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ABSTRACT

In this work, a ruthenium dioxide electrode has been prepared by thermal decomposition at 400 oC then used for the oxi-

dation of commercial amoxicillin. The physical characterization showed that RuO2 electrode presents a mud cracked struc-

ture. Its electrochemical characterization has revealed an increase of the voltammetric charge in acid electrolyte compared

to neutral electrolyte indicating the importance of protons in its surface redox processes. The voltammetric study of the oxi-

dation of amoxicillin has been investigated. It has been obtained that the oxidation of amoxicillin is controlled by both adsorp-

tion and diffusion processes. Moreover, the oxidation of amoxicillin occurs via direct and indirect processes in free or

electrolyte containing chlorides. Through preparative electrolysis, enhancement of amoxicillin oxidation was observed in the

presence of chloride where the amoxicillin degradation yield reached more than 50 % compared to less than 5 % in the absence

of chlorides. Spectrophotometric investigations have revealed the degradation of intermediates absorbing at 350 nm.
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1. Introduction

 In recent years, the situation of the pollution of our

environment is alarming notably the water pollution

[1,2]. That pollution is caused by agricultural activi-

ties, urban wastewater, industries wastewater and

hospital wastewater which unfortunately are not

treated. Among the large variety of pollutants that

exist in the wastewaters, the hospital wastewater

notably the pharmaceuticals are those which caused

serious problems. The presence of pharmaceuticals in

wastewater not only affects the water quality, but also

causes long term potential adverse impacts on the

ecosystems and the human health [3-5]. Among vari-

ous pharmaceuticals, antibiotics are widely used in

human and veterinary medicines to treat diseases and

to promote growth [3,6]. The antibiotics can pose a

potential environmental risk due to its extensive

usage and resistance to natural biodegradation [7].

Since water is important for human life it becomes

imperious to develop techniques that could be used to

treat the antibiotics in hospital wastewaters. By now,

it is important to indicate that no solution was found

in our country to treat the hospital wastewater. To
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solve such a problem, biological degradation was

very effective for the treatment of many organic com-

pounds but it was not entirely efficient if non biode-

gradabl e  com pounds  were  p resent  in  the

wastewaters. In that case, other techniques like Fen-

ton reaction, ozonation, photocatalysis, sonication,

irradiation or their combinations were used [8-13].

The choice of the type of the wastewater treatment

to be used depends on the economics and also to the

reliability and the treatment efficiency. Electrochemi-

cal methods have gained a great interest in that area

because of the increased efficiencies that they can

achieve using easy to operate and control electro-

chemical reactors. The electrochemical methods

find several applications such as metal ion removal

and recovery and destruction of toxic and non-bio-

degradable organics by direct or indirect anodic oxi-

dation. In this technique, one of the problems was to

find the best anodes that could be stable and present

good electrocatalytic properties. Thus many studies

have been carried out on the electrochemical treat-

ment of organic compounds where several anode

materials have been tested. In particular, the use of

dimensionally stable anodes (DSA) for wastewater

treatment has led to technological developments,

thus reducing operational and investment costs.

DSA electrodes exhibit high electrocatalytic activ-

ity, high stability to anodic corrosion, and excellent

mechanical stability. But, by our knowledge, works

dealing with the oxidation of the antibiotics espe-

cially the amoxicillin on DSAs were very scarce.

Recently, Ti/IrO2-RuO2 and Ti/IrO2 have been used

for the oxidation of pharmaceuticals such as tetracy-

cline and oxacillin respectively [14,15]. Such inves-

tigations have shown that those organic compounds

have been successfully degraded directly on the sur-

face of those electrodes or via oxidative species

such as hydroxyl radicals, chlorine which was gen-

erated during the oxidation processes [16,17].

Among DSAs, pure RuO2 was found to possess

high electrochemical activity for the oxidation of

various organics but has not been used for the deg-

radation of amoxicillin. Thus in the present work,

RuO2 was prepared by the thermal techniques and

then characterized physically and electrochemically.

