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Abstract 22 

Iodinated X-ray contrast media are known for their stability concerning deiodination in the 23 

aquatic environment under aerobic conditions. In this study, we demonstrate the abiotic 24 

reductive deiodination of the iodinated contrast media iopromide, iopamidol and diatrizoate in 25 

the presence of corrinoids. In addition, triiodinated benzoic acid derivatives with iodine atoms 26 

bound at different positions were investigated. Corrinoids like cyanocobalamin (vitamin B12) 27 

and dicyanocobinamide served as electron shuttles and as catalysts between the reducing agent 28 

(e.g., titanium(III) citrate) and the electron accepting iodinated compound. The concentration 29 

decrease of the iodinated compounds followed first-order kinetics with rate constant kobs 30 

depending on the iodinated compound. A linear correlation between the rate of iodide release 31 

and the corrinoid concentration was observed, with deiodination rates for dicyanocobinamide 32 

twice as high as for vitamin B12. Reducing agents with a less negative standard redox potential 33 

like dithiothreitol or cysteine caused slower deiodination as the cobalt center was only reduced 34 

to its CoII oxidation state. With a temperature increase from 11 to 23 °C, the concentrations of 35 

released iodide doubled. A complete deiodination was only observed for the iodinated contrast 36 

media but not for structurally similar iodinated benzoic acid derivatives. 37 

 38 

Keywords: deiodination, X-ray contrast media, corrinoids, vitamin B12, abiotic, bank filtration 39 

 40 

 41 
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Abbreviations 43 
ICM: iodinated contrast media 44 
TIBA: triiodobenzoic acid 45 
ATIA: 5-amino-2,4,6-triiodoisophthalic acid  46 
B12: cyanocobalamin  47 
(CN)2Cbi: dicyanocobinamide 48 
MV: methyl viologen 49 
BV: benzyl viologen  50 
DTT: dithiothreitol  51 
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1 Introduction 52 

Triiodinated benzoic acid derivatives are widely used as contrast media for X-ray examinations 53 

of organs and vessels with more than 100 g of contrast media applied for a single examination 54 

(Speck and Hübner-Steiner, 1999). The compounds are very polar and stable and are excreted 55 

unchanged via urine within hours after application (Speck and Hübner-Steiner, 1999). As a 56 

consequence, iodinated X-ray contrast media (ICM) represent the major contribution of 57 

halogenated organic compounds in hospital wastewater, municipal waste water and surface 58 

waters in Berlin (Germany) shown by the AOI (adsorbable organic bound iodine) determined 59 

by differentiated AOX analysis (Oleksy-Frenzel et al., 2000). By conventional wastewater 60 

treatment, the AOI is only reduced by 20% (Putschew and Jekel, 2006), indicating a high 61 

stability of the triiodinated benzoic acid structure of ICM. In the last decade, the behavior of 62 

ICM in different technical processes has been studied extensively. Ozonation has been shown 63 

to lead to a fast concentration decrease of iopromide, whereas an AOI decrease has only been 64 

observed with uneconomical high ozone dosages (Putschew et al., 2007). In contrast, a 65 

complete deiodination could be achieved by reductive processes such as metal-catalyzed 66 

hydrodeiodination (Knitt et al., 2008; Stieber et al., 2011), electrochemical reduction 67 

(Radjenovic et al., 2013; Zwiener et al., 2009) and disinfection (Duirk et al., 2011). 68 

Studies investigating the biotic transformation of ICM in aerobic water–soil and water–69 

sediment systems revealed the production of various metabolites with transformed side-chains 70 

but without deiodination (Batt et al., 2006; Kormos et al., 2010; Kormos et al., 2011; Schulz et 71 

al., 2008). In contrast to the results observed in aerobic environment, deiodination has been 72 

found to occur under anoxic/anaerobic biotic conditions. Redeker et al. (2014) detected 73 

different partially deiodinated transformation products of diatrizoate in anaerobic batch tests 74 

with sediment from a polishing pond and detected the same products in groundwater and 75 

technical wetland samples. A partial deiodination of ICM was also detected for the 76 

anoxic/anaerobic bank filtration with an AOI decrease of around 63% (Grünheid et al., 2005; 77 
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Schittko et al., 2004; Wiese et al., 2011). Complete deiodination by a microbial consortium has 78 

been shown for the ICM precursor 5-amino-2,4,6-triiodoisophthalic acid (Lecouturier et al., 79 

