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Abstract

This study investigates the aqueous degradation of four iodinated X-ray contrast media (ICM)
compounds (diatrizoate, iomeprol, iopromide and iopamidol) by ozone and combined ozone
and hydrogen peroxide. In laboratory scale experiments, second order kinetic rate constants
for the reactions of the ICM compounds with molecular ozone and hydroxyl radicals, and
overall at pH 7.5, were determined. For the four ICM compounds the degradation rate
constants with molecular ozone were low and in the range of 1-20 M s, while the rate
constants with hydroxyl radicals were in the range of 1x10°- 3x10° M s'. Diatrizoate had
the lowest rate constant of the four compounds with respect to molecular ozone reactions. At
pH 7.5, the extent of compound degradation was proportional to the applied ozone dose and
inversely related to the initial compound concentration at a given ozone dose. At this pH
approximately 90% of the degradation could be attributed to hydroxyl radical reactions.
Enhancement of the radical mechanism by the addition of hydrogen peroxide during
ozonation led to complete removal of the non-ionic compounds, and > 80% removal of
diatrizoate, at relatively low oxidant mass ratios (H,0,/O3< 0.25). A similar enhancement in
compound degradation was evident with the presence of small concentrations of humic
substances (~ 4-5 mg 1'"). Ozone oxidation led to major cleavage of the ICM compounds and
the release of inorganic iodine; the proportion of iodine release was similar among the non-

ionic ICM compounds but much greater for diatrizoate.

CE Database Subject Headings: Ozone, hydrogen peroxide, kinetics, halogen organic

compounds
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Introduction

In the last decade it has been discovered that some municipal wastewater plant
effluents contain high concentrations of adsorbable organo halogen (AOX) compounds,
which can be differentiated as AOCI, AOBr, and AOI in respect to chlorine, bromine and
iodine; among them, the AOI compounds contributes a large part to the total AOX. Based on
the consumption of halogenated pharmaceuticals, iodinated X-ray contrast media
(triiodinated benzene derivatives) (ICM) are the main contributors to the burden of total AOX
compounds in clinical wastewater (Gartiser et al., 1996); ICM substances are used typically
for medical diagnostic purposes. The observation that AOI concentrations in municipal
treatment plant effluent receiving hospital wastewater are higher during week days rather
than at the weekend, also indicates that ICM compounds are responsible for high AOI
(Putschew et al., 2001). The global consumption of ICM is approximately 3500 tons annually.
In Germany, a total of about 500 tons of all approved ICM compounds is used annually, with
iopromide accounting for 130 tons (Steger-Hartmann et al., 1999). In one medical
examination alone, 100 g of ICM (~ 30 g AOI equivalent) can be consumed (Putschew et al.,
2001). In the aqueous environment, several iodinated compounds have been measured at ug I’
! levels, including groundwater, wastewater treatment plant effluents, rivers, creeks, and even
drinking water (Hirsch et al., 2000; Putschew et al., 2000; Ternes and Hirsch, 2000).

Most individual compounds of ICM are derivatives of 2,4,6-triiodobenzoic acid,
possessing polar carboxylic and hydroxyl moieties in their branch chain. These can be
divided into two main categories: 1) ionic compounds containing a free carboxylic moiety
(e.g. diatrizoate); 2) non-ionic compounds (NI-ICM) in which all carboxylic moieties are
amide derivatives (Ternes and Hirsch, 2000). These compounds are released from the human

body via urine and excrement after several hours of being applied, without being metabolised.
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Since ICM are designed to have high polarity (e.g. logK , = —2.33 (Octanol-Water Partition

Coefficient) for iopromide), water solubility, persistency, chemical and biological stability, to
ensure their effectiveness during X-ray examination and to prevent undesirable toxicological
effects caused by degradation products, there is no significant removal of ICM by
conventional municipal wastewater treatment processes (Kalsch, 1999; Ternes and Hirsch,
2000). For example, solid-phase adsorption has been confirmed to be ineffective (Steger-
Hartmann et al., 1999). While the ICM compounds themselves are not considered to
represent a significant risk to human health, there is greater concern about the eco-toxicity
(eg. mutagenicity) of metabolite/transformation products of ICM, whose presence is
suspected but of which very little is known (Kalsch, 1999; Putschew et al., 2000; Seitz et al.,
2006). Therefore, the need to identify effective treatment methods is a necessary precaution
while evidence concerning their toxicity, and that of their metabolite/transformation products,
is accumulated.

Among the potential technologies for treating ICM, ozone and advanced oxidation
processes (AOPs) are of interest since they are capable of transforming the compounds into
reaction products with less, or no, toxicological effect, rather than simply separating them
from the flow (e.g. by adsorption or membrane processes). AOPs comprise technologies that
generate hydroxyl radical (*OH) species which are powerful oxidants (next highest oxidation
potential after fluorine, at 2.86 V (Martins, 1998)) that can achieve effective degradation of a
wide range of organic contaminants in polluted water and air (Bolton et al., 1996). These
technologies are increasingly used in water and wastewater treatment plants (Capelo et al.,

2004; Murray and Parsons, 2004a and 2004b; Schrank et al., 2004).
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Ozone is widely used in water and wastewater treatment due to its high oxidation
potential and avoidance of significant reaction products of toxicological concern (Paraskeva
and Graham, 2002). When applied in aqueous solution, substrate reactions occur partly by
direct (selective) interaction with molecular ozone, and partly by indirect (indiscriminate)
interactions with ‘OH radicals, produced by the decomposition of ozone. Under aqueous
conditions typical of natural waters and wastewaters both direct and indirect reactions will
proceed simultaneously, and the contribution made by indirect reactions (via radical attack)
increases with increasing pH (Hoigné and Bader, 1983). The extent of radical reaction,
whether through the use of ozone at elevated pH or by applying an AOP (e.g.
ozone/hydrogen peroxide), depends in large measure on the nature of the water quality, and
specifically on the presence of scavenging or inhibiting species, such as natural organic
matter (e.g. humic substances - HS) and alkalinity.