The prepared electrode was used to carry out the

electrochemical degradation of amoxicillin. The

influence of chlorides on amoxicillin oxidation was

also investigated.

2. Experiment

 The electrode used in the following work was pre-

pared in our laboratory with appropriate metallic pre-

cursor. The coating precursor was prepared from

RuCl3, xH2O (Fluka). The precursor was dissolved in

pure isopropanol (Fluka) used as solvent. The com-

mercial products were used as received without any

further treatment.

The titanium substrate on which the electrode films

were deposited have the following dimension 1.6 cm

× 1.6 cm × 0.5 cm for the voltammetric investigation

and 5.0 cm × 5.0 cm × 0.5 cm for the preparative

eletrolysis. The surface of each substrate was sand-

blasted to ensure good adhesion of the deposit on it.

After sandblasting, the substrate was washed vigour-

ously in water and then in isopropanol to clean their

surface from residual sands. The substrate was then

dried in an oven at 80 oC and weighed. After that, the

precursor was applied by a painting procedure on

cleaned titanium (Ti) substrate then put in an oven for

15 min at 80 oC to allow the evaporation of the sol-

vent. Then after, it is put in a furnace at 400 oC for 15

min to allow the decomposition of the precursor.

Theses steps were repeated until the desired weight

of the coating is reached. A final decomposition of

1 h was done at 400 oC. The deposit loading was

about 5 g·m-2 on each Titanium substrates.

The physical characterization of the electrodes

were performed using a scanning electronic micros-

copy (SEM, ZEISS, SUPRA 40VP) device.

The voltammetric measurements were performed

on the prepared electrode in a three-electrode electro-

chemical cell using a Voltalab PJP 201. The counter

electrode (CE) was a platinum wire and the reference

electrode (RE) was a saturated calomel electrode

(SCE). To overcome the potential ohmic drop, the ref-

erence 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 elec-

trode was 1 cm2. For the exhaustive electrolysis, an

ideally stirred batch reactor was used. The solution

flow rate was 2.08 mL s-1. The mass transfer coeffi-

cient determined using the potassium ferri/ferrocya-

nide redox couple (Fluka) was 2.36×10-7 m s-1. The

exposed electrode surface area with the solution was

about 16 cm2. The other chemicals used in this work

are composed of H2SO4 (Fluka), HClO4 (Fluka),

KClO4 (Fluka), Na2SO4 (Fluka), NaCl (Fluka) and
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Amoxicillin tablets (from a pharmacy in Abidjan).

All the chemicals have been used as received without

any further treatment for the experiment. All the

solutions used in the current work have been pre-

pared with distilled water. All the experiments were

made at ambient temperature of 25 oC. 

3. Results and Discussion

3.1 Physical characterization of the prepared electrode

In Fig. 1, the microphotos of the uncoated titanium

plate (Fig. 1a, b) and the coated titanium plate (Fig.

1c) are presented. In Fig. 1a, the surface of titanium is

smooth and presents a uniform and continuous struc-

ture. In Fig. 1b, the microphoto presents the sand-

blasted titanium plate. The surface of the sandblasted

titanium looks different to that presented in Fig. 1a.

The surface of the sandblasted titanium plate seems

to be rough. In Fig. 1c, the prepared electrodes con-

sisted in depositing RuO2 coating on the sandblasted

titanium surface was presented. It appears from the

comparison of the three microphotos that the titanium

surface in Fig. 1c was totally covered by the deposit.

The surface of the electrode is rough with mud

cracked structure. Pores are also present on the

deposit.

3.2 Electrochemical characterization of the elec-

trode in the potassium perchlorate medium

The cyclic voltammetry measurements realized in

potassium perchlorate at several potential scans rates

on the electrode are presented in the Fig. 2a. In this

figure, the results of these investigations showed that

the voltammograms have all the same feature. In case

of the measurement realized under a scan rate of

6 mV s-1, the voltammogram showed that the current

density is almost constant from -0.5 to 0.4 V in the

forward potential scan. From 0.4 to 0.9 V an increase

of the current density is observed. An oxidation wave

is observed around 0.78 V. The oxygen evolvement

was observed by the rapid increase in the current den-

sity after 0.9 V. On the backward potential scan, an

oxide reduction wave is observed around -0.2 V.