2003) and for 2,4,6-triiodophenol where the involvement of novel anaerobic bacteria has been 80 

suggested (Oba et al., 2014). Nevertheless, studies focusing on biological deiodination are 81 

scarce compared to those regarding dechlorination and debromination. Various bacteria, 82 

including the genera Dehalobacter, Desulfitobacterium, Desulfuromonas, Sulfurospirillum, 83 

Geobacter, Dehalogenimonas and Dehalococcoides, have been found to remove chlorine or 84 

bromine substituents from aromatics (Löffler et al., 2013). They all use corrinoid-containing 85 

enzymes to catalyze the reductive dehalogenation (Holliger et al., 1998). Corrinoids are 86 

organometallic complexes with a central cobalt ion that can be present in three different 87 

oxidation states (+I, +II and +III), enabling the corrinoid to function as electron shuttle between 88 

an electron donor and a halogenated compound.  89 

Apart from microbiological reduction, an abiotic dehalogenation catalyzed by heat-inactivated 90 

enzymes or commercially available free corrinoids has been shown for several chlorinated 91 

compounds (Gantzer and Wackett, 1991; Krone et al., 1989a; Krone et al., 1989b; Neumann et 92 

al., 2002). Therefore, it is conceivable that apart from microbiological dehalogenation, abiotic 93 

dehalogenation catalyzed by free corrinoids, released to the environment from lysed 94 

microorganisms, plays a role in natural degradation processes.  95 

To our knowledge, abiotic deiodination catalyzed by cobalt-containing corrinoids has not yet 96 

been shown. We hypothesized that free corrinoids could contribute to the deiodination of ICM 97 

observed in nature. In this study, we have chosen three ICM and three other triiodinated benzoic 98 

acid derivatives as model compounds to test whether abiotic deiodination by free corrinoids is 99 

possible. The dependence of the abiotic deiodination on different parameters, e.g., type and 100 

concentration of the corrinoid, structure of the iodinated compound and temperature was 101 

studied. Our results provide new insight into the degradation of ICM and other iodinated 102 
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benzoic acid derivatives and improve the prediction of contaminant fate during bank filtration 103 

and (managed) artificial groundwater recharge. 104 

  105 
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2 Material and Methods 106 

2.1 Chemicals  107 

Iopromide and diatrizoate were kindly provided by Bayer-Schering AG (Berlin, Germany). 108 

Iopamidol, 2,4,6-triiodobenzoic acid (TIBA), 2,3,5-TIBA, 5-amino-2,4,6-triiodoisophthalic 109 

acid (ATIA), cyanocobalamin (B12), dicyanocobinamide ((CN)2Cbi) (structures are given in 110 

Appendix, Figures A.1–A.3), methyl viologen (MV), benzyl viologen (BV), dithiothreitol 111 

(DTT), cysteine and titanium(III) chloride were purchased from Sigma Aldrich (Steinheim, 112 

Germany). Titanium(III) citrate was prepared as previously described (Zehnder and 113 

Wuhrmann, 1976). All chemicals used were of analytical grade. Ultrapure water was produced 114 

from deionized water with a water purification system (maxima ultrapure water; ELGA, 115 

Ubstadt-Weiher, Germany).  116 

 117 

2.2 Experiments  118 

All experiments were carried out under oxygen-free conditions within an anaerobic chamber 119 

(95% N2, 5% H2, Coy Laboratories, Grass Lake, USA) or a glovebox (100% N2, GS E-Line, 120 

Glovebox Systemtechnik, Maisch, Germany). 121 

Experiments were conducted with ultrapure water buffered with either potassium acetate 122 

(pH 5.8) or phosphate buffer (pH 7) on microtiter plates commonly used for the determination 123 

of enzyme activity. The reaction solution was equilibrated to room temperature or to 30 °C and 124 

contained 0.33 mM titanium(III) citrate, 1 mM MV and different concentrations of either B12 125 

or (CN)2Cbi. Reactions were started by the addition of the electron acceptor iopromide (30 or 126 

