Chemical Engineering Journal 368 (2019) 999-1012

Contents lists available at ScienceDirect

CHEMICAL
ENGINEERING
JOURNAL

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej pEE=——) §

Oxidative degradation of iodinated X-ray contrast media (iomeprol and R

Check for

iohexol) with sulfate radical: An experimental and theoretical study el

Xiaoxiao Wang®, Zhaohui Wang™"“", Yizhen Tang", Dongxue Xiao®, Dong Zhang®, Ying Huang®,
Yaoguang Guo', Jianshe Liu™*

@ State Environmental Protection Engineering Center for Pollution Treatment and Control in Textile Industry, College of Environmental Science and Engineering, Donghua
University, Shanghai 201620, China

Y Shanghai Key Laboratory of Urbanization and Ecological Restoration, School of Ecological and Environmental Sciences, East China Normal University, Shanghai 200241,
China

¢ Institute of Eco-Chongming (IEC), Shanghai 200062, China

4 School of Environmental and Municipal Engineering, Qingdao University of Technology, Fushun Road 11, 266033 Qingdao, China

€ Chinese Academy of Fishery Sciences, East China Sea Fisheries Research Institute, Shanghai 200090, China

fSchool of Environmental and Materials Engineering, Shanghai Polytechnic University, Shanghai 201209, China

& Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200092, China

HIGHLIGHTS GRAPHICAL ABSTRACT

® Jomeprol and iohexol can be effec-
tively degraded by Co(I)-activated
PMS.

® [0;~ is the major inorganic iodine
released from iomeprol and iohexol.

® The possible transformation pathways
of iomeprol and iohexol are proposed.

® Preferential deiodination order is the-
oretically predicted.
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ARTICLE INFO ABSTRACT

Keywords: It has already been known that oxidative degradation of organochlorine (e.g. chlorophenols) is accompanied by
Sulfate radical de novo formation of new polychlorinated compounds, however, whether the similar scenario can happen
lodinated X-ray contrast media during decomposition of iodine-containing pollutants is completely unknown. Here degradation of two iodinated

Iodinated by-products
Degradation pathways
Theoretical calculations

X-ray contrast media (ICM), iomeprol and iohexol, by sulfate radical generated through Co(II)-mediated acti-
vation of peroxymonosulfate (PMS) was investigated. The influencing parameters, such as the initial con-
centrations of PMS and Co(Il), the initial solution pH and natural water constituents were examined. The pseudo-
first-order rate constant of iomeprol in the PMS/Co(II) system is more than twice of iohexol, with values of
7.7 x 10”2 and 3.5 X 10~ ?min !, respectively, indicating that iomeprol seems more susceptible to radicals
attack than iohexol. The bimolecular rate constants for reaction of sulfate radical (SO, ~) with ICM were de-
termined to be 1.8 x 10'°M~'s™! and 7.9 x 10°M~'s~! for iomeprol and iohexol, respectively. The low
degrees of mineralization and identification of iodinated intermediates of iomeprol and iohexol indicate that the
degradation of iomeprol and iohexol in the Co/PMS system were incomplete. A de novo formation of new
polyiodinated compounds would not happen because most of released inorganic iodine were ultimately oxidized
to iodate (I03 ), rather than the reactive iodinated agents. Based on the identified byproducts and quantum
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chemical calculation, eight main transformation pathways are proposed for the degradation of iomeprol and
iohexol as follows: (a) deiodination; (b) hydrogen abstraction; (c) amide hydrolysis; (d) amino oxidation; (e)
hydroxyl substituent; (f) transformed alkyl aromatic amides to aromatic carbamoyl; (g) dehydration; (h) oxi-
dized primary alcohol groups to carboxyl groups.

1. Introduction

Iodinated X-ray contrast media (ICM), composed of 2,4,6-triiodi-
nated benzoic acid derivatives, are applied in large quantities to en-
hance the visualization of organs or blood vessels during diagnostic
tests. ICM cannot be removed effectively by conventional wastewater
treatment plants because of their high polarity, persistence and biolo-
gical inertness. In consequence, ICM at elevated concentrations ranging
from ngL~"! to ugL~! have been widely detected in surface water,
groundwater and even raw drinking water supplies [1-4]. For instance,
the concentration of iomeprol was reported as 0.38-6.10 ug L™ in the
Besos river, Spain [3], 13 ug L~ ! in effluents of wastewater treatment
plants in Germany [2]. ICM are the substantial contributors to the
burden of adsorbable organic iodine (AOI) in the hospital wastewater
[5]. In addition, ICM were recently identified as predominant organic
iodine precursors for the formation of iodinated disinfection by-pro-
ducts (I-DBPs) during disinfection of drinking water [6,7]. The presence
of I-DBPs in drinking waters has potential adverse health effects on
human bodies since I-DBPs are generally more cytotoxic and genotoxic
than their chlorinated and brominated analogs [8,9].