Fig. 1. Scanning electron micrograph of: (a) smooth titanium, (b) sandblasted titanium and (c) RuO2 electrode.

Fig. 2. Cyclic voltammetry investigation in KClO4 0.1 M on

the electrode (a): at different scans rates: 2 mV s-1

( ), 4 mV s-1 ( ), 6 mV s-1 ( ), 8 mV s-1

( ), (b): normalized current density with the

potential scan rates versus applied potential (jv-1-E); CE:

platinum wire, RE: SCE, T = 25 oC. 
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From those results, it appears that the reversible

redox transition peaks usually observed in the acidic

electrolytes in the potential domain starting from

0.15 V vs. SCE to 0.4 V vs. SCE are absent. 

Therefore, the presence of the anodic wave at

0.78 V followed by its counterpart at -0.2 V in the

cathodic region of the voltammogram is characteris-

tic of an irreversible surface transition process. This

finding reveals that protons play an important role in

the reversibility of the electrode surface redox transi-

tion processes. As it is also seen in Fig. 2a, the volta-

mmetric charge decreases when the potential scan

rates decrease. When the current densities are nor-

malized with the potential scan rates and plotted

against the applied potential, Fig. 2b is obtained. In

this figure, the curves present a symmetrical aspect.

The discharged current recorded in the negative

going potential scan is entirely recovered in the posi-

tive going potential scan. In this figure, as the potential

scan rates increases, the capacitance decreases indicat-

ing that for the low potential scan rates, more electrode

active sites intervene in the surface processes. Indeed,

at the low potential scan rates, the electrolyte pene-

trates into the pores and reaches the prepared elec-

trode’s inside active sites. The slightly increase of the

capacitance at E > 0.6 V and at E < -0.1 V could be

related to the sluggish processes occurring at the

electrode surface.

In Fig. 3, the voltammograms recorded in various

electrolytes are presented. This figure showed that

the voltammetric charge is higher in acid medium

(HClO4, H2SO4) than in neutral medium (KClO4,

Na2SO4). Thus, the presence of the protons H+ allows

increasing the voltammetric charge and also the con-

ductivity of the electrolyte. The increase in the volta-

mmetric charge could result from the surface redox

processes. More active sites react with the protons in

such processes. The cyclic voltammetry measure-

ment realized on RuO2 electrode in the sulfuric or

perchloric acid electrolyte presents the general char-

acteristics of RuO2 electrode. This voltammogram

has a rectangular shape with waves of low current

density at 0.35 V and 0.88 V. According to literature

[18-20], the presence of these waves could be due

respectively to the redox transitions of Ru (III) / Ru

(IV) and Ru (IV) / Ru (VI) scanning at the surface of

the electrode. A rapid increase of the current related

to OER started at 1.05 V. The current density of the

oxygen evolvement in the acid medium is almost ver-

tical. This result showed that the protons H+ contrib-

ute significantly in the reduction of the ohmic drop of

the electrolyte by increasing the conductivity of the

supporting electrolyte.

In Fig. 3, the results of the cyclic voltammetry

measurement realized on the electrode in KClO4

electrolyte and in KClO4 electrolyte containing chlo-

rides are also presented. This figure showed that the

voltammograms have practically the same feature in

the two electrolytes. However in KClO4 electrolyte

containing chlorides, the onset of the potential related

to the increase of the current density (0.89 V) is

lower than that of the oxygen evolution reaction

(OER) potential (1.05 V). The increase of the current

density at 0.89 V in the chloride containing electrolyte

could be due to the chlorine evolvement. In the inset of

Fig. 3, cyclic voltammetry measurements performed

on sandblasted titanium and RuO2 coated titanium

were presented. The obtained results revealed that the

voltammetric charge related to the electrode active

sites is almost zero on Ti conversely to the high volta-

mmetric charge recorded with RuO2. Moreover, the

oxygen evolution reaction seems to be very sluggish

on Ti than on RuO2 since the onset of the potential of

OER are respectively 1.55 V and 1.05 V.