100 µM). The total sample volume in each microtiter well was 210 µL. The MV solution 127 

reduced by titanium(III) citrate is deep-blue and an absorption decrease indicates its oxidation 128 

and a redox reaction. The absorbance at 578 nm (ε578 = 9.78 mM–1 cm–1) was measured every 129 

2 min with a plate reader (PowerWave HT, BioTek Instruments GmbH, Bad Friedrichshall, 130 

Germany and Ao Microplate Reader, Azure Biosystems Inc., Dublin, USA) for high-resolution 131 
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that is necessary for the determination of the initial iodide release and turnover numbers. The 132 

iodide release rates (aiodide) were calculated from the average slope of the linear part (over 133 

10 min) of the absorption curves (ΔE/Δt) using the sample volume (V), the extinction 134 

coefficient of reduced MV and the path length (equation (1)).  135 

(1) 𝑎𝑖𝑜𝑑𝑖𝑑𝑒 =
∆𝐸

∆𝑡
∙

𝑉

𝜀𝑀𝑉∙𝑑∙2
 136 

The plates contained triplicate samples as well as triplicate buffer controls, controls without 137 

iodinated electron acceptor and controls without corrinoids.  138 

Tests on microtiter plates were repeated in serum bottles with a reaction volume of 5 mL to 139 

allow chemical analysis of reaction products. In addition, tests with different iodinated 140 

compounds and different reducing agents were conducted in serum bottles. Unless otherwise 141 

stated, the tests in serum bottle were carried out at room temperature and pH 7. The test mixtures 142 

contained buffered ultrapure water, 0.22 mM reducing agent (titanium(III) citrate, MV, BV, 143 

DTT or cysteine), 1 µM corrinoid and 30 µM of the iodinated compounds. MV and BV were 144 

reduced by titanium(III) citrate: They were the only reducing agents present at the start of the 145 

reaction since titanium(III) citrate was completely oxidized. After the start of the reaction by 146 

the addition of the iodinated compound, the bottles were sealed with butyl stoppers and 147 

aluminum crimp caps and stored in the dark without agitation under oxygen-free conditions. 148 

Samples were taken at different time intervals and the reaction was stopped by introducing air 149 

into the samples. All experiments were conducted in duplicate or triplicate. 150 

 151 

2.3 Analyses 152 

Iodinated compounds were quantified without any pre-treatment by liquid chromatography 153 

with UV detection (LC-UV, Agilent 1200, Waldbronn, Germany). For separation, a C18 154 

column (Phenomenex, Luna 3 µm C18(2); 1502 mm) was used and the column oven was set 155 

to 30 ºC. The injection volume was 10 μL. Ultrapure water and methanol, both acidified with 156 
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0.1% trifluoroacetic acid, were used as eluent with a flow rate of 0.25 mL min–1. Iodide was 157 

quantified by ion chromatography with UV detection (IC-UV, HP 1100, Waldbronn, Germany) 158 

using an anion exchange column (Dionex, IonPac AS9-SC; 4250 mm) and an eluent 159 

containing 2.2 mM Na2CO3 and 0.75 mM NaHCO3 with a flow rate of 1 ml min–1 and an 160 

injection volume of 10 µL. For more details on calibration and chromatographic conditions see 161 

Appendix (Table A.1–A.4). Photometric determinations of B12 were made using a Perkin Elmer 162 

Lambda 12 UV-VIS spectral photometer (Rodgau, Germany) and quartz cuvettes (path length 163 

1 cm) with a lid to keep the solution oxygen-free. 164 
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3 Results and Discussion 165 

3.1 Catalyzing role of corrinoids  166 

To investigate whether corrinoids have catalyzing effects on the reductive deiodination of 167 

iodinated X-ray contrast media, iopromide was treated with reduced MV, a radical cation, as 168 

electron donor and B12 or (CN)2Cbi as a potential catalyst. A reduction reaction is indicated by 169 

a decolorization of the reaction solution which is monitored photometrically. Only a very slight 170 

absorption decrease over time was recorded for the control tests without corrinoids, whereas in 171 

the presence of B12 and (CN)2Cbi, a strong decrease of the absorption was observed (Appendix, 172 