A number of technologies have been developed to remediate ICM
contaminated wastewater and drinking water such as biodegradation
and advanced oxidation processes (AOPs). The common hydroxyl ra-
dicals ((OH)-based AOPs for ICM treatment include ozonation [10],
gamma irradiation [11,12], photooxidation [13,14], electrooxidation
[15] and ultrasound [16]. Compared with ‘OH (E, = 2.59-2.74 V in the
acid solution; E, = 1.77-1.91 V in the neutral solution) [17,18], SO4 ~
has a higher standard redox potential (E, = 2.5-3.1V) [19] and a
longer half-life with a wider pH range. Additionally, owing to its se-
lectivity (electron transfer), SO, ~ is more efficient to degrade organic
compounds with the unsaturated bond and aromatic constituents than
‘OH [17]. Thus, in recent years, SO, ~ -based AOPs have been suggested
as an alternative in treating recalcitrant organic pollutants, such as azo-
dyes, monochlorophenols and brominated compounds [20-23]. Since
the available literature information is relatively rare on AOPs based on
sulfate radicals (SO, ) for ICM degradation, the kinetics and me-
chanisms of ICM degradation by SO, ~ are not explicit yet. Our pre-
vious study [19] indicated that in SO, ™ -induced degradation system,
the released chlorine atoms from 2,4,6-trichlorophenol (TCP) could be
involved in TCP degradation through de novo electrophilic addition
reactions, generating several polychlorinated (chlorine atom
number = 3) aromatics. Similarly, whether ICM can be degraded via
deiodination process activated by sulfate radical and whether the re-
leased iodine atoms from ICM can participate in the re-iodination are
worthy of investigations.

In the present work, cobalt-mediated activation of the perox-
ymonosulfate (PMS), a typical efficient method to generate SO, ~ [24]
was utilized. Two ICM, iomeprol and iohexol, were chosen as model
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iodinated contaminants. The degradation kinetics as a function of the
initial pH of the reaction solution, PMS and Co(II) concentrations,
natural water constituents were evaluated. The fate of iodine and the
degradation pathways of iomeprol and iohexol in the Co/PMS system
were also investigated.

2. Experimental
2.1. Materials

Iomeprol (> 98%) was purchased from Cato Research Chemicals
Inc. (USA). PMS (Oxone®, 2KHSO5KHSO4K,S04, 95%) and iohexol
were purchased from Sigma-Aldrich (Shanghai, China). Methanol
(HPLC grade) was obtained from CNW Technologies GmbH (Germany).
Formic acid (HPLC grade) and benzoic acid were supplied by Aladdin
(Shanghai, China). CoSO47H,0, NaNO,, NaOH and H,SO, were of
analytical grade and used without further purification. All sample so-
lutions and stock solutions were prepared using Milli-Q water and stock
solutions of all chemicals were prepared freshly.

3.5

= jomeprol

iohexol

3.0 4

k=0.077 min”

30 40
Time (min)

Fig. 1. Pseudo-first-order kinetic models of iomeprol (black line) and iohexol
(red line) degradation. Experimental condition: for iomeprol,
[iomeprol], = 0.02 mM, [PMS], = 0.16 mM, [Co®* 1o = 0.008 mM, no pH ad-
justment; for iohexol, [iohexol]y = 0.02 mM, [PMS], = 0.20 mM;
[Co%*]1o = 0.01 mM, no pH adjustment. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. Effects of initial concentrations of PMS and Co**

on the degradation of iomeprol (a, c¢) and iohexol (b, d). Experimental condition: [ICM], = 0.02 mM,

[Co%* ] = 0.01 mM for (a, b); [PMS], = 0.16 mM for (c); [PMS], = 0.20 mM for (d), no pH adjustment.

2.2. Experimental procedures

All reactions were initiated by quickly mixing appropriate amounts
of ICM, PMS and CoSO, solution in this order at room temperature
(25 = 2°C), with the total volume of reaction solution of 50 mL,
without the pH adjustment apart from the experiments concerning the
influences of pH. Upon considering the effects of pH on degradation
efficiency, pH of pre-mixed ICM/PMS solution and stock solution of
CoSO,4 were adjusted by NaOH or H,SO, solutions to the desired values,
respectively, prior to their mixing. Continuous mixing was ensured by a
magnetic stirrer during the reaction. Samples of 1 mL withdrawn at
specific time intervals were immediately quenched with the same vo-
lume of methanol before the quantification of iomeprol and iohexol,
while NaNO, as a quenching agent was added before the analysis of
iodide (I7), iodate (I03™ ), mineralization and degradation products.
The molar ratio of NaNO, to the residual oxidant was about 2:1. All
experiments were performed in duplicates and the average data were
displayed in the figures, with their standard deviations expressed as
error bars. No significant pH change was observed after the reactions
except the experiments examining the pH effect.

