were identified in path 2.b (IO-779, IO-778 340 

and IO-705), all known to be formed from oxidative chlorination treatment (Singh et al 2015). We observed 341 

that the primary amine groups formed as a result of side chain reversal were rapidly converted to  342 

carboxylic acids (Wendel et al. 2014).  343 

The TP formation profiles suggest some preferential degradation pathways. The products IO-650 (m/z 344 

649.9467) and IO-331 (m/z 330.9549), path 1.f, IO-794 (m/z 793.8632) path 2.e and IO-541 (m/z 540.7379) 345 

path 2.b. are among the most abundant products and are plotted in Figure 3 (top). IO-331 and IO-541 346 

appear to be the most abundant and persistent TPs; the maximum yields of IO-541 and IO-331 were 347 

reached between one and two hours of irradiation, decreasing only after 4 hours of degradation. The 348 

formation of IO-650 product appears particularly fast, formed through the loss of HI and the oxidation of 349 

the substrate to give the IO-794 product, whose maximum concentration was reached after 30 min. The 350 

product IO-545 reaches the maximum concentration after an hour of irradiation. Some smaller TPs were 351 

also formed, in most cases were found to be quite resistant to photocatalytic treatment, as they persisted 352 

for several hours (see IO-331 and IO-541 products for example). 353 

The TPs recognized were degraded within 6h, while a certain percentage of nitrogen and organic carbon 354 

remained.  These results mirror the TOC curve shown in Figure 1, where a sharp decrease occurred within 4 355 

h, when the transformation products with known empirical formulas completely disappeared. No TPs were 356 

observed in samples analyzed after longer irradiation times.  These analyses were performed by HPLC-MS 357 

analysis in both APCI and ESI, positive and negative mode, but no TPs were detected. Therefore, the high 358 

toxicity registered at long irradiation time cannot be ascribed to any of these TPs, but to some smaller 359 

organic nitrogen-containing TPs.  360 
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Scheme 2. Transformation pathways of iopamidol in the presence of TiO2 P25- part II. 362 
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364 

  365 

  366 

Figure 3. Main time-dependent transformation profiles for IO (top), IP (middle) and DTZ (bottom). 367 

 368 

3.2.2. Iopromide 369 

Ten TPs were detected during iopromide degradation; seven of these TPs are known to be formed during 370 

solar light irradiation (Pérez et al 2009, Zonia et al 2015), while the other three are recognized here for the 371 

first time. All TPs are presented in Table 3, while MS2 product ions are reported in Tables S7-S9; MS2 spectra 372 

for newly detected compounds are shown in supporting information as Spectra S14-S16. 373 
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The TP IP-760 formed by degradation of Iopromide gives a protonated ion at 759.8520 m/z with the 374 

empirical formula C17H21O7N3I3. This precursor ion undergoes a side chain specific cleavages to form 375 

product ions at 686.7899 formed by the cleavage of the nitrogen-carbonyl carbon bond in the A side chain 376 

(see spectrum S14). The ion 572.8942 m/z is formed by the loss of HI which may  include a hydrogen atom 377 

from one the hydroxy groups on the B side chain causing the B chain to cyclize and eliminate C2H5ON from 378 

the cyclic structure by cleavage of nitrogen-carbonyl carbon bonds and the carbon-carbon bond [HOH2C – 379 

COC(aromatic)]. The TP IP-728 (empirical formula C16H17O6N3I3) fragments to lose C2H5ON by cleaving the 380 

nitrogen-carbonyl carbon bond in the B side chain to form a product ion at 668.7861 (see spectrum S15). 381 

The product ion at 654.7702 m/z is formed by the cleavage of the same bond in the A chain (loss C3H7ON). 382 

These MS2 evidences allowed to attribute to IP-760 and IP-728 a structure at level 2 (Schymanski et al. 383 

2014). The TP IP-532 does not present in MS2 spectrum structural diagnostic product ions (spectrum S16) 384 

and it can be only attributed at level 4 (Schymanski et al. 2014). 385 

The comprehensive mechanism of transformation is inclusive of all pathways and is presented in Scheme 3.  386 

It comprises: 387 

- Triiodinated compounds, namely IP-760 and IP-728; 388 

- Diiodinated compounds, IP-682, IP-666, IP-652 and IP-532; 389 

- Monoiodinated and de-iodinated compounds IP-554, IP-526, IP-466 and IP-452. 390 

Eight de-iodinated compounds were identified and formed through two concomitant initial pathways. Four 391 

TPs involved mono-deiodination; three of them are known from the literature (IP-682, IP-666 and IP-652) 392 

