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Abstract:

Electrochemical methods have shown their effectiveness in the prevention and
resolution of wastewater contamination problems. However, before the electrolysis of an
organic pollutant (Omnipaque: OMP) by this method, it is necessary to know the
electrochemical behavior of this pollutant. Thus, the objective of this work is to contribute to
the understanding of the electrochemical phenomena occurring at the electrode/electrolyte
interface during the electrooxidation of omnipaque. The study was carried out using
voltammetry and chronoamperometry. In this study, Ti/RuO. electrode was prepared on
titanium (Ti) substrate by thermal decomposition techniques at 400 °C. The prepared
electrode was characterized by scanning electron microscopy (SEM) and electrochemistry.
These characterizations showed the presence of RuO: on the electrode surface. The
electrochemical study has shown that the oxidation of omnipaque is done following a direct
electronic transfer on the surface of the electrode by an adsorption-diffusion coupling of the
electroactive species on the surface of the electrode. OMP electrooxidation includes the
exchange of three protons and five electrons in acidic media and two protons and one
electron exchanged in basic media. We note the activation of several active sites on RuO>
surface as well as the intervention of hydroxyl radicals in the catalytic electrooxidation
process of OMP with increasing temperature. The values of activation energy and catalytic
rate constant were estimated as 7.895 kJ/mol and 82.2 M s, respectively.

Keywords: Cyclic voltammetry; Chronoamperometry; Omnipaque; Ruthenium dioxide;
Electrooxidation.
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1. Introduction

Recently, the scientific community has
focused on the fate of organic products, more
specifically pharmaceuticals, after use [I1-5].
Indeed, several studies have shown the presence
of pharmaceuticals in surface waters and the
potential hazards to which humans and aquatic
beings are exposed [6, 7]. Among the
pharmaceuticals, iodinated contrast (IC) are a
class of products that are increasingly studied [8-
12]. ICs are widely used in health centers for
visualization of organs and blood vessels. ICs are
excreted virtually unchanged from the body after
injection [6]. One of the most commonly used of
ICs in medical imaging centers is iohexol known
in the pharmaceutical industry under the
chemical formulation of omnipaque. According
to the literature several studies have shown the
presence of omnipaque in hospital wastewater
and surface water [13, 14].

A general awareness is therefore necessary in
order to propose efficient treatment methods for
hospital wastewater and surface water containing
pharmaceutical pollutants.

According to the literature [13, 15-18], several
techniques such as physical, biological and
chemical methods used in wastewater treatment
are ineffective against toxic and difficult to
biodegradable compounds.

In this context, electrochemical methods are
indicated because they are known to be effective
in preventing and solving  wastewater

contamination problems [3, 19].
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According to the literature, it should be noted
that the use of these techniques imply the choice
of the electrode to be used as anode. The boron-
doped diamond electrode has shown its
efficiency in the oxidation of pharmaceutical
pollutants [3]. However, the very high cost of
this electrode limits its use in electrochemistry
despite its very good electrochemical properties
[20]. Thus, in recent years, research has turned to
new electrodes called dimensionally stable
anodes (DSA) with high electrocatalytic
activities, high stability against anodic corrosion
and also very high mechanical stability [21, 22].
Among the DSAs, ruthenium dioxide electrode
(RuO,) with relatively affordable cost [2] and
interesting  chemical and electrochemical
properties such as high lifetime, resistance
against acid corrosion and high electrocatalytic
activity for the organic compounds oxidation
[21] has been widely used for the oxidation and
degradation of pharmaceuticals such as
paracetamol and amoxicillin [2, 21, 23].