1001

2.3. Analytical methods

Iomeprol, iohexol and benzoic acid were quantified by an Agilent
1260 HPLC system equipped with a CNW C18 column (4.6 x 250 mm,
5.0 um) at UV wavelength of 242, 245 and 230 nm, respectively. For
iomeprol, the isocratic mobile phase was 10 mM phosphate buffer so-
lution (pH 3.0): methanol (85:15%, v:v) at a flow rate of 1 mL min 1.
For iohexol, a mixture of ultrapure water with 0.1% formic acid and
methanol was used as the mobile phase with the ratio of 80:20% (v:v) at
a flow rate of 1 mL min~!. For benzoic acid, the mobile phase consisted
of the mixture of 80% of 20 mM ammonium acetate and 20% of me-
thanol at a flow rate of 1 mL min ~'. The injection volume of the sample
was 20 pL. The limits of quantification (LOQs) for iomeprol, iohexol and
benzoic acid were 50.0, 25.0 and 100.0 ug L~ ", respectively. I~ and
103~ were detected by an ion chromatograph (Dionex-ICS2100)
equipped with an Ionpac AS19 column (250 mm X 4.0 mm, 5.0 um).
The eluent was 35 mM KOH solution at a flow rate of 1.0 mLmin ™.
The LOQs for I~ and 103~ were 5.0 and 3.0 ug L™}, respectively. Total
organic carbon (TOC) was determined using an Analytik Jena multi N/
C® 3100 TOC analyzer with a detection limit of 4.0 pgL~! to evaluate
the degree of mineralization.
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Fig. 3. Effects of initial solution pH on the degradation of iomeprol (a) and
iohexol (b). Experimental condition: [ICM], = 0.02mM, [PMS], = 0.16 mM,
[Co%" 1o = 0.008 mM for (a); [PMS], = 0.20 mM, [Co?*], = 0.01 mM for (b).

Ultra-performance liquid chromatography and quadrupole-time of
flight mass spectrometer (UPLC-QTOF-MS, Agilent 1290UHPLC-
6540QTOF, USA) were performed to identify and quantify the inter-
mediate products formed during the degradation process. A sample
volume of 20 uL was applied to an Agilent Zorbax Eclipse Plus-C18
column (2.1 x 50 mm, 1.8 um). Column temperature was kept at 40 °C.
For iomeprol, the mobile phase was A: acetonitrile and B: water with
0.03% acetic acid. The mobile phase flow was 0.2 mL/min and the
following gradient was performed: 0-1 min, 10% A; 6-7 min, 90% A;
7.05-10min, 10% A. For iohexol, acetonitrile (A) and water (B) were
used as mobile phases. The mobile phase flow was 0.2 mL/min and the
gradient elution was used: 0-1 min, 5% A; 3-8 min, 30% A; 9-10 min,
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5% A. For QTOF-MS conditions, positive electrospray ionization (ESI
+) over a mass scan range of 100-1100 m/z was used for iomeprol. The
mass spectrometer had a 10 L/min gas flow (N5) at 325 °C, nebulizer
pressure of 45 psig, and sheath gas flow of 12L/min at 350 °C. The
fragmentor voltage was set at 175V while the skimmer voltage was set
at 65 V. Negative electrospray ionization (ESI-) over a mass scan range
of 100-1100m/z was used for iohexol. The mass spectrometer had a
8L/min gas flow (Ny) at 300 °C, nebulizer pressure of 40 psig, and
sheath gas flow of 6.5 L/min at 300 °C. The fragmentor voltage was set
at 185V while the skimmer voltage was set at 65V. All possible for-
mulas were obtained with Formula Calculator software according to the
criteria that the mass error between the measured and the exact mass
for a given chemical formula is less than 5ppm. Molecular formulas
were assigned to peaks with a signal-to noise ratio (S/N) greater than 4,
in terms of stringent criteria with elemental combinations of
Cs—80H10-20000-40No—3lp—3. The elemental ratios of H/C < 2.0 and
0/C < 1.2 were used as further restrictions for formula calculation.
The relevant parameters of the given formula are listed in Tables S1 and
S2.

2.4. Theoretical investigations

Kinetic modeling was undertaken using a chemical modeling soft-
ware, Kintecus 6.51 (http://www.kintecus.com). Table S3 summarizes
all reactions used as inputs for the program. Most reaction rate con-
stants are cited from the previous literature. The Kintecus program
combined with a numerical routine was performed to estimate the
unknown or poorly defined parameters by fitting degradation profiles.

All density functional theory (DFT) computations were performed
using the Gaussian09 (Revision D.01) program [25]. Full geometry
optimization of iomeprol and iohexol was carried out using the DFT
method at the HF/3-21G level of theory. Then harmonic vibrational
frequencies calculations were performed to ensure that the optimized
geometries represent the local minima of potential energy surface and
there are only positive eigen-values. The Natural Bond Orbital (NBO)
charge population were calculated roughly employing quantum chem-
istry methods at the HF/3-21G levels of theory.