HS, such as humic acid, are widely present in natural and waste waters at
concentrations ranging from several mg I"' to tens of mg 1" (Graham et al., 2003), and may
contribute up to 50% of the total aqueous organic content (Latifoglu and Gurol, 2003). As a
complex mixture of compounds, the role of HS has been studied in the ozonation process and
previous studies have confirmed their importance as initiators, promoters and scavengers of
hydroxyl radicals (Xiong and Graham, 1992; Graham et al., 2003). It is clear that the nature
of the ozone reactions with HS are very complex but that, in general, at relatively low HS
concentrations the interactions can enhance the degradation of organic substrates, while at
higher concentrations the degradation efficiency can be reduced significantly.

In this paper we describe the reactivity of a specific group of ICM compounds,
including one ionic compound, diatrizoate, and three NI-ICM compounds, iopromide,

iopamidol and iomeprol, with ozone, and specifically with molecular ozone and hydroxyl
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radicals. The laboratory tests involved the determination of second order rate constants, and
an investigation of the role of HS in solution and the potential benefits of adding hydrogen

peroxide to the ozonation reaction.

Experimental Methods
Materials

Due to their wide use and large global consumption, four ICM compounds were
chosen to study in this work. Diatrizoate acid dihydrates (solid) and iopromide were
purchased from Schering AG (Berlin, Germany) with high purity. Iomeprol and iopamidol
were purchased from Bracco (UK), as 51.03% and 75.5% aqueous solutions (250 and 370 mg
I ml™), respectively, containing trometamol and hydrochloric acid (at low concentrations).
All organic compounds were used without any further purification. The chemical structures
of these compounds are illustrated in Fig. 1; the pK, (acid dissociation constant) of diatrizoic
acid is 3.4, and in the range of 10.2-10.6 for iopromide, iopamidol and iomeprol. Aqueous
solutions of organic compounds were prepared in Milli-Q high purity water (> 18.2 MQ) up
to the concentration of 1000 mg 1" as stock, and stored at 4 °C, ready for use. Organic
solvents were HPLC (high performance liquid chromatography) grade and obtained from
VWR (UK).

In order to investigate the behaviour of the ICM with different oxidant species and at
different pH values, pH buffer solutions were used. Thus, pH 2 stock buffer solution was
prepared by dissolving 10 g of analytical grade sodium dihydrogen phosphate and 7 ml

analytical grade phosphoric acid (d = 1.7 g ml™, 85%) in 1 litre Milli-Q high purity water
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(Xiong and Graham, 1992). Higher pH buffer solutions were obtained by adding different
quantities of 2 M sodium hydroxide solution to the stock pH 2 buffer.

Hydrogen peroxide was obtained as a 35% solution (Acros Organics, UK), and
diluted to 750 mg 1" as stock solution ready to use. Humic acid sodium salt (Aldrich, UK)

was employed in later tests as a model material representing HS.

Analytical methods

Determination of the ICM compounds in aqueous solution was carried out by HPLC
coupled with ultraviolet (UV) detection. A 150x 4.6 mm, 5 um C;g column was used at room
temperature (21 °C) with a gradient programme and isocratic flow rate of 1.0 ml min™' of
eluent as follows: where A = Milli-Q water + 0.05% trichloroacetic acid (w v') and B =
methanol + 0.05% trichloroacetic acid (w v''), from 5% B to 8% B in 10 min, to 40% B after
45 min, hold for 10 min, back to 5% B after 55 min, and then hold 20 min for equilibration.
The UV detector wavelength was set at 238 nm (Turpeinen and Pomoell, 1986). The
ozonation byproduct, iodate (105°), was measured by HPLC, coupled with an Ion-Pak (Anion)
column, using an isocratic programme (water + 1.7 mM NaHCOs; + 1.8 mM Na,CO3), and
UV detection at 205 nm;

The total organic carbon (TOC) of ozonated solutions was measured using a TOC
analyzer (Shimadzu TOC-Vws), calibrated by Milli-Q high purity water and potassium
hydrogen phthalate solutions (10 mg I presented as TOC). Sample analysis of TOC was
carried out in duplicate in most cases to minimize system errors, and all duplicated
experiments showed good reproducibility corresponding to a standard deviation of less than

5%.
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Ozonation method

Ozone was produced from pure medical grade oxygen using a LABO (II) ozone
generator (Ozotech UK). Stock aqueous ozone solutions were prepared by bubbling ozone
into buffered Milli-Q high purity water to the required concentration. The concentration of
aqueous ozone was determined by UV spectrometry at 258 nm (molar extinction coefficient
is 2950 1 mol” cm™); this method has been widely used for pure ozone solutions or inorganic-
buffered ozone solutions. The ozonation experiments were initiated by mixing appropriate
quantities of aqueous ozone solution with solutions of concentrated ICM compounds. After
ozonation, the residual concentration of ozone was measured by the standard indigo method,
instead of the UV method in order to avoid the possible interference from other dissolved
organic compounds; in solution, ozone rapidly decolorizes indigo (k > 10" M s™), and the
decrease in UV absorbance of the indigo solution is linear with increasing concentration of
ozone (Bader and Hoigné, 1981). All experiments were performed at a constant

temperature21+1 °C.