Fig. 4a presents the voltammograms realized on

the electrode in the absence and presence of amox-

icillin. The current density starts to increase after

0.47 V in the presence of amoxicillin. This result

indicates that the oxidation of amoxicillin starts at

Fig. 3. Cyclic voltammograms on RuO2 electrode in KClO4

0.1 M ( ), Na2SO4 0.1 M ( ), HClO4 0.1 M

( ) H2SO4 0.1 M ( ), and in KClO4 0.1 M +

NaCl 100 mg L-1 ( ), in the inset: voltammetric

investigation of (a) RuO2 and (b) Ti electrodes in KClO4

0.1 M. CE: platinum wire, RE: SCE, 6 mV s-1 , T = 25 oC
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0.47 V in the domain of water stability. In the high

anodic potential domain, a decrease of the overpoten-

tial of oxygen evolution is observed in the presence

of amoxicillin. For a given current density of

0.005 A cm-2, the amoxicillin oxidation potentials

have been recorded for several concentrations and

assigned in the Table 1. The gap  between poten-

tials registered in the presence and absence of amox-

icillin have been calculated and also reported in the

table 1. The shift of the oxygen evolution overpoten-

tial in the negative direction became important as the

concentration of the amoxicillin increases. That

observation indicated that the intermediates resulted

from water decomposition are involved in the amox-

icillin oxidation in that domain. Moreover, this pro-

cess occurs in the domain where the surface redox

transition process takes place indicating that the oxi-

dation of the amoxicillin occurs on oxidized ruthe-

nium dioxide surface.

Additionally the current density recorded at 0.95 V

increases as the concentration of the amoxicillin

increases. Those current densities plotted against the

concentrations of amoxicillin showed a linear evolu-

tion (inset of Fig. 4a) indicating that the appearance

of those current densities was directly related to the

amoxicillin oxidation.

Fig. 4b showed that the voltammetric charge

increases with the potential scans rates. The current

density recorded at 0.95 V and plotted against the

potential scan rates is presented in the inset of Fig.

4b. A linear evolution is observed indicating that the

oxidation of amoxicillin process occurs via adsorp-

tion (Fig. 4b-i). The plot of the current density

recorded at 0.95 V against the square root of the

potential scan rates led to a straight line indicating

that the process is diffusion controlled (Fig. 4b-ii). A

mixed control process such as adsorption and diffu-

sion occurs during the oxidation of amoxicillin on the

RuO2 electrodes.

Fig. 5 presented the results of the cyclic voltamme-

try measurement realized on the electrode in KClO4

containing amoxicillin in the absence or in the pres-

ence of chlorides. In this figure, one observed that in

the presence of chlorides, the voltammetric charge

increases and the current density starts being rapid at

0.98 V. The obtained results clearly show that the

chlorides contribute in enhancing the kinetic of the

amoxicillin oxidation. In fact, the higher current den-

sity recorded in the presence of chlorides could result

from the oxidation between Cl2 and the amoxicillin

leading to the generation of oxidized by product on

the electrode surface.

∆E

Fig. 4. Cyclic voltammetry investigation (a): of amoxicillin

in KClO4 for different concentrations of amoxicillin (0 g L-1

( ); 0.1 g L-1 ( ); 0.25 g L-1 ( );

0.5 g L-1 ( ); 1 g L-1 ( )) on the electrode at

8 mV s-1 and in the inset: (i) Evolution of the anodic waves

current density against amoxicillin concentration at E= 0,

90 V. (b): of 1 g L-1 amoxicillin at different scans rates: 

2 mV s-1 ( ), 4 mV s-1 ( ), 6 mV s-1

( ), 8 mV s-1 ( ) and in the inset: (ii)

Evolution of the oxidation wave current density at 0.95 V

against the scan rate and against square root of potential

scan rates. CE: platinum wire, RE: SCE, T=25 oC 

Table 1. ∆E against amoxicillin concentration (E0 = 1.03 V)