In this work, the study of the electrochemical
behavior of OMP by cyclic voltammetry and
chronoamperometry on Ti/RuO: electrode was
performed. The effect of scan rate, OMP
concentration, temperature and pH on OMP
electrooxidation on Ti/RuO; electrode were

investigated.
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2. Experimental

2.1. Preparation of Ti/RuQO: electrode

Ti/RuO> electrode was prepared by
dissolving the precursor solution (RuClz.3H20)
in 10 mL of isopropanol. The dimensions of the
titanium substrate used are 1.6 cm x 1.6 cm x 0.5
cm. Titanium surface was sandblasted to
facilitate the adhesion of the precursor solution.
After this step, the titanium substrate was
washed with water and isopropanol to remove
the sand grains on the titanium surface. The
titanium substrates are oven dried at 80 °C for 10
min. Then, the precursor solution is applied on
the surface of the treated substrate with a brush.
In detail, the preparation of the electrodes is as
follows: (i) Application of the solution with a
brush, on the treated surface; (ii) Baking at 80 °C
for 10 min to evaporate the solvent;
(i11)) Thermolysis in an oven at 400 °C for 15
min; (iv) Removal from the oven and cooling.
The operations succession from (i) to (iv)
constitutes the deposition protocol for one layer.
More than three sequential layers are deposited
to ensure a good coverage of the substrate. The
final step consists in a calcination at 400 °C
during one hour under the ambient atmosphere of

the oven.

2.2. Measurement methods

The electrochemical study is carried out
using an experimental device composed of an

Autolab  Potentiostat of ECHOCHEMIE
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(PGSTAT 20), interfaced with a computer.
The electrochemical measurements were
performed in a three-electrode cell. The working
electrode was Ti/RuO; electrode, the counter
electrode was a platinum wire, and the reference
electrode was a saturated calomel electrode
(SCE). To overcome the potential ohmic drop,
the reference electrode was mounted in a luggin
capillary and placed close to the working
electrode by a distance of 1 mm. The apparent
exposed area of the working electrode was
1 cm®’. An MGW LAUDA thermoregulator
connected to the electrochemical cell was used
for temperature variation. The pH of the
electrolytes was measured using a HI2211 pH

meter equipped with a glass electrode probe.

2.3. Chemicals

Omnipaque (iohexol) 300 mg I/ml
manufactured by GE Healthcare Ireland with the
empirical formula Ci9H2909N3I3 was purchased
from a drugstore in Abidjan (Codte d’lvoire).
Sodium hydroxide (NaOH) was manufactured by
the company Merck. Sulfuric acid (H2SO4) was
supplied by the company Fluka. All solutions

were prepared with distilled water.

3. Results and discussion

3.1. Physical characterization
The surfaces of bare titanium plates, bare
sandblasted titanium, and precursor solution

(RuCl3.3H20) modified titanium plates were
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analyzed by scanning electron microscopy
(SEM). The obtained images are shown in
Figure 1. The bare titanium plate (Figure 1A) has
a smooth structure that prevents the deposition of
the precursor solution on its surface. Therefore,
this structure of the titanium should be modified
by sandblasting. The sandblasted titanium plate
Figure 1B has a rough structure with the
presence of asperities that could facilitate the

adhesion of the ruthenium precursor solution.
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For the Ti/RuO; electrode (Figure 1C), a change
in appearance is observed characterized by pores,
a rough and cracked surface. The cracking
observed on the Ti/RuO; surface is believed to
be due to thermal shock during removal of the
plates from the furnace [2, 21]. It is also noted
that the titanium surface is not visible in Figure

1C. This shows that the surface of the support is

completely covered by RuOa,.

Fig. 1. (A) SEM of unsandblasted titanium, (B) Sandblasted titanium and (C) Ti/RuO: electrode.
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3.2. Voltammetric study
3.2.1. Voltammetric behaviour of OMP at
Ti/RuO;

Figure 2  represents the cyclic
voltammogram of Ti/RuQO; in sulfuric acid (0.1

M) in the presence and absence of OMP.
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Fig. 2. Cyclic voltammograms of Ti/RuO; in
0.1 M H2SOz41n presence and absence of OMP at
50 mV/s, CE: platinum wire, RE: SCE,
T =25 °C.

In the absence of OMP, the
voltammogram shows a low intensity oxidation
wave around 0.6 V vs. SCE in the forward
potential scan and a low intensity reduction wave
around 0.16 V vs. SCE. The presence of these
waves could be due respectively to the redox
transitions of Ru (III) / Ru (IV) and (Ru (IV) /
Ru (IIT) on RuO: electrode surface [2, 21, 24].
This voltammogram is identical to that obtained
in our previous work with the RuO; electrode [2,
24]. This result confirms the presence of RuO:
on our electrode. In the absence of OMP, oxygen

evolution reaction begins at 1.23 V vs. SCE
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characterized by a rapid increase in current
density. In the presence of 2 mM OMP, there is
an increase in voltammetric charge and a
decrease in the onset of oxygen evolution

reaction potential.