(Pérez et al 2009, Zonia et al 2015), while one product has been identified for the first time in the present 393 

study (IP-532). 394 

Pathway 1 begins with the de-iodination of the molecule, followed by side chain oxidation. Subsequently, 395 

the structure loses part of the chain. This is followed by demethylation of amidic nitrogen on the side chain 396 

and this is observed together with de-iodination and loss of part of the side-chain. Four mono-iodinated or 397 

de-iodinated species were detected, all known to be formed via exposure to simulated solar radiation 398 

(Pérez et al 2009, Zonja et al 2015); they are IP-554, IP-526, IP-466 and IP-452. Pathway 2 shows oxidative 399 

de-iodination leading to the formation of IP-682. Pathway 3 does not involve de-iodination but provides for 400 

the gradual shortening of the side chains.  401 

The temporal profiles for main TPs are presented in Figure 3 (middle), while the temporal profiles 402 

associated with the other TPs are shown in Figure S3. The evolution profiles of de-iodinated compounds 403 

show their maximum concentration at times ranging from 30 min to 1 h, in agreement with the release of 404 

iodine plotted in Figure 1: the species IP-760 is the main TP. Two TPs, namely IP-760 and IP-728 are formed 405 

through these routes and are identified for the first time in this study. They reach the maximum yield after 406 

1 hour and decrease over the next 2-3 hours, in agreement with the temporal decrease in TOC. The toxicity 407 

profile maximized after 48 h, time at which all recognized TPs are degraded but a TOC residue is registered. 408 
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At that irradiation time, we performed HPLC-MS analysis in APCI and ESI, positive and negative mode, but 409 

no TPs were detected. Again, the contribution to toxicity has to be ascribed to small molecules, not 410 

detected in the present study. 411 
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Scheme 3.  Transformation pathways of iopromide in the presence of TiO2 P25. 413 

 414 

3.2.3. Diatrizoate 415 

The photocatalytic degradation of diatrizoate produced ten transformation products, five of which are 416 

recognized for the first time in this study. The masses and empirical formulas  of all DTZ TPs are presented 417 

in Table 4, while Tables S10-S12 summarize their MS2 fragmentation; their MS2 spectra are reported as well 418 

in SI (spectra S17-S19). Two of them, namely DTZ-404 and DTZ-631, gave no MS2 signals and their 419 

characterization is then limited to level 4. Three of them show some peculiar MS2 losses (DTZ-471, DTZ-333 420 

and DTZ-319) and are discussed on SI. However, MS2 evidences are not enough to attribute a structure at 421 

level 2 and, we can characterize them at level 3 (Schymanski et al. 2014).  422 

All transformation products already known from literature are formed through a photoinduced 423 

degradation. TPs marked as DTZ-574 and DTZ-489 match with the TPs products formed under UV 424 

irradiation (Rastogi et al 2014), while species DTZ-587, DTZ-487 and DTZ-574 were previously identified in 425 

the presence of TiO2 (Sugihara et al 2013). Scheme 4 shows the overall degradation routes and the 426 

transformations involve: 427 

- Path 1, hydroxylation/decarboxylation: DTZ-587 and DTZ-404; 428 

- Path 2, deiodination:  DTZ-489, DTZ-319 and DTZ-363; 429 

- Path 3, deiodination and cyclization: DTZ-487, DTZ-471, and DTZ-333; 430 

- Path 4, hydroxylation/chain cleavage: DTZ-631, and DTZ-574 431 

 432 

The observed degradation paths are mostly oxidative, with the exception of deiodination products, whose 433 

formation involved a reductive pathway. Methyl groups and aromatic ring in the ICM are hydroxylated 434 

(DTZ-631, DTZ-587 and DTZ-404). In some cases, the cyclization involving one of the side chains can occur, 435 

resulting in the loss of HI from DTZ, to form DTZ-487 from which either DTZ-333 or DTZ-471 may be 436 

formed. Other mono- or diiodinated TPs were detected as well, that may undergo more degradation 437 

pathways (DTZ-319). Decarboxylation of the acid substituent occurred in DTZ-587, DTZ-404 and DTZ-333. 438 

Four transformation products are formed by oxidation, more or less extended, and deiodination and all of 439 

them were detected for the first time in the present study (namely DTZ-471, DTZ-404, DTZ-333 and DTZ-440 

319). 441 

Three transformation products involved deiodination (DTZ-489, DTZ-487 and DTZ-363), all already known 442 

from the literature (Rastogi et al 2014, Sugihara et al 2013). Path 4 leads to DTZ-487, which can then lose 443 

iodine or a water molecule; it finally eliminates HI cyclizing on the aromatic ring and producing the species 444 
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DTZ-471. Path 2 involves di-deiodination and a partial loss of the side chains, whereas path 1 proceeds via 445 

decarboxylation, subsequently deiodination and detachment of the side chains.  446 
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Scheme 4. Transformation pathways of diatrizoate in the presence of TiO2 P25. 448 