Kinetic reaction rate modelling

Kinetic rate constant of ozone consumption (koz )

The direct reaction of molecular ozone with an ICM compound can be expressed by
Eq. 1:

ICM + -0, - PRODUCTS (1)
where [ represents the molar stoichiometry of the reactants.

At pH 2, the ICM compounds are undissociated (in the case of diatrizoate, the

compound is mainly undissociated, since the pK, ~ 3.4) and the decomposition of molecular
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ozone is assumed to be slow. Thus, the ozonation reaction can be assumed to be second order
with respect to molecular ozone and ICM, and the rate equation can be expressed as:

~d[0,)/dr = k,, [0, ][ICM] o)

If the experiments are conducted in conditions where the ICM compound is in relative
excess compared to ozone, the reaction rate will be pseudo-first order. The explicit ozone
decay equation can be obtained by the integral of Eq. 2, as follows:

In[0;], =1n[O;], =k, [ICM ], -t =1n[O; ], — k', ¢ (3)
where k', is the apparent rate constant, and &', =k, [ICM],.

Experiments were performed in Milli-Q high purity water with phosphate buffer to
pH 2 to avoid hydroxyl radical formation from decomposition chain reactions. The second
order rate constants were determined under conditions where the ICM was in excess (mole
ratio [ICM]:[Os] > 10). The tests were undertaken in 250 ml flasks (single-reactor) with the
reaction initiated by addition of small quantities of concentrated ozone stock solutions (16 mg
1) to solutions containing the ICM compound. After mixing for 5 seconds by magnetic
stirrer, sampling was performed at fixed time intervals, and residual ozone concentrations
were measured by the indigo method. Several experiments with different initial ICM
compound concentrations were performed under identical conditions. The results were
evaluated by plotting the logarithm of the residual ozone versus time, and determining the

apparent rate constant (&', ) from the gradient of the line of best fit. From the linear
variation of k', with the initial ICM compound concentration, the rate of ozone consumption

(ko, ) can be determined from the gradient of the line.
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Degradation rate constant of ICM compounds with molecular ozone (%, )

The degradation of ICM compounds with molecular ozone can be expressed by Eq. 4:

~d[ICM]/dt = kycyy,,[05 JLICM] o)
where £, 0, is the reaction rate constant.
The value of the rate constant (k,,,,,, ) for each compound was determined at pH 2

where it was assumed that each compound is undissociated and that hydroxyl radical species
were effectively absent. In addition, the rate constant for dissociated diatrizoate with
molecular ozone was determined at pH 7.5 in the presence of fert-BuOH as hydroxyl radical

scavenger. The rate constant can be obtained from the integration of Eq. 4, as follows:

In(ICM ], JLUCM 1y) = ~K ey, [, O3 Jat 5)

t
where the term .L [0, ]dt represents the time-integrated concentration of ozone. The value of

the second order rate constant (&, ) can be found from the gradient of a plot of log

reduction of ICM compound against the time-integrated ozone concentration.

Competition kinetics method
A competition kinetics method was used to determine the ICM compound degradation
rate under conditions where the determination of residual ozone is impractical owing to its
rapid decomposition (ie. pH 7.5). This method requires a reference compound with a known
degradation rate constant that can be readily analyzed with the individual ICM compound
under study. The herbicide, atrazine, was employed as the reference compound since it has
been extensively studied and was expected to demonstrate a similar reaction mechanism and

rate constant with ozone ( k&, =2.250 and £k,  =12.244 M' s! (Xiong and Graham,

10
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1992)). Experiments were performed using a series of 25 ml conical flasks (multi-reactor)
containing equal concentrations of ICM compounds and reference compound at pH 7.5. The
reaction was initiated by adding different sub-stoichiometric amounts of aqueous ozone
solution to the ICM compound solutions. After 2 hours of reaction with continuous stirring,
during which all the dissolved ozone was consumed, the residual concentrations of ICM
compounds and atrazine were measured by HPLC. From these results the compound
degradation rate constant was obtained according to Eq. 6:

In([/CM ], /[ICM],) =k,.,, ' k In([Atrazine], /[ Atrazine],) (6)

Atrazine

Stoichiometric factor (p)
As explained above, the direct reaction of molecular ozone with ICM compounds can

be expressed by Eq. 1, therefore, k, = fxk,q,,,, , and the stoichiometric factor is given by:

p= k03 /kICM/O3 (7)
where £ is the stoichiometric factor corresponding to the number of ozone molecules

consumed per molecule of ICM degraded.