3.2.2. Influence of potential scan rate

Figure 3 shows the results obtained for
different scan rates in H2SO4 (0.1 M) containing
3.2 mM OMP. This figure shows that the current
density increases and the voltammetric charge
increase with the scan rate. At a given potential
of 0.6 V vs. SCE, figure 4A shows the current
density (j) as a function of the square root of the
potential scan rate (v'?). Figure 4B shows the
logarithm of the current density (In j) as a
function of the logarithm of the potential scan
rate (In v) to study the kinetic regime [23, 25].

The curve j vs. v”2

obtained is a straight line with
determination coefficient R?2 = 0.9867. The value
of the determination coefficient shows the good
linearity between the current density and the
square root of the potential scan rate. However,
the obtained straight line does not intercept the
origin of the axes, indicating that the
electrooxidation process of OMP could be
controlled by adsorption [26, 27].

To confirm the kinetic regime, the curve
of In j vs. In v was plotted and shown in Figure
4B. The obtained curve is a straight line with
equation:

Inj=0.5531Inv+2.872 (R2=0.988) (1)
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The value of the slope 0.553 close to 0.5 be concluded that the OMP electrooxidation is a
indicates that the process at the electrode is process controlled by an adsorption-diffusion
controlled by diffusion [27-29]. Therefore, it can coupling on the Ti/RuO: surface.
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Fig. 3. Cyclic voltammograms of Ti/RuO2 in 0.1 M H2SO4 containing 3.2 mM OMP at different scan rate,
CE: platinum wire, RE: SCE, T = 25°C.
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Fig. 4. (A) Current density as a function of the square root of the potential scan rate; (B) In j vs. In v plot.
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3.2.3. Influence of OMP concentration

In Figure 5A, voltammograms are made
in H>SO4 media in the presence of several
concentrations of OMP at 50 mV/s. At a
potential of 0.6 V vs. SCE, we note a rapid
increase of the current density going from 3.97
mA cm? for 1.2 mM OMP to 7.8 mA cm™ for
3.2 mM OMP. Moreover, we note the presence
of an oxidation wave around 0.6 V vs. SCE
which could indicate the oxidation of the
electrode and the adsorption-oxidation of the
OMP.
The difference between the oxygen evolution
potential in the presence (E) and absence (Eo) of
OMP (E-Ey) for a current density of 10 mA cm™
was determined for OMP several concentrations.
The results obtained are presented in Table 1.
According to this table, the E-Eo difference
decreases with the OMP concentration. This
shows that increasing the OMP concentration
shifts the oxygen evolution reaction to the
negative values of the potential. This also

reflects the intervention of oxidative species such

Table 1
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as hydroxyl radicals resulting from the
electrochemical decomposition of water in the

oxidation of OMP [23].

On the other hand, the current density was
plotted as a function of OMP concentration at a
potential of 0.6 V vs. SCE (Figure 5B). The
curve obtained is a straight line described by the

following equation:
j=1.811C +2.0081 (R*=0.9584) 2)

The determination coefficient (R?> = 0.958) close
to 1 shows that the current density is
proportional to OMP concentration. This
indicates that the increase in current density
reflects the OMP oxidation. The increase in
current density in the electroactivity range of the
anode shows that OMP is oxidized directly by
electronic transfer on the surface of Ti/RuO; in
the water stability range. Therefore, OMP can be
degraded by a catalytic oxidation mechanism
involving direct oxidation of this pollutant on the

Ti/RuO; surface.