Figure 3 (bottom) and Figure S4 depict the time evolution profiles of TPs. The main TPS are DTZ-489 and 449 

DTZ-319, formed through path 2 and DTZ-404, involving pathway 1. DTZ-489 is easily formed and achieved 450 

the maximum amount after 30 min of irradiation, DTZ-404 and 319 showed a maximum at 2 hours of 451 

irradiation. Most of other TPs are formed within 1 h or 2 h, but then are slowly degraded. As an example, 452 

the concentration of the DTZ-471 increases up to 8 hours of degradation. The slow degradation of TPs is in 453 

agreement with the TOC curve shown in Figure 1, where the mineralization process results very slow and 454 
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limited. Toxicity is not directly linked with the detected TPs and, similar to the other ICMs, could be 455 

attributed to the formation of some small molecule. 456 

3.3. ICMs research in wastewater and river water 457 

Treatment plant effluent and river water acquired in the Chicago metropolitan area sampled in the Spring 458 

and Summer of 2015 were analyzed for ICM and their TPs. Table 5 shows the concentrations found for the 459 

three ICMs substrates in the different wastewater and river water samples analyzed. The most abundant 460 

compound detected was iopamidol confirming the widespread use of this X-contrast agent in North 461 

America. None of the transformation products generated by photolysis in the presence of TiO2 were 462 

detected in any river water or wastewater sample that was analyzed.  463 

ICM released from local hospitals into a local sewer may enter natural water sources without passing 464 

through a treatment plant. Most local sewers in the Chicago area (and in older cities around the world) 465 

were built over a century ago before wastewater treatment was carried out.  Sewer systems such as these 466 

were originally designed to direct  a limited amount of storm water and sewage into different waterways or 467 

Lake Michigan directly (www.vah.com, 2016). These local sewers are now connected to the Chicago area 468 

Metropolitan Water Reclamation District (MWRD) intercepting sewers (built after the local sewer system) 469 

that direct the flow from the local sewers to the treatment plants.  These local sewers are required to 470 

transport more water today than when they were first built, and when they exceed their flow capacity 471 

sewage will empty into natural waterways. Wastewater from homes and businesses (including hospitals 472 

and medical centers) that enter local sewers may spill into natural waterways when the sewer is at high 473 

capacity. This is most probable means of ICM entering the Chicago River and its tributaries. This would 474 

explain why significant concentrations of Iopromide and Diatrizoate are observed in the water sample 475 

taken at the Bertau site. Sewer overflows following rainstorms have been known to close Lake Michigan 476 

Beaches in Chicago for brief periods of time due to bacterial contamination. Therefore it is conceivable that 477 

ICM and other potential pollutants may enter natural water sources in the same way. 478 

The concentrations of all three ICM, iopromide, Iopamidol, and Diatrizoate are much lower in the 479 

chlorinated Kirie effluent sample relative to the unchlorinated Kirie effluent sample. The effluent water 480 

sample taken from the Stickney WWTP was observed to have a large concentration of iopamidol relative to 481 

the Kirie chlorinated sample and the Weed Street water sample, suggesting that iopamidol may pass 482 

through conventional treatment processes. The concentrations of the ICM detected in the wastewater 483 

effluent samples suggest that chlorination may be an effective means of breaking down ICM in wastewater 484 

treatment. At the very least, the effluent water analyses suggest that analyzing chlorinated and 485 

unchlorinated effluent for the reaction products of NaOCl with ICM may yield positive results after the 486 

structures of these products are generated and  determined in a laboratory. 487 

 488 

 489 
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3.4. Conclusions 490 

Irradiation of three iodine contrast reagents (iopamidol, iopromide, and diatrizoic acid, collectively referred 491 

to as ICM) in the presence of TiO2 produced forty-four transformation products (TPs), twenty-one of which 492 

had not been detected in any previous study. Toxicity assessments were carried out by exposing irradiated 493 

mixtures of TPs to bioluminescent bacteria, Vibrio fischeri. Some of the TPs formed were indicated to be 494 

toxic in this assay and, in particular, bioluminescence was strongly reduced when Vibrio fischeri bacteria 495 

was exposed to reaction mixtures irradiated for much longer periods of time (to the point of near 496 

mineralization), containing no detectable intermediate transformation products and only much smaller 497 

molecules.  All three of iodine contrast reagents (ICM) were detected in wastewater effluent and natural 498 

water taken from different branches of the Chicago while no significant amounts of TPs formed by photo 499 

catalysis were detected.  The analysis of wastewater effluent sampled at different times suggests that ICMs 500 

may be degraded during chlorination. 501 

 502 
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Tables 646 

Sampling  Site Date Sampled 

Bertau 
(Chicago River) 

April 21 2015 

Kirie WWTP April 23 2015 

Stickney WWTP May 7 2015 

Weed Street 
(Chicago River) 

May 12 2015 

Kirie WWTP May 14 2015 

Table 1: Sites and Dates for Water Samples used in this Study. 647 

  648 
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 649 

Table 2. Transformation products formed from iopamidol (IO) with TiO2 P25 200 mg/l. 650 

 651 

 652 

 653 

 654 

[M+H+] Empirical formula Name Δmmu tR (min.) 