Concentration of 

amoxicillin (g/L)
E (V) |∆E| = |E − E0| (V)

0.00 1.03 0.00

0.10 1.00 -0.02

0.25 0.98 -0.05

0.50 0.97 -0.06

1.00 0.96 -0.07
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3.3 Electrolysis of the amoxicillin

The electrolysis of amoxicillin has been performed

in a batch reactor that was ideally stirred. In this exper-

iment, a neutral and an acidic electrolyte have been

investigated. Fig. 6 presents the curves resulting from

the electrolysis of amoxicillin under 20 mA cm-2. In

both the solutions, the chemical oxygen demand

(COD), a global parameter, has been followed. To

allow an easier comparison between the obtained

results, normalized COD* (1) a dimensionless param-

eter, has been calculated and presented in Fig. 6. One

observed that the COD* decreases with time.

 (1)

Where COD0 and CODt corresponds to the chemi-

cal oxygen demand at t =0 and .

The decrease of the COD* is very low in both the

electrolytes since the degradation yield calculated

after 10 h of electrolysis is about 0.4 % and 4.53 % in

potassium perchlorate and in sulfuric acid respec-

tively. Meanwhile, it seems to be more rapid in sulfu-

ric acid than in potassium perchlorate. In chlorides

containing electrolytes, the electrolysis of amoxicillin

has been investigated and the obtained results were

presented in Fig. 7. Those results showed that in the

presence of chlorides, the oxidation kinetic of amox-

icillin increases as the chlorides concentration

increases.

In the inset of that figure, the evolution of the loga-

rithm of the chemical oxygen demand versus the

electrolysis time was presented. Straight lines were

obtained indicating that the oxidation process fol-

lowed a pseudo first order kinetic (Fig. 7a). In the

inset of Fig. 7, the removal yield of the chemical oxy-

gen demand versus the concentration of the sodium

chloride is also presented (Fig. 7b). These results

revealed that the COD removal yields are 4.53, 15.99

and 40.71 respectively in the electrolytes containing

0 mM, 200 mM and 400 mM of NaCl after 10 h of

electrolysis. According to the obtained results, one

can indicate that amoxicillin can be degraded via a

catalytic oxidation mechanism that involved a direct

oxidation of amoxicillin on the electrode surface and/

or by an indirect oxidation via chlorine species and

possibly via other in situ redox species. In fact the
COD∗

COD
0

COD
t

---------------=

t 0≠

Fig. 5. Cyclic voltammetry of the electrode in KClO4 0.1 M

+ amoxicillin 1g L-1 ( ) and in KClO4 0.1 M +

amoxicillin 1 g L-1 containing NaCl 0.1 g L-1 ( ); v

= 6 mV s-1, CE: platinum wire, RE: SCE, T=25 oC.

Fig. 6. Electrolysis of 1 g L-1 of amoxicillin on RuO2

electrode in KClO4 0.1 M and H2SO4 0.1 M at 20 mA cm-2.

Anode: RuO2, cathode: Titane, T = 25 oC.

Fig. 7. Electrolysis of 1 g L-1 Amoxicillin on RuO2

electrodes in H2SO4 0.1 M containing several concentration

of NaCl at 20 mA cm-2; Anode: RuO2; cathode: Titane, T =

25 oC; in the inset: (a) plot of ln(COD) versus time and (b)

plot of ∆COD % versus NaCl concentration
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direct electrooxidation and the electrooxidation

mediated by hydroxyl radicals or by a higher oxide

occurred according to the cyclic voltammetry investi-

gation in the absence of chlorides. Under the applied

current density, water undergoes discharged over the

RuO2 electrode surface leading to the formation of

hydroxyl radicals that immediately contribute to the

oxidation of the RuO2 surface forming a higher oxide

RuO3. In the presence of chlorides, the following

mechanism could also take place during the electrol-

ysis process [8]. In a first step, chloride ions are oxi-

dized into chlorine at the RuO2 anode surface

according to the reaction

2 Cl− → Cl2 + 2 e− (1)

The second step was the formation of hypochlor-

ous acid

Cl2 + H2O → HClO + Cl− + H+ (2)

The HClO undergoes dissociation into hypochlo-

rite and hydrogen ions:

HClO → ClO− + H+ (3)

Then indirect oxidation of the amoxicillin by the

hypochlorite occurred either in the vicinity of the

electrode surface or in the bulk of the solution.