Value of E - Ey as a function of OMP concentration (j = 10 mA cm™)

OMP Concentration (mM)

|E - Ey| (V vs.SCE)

1.2
1.6
2
2.8
3.2

0.044
0.097
0.156
0.214
0.282
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Fig. 5. (A) Cyclic voltammetry curves recorded on Ti/RuOz in H2SO4 (0.1 M) in the presence of different

OMP concentrations at 50 mV / s; (B) Plot of j vs

3.2.4. Effect of temperature

The effect of temperature on the OMP
electrooxidation was studied in H2SO4 (0.1 M) in
the presence of 3.2 mM OMP at 50 mV/s. The
obtained voltamograms are presented by Figure
6A. Between 0 and 0.8 V vs. SCE, an increase in
current density with temperature is observed.
This increase in current density marked by the
appearance of anodic wave could be attributed to
the OMP oxidation. The current of the OMP
oxidation peak increases with temperature. On
the other hand, the oxygen evolution reaction
potential decreases with increasing temperature
reflecting an improvement of oxygen evolution
reaction with temperature. These results can be
explained by the in-situ production of hydroxyl
radicals by electrochemical decomposition of
water and/or by the activation of several active
sites on the Ti/RuO: surface. Indeed, with the
rise in temperature, there is an interpenetration of

the electrolytic solution in the internal layers of

. C.

RuO: deposit. The plot of the logarithm of the
peak current density as a function of the inverse

of temperature (In j = f(1/T)) is shown in Figure
6B.

The curve In j = f(1/T)) obtained is a straight line
showing a linear relationship between In j and

the inverse of the temperature:

Inj=-949.631 I/T + 4.644 (R>=0.9517) 3)

The value of the activation energy (Ea) was
calculated using the slope of equation (3) and the
following relationship [30]:

Alnj
EE= -R (ﬁ)

“)
Where, R is the universal gas constant (8.314 J
K mol™).

We obtain a value of 7.895 kJ/mol. The value of
Ea lower than 40 kJ/mol gives information about

the kinetic regime which would be controlled by

diffusion [31, 32].
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Fig. 6. (A) Cyclic voltammograms of Ti/RuO2 in 0.1 M H>SO4 containing 3.2 mM OMP at several
temperatures at 50 mV/s. CE: platinum wire, RE: SCE; (B) plot of Inj vs. I/T.

3.2.5. Effect of pH

The study of the pH influence on the
electrooxidation of OMP was performed. The
results of pH range from 2 to 12.4 in H2SOq4
solution (0.1 M) containing 3.2 mM OMP were
shown in Figure 7A. With the increase of the pH,
a decrease of the current density is observed for
pH values (from 2 to 5.9), then the current
density increases with the pH for basic solutions.
In basic medium, a progressive modification of
the voltamograms appears clearly with a
disappearance of the oxidation wave of the redox
transitions and an appearance of an oxidation
wave at 0.6 V vs. SCE and of an oxidation peak
at 0.9 V vs. SCE. The presence of this wave and
the oxidation peak could indicate that the OMP
oxidation would be favorable in basic
environment and that a detection of OMP would
be easier at basic solution on the Ti/RuO:

electrode.

For a current density of 5 mA cm™, the potential
versus pH curve was plotted (Figure 7B). The

curve obtained is a juxtaposition of two half lines

described by equation (5) in acidic media and
equation (6) in basic media.

E =0.039 pH + 1.051 (R2=0.918)
E=-0.113pH + 1.943 (R2=0.999)

)
(6)
The presence of these two half-lines suggests
different oxidation mechanisms for acid and
basic pH.

The number of electrons and protons exchanged
were calculated using the slopes (in absolute
value) of the equations (5) and (6) for the two

media and from the following expression [26]:
dEp  2.303mRT

aoH  nF (N
Where, m/n represents the ratio of the number of
protons (m) and electrons (n) exchanged, T is the
temperature in Kelvin (298 K) and F is Faraday's
constant (96487 C mol™).

In acidic media, the obtained ratio m/n (0.65
7 0.6) indicates an exchange of 3 protons for 5
electrons.

For basic values, the m/n ratio is equal to 1.9%2.

The value of the ratio could indicate 2 protons

exchanged for 1 electron.
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Fig. 7. (A) Cyclic voltammograms recorded on Ti/RuQO; at different pH containing 3.2 mM OMP at

50 mV/s; (B) Peak potential as a function of pH.

3.3 Chronoamperometric study
In order to get more information about

the electrocatalytic oxidation of OMP and the

stability of the T1/RuO» electrode,
chronoamperometric measurements were
performed.