Reaction kinetics with ‘OH radicals
A similar competition kinetics method was used to determine the second order rate
constants for the reaction between the ICM compounds and hydroxyl radicals (&, .oy )»
produced from the decomposition of ozone. The rate constants can be determined by
following the removal of an ‘OH-probe compound, which can give indirectly the
concentration of ‘OH radicals in the ozonation process (Elovitz and von Gunten, 1999).

During ozonation an ideal ‘OH-probe compound reacts only with ‘OH radicals and not with

11



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

molecular ozone or its secondary oxidants and other reaction species. Hence, by measuring
the decomposition of the *OH-probe compound, the ‘OH concentration could be calculated
indirectly. In our experiments, p-chlorobenzoic acid (pCBA) was used as the ‘OH-probe
compound because of its very low reactivity with molecular ozone (k ¢z, <0.15 M!s™h,
but extremely rapid reaction with "OH ( k,cp,,.0y =5% 10° M s); pCBA is highly
dissociated at pH 6.0 - 9.0, with a pK, of 3.99 (Elovitz and von Gunten, 1999).

The ozonation method was developed from that described by Elovitz and von Gunten
(1999), and a heterogeneous gas ozone bubbling system was employed, in which the
concentration of ozone can be controlled at a required level by adjusting the ozone generator

conditions. The method makes use of a parameter, R, which represents the ratio of the ‘OH-

et
exposure to the molecular ozone-exposure that can be calculated as a function of reaction
time. The value of R, (=[-OH]/[O,]) has been shown to be constant for the majority of
ozonation reactions for a given pH value (Elovitz and von Gunten, 1999). Thus, by
controlling the concentration of ozone, the concentration of hydroxyl radicals is also
controlled since R, is constant at a given pH. As indicated above, the probe compound
(pCBA) has a very low reactivity with ozone and therefore the kinetics of the reaction with
‘OH can be expressed by Eq. 8:

- d[pCBA]/dt = kpCBA/-OH [pCBA][-OH] ®

Integration of Eq. 8 gives the following expression in terms of the *OH concentration:

In([pCBA], /[ pCBA],) = —k pcparon [OH]- 1 )

Hence, the reduction in concentration of the probe compound at any time provides an

indirect measurement of the ‘OH-exposure for the reaction period. The parameter, R, is

12
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defined by Eq. 10:

R, = [[OHYdt [ [0,1dt =[-OH]/[0,] (10)

Substitution of Eq. 10 into Eq. 9 gives:

In((pCBA], [[pCBAly) = =k ,cp4/.0n R, [O05]1- (11)

Eq. 11 suggests that the ratio of ‘OH-exposure to ozone-exposure (R, ) could be
calculated from the variation of the concentrations of pCBA and ozone. Therefore, R, can be

found from the gradient of a plot of the log-reduction of pCBA (left-hand side of Eq. 11)
against reaction time, because in the experiment the ozone concentration is kept constant and
k ,cs41.0n 18 @ known constant value of 5x 10° M™'s™" (Elovitz and von Gunten, 1999).

The degradation of each ICM compound can be described by an overall kinetic

equation involving the second order reactions of the compound with both ozone and ‘OH.

The kinetic equations are:

—d[ICM]/dt = ke, 0u [FOHNICM 1+ k 16, [0, ][ICM ] (12)
= kicn . on R [O JICM 1+ kICM/O3 [O;][ICM ] (13)
= (k[CM/-OHRct + kICM/03 )[03][ICM] (14)

Integration of Eq. 14 yields the following equation which can be used to determine
the rate constants:

In([/CM ], /[[CM]O) =—(kicnrron R + kICM/03 O]t (15)
where k.05 and ke, are the second-order rate constants for the reaction of each ICM

compound with ‘OH radicals and molecular ozone, respectively.

13
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On the basis of Eq. 15, experiments were undertaken to determine the value of

ke on for each ICM compound. A custom-made 500 ml glass reaction vessel equipped

with an ozone gas bubbling system was employed for the tests and the reactions were
undertaken as follows. An aqueous ozone solution of the required concentration (measured
by UV spectrophotometer at 258 nm) was prepared by bubbling ozone gas for 10 min into
Milli-Q high purity water, buffered to pH 7.5 with phosphoric acid. The reaction was initiated
by adding small quantities of concentrated ICM compound and pCBA solution, and after 5
seconds of mixing, samples (1 ml) were taken from the vessel in fixed time intervals, and
mixed with 0.5 ml K,S,0; to quench the residual ozone. The residual concentrations of ICM
compound and pCBA were determined by HPLC. At a given pH and temperature, the value

of R is determined from the change is pCBA (Eq. 11) and hence, from Eq. 15, the value of
k ey 1.0n can be calculated from the plot of log removal of ICM compound versus the reaction

time.

Results and discussion
Kinetic rate constants of ICM compounds

The kinetic rate constants for the ICM compounds were determined from the
ozonation experiments undertaken at either pH 2 or 7.5 and by the various methods described
above; the values of the rate constants are given in Table 1. Most of the experiments were
duplicated and standard deviations were less than 10%.