Figure A.4). The decolorization was consistently higher with (CN)2Cbi than with B12. The 173 

increase of the iopromide concentration from 30 to 100 µM increased the decolorization as 174 

well.  175 

We investigated whether the absorption decrease of MV is caused by deiodination or by other 176 

reactions of the iopromide molecule. The removal of one iodine atom requires two electrons 177 

(equation (2) and Appendix, Figure A.5).  178 

(2) R–X + 2MV+● + H+ → R–H + 2MV2+ + X– 179 

Using the specific absorption coefficient of MV (ε578 = 9,78 mM-1 cm-1), we calculated the 180 

expected iodide concentration from MV decolorization and compared it with measured iodide 181 

values. The consistency of measured and calculated iodide concentrations (Figure 1) confirms 182 

that the absorption decrease is caused by deiodination consuming two electrons and that no 183 

other reactions occur.  184 
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 185 

Figure 1. Iodide release calculated based on MV absorption measurements (dashed lines) and 186 

measured iodide concentrations (symbols) in reaction bottles over time. 0.33 mM reduced MV, 187 

5 µM B12 (grey, ●) or 5 µM (CN)2Cbi (black, ■) and 100 µM iopromide; pH 5.8, 30 °C.  n = 3, 188 

MV absorption SD = ± 0.04, SD error bars of measured iodide concentrations are smaller than 189 

the symbol size. 190 

In the next step, we investigated the effect of the corrinoid concentration on the initial 191 

deiodination by photometrical measurements on microtiter plates which produce high-192 

resolution data without any errors caused by sampling or other steps necessary before analysis. 193 

 194 

Figure 2. Iodide release rate over corrinoid concentration with 0.33 mM reduced MV, B12 (●) 195 

and (CN)2Cbi (■) and 30 µM iopromide; pH 7, room temperature. n = 3, most SD error bars 196 

are smaller than the symbol size.    197 

The iodide release rate was found to be linearly dependent on the B12 and (CN)2Cbi 198 

concentration over the investigated range of up to 10 µM corrinoid (Figure 2). Using (CN)2Cbi 199 

as catalyst resulted in higher iodide release rates than using B12. For a corrinoid concentration 200 

of 10 µM, (CN)2Cbi showed an iodide release with a turnover number of 2.2 ∙ 10–3 s–1 (mol 201 

iodide released per mol corrinoid per second) which is about twice as high as the turnover 202 

number determined for B12 (1.2 ∙ 10–3 s–1). Both turnover numbers were calculated using the 203 
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regression lines from Figure 2 with R2 = 0.97 for both lines. These results are in line with a 204 

previous study that also showed a linear correlation between the dehalogenation rate of 0.8 mM 205 

trichloroacetate and B12 concentrations of up to 0.1 µM (Neumann et al., 2002). However, we 206 

were able to document the linearity for a broader B12 range and much lower concentrations of 207 

the halogenated compound.  208 

Differences in the catalyzing properties of B12 and (CN)2Cbi in our experiments can be 209 

explained by their different ligands at the α- and the β-side of the central cobalt ion (Appendix, 210 

Figure A.3). Depending on the form of vitamin B12, the ligand on the β-side is a cyano-, methyl- 211 

or deoxyadenosyl-group coordinated by a cobalt-carbon bond and removed in the super-212 

reduced state (CoI) (Banerjee and Ragsdale, 2003; Schneider and Stroiński, 1987). The ligand 213 

at the α-side consists of nitrogen in a dimethylbenzimidazole group which is covalently bound 214 

to a ribose and a phosphate group (ó Proinsias et al., 2013). The α-side ligand is either bound 215 

(base-on) or not bound (base-off) to the cobalt ion, depending on the pH (ó Proinsias et al., 216 

2013). In contrast to B12, (CN)2Cbi has a cyanide ligand at the α- and at the β-side and is missing 217 

the dimethylbenzimidazole, the ribose and the phosphate group of B12 (ó Proinsias et al., 2013). 218 