3. Results and discussion
3.1. Degradation kinetics

As illustrated in Fig. 1, the degradation kinetics of iomeprol and
iohexol as a function of time were fitted well with the pseudo-first-order
kinetic model as shown in the following equation:

In(Cy/C) = kt 6h)

where Cp is the initial ICM concentration, C represents the residual
concentration of ICM at time t (min), k is the degradation rate constant
(min 1Y), tis the reaction time. Under certain conditions (0.16 mM PMS
and 0.008 mM Co?™* for 0.02 mM iomeprol; 0.2 mM PMS and 0.01 mM
Co?™ for 0.02mM iohexol), the pseudo-first-order rate constant of io-
meprol was found to be more than twice of iohexol, with values of
0.077 (R*>=0.98) and 0.035 (R*=0.92) min~’, respectively. As
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Fig. 4. Effects of alkalinity (a, d), C1~ (b, e), and NOM (c,f) on iomeprol (a,b,c) and iohexol (d,e,f) degradation in the PMS/Co(II) system. Experimental conditions:
[ICM], = 0.02mM, [PMS], = 0.16 mM, [Co?*], = 0.008 mM for (iomeprol); [PMS], = 0.20 mM, [Co%* 1o = 0.01 mM for (iohexol), no pH adjustment.

expected, ICM degradation rate were inversely proportional to ICM
concentration, as presented in Fig. S1. The first-order rate constant k
increased from 2.5 x 10 2min "' t0 2.9 x 10~ ! min~' when iomeprol
concentration decreased from 0.03 mM to 0.005mM, while k varied
from 2.8 x 1072min~! to 7.4 x 10" ?min~' when iohexol con-
centration decreased from 0.03 mM to 0.005 mM. These results clearly
demonstrate that iomeprol is more susceptible to radicals attack than
iohexol.

The bimolecular rate constants of iomeprol and iohexol with SO, ™
were determined by competition kinetics approach. Benzoic acid (BA)
was selected as a reference compound with a known rate constant of
1.2 x 10°M~'s™? for the reaction with SO, ~ [26]. The bimolecular
rate constants for ICM and SO, ~ reaction were measured based on Eq.
(2), where kgg 1cm is the bimolecular rate constant for ICM and SO, ~
reaction, and ksg pa is the bimolecular rate constant for BA and SO4 ~

reaction.
)= (i)
(2)

ln(

The straight lines were obtained via plotting In([ICM]y/[ICM],)
against In([BAlo/[BA]) (see Fig. S2 in supplementary information).
Linear regression of these plots allowed for the determination of ksg,icm
which could be calculated from the slopes. The ksr,icm Values were
found to be 1.8 x 10'°M~'s™! and 7.9x 10°M~'s~! for iomeprol
and iohexol, respectively.

[ICM],
[ICM]o

[BA]:
[BA]o

_ ksraem

kSR, BA
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3.2. Impact factors

3.2.1. PMS concentration

The changes of ICM concentration (C/Cy) with reaction time at
different initial PMS concentration are shown in Fig. 2, and the effects
of initial concentrations of PMS on the first-order rate constant k of
iomeprol and iohexol are presented in Fig. S3. The degradation rates of
both iomeprol and iohexol were significantly enhanced with the in-
crease of PMS concentrations at a Co(II) concentration of 0.01 mM
without pH adjustment (pH 4.3). When the initial PMS concentrations
increased from 0.04 to 0.30 mM, the rate constant k for the degradation
of iomeprol in the first 30 min was elevated from 4.9 x 10™2 to
1.5 % 10 'min~?!, with a removal rate increased from 55.6% to
99.0%. The improved degradation effectiveness should be attributed to
the enhanced yield of SO~ which is directly proportional to the oxi-
dant concentrations under the same catalyst concentration. For iohexol,
the rate constants of degradation ascended from 1.4 x 1072 to
3.5 x 10”"?>min~"' as the initial PMS concentrations increased from
0.04 to 0.20 mM. Nevertheless, the degradation rate exhibited only a
slight enhancement as the PMS concentration further increased to
0.3 mM, similar to the experimental results reported by Hu et al. [27].
This is mainly because that the excessive PMS, as a radical scavenger,
could facilitate the transformation of SO, ~ to SOs ~, a less reactive
radical (Eq. (3)).
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Fig. 5. The yields of I03~ and I~ during the degradation of iomeprol (a) and
iohexol (b). Experimental condition: [ICM], = 0.02mM, [PMS], = 0.16 mM,
[Co®*]o = 0.008 mM for (iomeprol); [PMS], = 0.20 mM, [Co** ], = 0.01 mM
for (iohexol), no pH adjustment.