In general, the overall compound degradation rate constant at a given pH value will
reflect the form of the compound (ie. degree of dissociation) and the proportion of molecular

ozone and hydroxyl radical species present during the reaction. The results in Table 1 show

14
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that the reaction rates of the four ICM compounds with molecular ozone are relatively low,
and that the de-protonated form of diatrizoic acid, diatrizoate, was more reactive with
molecular ozone than the acid. Also, the non-ionic ICM compounds were found to be more
reactive than diatrizoate with molecular ozone. Even at pH 7.5, where the reaction rates are
higher, the compound degradation rate constants are relatively low (< 30 M™' s™"), which are
consistent with the findings of other studies that have reported a poor overall removal extent
of ICM compounds with ozonation (e.g. (Seitz et al., 2006)). The greater degradation rates at
pH 7.5, compared to those under acid conditions, reflect the significant contribution of

hydroxyl radical attack at pH 7.5; the corresponding reaction rate constants for hydroxyl
radical attack are extremely high (~1.0x10”) and approximately equivalent for the four ICM
compounds (see Table 1).

Reactions involving molecular ozone are highly selective and demonstrate similar rate
constants with specific compound moieties. For instance, the (deprotonated) phenolic moiety

is very reactive with ozone, with rate constants ~10° M ' s™ (Deborde et al., 2005), while for

aromatic amino groups the reaction rate constants are much lower at ~10° M s™ (Huber et
al., 2003). In the case of the ICM compounds relatively low degradation rate constants (< 30
M s were obtained, which can be explained by the absence of ozone active groups, and all
the reactive positions in the aromatic/benzoic acid rings are occupied by weakly active
groups, such as the iodine atom. Similarly low rate constants were found in previous studies
for phenoxyalkyl acid derivative herbicides (Xiong and Graham, 1992). The relatively low
kinetic rate constants with molecular ozone indicate that under aqueous conditions typical of
water and wastewater treatment (ie. pH ~ 7), direct ozone reactions will play a secondary role,

and the principal degradation mechanism will be via hydroxyl radical attack (this is discussed

15
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later — Fig. 4). Thus, reaction rate constants for the ICM compounds with ‘OH radicals have
been determined in our experiments. The rate constants were found to be very high and in the
range of 1-3x10° M s'; however, although these are very high they are also relatively low
compared with other pharmaceutical chemicals (Huber et al., 2003). The degradation rate

constant, k,,, oy » for iomeprol is similar to that found by Huber et al. (2003) (ie.

3.3+0.6x10° M s™) for oxidation by O3/H,O, and y-radiolysis methods (Huber et al.,

2003).

Removal of ICM under various ozone conditions

The ICM compound degradation rate was studied at pH 7.5 to investigate the effect of
ozone dose and initial concentration of ICM compounds. In general, the removal of ICM
compounds by ozone is only moderate, with diatrizoate showing the least reactivity with
ozone. Thus, for an ozone dose of 16 mg 1" and a reaction time of 30 min (complete
consumption of ozone), only 26% of 10 mg 1" diatrizoate was degraded, and for the other
three compounds the oxidation efficiency ranged from 52 to 77%.

Fig. 2 shows the influence of ozone dose on the removal of ICM compounds (initial
concentration: 10 mg 1), based on a 30 min reaction period. Clearly, greater removal
efficiencies are achieved with higher ozone dosages, as would be expected from the second-
order rate equation (Eq. 12), and the non-linear variation partly reflects the complementary
reactions between reaction intermediate products with ozone. Fig. 3 shows the effect of initial
concentration of ICM compound on removal efficiency for a given applied ozone
concentration of 16 mg 1. It can be seen that the degree of compound removal was inversely

related to the initial compound concentration. Whilst this behaviour may only be accounted

16
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for/validated by detailed modelling, owing to the complexity of the ozone/radical interactions
with the compound, the overall trend is intuitively plausible; that is, for a given quantity of
ozone available for reaction, the extent of compound degradation (%) is inversely related to
its initial concentration.

The results of the ozone tests are similar to those obtained in the study by Ternes et al.
(2003), which also showed incomplete degradation of ICM compounds with initial ozone
dosages ranging from 5 and 15 mg 1", and that an increase in removal efficiency with
increasing ozone dose. Diatrizoate was found to be especially recalcitrant and had the lowest
removal rate of the ICM compounds studied (Ternes et al., 2003).

From the earlier kinetics studies, the compound decomposition rates were observed to
be much higher at near-neutral pH conditions (pH 7.5) than those in acid conditions (pH 2)
owing to the presence of hydroxyl radical chain reactions. These reactions mechanisms were
examined by undertaking tests in the presence of fer~-BuOH, which is a powerful hydroxyl
radical scavenger and relatively un-reactive with molecular ozone; the reaction rate constant

of tert-BuOH with molecular ozone is extremely small (0.003 M s™") compared to that with

hydroxyl radicals ( 7.6x10° M™' s) (Stachelin and Hoigné, 1982). Thus, if the role of
hydroxyl radicals is a significant one, it would be expected that the degradation efficiency of
ICM compounds would be greatly reduced in the presence of fert-BuOH. An excess of tert-
BuOH (100 mg 1'") was used in the experiments in order to maximum the radical scavenging.
Fig. 4 summarises the results and shows the great difference in compound removal efficiency
in the presence/absence of tert-butanol. It is clear that the decomposition of ICM compounds
at pH 7.5 is overwhelmingly caused by reactions with ‘OH radicals, equivalent to

approximately 90% of the total degradation (Fig. 4).
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Ozonation of ICM compounds in the presence of hydrogen peroxide