777.8688 C17H23O8N3I3 IO 7.430   4.7 

1406.6453 C28H33O12N6I6 IO-1407 3.355 27.9 

793.8632 C17H23O9N3I3 IO-794 -2.525   5.5 

778.8619 C17H22O9N2I3 IO-779 16.554   4.5 

775.8430 C17H21O8N3I3 IO-776 -2.760   4.2 

735.8124 C14H17O8N3I3 IO-736 -2.040 10.6 

705.8377 C14H19O6N3I3 IO-706 -2.531   6.0 

704.8061 C14H16O7N2I3 IO-705 -2.516   4.8 

661.7763 C11H11O6N3I3 IO-662 -1.331 11.8 

651.9627 C17H24O8N3I2 IO-652 -2.027   4.6 

649.9467 C17H22O8N3I2 IO-650 -2.357   4.2 

635.9096 C16H20O8N3I2 IO-636 20.252   6.0 

631.8011 C11H13O4N3I3 IO-632 -2.371   6.0 

614.7746 C11H10O4N2I3 IO-615 -2.312   6.3 

579.9407 C14H20O6N3I2 IO-580 -2.868   5.9 

576.8940 C14H15O7N2I2 IO-577 -2.333   4.7 

544.8678 C13H11O6N2I2 IO-545 -2.239   6.0 

540.7379 C9H4O3I3 IO-541 -2.343   6.6 

504.8735 C11H11O5N2I2 IO-505 -1.684   4.7 

486.8646 C11H9O4N2I2 IO-487 -2.529   4.8 

384.9656 C13H10O4N2I IO-385 -2.426   4.4 

366.9567 C13H8O3N2I IO-367 -1.290   9.8 

331.9601 C10H7O4NI IO-332 18.683   4.8 

330.9549 C10H8O3N2I IO-331 -2.362   4.7 
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Table 3. Transformation products formed from iopromide (IP) with TiO2 P25 200 mg/l. 655 

Table 4. Transformation products of diatrizoate (DTZ) with TiO2 P25 200 mg/l. 656 

  657 

[M+H+] Empirical formula Name  Δmmu tR (min) 

791.8777 C18H25O8N3I3 IP 0.670 4.7 

759.8520 C17H21O7N3I3 IP-760 1.185 3.7 

727.8254 C16H17O6N3I3 IP-728 -0.071 3.8 

681.9783 C18H26O9N3I2 IP-682 2.978 2.8 

665.9812 C18H26O8N3I2 IP-666 0.823 3.6 

651.9652 C17H24O8N3I2 IP-652 0.423 3.2 

554.0627 C18H25O9N3I IP-554 -0.259 3.6 

531.8993 C10H16O8NI2 IP-532 5.774 3.7 

526.0678 C17H25O8N3I IP-526 -0.274 2.8 

466.0476 C15H21O6N3I IP-466 0.685 4.7 

452.0313 C14H19O6N3I IP-452 0.005 3.5 

[M+H+] Empirical formula Name  Δmmu tR (min.) 

614.7748 C11H10O4N2I3 DTZ -0.027 18.3 

630.7718 C11H10O5N2I3 DTZ-631 -0.027 16.0 

586.7796 C10H10O3N2I3 DTZ-587 -2.98 14.7 

573.7480 C9H7O4NI3 DTZ-574 -2.373   8.2 

488.8804 C11H11O4N2I2 DTZ-489 -0.101   7.7 

486.8624 C11H9O4N2I2 DTZ-487 -2.235   7.3 

470.8690 C11H9O3N2I2 DTZ-471 -0.705   7.2 

403.8489 C8H8O2NI2 DTZ-404 -2.405   9.5 

362.9722 C11H12O4N2I DTZ-363 -11.456   7.9 

332.9705 C10H10O3N2I DTZ-333 -2.542   9.6 

318.9550 C9H8O3N2I DTZ-319 -2.422   9.1 
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 658 

 DTZ (µg/l) IO (µg/l) IP (µg/l) 

BERTEAU n.d. 0.56±0.05 0.16±0.02 

KIRIE BEFORE 0.28±0.03 0.98±0.08 0.23±0.02 

KIRIE AFTER n.d. 0.091+0.010 n.d. 

WEED STREET n.d. 0.07±0.01 0.020±0.003 

STICKNEY 0.055±0.005 0.63±0.02 n.d. 

Table 5. ICMs concentration in wastewater and river water. 659 

 660 