HSOs"~ + S04~ /'OH —SOs"~ + HSO, ™ /H20 3)

3.2.2. Co(Il) concentration

The effect of catalyst concentration on the degradation of ICM was
investigated by varying initial catalyst concentrations, as shown in Figs.
2 and S3. Nearly no iomeprol and iohexol degradation were observed in
the absence of Co(Il) due to the extremely slow self-generation of SO, ~
from PMS. Upon increasing the CoSO, concentration, a faster and more
efficient degradation of iomeprol occurred, especially evident in the
first 10 min. This is ascribed to rapid decomposition of PMS motivated
by the higher concentration of the catalyst. For iohexol, reaction rate
and degradation efficiency were also increased in general, while no
obvious enhancement was found when the initial CoSO, concentration
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increased from 0.02 to 0.03mM. The PMS oxidation catalyzed by
transition metal ions was induced by redox reactions. Co(Il) has the
highest efficiency in initiating SO4"~ generation from PMS (Eq. (4)),
owing to the high reduction potential of Co®* /Co®". The regeneration
of Co®* with HSOs ~, a crucial step to maintain the reactions with a low
dosage of Co(Il), is thermodynamically feasible (Eq. (5)) [28].

Co?™ + HSOs™ — Co®* + SO, ~ + OH™ C))

Co®* + HSOs™ — Co?* + SOs~ + H,0 (5)

3.2.3. The initial pH values

Since SO, ~ can be converted to ‘OH in an alkaline solution [28],
the influences of initial pH on the degradation of iomeprol and iohexol
in the SO4 ™ -based AOP system were merely evaluated at the pH range
of 2.5-7.5. Fig. 3 shows that degradation of iomeprol and iohexol was
most efficient at neutral pH (6.3-7.5). While the pH decreased from 6.3
to 4.3, the degradation rate of ICM was noticeably diminished but the
extent of the overall degradation remained comparable at the end of
60 min. As pH decreased further to 3.3 and 2.5, the degradation effi-
ciencies declined significantly, especially at pH 2.5. For example, for
iomeprol, the initial reaction rate at the first 10 min was calculated to
be 3.3 x 107% 2.6 x 10™* and 5.0 X 10~ *mmol/min, and the final
degradation rate was 97.4%, 76.5%, and 14.5%, for initial pH values of
7.5, 3.3, and 2.5, respectively. It can be assumed that HSOs "~ is the most
dominant form of PMS present in solution at acidic and neutral pHs
because that pK,; of H,SOs is less than 0 and its pK,s is 9.4. Higher pH
is beneficial to form CoOH™ via the Co(II) hydrolysis (Eq. (6)), which is
the dominant Co species responsible for PMS decomposition (Eq. (7))
[29].

Co®?* + H,0—CoOH" + H* 6)

CoOH™ + HSO5~ — CoO™" + Hy0 + SO, ~ @

3.2.4. Natural water constituents

Owing to the ubiquity of various constituents in natural water en-
vironment, such as alkalinity, chloride ion and natural organic matter,
the SO, ™ -based oxidative degradation may be affected. The effects of
HCO3™, CI™ and humic acid (HA) on the ICM degradation were in-
vestigated. The experiments were carried out in the concentration of 1
and 10 mM for HCO3; ™, 1 and 50 mM for Cl ™, and in the concentration
of 1 and 10 mg/L for HA, respectively. As shown in Fig. 4, different
components exhibited some inhibitory effects on ICM degradation.

The degradation plots (C/Cp) of iomeprol and iohexol in the pre-
sence of 1 mM and 10 mM of HCO3;~ are presented in Fig. 4a and d,
respectively. HCO3; ™~ inhibited the degradation of iomeprol and iohexol
and the inhibitory effects became more pronounced as HCO3;™~ con-
centration increased. As the concentration of HCO3 ™~ increased from 1
to 10 mM, the degradation constants of iomeprol dropped accordingly
from 0.03min "' to 0.004min~ !, the corresponding degradation effi-
ciency was 65.2% and 20.0% at 60 min. A similar decrease in rate
constant and efficiency also occurred for iohexol degradation. The
transformation of SO, ~ to less reactive CO3"~ (k = 1.6 x 10° M~ 's~?
Eq. (8)) is responsible for the diminishing degradation rates [30].

]

SO, ~ + HCO;~ —S0,42~ + CO5~ + H* )
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Table 1
The major transformation products of iomeprol identified from QTOF analysis.
No. Proposed structure Formula Mass (measured) Exact mass
1 - OH C17H25I3N30g 776.854 776.8541
(o) N\)\/OH
I I
o H OH
Hj\ N N\)\/OH
OH | 1 0
2 . 0 C17H0lsN50g 774.838 774.8382
(0) N\)I\/OH
(0] ! ! OH
H
HJ\ N\)\/OH
N
OH | 1 0
3 0. NH, C14H;6I3N306 702.817 702.8173
1 |
(0] H OH
Hj\ N N\)\/ OH
OH ! 1 o
4 0. NO, C14H;4I3N30g 732.791 732.7915
1 I
(0] H OH
N OH
A o
OH | 1 o
5 0s_NO, C11HglsNsOg 658.754 658.7547
I I

I (0]
6 h 0 Ca7Ha1IN5Oo 664.936 664.9367
o._N_J__on
HO)I OH(I
(HO) 1-(1) OH
N N._-__on
OH | I (0]
7 H [0} C17H;6I5N30g 646.926 646.9262
o._~_Jl__on
o I
H OH
N._t__ou
0" N
1o
8 h 0 Ca7H10LN3O10 678.915 678.9160
o N_L_on
HO)I OH(
(HO) O o
H
H\ NWOH
N
OH | I (o) (0]
9 C17H211,N3509 664.936 664.9367