In the previous tests, it is clear that ICM compound degradation is not rapid or
complete under the ozonation conditions studied, and hydroxyl radicals have been confirmed
to be the principal oxidant. Many previous studies have demonstrated the effectiveness of
combining ozone with hydrogen peroxide to enhance the oxidation of refractory organics;
this is based on the ability of hydrogen peroxide to initiate the decomposition of ozone (at
mass ratios of H,0,:03 < 1:1) leading to greater formation of hydroxyl radicals than with
ozone alone, or with elevated hydroxide ion concentrations (Stachelin and Hoigné, 1982).
The simplified mechanisms are shown in the following Eqs. 16-17:

0,+H,0, »>-OH + HO, -+0, (16)

O, +HO,-— -OH + 20, (17)

Hydrogen peroxide can also act as a radical scavenger at higher relative
concentrations so the applied dosage needs to be optimised (Lee et al., 2003). In this phase of
the experimental work, the potential enhancement of ICM compound degradation by
combined ozone and hydrogen peroxide was studied. The method involved making an
aqueous ozone solution to the required concentration (by bubbling gaseous ozone into 250 ml
Milli-Q water for approximately 10 min), to which concentrated hydrogen peroxide was
added, followed in turn by the addition of the ICM compound to the reaction vessel to
initiated the oxidation reaction.

The combination of ozone and hydrogen peroxide process was confirmed to be very
effective for ICM compound degradation. Fig. 5 shows the removal efficiency of each

compound in the presence of hydrogen peroxide ranging from 0 to 15 mg 1", based on 30 min
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of reaction. For 10 mg I"' of each of the NI-ICM compounds, a complete degradation was
achieved by the addition of only 1 mg 1" H,0, in combination with 16 mg 1" ozone. For the
case of 10 mg I diatrizoate, the removal efficiency increased rapidly with H,O,
concentration, from ~25% in the absence of H,0,, to nearly 90% with 4-5 mg 1" H,O»; a
small further increase in diatrizoate removal to a maximum of 97% was achieved as the H,O»
concentration increased to 15 mg I, It is clear that a relatively low H,O, dose could result in
a significant improvement to the ozonation treatment. Thus, although the optimal H,O,/O3
mass ratio for some water treatment applications has identified as 0.4-0.5, lower ratios
(0.0625 for NI-ICM; 0.25 for diatrizoate) have been observed in our tests; however, it should
be remembered that our tests were carried out in blank waters. The importance of other

reactive species will be considered in the next stage of our tests.

Ozonation of ICM in the presence of HS

In this study, the influence of HS on ICM compound degradation by ozone was
investigated using humic acid as a model material. At an initial ICM compound concentration
of 10 mg I'' and 16 mg 1" of Os it was found in the previous tests (Fig. 3) that, in the absence
of HS, the degradation of ICM compounds (30 min reaction time) ranged between poor (~
25% for diatrizoate) to substantial (~ 75% for iopamidol). However, the presence of relatively
small concentrations of HS (< 5 mg 1) was found to significantly enhance the ozone
degradation of the ICM compounds, and particularly for the NI-ICM compounds (Fig. 6). In
Fig. 6, it can be seen that the maximum degradation efficiency was achieved with
approximately 4-5 mg 1" of HS, and this gave complete removal of the NI-ICM compounds.
This maximum in the compound degradation represents the optimal HS concentration in

terms of its role as ‘OH radical initiator and promoter. The optimal HS concentration

19



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

corresponds to a HS:ICM mass ratio of 0.57, which is comparable to the results obtained in
previous studies with other organic micropollutants (Ma and Graham, 1999; Graham et al.,
2003); the authors suggested that the optimal removal efficiency could be achieved at mass
ratios of 0.43 or higher. With mass ratios greater than the optimum, there is likely to be
increasing scavenging of *OH radicals and a reduced compound reaction. The results shown
in Fig. 6 indicate that the degree of NI-ICM degradation decreased moderately at higher HS
concentrations up to 20 mg I, but still remained high (~> 80%), and was greater than for
ozonation without HS. For diatrizoate, the presence of HS concentrations greater than 5 mg I’
! and particularly > 10 mg 1", led to significantly reduced compound degradation (10-15%).

The corresponding decay of ozone in solution was monitored during the compound
degradation tests (in the presence or absence of HS), and the results are shown in Fig. 7. It is
clear that ozone decay was accelerated by the presence of HS in solution, and that a relatively
low HS concentration of only 4 mg 1" was able to cause a substantial increase in ozone
decomposition. It is also clear that a higher concentration of HS caused further increase in
ozone decay, compared to that in the absence (or low concentrations) of HS. From the
comparison of the degradation rates of ICM compounds (Fig. 6) and the decay rates of ozone
(Fig. 7) for identical concentrations of HS, it can be concluded that significant quantities of
hydroxyl radicals are generated and present at low humic levels (4-5 mg 1), while a radical
scavenging role is played at high humic levels (e.g. > 10 mg I™").