The observed different turnover numbers for iopromide could be explained by a possible 219 

difference in the electron transfer which is mediated by (CN)2Cbi from the α- and the β-side of 220 

the corrin ring whereas B12 mediates it only from the β-side. 221 

 222 

3.2 Influence of the reducing agent  223 

Along the infiltration zone and aquifer passage, different redox zones are present which 224 

facilitate the transformation and degradation of different organic compounds. For reductive 225 

transformation processes during bank filtration such as deiodination, a low redox potential is 226 

one of the key factors (Wiese et al., 2011).  227 

We investigated the influence of the redox potential on the deiodination by using reducing 228 

agents with less negative redox potentials than titanium(III) citrate to simulate different redox 229 
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environments. The tests were performed with different reducing agents and with B12 as catalyst 230 

and iopromide as electron acceptor over a period of several days by measuring the iodide release 231 

in serum bottles with 20 mL total sample volume.  232 

 233 

Figure 3. Iodide release over time from 30 µM iopromide in the presence of 1 µM B12 and 234 

0.22 mM of a reducing agent: titanium(III) citrate (■), reduced MV (●), cysteine (▲), DTT (○) 235 

and reduced BV (□); pH 7, room temperature. n = 2, most SD error bars are smaller than the 236 

symbol size.    237 

In the presence of titanium(III) citrate, the complete deiodination of 30 µM iopromide, resulting 238 

in an iodide concentration of 90 µM, was reached within three days (Figure 3). With MV, an 239 

iodide concentration of about 50 µM (56% deiodination) was released after 11 days. For DTT, 240 

cysteine and BV, the iodide concentration was significantly lower, varying between 12 and 241 

17 µM (13–19% deiodination) after 11 days. The five reducing agents differ in their standard 242 

redox potentials, increasing in the following order: titanium(III) citrate (–480 mV (Zehnder and 243 

Wuhrmann, 1976)), MV (–450 mV (Bird and Kuhn, 1981)), BV (–360 mV (Bird and Kuhn, 244 

1981)), DTT (–330 mV (Cleland, 1964)), cysteine (–220 mV (Jocelyn, 1967)). The 245 

concentration of released iodide correlated with the standard redox potential and the three 246 

reducing agents with the less negative redox potentials effected only a low deiodination. When 247 

comparing the redox potentials of the two oxidation states of B12, it appears that the reduction 248 

from CoIII to CoII with a standard redox potential of +514 mV (Lexa and Saveant, 1983) is far 249 

easier than the reduction from CoII to CoI with a potential of –496 mV (Lexa and Saveant, 1983) 250 

(for base-off). To investigate to which oxidation state B12 has been reduced by the different 251 
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reducing agents, the absorption spectra of B12 reduced with an excess of titanium(III) citrate, 252 

DTT or cysteine were recorded during deiodination. To ensure complete reduction of B12, the 253 

solution of B12 with titanium(III) citrate was stored for four days before the test was started by 254 

the addition of iopromide. Before adding iopromide, B12 was present in the super-reduced CoI 255 

state with a peak at 386 nm (Figure 4). The addition of iopromide led to a decrease of the CoI-256 

peak with an absorbance increase at 470 nm which corresponds to the CoII state according to 257 

published data (Beaven and Johnson, 1955; Smith and Woods, 1994). One hour after the 258 

addition of iopromide, a reverse effect was noticeable: The CoI-peak increased again and nearly 259 

reached its initial maximum while the CoII peak almost disappeared indicating re-reduction of 260 

CoII to CoI with the remaining titanium(III) citrate. The iodide concentration at different times 261 

revealed that after one hour, the deiodination had been already completed (data not shown). 262 

This indicated that the oxidation of CoI to CoII by iopromide was faster than the re-reduction of 263 

CoII to CoI by titanium(III) citrate. These results correspond to similar findings for the 264 

dechlorination of tetrachloroethene (Gantzer and Wackett, 1991). The CoIII state, represented 265 

by an absorption peak at 360 nm was obtained by introducing oxygen (Figure 4).    266 

 267 

Figure 4. Absorption spectra of 50 µM B12 reduced by 0.22 mM titanium(III) citrate: before 268 

adding 30 µM iopromide (grey solid line), 5 min after (black solid line), 10 min after (dotted 269 

line), 60 min after (black dashed line) and after introducing oxygen (grey dashed line).         270 