H OH
o N\)}(OH
A0 O o
HLN N\)\/OH
on | 1 o

(continued on next page)
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No. Proposed structure Formula Mass (measured) Exact mass
10 g OH Ci7H19I2N3010 678.915 678.9160
0. N\)}(OH
H)I HI) O
b H OH
A N A on
N
OH l T (0] (o)
11 OH C14H;5I:N305 606.894 606.8949
H
O_N OH
(HO)I OHMO
0]
NH
A 2
OH | | (0]

As shown in Fig. 4b and e, in the presence of 1 mM and 50 mM Cl~,
the degradation efficiency of iomeprol was 54.8% and 13.5%, respec-
tively. The scavenging of SO,”~ by Cl~ and generation of much less
reactive and more selective chlorine species such as HOCI, Cl, and Cl," ™~
[20,31-33] should account for the adverse effect of CI~ on Co/PMS
performance. A series of related chain reactions can be shown as follow
(Egs. (9)-(15)):

HSO;5 + CI- — SO} +HOCI 9
HSO;5 + 2CI~ + H* — SO3™ + Cl, + H,0 (10)
S04~ + Cl—S04%™ + CI' + H,0 1mn
Cl' + CI'<> Cl, (12)
Cl'+Cl™ < Cly~ (13)
Cly™ + Cly~ —=Cly + 2C1~ a4
Cl, + H, O— HOCI + H* + CI” (15)

According to the explanation of Hu et al. [26], Cl, ™ is more inclined
to selectively attack electron-rich groups. Iomeprol and iohexol, similar
to iopamidol, have two amide groups with poor electron. Consequently,
the attack of Cl,"~ on the two side chains may be inefficient.

Humic acid, as a common component of natural organic matter in
natural water, its impact on the degradation rate should be considered.
Fig. 4c and f show that the degradations of iomeprol and iohexol are
suppressed in the presence of HA in aqueous solution, respectively. The
observed iomeprol degradation rates in 60 min were 84.5% and 56.9%
at 0.5 and 10 mg L™, respectively, and the corresponding k values were
0.047 and 0.016 min ', respectively. The removal rates of iohexol were
64.1% and 59.3% at 0.5 and 10 mg L.~ ! of HA, respectively. When the
degradation kinetics of iohexol were fitted to a pseudo-first-order
model, the values of k were 0.028 and 0.017min" ! at 0.5 and
10 mg L™, Natural organic matter is electron-rich and can be easily
attacked by the electrophilic radicals [34]. So ICM degradation was
inhibited owing to the capture of SO, ~ by HA.
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3.3. Fate of iodine

Fig. 5ab compare the release of iodine along with the oxidation of
iomeprol and iohexol. I0;~ was found as a major inorganic iodine, with
a final yield of 0.019 mM and 0.017 mM for iomeprol and iohexol, re-
spectively. A recent study showed that in the CuO/PMS and MnO,/PMS
systems, 105~ formation was considerable during the loss of total or-
ganic iodine in iopamidol, much higher than those of I~ and free iodine
[27]. Bichsel and von Gunten reported that I~ could be transformed to
105~ within seconds to minutes in aquacultures with the existence of
oxidants, such as chlorine or ozone [35]. In the present system, the
concentration of 103~ was far higher than that of I, indicating that the
majority of the iodine atom released from iomeprol and iohexol was
oxidized to 105~ by PMS or its derived radicals. Free iodine (I,/HOI)
was not quantified in the present work due to the interference of PMS
oxidant during its measurement. However, Hu et al. [27] found that the
formation of I,/HOI was ignorable in comparison to 103~ . I03 ™, non-
toxic and comparatively stable, is the preferred sink of iodine in
drinking waters. In the Co/PMS system, for both iomeprol and iohexol,
the yields of IO3;~ were less than a third of the total iodine content and
the concentrations of I~ were negligible. This implies that more than
two-thirds of iodine atom from iomeprol or iohexol molecule still re-
mained as organic iodines.

3.4. Kinetic modeling

Kintecus 6.51 is a smart program for chemical kinetics simulation,
which can be easily operated within Microsoft Excel and has a built-in
module for fitting/optimizing rate constants against experimental data.
Taking iohexol for an example, Kintecus gives an acceptable fit to the
experimental data for all the conditions tested (Figs. S4-S6). Fig. S7 also
indicates that degradation of iohexol and formation of iodide can be
well simulated in the present model, except for the 103~ profile. The
overestimated concentration of IO;~ from Kintecus at the beginning of
iohexol destruction indicates that transformation of released iodine to
103~ might undergo some intermediate steps, rather than a one-step
process. The model also predicts minimal formation of iodide because it