For diatrizoate, the maximum degradation by ozone in the presence of HS was only
40% (Fig. 6), thus, in order to increase this performance the combination of ozone and
hydrogen peroxide was studied. Ozonation tests were carried out with all four ICM
compounds in the presence of 4 mg I"" HS and at two concentrations of hydrogen peroxide (5

and 10 mg 1™"). From the results summarised in Fig. 8, it can be seen that the addition of
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hydrogen peroxide significantly enhanced the compound degradation. However, it is evident
that diatrizoate was still difficult to degrade completely under the applied conditions, even in
the presence of 10 mg 1" H,0,, although the maximum reduction of ~ 85% was achieved in

about 30 min.

TOC reduction

The degradation of ICM compounds should be assessed as an overall oxidation
process, in which the principal objective is the mineralization of both parent compound and
daughter products. Thus, in this study the change in solution TOC was determined in order to
quantify the overall ozonation performance. The oxidation condition was considered
involving a 16 mg 1" ozone dose and an initial ICM concentration of 10 mg 1" (each
compound), and after 30 min oxidation the TOC values were evaluated and compared with
original values. However, it has been found that the reduction of TOC value and UV
absorbance was only 5.5% and 7.7%, respectively. The results indicated that the change in
TOC was negligible compared to the reduction in parent compound concentration. This
confirmed that mineralization was difficult to achieve within 30 min of ozonation and that the
reaction leads to the formation of intermediate products; the reaction mechanism is discussed
in the next section of the paper. Associated with the degradation of the parent compounds and
formation of intermediates was a corresponding reduction in the solution UV absorbance (A =

254 nm), indicating the loss of aromaticity from the parent and intermediate compounds.

Ozonation mechanism
Previous studies of the ozonation of p-chlorophenol, trichlorophenol and

pentachlorophenol (Andreozzi and Marotta, 1999; Hong and Zeng, 2002; Graham et al., 2003)
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have demonstrated that the carbon-chlorine bond can be broken during the ozone reaction,
releasing inorganic chlorine, and hence it was assumed in this study that an analogous release
of iodine could occur, in addition to the formation of iodinated aliphatic intermediates. The
cleaving of iodine from the aromatic ring leads to its release into the bulk solution in the form
of inorganic iodine, such as iodide. The oxidation of iodide by ozone is extremely fast with a
second order kinetic rate constant of k£ =1.2x10° M s™ (Liu et al., 2001), and one oxygen
atom is transferred from molecular ozone to form the hypoiodite ion (I0°). With additional
ozone, hypoiodite can be further oxidized to iodate, IOs", which is relatively stable and can be
measured; the I" to 105™ oxidation step was confirmed by a separate experiment involving the
ozonation of potassium iodide.

In a continuous ozone bubbling system (giving a constant aqueous ozone
concentration of 15 mg 1), 22 mg I of iomeprol (sole compound in solution) was
completely oxidized within 10 min. During the reaction free inorganic iodine was measured
in the form of iodate, and the results are shown in Fig. 9 where the released iodine is
expressed as atomic I. It can be seen that the corresponding release of iodine at 10 min was
approximately 45% in molar terms (~5 mg/l as I), and subsequently reached 100% after 90
min of continuous ozonation. Given the combined effects of direct molecular ozone reactions
and the indiscriminate nature of hydroxyl radical attack during ozonation, iodine containing
intermediates will be formed initially, and inorganic iodine subsequently released from these
intermediates, as well as from the parent ICM compound. The existence of iodine containing
intermediates was indicated by HPLC analysis (detected at A = 225 nm) and five product
compounds were prominent during the reaction (Fig. 10); although the chemical structure of

these compounds was not established, four of them were more polar than their parent
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compound. Their maximum concentrations were achieved within 15 min of ozonation, and
then products 1-4 rapidly decreased, while product 5 reached a maximum later at 40 min and
then gradually declined.

In general, the mechanism of ICM degradation during ozonation can be described
schematically by Fig. 11. In further tests using a higher ozone concentration (20mg/l) the
degree of iodine release was compared during the first 10 min of reaction. It was found that
for the NI-ICM compounds (iomeprol and iopromide) similar amounts of iodine were
released from the parent compounds, whereas the iodine release for diatrizoate was much
greater (Fig. 12a), even though the loss of the parent compound was much less (Fig. 12b);
these tests were conducted under identical ozonation conditions. The results given in Fig. 12,
when expressed in molar terms, indicate that within 10 min of ozonation (continuous ozone
bubbling), approximately 100% iodine was released from the diatrizoate, while only ~40%
iodine was released from iopromide and iomeprol. From this, it appears that with diatrizoate
the primary oxidant attack position is at the Carbon-lodine bond on the aromatic ring, while
for the NI-ICM compounds the much lower release of inorganic iodine suggests that the sites
of oxidant attack are more general, leading to the formation of iodine-containing byproducts

rather than exclusively iodine cleavage.

Conclusions

At present there is very little information available about the potential toxicity of ICM
compounds, but these compounds are a major contribution to high AOI levels in many waters
and are likely to be persistent. In addition, there is concern about the eco-toxicity of
metabolite/transformation products of ICM, whose presence is suspected but of which very

little is known. Therefore, the need to identify effective treatment methods is a necessary
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precaution while evidence concerning their toxicity and that of their
metabolite/transformation products, is accumulated and evaluated.