The curves of current density versus time
(j vs. t) obtained in H>SO4 media in the absence
and presence of 3.2 mM OMP are presented in
figure 8. The curves obtained show two parts: a
rapid drop in current density (faradic current) for
10 seconds, and then a stationary current density
for longer times [33]. According the literature,
these observations could be respectively
explained by a discharge of the electric double
layer and by a diffusion of the ions present in

solution [34]. Indeed, the decrease in the current

density to very low values could be due to a
blocking of the electrode surface by a polymeric
film deposit during the oxidation of OMP [35].

In the presence of OMP, there is an increase in
both faradic and stationary current densities
probably due to an oxidation of the pollutant
sites

and/or more activation of active

T1/RuOs.

on

The values of current densities were recorded as
a function of potential in a range from 0.1 to 1 V
vs. SCE to determine the value of the potential
corresponding to the largest value of the current
density. The values obtained are recorded in
Table 2. According to the values in this table, the
highest current density is obtained for a potential
equal to 1 V vs. SCE. Thus, all measurements

will be made at a fixed potential of 1 V vs. SCE.
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Fig. 8. Chronoamperometric curves in H2SO4 (0.1 M) in the absence and presence of 3.2 mM OMP at a
potential of 0.3 V vs. SCE.
Table 2
Stationary current density for different potentials
E/Vvs.SCE 01 02 03 04 05 06 07 08 09 1.0
j/mA cm? 36 16 26 32 40 55 66 80 110 116
Figure 9A shows the chronoamperometric curves electrode/electrolyte interface. For an

obtained at a potential of 1 V vs. SCE in a H>SO4

solution (pH = 9) containing different
concentrations of OMP. An increase in
stationary  current  density with  OMP

concentration is observed suggesting that the
Ti/RuO: electrode has a stable electrocatalytic
activity for the oxidation of the pollutant [36].

The plot of stationary current density versus
concentration shown in Figure 9B is a straight

line described by the following equation:

j=4.2878 C-1.2616 (R2=0.9813) (8)

Chronoamperometry was also used to determine

the value of the catalytic rate constant ke , at the

intermediate time, when the kinetic of the

electrocatalytic reaction dominates the oxidation
current density, the OMP electrooxidation, the
catalytic current density j.. can be defined by the

following equation [37]:

Jeat
JL

=2 (k_,, X Cyx t)Y? 9)

g

Where, jear and ji represent the current densities

in the

presence and absence

of OMP,
respectively. kca, the catalytic rate constant
(M s, Co, the concentration of OMP (M) and

t, the elapsed time (s).
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The curve jear / jr vs t'2

represented on Figure 10
is a straight line described by the following
equation:

jear/jr=0.9065 2 +5.039 (R2=0.993) (10)
The value of the catalytic kinetic constant kcas
was calculated from the slopes of equations (9)

and (10).
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The value of k.. obtained is 82.2 M s, which
is relatively lower than those obtained on boron
doped diamond electrode (BDD) during the
electrochemical oxidation of OMP [34]
suggesting that the Ti/RuO, has a less
electrocatalytic activity for OMP

electrooxidation [36].
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Fig. 9. (A) Chronoamperograms of Ti/RuO; in 0.1 M H>SO4 (pH = 9) in the presence of several OMP
concentrations. Applied potential E = 1 V vs. SCE; (B) Current density versus OMP concentration curve.
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4. Conclusion

The physical characterization of the
Ti/RuO> electrode showed that it has a rough and
cracked structure with the presence of pores on
its surface. The electrochemical study showed
that the OMP oxidation is done following a
direct electronic transfer on the surface of the
Ti/RuO2 electrode. It was also shown that the
catalytic oxidation of OMP is controlled by an
adsorption-diffusion coupling of the
electroactive species on the electrode surface.
The influence of temperature revealed the
activation of several active sites on the electrode
surface as well as the intervention of hydroxyl
radicals in the catalytic electrooxidation process
of OMP with increasing temperature. The study
of the pH influence showed that the process of
OMP electrooxidation includes the exchange of
three protons and five electrons in acidic media
and two protons and one electron exchanged in
basic media. The values of activation energy,
catalytic rate constant were estimated as 7.895

kJ/mol and 82.2 M! 5!, respectively.
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