In the presence of 300 mM DTT or 300 mM cysteine, the observed absorption spectra indicate 271 

that DTT and cysteine were only able to reduce B12 to the CoII state within four days (Appendix, 272 

Figure A.6), which is in agreement with data from a previous study (Smith and Woods, 1994). 273 
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Within the first hour after the addition of 30 µM iopromide, the spectral profiles remained 274 

unchanged despite the deiodination occurring (iodide release not shown). It can be assumed 275 

that due to the high excess of the reducing agent, B12 was immediately re-reduced to its CoII 276 

state after donating the electron to iopromide. Therefore, the absorption spectra of B12 suggest 277 

that the low deiodination rates obtained with DTT and cysteine (Figure 3) were caused by the 278 

higher standard redox potentials compared to titanium(III) citrate and the resulting oxidation 279 

states of the B12. Only the highly reactive super-reduced CoI state of B12 seems to be an effective 280 

catalyst for a complete deiodination of iopromide.  281 

 282 

3.3 Influence of temperature  283 

The influence of temperature on the deiodination was examined using iopromide, titanium(III) 284 

citrate and B12 at 11, 23 or 33 °C. With increasing temperature, the deiodination increased 285 

(Table 1). Samples taken after 5 h showed the highest differences in iodide concentrations in 286 

dependence on the temperature. After 5 h, the iodide concentration at 23 °C was already more 287 

than twice as high as the concentration at 11 °C and four times higher than the concentration at 288 

33 °C. For the tests at 23 and 33 °C, the influence of temperature decreased with reaction time 289 

because a near complete deiodination resulting in about 90 µM iodide was already reached after 290 

24 h. 291 

Table 1. Deiodination of iopromide with B12 at different temperatures  292 

Temperature [°C] 
 

5 h 

Iodide [µM]a 

24 h 

 

48 h 

11 15.5 45.1 60.2 

23 42.3 80.0 89.4 

33 61.9 84.3 87.8 

a Iodide release of 30 µM iopromide with 5 µM B12; pH 5.8. 293 

 294 
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3.4 Different iodinated compounds  295 

In addition to iopromide, the reductive deiodination was also examined for the ICM iopamidol 296 

and diatrizoate as well as for other iodinated benzoic acid derivatives (2,4,6- and 2,3,5-TIBA 297 

and ATIA) in the presence of titanium(III) citrate and B12. For a better understanding of the 298 

deiodination of the selected compounds, samples were taken over a longer period of time and 299 

the iodide concentrations (Figure 5) as well as the concentrations of the initial compounds 300 

(Figure 6) were quantified.  301 

 302 

Figure 5. Formation of iodide over time from 30 µM of different iodinated compounds in the 303 

presence of 1 µM B12 and 0.22 mM titanium(III) citrate; pH 7, room temperature. (a): 304 

Iopromide (■) and iopamidol (●) (symbols are strongly overlapping). (b) and (c): Diatrizoate 305 

(▲), 2,4,6-TIBA (□), 2,3,5-TIBA (○) and ATIA (♦). n = 2, SD error bars are smaller than the 306 

symbol size.    307 

Based on the measured iodide concentrations, both iopromide and iopamidol were nearly 308 

completely deiodinated within three days and show similar iodide concentration curves over 309 

time (Figure 5a). For diatrizoate and the other tested iodinated benzoic acid derivatives, the 310 

concentration of released iodide was significantly lower (Figure 5b and c). Figure 5b illustrates 311 

the iodide release within the first 72 hours, whereas Figure 5c shows a period of 76 days. While 312 

diatrizoate was almost completely deiodinated after 20 days, 2,4,6- and 2,3,5-TIBA and ATIA 313 

showed only a deiodination of around 33% after 50 days with only a very slight further increase 314 

of the iodide concentration until day 76. These data suggest that for these compounds, one 315 

iodine atom was released relatively fast whereas the second and third iodine atoms were not 316 

removed under the tested conditions. Figure 6 shows the decreasing concentrations of the tested 317 

ICM over time. Taking the logarithm of the concentration shows that the deiodination can be 318 
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described by a first-order rate law with the rate constant kobs (Appendix, equation (A.1) and 319 