Among the established oxidation methods applied in water and wastewater treatment,
ozone and ozone/H,0, have the highest oxidation potential and are being considered as a
means of achieving higher water quality standards. In this study, ICM compounds have been
found to be relatively difficult to degrade by ozonation compared with other pharmaceutical
chemicals, but the degree of removal by ozone or ozone/H,O, treatment may still be adequate
to meet environmental objectives. Second order kinetic rate constants for the reactions of
ICM compounds with molecular ozone and hydroxyl radicals have been determined using
various experimental methods; these can be used to predict treatment performance in practice
by comparison with equivalent rate values for other, more commonly found organic
contaminants. Diatrizoate was found to have a significantly lower reaction rate constant with
molecular ozone than the NI-ICM compounds (iomeprol, iopromide and iopamidol), but a
similar rate constant with hydroxyl radicals. Whilst hydroxyl radical attack is the dominant
reaction at near-neutral pH (7.5), the overall degradation performance for diatrizoate was low,
both in absolute terms and relative to the NI-ICM. The importance of hydroxyl radical attack
to the reactivity of each compound was evident from the greater oxidation performance
achieved with the addition of low concentrations of hydrogen peroxide during ozonation. In
addition, the presence of low concentrations of HS (4-5 mg 1) in solution substantially
enhanced ICM degradation by acting as radical promoter in the ozonation process. However,
greater HS concentrations reduced the removal efficiency, owing to the HS acting as a radical
scavenger and competing in reactions with the ozone. The reactions between the ICM
compounds and ozone were found to be capable of cleaving the carbon-iodine bonds and

releasing inorganic iodine into solution; this was measured in the form of iodate. Among the
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ICM compounds, diatrizoate was found to release its iodine much more readily than the NI-
ICM, despite being less reactive overall with ozone; this suggests that there are significant

differences in the ozone reaction sites between diatrizoate and NI-ICM.
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641

642  Table 1. Kinetic rate constants of ICM compounds

Diatrizoic

Compound acid/Diatrizoate Iomeprol Iopromide ITopamidol
ko, (M's™) 48.65 NA 93.07 NA
®a
k Mg! 1.77+0.09 160 L0 ® 14
om0, ( ) 3 674048 ™ 14.01£1.6 13.5+0.7 18.0+1.4
271 NA 69 NA
Ko M5 18.56+1.62%  23.70+0.68°  27.1942.69%  31.35+1.34°
k M s
’CM/'OfS( 3.0+£0.5x10° 1.840.4x10° 2240.7x10° 24+03%10°
R, (pH 7.5) 5.0x107

643  “Integral method

644  “Competition method (pH 7.5)

645  “undissociated diatrizoic acid

646  ‘diatrizoate

647  NA: not available (ozone decay rate constant could not be determined owing to the presence

648  of trometamol and acid in stock solutions of iomeprol and iopamidol
649

650
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Figure Legends
Fig. 1. Details of ICM compounds used in the study.
Fig. 2. Variation of compound removal with ozone dose (30 min ozonation; pH 7.5; [ICM], =
10 mg 1.
Fig. 3. Variation of compound removal with initial ICM concentration (30 min ozonation; pH
7.5;[03]o= 16 mg 1™).
Fig. 4. Extent of ICM compound degradation caused by molecular ozone and hydroxyl
radicals (pH 7.5; [ICM]p = 10 mg ™.
Fig. 5. Effect of hydrogen peroxide on ICM compound removal efficiency by ozone (30 min
ozonation; pH 7.5; [O3]p = 16 mg I''; [ICM]o = 10 mg ™.
Fig. 6. Influence of HS on compound removal by ozone (30 min ozonation; pH 7.5; [Os]o =
16 mg 1''; [ICM]o= 10 mg 1.
Fig. 7. Variation of ozone decay with HS concentration (ICM mixture; 10 mg 1" each
compound).
Fig. 8. Degradation of ICM (10 mg 1™") by ozone and H,0, ([O3]o = 16 mg I''; HS 4 mg 1).
Fig. 9. Ozonation of iomeprol ([ICM]o = 22 mg I"") and resulting formation of iodine (as mg
I"" of atomic I) (ozone gas bubbling system; aqueous [O3] = 15 mg 1™").
Fig. 10. Formation of principal reaction intermediates in the ozonation of iomeprol (HPLC
retention times given in parenthesis in legend).
Fig. 11. Schematic of ICM compound degradation pathways.
Fig. 12. Comparison of ICM reactions with ozone (ozone gas bubbling system; aqueous [O3]
= 20 mg I'): (a) free iodine release rates (as mg I"" of atomic I); (b) ICM compound

degradation ([ICM]p =20 mg ™.
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678

Substance =~ CAS-number Chemical structure Mv(:]l;glllltar Description
COOH
I .
Diatrizoate ~ 131-49-7 613.92 Ig?;;ﬂf;iy
HC Y Nt
OH | HO
5
(©) N
OH Non-ionic
Iopromide 73334-07-3 ' o 791.12 X-ray
HC—0 N '\\'KOH diagnostic
OH | O CH,
H o OH
O M
OH Non-ionic
lIopamidol  60166-93-0 o ! o 777.09 X-ray
diagnostic
\/U\N NKOH
OH I O H
H  OH
O M
I 1 oH Non-ionic
omepro 78649-41-9 o ! 777.09 X-ray
(Tomeron) Ho\)kN NVO‘L diagnostic
- or!
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