During the electrolysis, the absorbance of the sam-

ples withdrawn from the simulated wastewater tank

containing a solution of amoxicillin without chlorides

was recorded. The obtained result is shown in Fig.

8a-b. In the inset of Fig. 8a, the peak of the absor-

bance recorded at about 350 nm was plotted against

the electrolysis time (Fig. 8a-i). In Fig. 8a-i, one

observes that during the first 5 h, an increase of the

absorbance is observed. After 5 h, the absorbance

was practically constant. That could be due to the

production of intermediates which absorbed at the

same wavelength as amoxicillin probably intermedi-

ates which molecular structures are similar to the par-

ent amoxicillin. In this experimental condition and

after 5h, the removal of the organic species present in

the solution seems difficult to occur probably

because of the fact that the surface of the electrode

was totally covered by adsorbed species that

decreases consequently the production of hydroxyl

radical which would paticipate in the degradation of

amoxicillin and its intermediates. 

The absorbance of the samples withdrawn from the

simulated wastewater tank was also recorded in the

amoxicillin electrolyte containing NaCl 400 mM.

The obtained result is shown in Fig. 8b. In Fig. 8b-ii,

the peak of the absorbance was plotted against the

electrolysis time. This figure showed that during the

first 2 h of electrolysis, the absorbance increases and

reaches a maximum value. That was then followed

by a decrease of the absorbance tending towards zero

absorbance after 10 h of electrolysis. That observa-

tion indicates that during the electrolysis of amoxicil-

l in ,  in t e rm edia t es  a re  p roduced  and  the i r

concentration increases until the first 2 h. After 2h,

the removal of intermediates absorbing around 350

nm occurs. After 10 h of electrolysis, a total degrada-

tion of the amoxicillin and those intermediates was

reached. In fact in the presence of chloride, chlorine

formation seems to be more rapid than the organic

Fig. 8. Evolution of the absorbance of amoxicillin versus

wavelength during the electrolysis of amoxicillin at 20 mA

cm-2 on RuO2 electrodes (a): in the absence of NaCl and in the

inset: (i) Evolution of the absorbance against electrolysis time

(wavelength = 350 nm). (b): (ii) in the presence of 400 mM

NaCl and in the inset: Evolution of the absorbance against

electrolysis time (wavelength = 350 nm).
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adsorption process so that they undergo oxidation by

chlorine in the vicinity of the electrode or in the bulk

of the solution as soon as they are produced. The pro-

duction of chlorine enhances the RuO2 electrode deg-

radation performance. 

4. Conclusion

The prepared RuO2 electrode presents a mud

cracked structure. The voltammetric investigation in

acid and neutral electrolytes showed that protons play

an important role in enhancing the electrolyte con-

ductivity and also favour the electrode surface redox

transition processes. Thus in acid electrolyte, the vol-

tammetric charge of the electrode increases compara-

tively to neutral electrolyte. Amoxicillin undergoes

oxidation on the Ruthenium dioxide. That oxidation

is controlled by adsorption and diffusion processes in

perchlorate electrolyte free of chloride. In the pres-

ence of chlorides, an enhancement of that compound

oxidation occurs through the increase in the current

intensity and the decrease of the onset of the gas

evolvement potential. The oxidation of amoxicillin

occurs also via a mixed oxidation processes involving

direct and indirect routes either in KClO4 electrolyte

free of chlorides or in chlorides containing perchlorate

electrolyte. The exhaustive or preparative electrolysis

of amoxicillin has revealed that enhancement of its

oxidation is improved in presence of chlorides and

that favour a total oxidation of intermediates having

the same molecular structure as amoxicillin. 
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