(A.2)).  320 

 321 

Figure 6. Reduction of 30 µM iopromide (■), iopamidol (●) and diatrizoate (▲) in the presence 322 

of 1 µM B12 and 0.22 mM titanium(III) citrate; pH 7, room temperature. Upper graphs: 323 

concentration decrease over time. Lower graphs: plot of ln (ct/c0) and first-order rate constants 324 

kobs. n = 2, SD error bars are smaller than the symbol size.    325 

The concentration decrease of 2,4,6-TIBA, 2,3,5-TIBA and ATIA also followed first-order 326 

kinetics (Appendix, Figure A.7). For 2,3,5-TIBA, the highest kobs value of 1.0 h–1 was observed 327 

which is more than a hundred times higher than that for 2,4,6-TIBA (Appendix, Table A.5). 328 

Since both compounds only differ in the position of their iodine atoms, it seems that an iodine 329 

atom is released much faster in the presence of an iodine atom in ortho position. This is 330 

consistent with data from electron density modeling of chlorinated aromatics showing that a 331 

halogen substituent has a less negative partial charge on the apical site of the carbon-halogen 332 

bond (“sigma hole”) when the neighboring carbon atoms are also substituted by halogens 333 

(Cooper et al., 2015).  334 

Within the first two hours, the degradation curve of 2,3,5-TIBA showed an almost linear 335 

progression (Appendix, Figure A.7) and the coefficient of determination of the first-order 336 

linearization yields high inaccuracy (R2 = 0.87). These findings suggest that the concentration 337 

decrease of 2,3,5-TIBA could theoretically be even faster (resulting in a higher kobs value) and 338 

that the deiodination was limited by the previous reaction step, the electron transfer between 339 
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titanium(III) citrate and the corrinoid. Except for kobs of 2,3,5-TIBA, the kobs values confirm the 340 

observations made from the iodide concentrations (Figure 5): The concentration decrease of 341 

the three ICM is faster than that of 2,4,6-TIBA and ATIA while iopromide and iopamidol show 342 

higher kobs values than diatrizoate (Appendix, Table A.5). It can be assumed that the side chains 343 

of the highly polar ICM induce a more positive partial charge on the iodine atoms than the 344 

carboxy groups of the TIBA, whereby the withdrawing effect increases and higher kobs values 345 

can be reached. However, kobs only gives information about the release rate of the first iodine 346 

atom because the compounds can no longer be quantified after the structure of the molecule has 347 

changed. The analysis of the transformation products and the complete reaction kinetics will be 348 

the subject of future work.  349 

 350 

3.5 Environmental significance  351 

Halogenated aromatics, such as ICM, are one of the largest groups of environmental 352 

contaminants with dehalogenation being one of the most important processes for their 353 

degradation. An improved biodegradability has been observed for deiodinated transformation 354 

products where the large iodine atoms are no longer hindering further degradation processes 355 

(Redeker et al., 2014; Stieber et al., 2011). Therefore, the transformation of ICM under natural 356 

conditions like during bank filtration and the understanding of the transformation pathways are 357 

of great interest. Along the infiltration zone and aquifer passage, different redox zones are 358 

formed by the consumption of oxygen and of further electron acceptors such as nitrate. Previous 359 

studies have shown that side-chain transformation of ICM is occurring under aerobic conditions 360 

while the deiodination is only possible under anoxic/anaerobic conditions (Grünheid et al., 361 

2005; Kormos et al., 2011; Schittko et al., 2004). Natural organic matter (NOM) present in the 362 

soil increases the oxygen demand and thus supports the formation of anoxic zones. 363 

Furthermore, NOM such as humic acids may function as electron shuttle for reductive processes 364 

(Uchimiya and Stone, 2009; Van der Zee, Frank P. and Cervantes, 2009).    365 
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Our results show that an abiotic deiodination of ICM catalyzed by corrinoids is possible and 366 

that it can lead to complete deiodination. Corrinoids are synthesized by several sediment 367 

bacteria, e.g., denitrifying bacteria, methanogens and acetogens (Löffler et al., 2013; Martens 368 

et al., 2002; Yan et al., 2012), and are required as co-factors for reductive dehalogenase 369 

enzymes (Adrian et al., 2000; Kube et al., 2005; Yan et al., 2012). From the perspective of 370 

remediation, a dehalogenation by free corrinoids provides several advantages compared to a 371 

dehalogenation by enzyme-bound corrinoids. For instance, the loss of substrate specificity in 372 

the absence of a protein structure has been reported for iron porphyrins (Wade and Castro, 373 