X. Wang, et al.

Chemical Engineering Journal 368 (2019) 999-1012

Table 2
The major transformation products of iohexol identified from QTOF analysis.
No. Proposed structure Formula Mass (measured) Exact mass
1 OH C19H26I3N309 820.880 820.8803
o lﬁl\)\/OH
1 1
OH
N OH
II()//\\T//\\PJ I{‘\//l\\//
OH I o
2 [e) C19H24I3N309 818.863 818.8647
o lﬁl\)k/OH
I I
OH
N OH
II()//\\T//\‘PJ I{‘\//l\\//
OH A I o
(0]
3 [e) C19H25I:N3049 708.962 708.9629
o ﬂ\)‘\/orl
I)HO I(OH
M ©OH)
N OH
II()//\\\r//\jq }{\\//l\\/’
on\ 1 o
(0]
4 OH C19H27I:N3049 710.976 710.9786
o IEI\)\/OH
HHO I(OH
) ©OH)
N OH
I{()//\\\r//\jq II\\//l\\/’
on\ 1 o
(0]
5 OH C10H2715,N3049 834.856 834.8596
(0] N\)ﬁ‘/OH
H
I 1 o
OH
N OH
on_\ 1 o0
(0]
6 OH Ci17H2013N3010 806.825 806.8283
(0) N OH
H
| I (0]
OH
N OH
H O/Y\ ﬂ H\)ﬁ‘/
OH I 0 0
7 [e) C17H;8I3N305 772.821 772.8228
o IIYI\)]\/OH
I I
(0]
N OH
H O/\ﬂ/\ g H\)J\/
(0] I (0]
8 0 C1oH3I,N300 690.951 690.9524
o I;Jl\)]\/OH
HHO I(OH
@ (OH) OH
N OH
I (0]
0
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No.

Proposed structure

Formula

Mass (measured) Exact mass

9

10

11

12

13

14

15

16

0._NH,

HO

g

S

OH

0._NO,

NO,
1
o
E\)I\/OH

OHH I(H)

an)
j{
TZ —
TZ
}O
]
==

)
==)
Q
—
=)

.

=

Q

o ;
TZ

HO

Tz
,
Z
;<< \ S
Tz
}o
o
=

OH I o

0._NO,
(HHO 1om)
N OH

OH 1 o

0._NO,
(OH )N
HO g E\)\/OH

OH I o

(0} 0,
H I
(MHHO ©n)
N OH
HO ﬂ H\)\/

OH I o

O+ NO,
H I(OH
MHO ©omy
N OH
HO ]N[ H\)\/

$e oL

=

C16H1813N307

C14H1413N308

C14H1213N308

C14H1512N308

C14H151:N309

C14H1712N30g

C14H1712N309

C14H1512N309

744.825 744.8279

732.790 732.7915

730.774 730.7759

606.893 606.8949

622.888 622.8898

608.908 608.9105

624.903 624.9054

622.888 622.8898

is easily oxidized by PMS or SO, ~ /"OH.

3.5. Mineralization

The degrees of mineralization of iomeprol and iohexol in the Co/
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PMS system were evaluated via analyzing the TOC removal efficiency.
Very low TOC removal (< 7%) in both ICM systems is observed at
60 min (Fig. S8), when over 95% of iomeprol and 75% of iohexol has
already been substantially degraded, respectively (Fig. 5). The miner-
alization rates of ICM improved with the reaction time. After 120 min,
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Fig. 6. Optimized geometric structure and mulliken atomic charges of iomeprol
(a) and iohexol (b). Gray, blue, red, purple and white represent carbon, ni-
trogen, oxygen, iodine and hydrogen, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

about 8.4% of iomeprol could be mineralized, and the TOC removal of
iohexol was only about 6.5%. These low mineralization rates with high
degradation rates of ICM imply that degradation of iomeprol or iohexol
in the Co/PMS system probably only resulted from the side-chains
cleavage of ICM molecule, such as C-I bond cleavage, rather than a
complete destruction of the whole molecule.

3.6. Products identification and degradation pathways

By-products identification were conducted to elucidate the de-
gradation mechanisms of iomeprol and iohexol in the Co/PMS system,
respectively. For iomeprol, the identification of intermediates was
based on the analysis of the total ion chromatograms (TIC) and the
corresponding mass spectrum obtained by positive ion electrospray
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high-resolution LC-MS. Mass spectrometric analysis was performed in
negative ion mode for iohexol. Ten degradation intermediates (DIs) of
iomeprol and fifteen DIs of iohexol were identified as listed in Tables 1
and 2.

To ascertain the deiodination order of three iodine atoms on the
benzene ring, the Natural Bond Orbital (NBO) charge population were
calculated roughly employing quantum chemistry methods at the HF/3-
21G levels of theory. Atomic charge was used to describe the processes
of electronegativity equalization and charge transfer in chemical reac-
tions. The NBO charge population for all atoms is displayed in Fig. 6. All
labeled carbon atoms exhibit positive charge in the two molecules,
while three iodine atoms are negatively charged. It is worthy to men-
tion that charge density on C1 and C3 carbon atoms varies slightly al-
though they have the same proximal substituent groups. This may be
resulted from the steric effects of substituent close to C1 and C3. The
maximum negative atomic charge is observed for C1, indicating C1 site
in the two compounds is more susceptible to electrophilic attack of
sulfate and/or hydroxyl radicals. According to this prediction, de-
gradation pathways of two ICM are proposed in Figs. 7 and 8.

As illustrated in Fig. 7, DI775 was generated from iomeprol by
hydrogen abstraction reaction (1), which was further transformed to
DI703 through de-alkylation process (2). Seitz et al. proposed three
structures for DI775, with two types of aldehyde and ketone, and
confirmed that the aldehyde and carbonyl functional groups occurred
in the major products of iomeprol during ozonation [36], according to
the derivatization method. The formation of aldehyde functional groups
in the product with MW 775 was derived from the oxidation of aliphatic
alcohols. The generation of carboxyl groups in some other products
confirmed the existence and rationality of this type of the loss of 2 mass
units. The de-alkylation process led to the conversion of alkyl
(—CH,(CO)CH,0OH) aromatic amides to aromatic carbamoyl. The de-
alkylation reactions are in agreement with the recent studies of ICM
degradation [37-39]. Similar cleavage of the N—C bond reactions was
observed during biodegradation of iomeprol and iohexol [37]. Dong
et al. and Wendel et al. reported that de-alkylation reactions should
happen during degradation of iopamidol, a isomer of iomeprol, in iron
activated persulfate systems and by chlorination [38,39]. The further
amino oxidation (3) and subsequent de-alkylation in DI703 occurred,
yielding DI733 and DI659, respectively. DI665 was generated from
DI775 through the substitution of hydroxyl to iodine (4). This process
includes two steps: (I) deiodination; (II) hydroxyl addition. SO, ~ at-
tacking on a benzene ring via electron transfer, followed by elimina-
tion, leads to the formation of carbon-centered radicals which can react
with HyO quickly and form hydroxylated by hydrolysis [40,19]. The
dehydration reaction (5) occurred in DI665, generating DI647, with a
new ring formation. Additionally, DI665 was transformed to DI679 via
the oxidation of a hydroxyl group, yielding a carboxyl group corre-
spondingly (6). In another case, DI’665’, considered as a isomer of
DI665, was yielded from iomeprol via deiodination (7) and the oxida-
tion of a primary alcohol group to a carboxyl group. It was further
oxidized to generate DI’679’ by an analogous oxidation of a primary
alcohol group at the other side chain. Kormos et al. observed that
oxidation of the primary alcohol groups occurred during biological
transformation of iomeprol and iohexol [37]. A by-product containing a
carboxyl group was generated from iohexol through oxidation of a
primary alcohol group in UV/Fe?* /H,0, treatment [41]. The hydroxyl
addition and the cleavage of ‘—CH,CH(OH)CH,OH’ occurred in DI'665’,
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Fig. 7. Proposed iomeprol transformation pathways in the Co/PMS system. (1)—(7) denotes: (1) hydrogen abstraction; (2) transformed alkyl aromatic amides to
aromatic carbamoyl; (3) amino oxidation; (4) hydroxyl substitution; (5) dehydration; (6) oxidized primary alcohol groups to carboxylates; (7) deiodination.

resulting in the formation of DI607. DI447 was transformed from io-
meprol through substitution of three I atoms by OH group. The similar
pathway for iohexol degradation is also proposed in Fig. 8 where an
amide hydrolysis reaction (8) is observed.

4. Conclusion

This study investigated the kinetics and transformation pathways of
iomeprol and iohexol in the Co(II)/PMS process. The degradation rate
was significantly enhanced with the increase in PMS concentration, Co
(II) concentration, and the initial solution pH. Natural water con-
stituents (i.e., alkalinity, C1~ and natural organic matter) had inhibitory
effects on ICM degradation to different degrees. The low TOC removal
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efficiency and the identification of iodinated by-products elucidated
that in the Co/PMS system iomeprol and iohexol could be degraded
mostly via deiodination and the transformation of side chain rather
than a complete degradation. The majority of the iodine released from
iomeprol and iohexol was ultimately oxidized to 105~ . The iomeprol
and iohexol degradation by Co/PMS mainly proceed through eight
pathways: (a) deiodination; (b) hydrogen abstraction; (c) amide hy-
drolysis; (d) amino oxidation; (e) hydroxyl substituent; (f) transformed
alkyl aromatic amides to aromatic carbamoyl; (g) dehydration; (h)
oxidized primary alcohol groups to carboxylates. The theoretical cal-
culations further confirm the degradation kinetics and reaction path-
ways.
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Fig. 8. Proposed iohexol transformation pathways in the Co/PMS system. (1)-(8) denotes: (1) hydrogen abstraction; (2) transformed alkyl aromatic amides to

aromatic carbamoyl; (3) amino oxidation; (4) hydroxyl substitution; (5) dehy
amide hydrolysis.
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