1973). Furthermore, many dehalogenase enzymes of the strictly anaerobic organohalide-374 

respiring bacteria were found to be O2-sensitive (Maillard et al., 2003; Wohlfarth and Diekert, 375 

1997), whereas changing redox conditions do not pose irreversible damage to free corrinoids. 376 

Our findings show that cobinamide, the precursor of cobalamin, can already function as a 377 

catalyst for abiotic deiodination, proving that the biosynthetic pathway to cobalamin has not to 378 

be completed for abiotic deiodination. It has also been shown that some dehalogenating strains 379 

require specific corrinoid co-factors for their enzyme activity and cell growth (Adrian and 380 

Löffler, 2016). In contrast, we assume that for the abiotic dehalogenation of ICM, all corrinoids 381 

as well as their precursors and degradation products, containing only the core corrinoid 382 

structure, might function as catalysts. High concentrations of sediment-bound corrinoids, e.g., 383 

B12 concentrations up to 0.1 µmol kg–1 (Nishijima and Hata, 1978; Schneider and Stroiński, 384 

1987), have been reported.  385 

Cooper et al. (2015) investigated the biotic dehalogenation of different chlorinated and 386 

brominated compounds by organohalide-respiring bacteria and found that compounds showing 387 

abiotic dehalogenation caused lower microbiological growth yields. The dehalogenation of 388 

these molecules might be partially uncoupled from the energy metabolism and cell growth of 389 

the microorganisms (Cooper et al., 2015). If biological dehalogenation is indeed occurring, it 390 

is not easy to distinguish between abiotic corrinoid- and biotic enzyme-catalyzed reactions. 391 
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Different isotope effects observed by compound-specific stable isotope analysis might be used 392 

for a differentiation of both dehalogenation pathways (Renpenning et al., 2014).  393 
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4 Conclusion 394 

In this study, the abiotic deiodination of iodinated contrast media and other iodinated benzoic 395 

acid derivatives in the presence of free corrinoids were investigated. The corrinoids 396 

cyanocobalamin (vitamin B12) and dicyanocobinamide were found to function as strong 397 

catalysts between the electron accepting iodinated compound and a reducing agent. The 398 

deiodination rate linearly depended on the corrinoid concentration and dicyanocobinamide, a 399 

precursor of vitamin B12, was found to be a stronger catalyst than B12 itself. The deiodination 400 

degree and rate further depended on the structure of the iodinated compound as well as on the 401 

standard redox potential of the reducing agent. While strong reducing agents such as 402 

titanium(III) citrate could reduce the corrinoid to its super-reduced CoI state, reducing agents 403 

with a less negative standard redox potential like dithiothreitol or cysteine reduced it only to 404 

the CoII state, causing a slower and incomplete deiodination.  405 

Since the investigated ICM showed very high abiotic deiodination rates, we conclude that 406 

abiotic deiodination catalyzed by free corrinoids present in sediments could play a role in the 407 

deiodination of ICM during bank filtration and might thus be used for managed ground water 408 

recharge. Based on our results, reasons for slower reaction rates and incomplete deiodination 409 

of ICM in nature could be attributed to lower ICM concentrations, competing electron acceptors 410 

in the water–soil matrix, lower temperatures and higher redox conditions, enabling the corrinoid 411 

reduction only to its CoII state, as well as insufficient retention times. An adjustment of the 412 

mentioned parameters to near-natural conditions will be covered in future research. In 413 

particular, the deiodination will be investigated with lower ICM and corrinoid concentrations 414 

in a natural water matrix. Apart from organic compounds competing with the ICM as electron 415 

acceptors, further reducing agents and electron shuttles are expected in a natural water matrix. 416 

For instance, quinones as model compounds of humic acids are known for their catalyzing 417 

capability (Uchimiya and Stone, 2009; Van der Zee, Frank P. and Cervantes, 2009). 418 

  419 
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Appendix. Supplementary data 420 

Supplementary data related to this article can be found in the appendix.  421 
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