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bstract

Cerium(III) in nitric acid medium was oxidized electrochemically using a flow type electrochemical cell fabricated in our laboratory. The
ariation of applied cell current, temperature and the concentration of the electrolyte were studied to determine the oxidation efficiency of Ce(III)
n the electrochemical cell. The conversion yield of cerium(IV) in nitric acid was 97% in a short duration of 90 min. A bench scale degradation of
henol has been carried out by mediated electrochemical oxidation process using this oxidised Ce(IV) species. The influence of the concentration
f phenol, temperature, amount of cerium, and the concentration of the electrolyte were studied on phenol destruction in a batch type reactor. It

as found that nearly 70% of phenol was found to be destructed within 10 min. A good degradation yield was obtained above 70 ◦C. The effects of

oncentrations of cerium and nitric acid on phenol degradation were found to be moderate within the range investigated. The course of the reaction
as followed by TOC analysis, estimating the CO2 evolved, and also measuring the potential of the Ce(IV)/Ce(III) redox couple.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Mediated electrochemical oxidation (MEO) is an emerging
nd one of the most promising technologies for the destruc-
ion of organics as it is capable of completely mineralizing the
rganics into carbondioxide and water, without emission of any
oxic materials like dioxins [1–8]. MEO process offer several
dvantages: first, the oxidation reaction takes place at ambient
emperatures and pressures; second, the products of destruction
re contained in the reaction vessel itself with the exception of
ases; third production of secondary waste is minimized and this
voids additional treatment methods.

In MEO process a metal ion in acid medium is oxidized
rom its lower oxidation state to higher oxidation state and this
xidized species destructs the organic compounds into carbon-

ioxide and water and get reduced. Therefore, the metal ion is not
onsumed in the reaction and acts as a mediator. The mediator
on used is usually a transition metal with high redox potential

∗ Corresponding author. Tel.: +82 61 750 3581; fax: +82 61 750 3581.
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ike silver, cerium and cobalt. These mediators in acid medium
ct as a powerful oxidants and destruct the organic compounds.
erium possesses good oxidizing behaviour due to its high redox
otential (E0 = 1.62 V) [9] and does not form any insoluble pre-
ipitate with chlorine containing compounds as in the case of
ilver MEO system [10]. Cerium can be recovered and reused
ithout much loss and therefore it is preferred to other metal

ons such as silver, cobalt, etc., and hence used in our study.
lectrochemical oxidation was employed by a few researchers

or the oxidation of Ce(III) in nitric acid in the low concentra-
ion ranges (0.02 M) [11,12]. But there is lack of information
n the literature on the production of Ce(IV) in high concentra-
ion region, which is essential for the mineralization of organic
ollutants.

MEO process and the associated electrochemical cells, like
erOx-T cell [13], ElectroCell, ICI cell, etc., find commercial
pplications for organic waste destruction and metal ion oxida-
ion, respectively, and the technical details of the processes have

een patented [14,15]. A few research groups around the world
re developing MEO process, with different metal ions, towards
he commercial scale [16]. Chiba [17] studied the MEO pro-
ess taking 0.5 M Ag(II) as mediator in sulphuric acid medium
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2.2.2. Organic destruction
Phenol destruction studies were carried out in a batch type

reactor, which was separated from the electrochemical cell. The

Table 1
Dimensions and characteristics of the electrochemical cell

Parameters Dimensions and
characteristics

Anode area 140 cm2 (DSA mesh type,
IrO2 on Ti)

Cathode area 140 cm2 (mesh type, Ti)
Anode to membrane gap 0.2 cm
Length parallel to the electrolyte flow 9.7 cm
2 S. Balaji et al. / Chemical Eng

or the destruction of a number of organic compounds. Bring-
ann et al. [18] reported their work on Ag(II)-MEO system for

he destruction of hydrocarbons and pesticides in sulphuric acid
edium. Nelson [19] reported mineralization results on organic

ompounds and a wide variety of pesticides by Ce(IV)-MEO
rocess in nitric acid. The earlier reported works dealing with
EO process provided the data of final destruction efficiencies
ithout showing any trend of destruction with respect to time

nd also the effects of influencing parameters were not shown
nd discussed. However, there has been no report in the literature
or the production of Ce(IV) using bench scale electrochemical
ell. Also, no preliminary data was available for organic destruc-
ion efficiency of the MEO process with respect to time based
n TOC and CO2 results. This prompted us to investigate the
e(IV) production in a bench scale system and the actual course
f organic destruction with time for fundamental understanding
f the MEO process.

Phenol is one of the most common pollutants found in the
ffluents of many industries such as pharmaceuticals, dyes,
ynthetic chemical plants, petroleum refineries, pesticides and
erbicides, and treated by several technologies [20–25] and
as chosen as the target organic species in the present study.
he goals of the present work were: (i) to investigate Ce(III)
lectro-oxidation in presence of nitric acid medium using an
lectrochemical cell, and to find the influence of applied cell cur-
ent, temperature, and concentration of nitric acid over Ce(IV)
ield and (ii) to evaluate the systematic degradation of the target
rganic pollutant, phenol, by the produced Ce(IV) mediator ion,
n a batch reactor. The effects of operating parameters, such as
oncentration of phenol, temperature, concentrations of cerium
nd nitric acid on the destruction process were studied.

. Experimental

.1. Materials

Ammonium cerium nitrate was obtained from Aldrich,
erium(III) nitrate hexahydrate was procured from TERIO Cor-
oration, China, phenol and nitric acid (60%) were obtained
rom Sam Chun Chemicals, Korea. All chemicals were used as
eceived.

.2. Methods

.2.1. Cerium(IV) production
The overall schematic diagram of the MEO system is shown

n Fig. 1.
The system essentially consists of an anolyte and a catholyte

ach with a capacity of 1.5 L, attached with an electrochem-
cal cell (Table 1). The electrolyte used in the anolyte was
e(III) nitrate in nitric acid, and in the catholyte nitric acid was

aken. The catholyte vessel was provided with a gas scrubber to
onvert the nitrous oxide vapours into nitric acid. The anolyte

nd catholyte solutions were circulated through the cell using
eramic pumps.

The electrochemical cell fabricated in our laboratory [26],
ith the dimensions as given in Table 1, was employed for the

L
V
I
M

Fig. 1. Schematic diagram of the MEO process.

xidation of Ce(III). The cell consists of an anode and a cathode
eparated by Nafion 324 membrane. Titanium coated with IrO2
esh type DSA electrode was used as anode and cathode was

itanium mesh electrode. A fluoropolymer sheet (viton) was used
s the separator between the electrodes. The power supply was
rovided to the cell by means of a constant dc voltage.

During the oxidation, concentration of Ce(IV) solution was
hecked by measuring the redox potential using Orion pH/ISE
eter with Pt–Ag/AgCl combined electrode (model no. 720A,
rion Co. Ltd., USA) and using a calibration plot for cerium

edox couple, shown in Fig. 2. In addition to the evaluation on
he oxidation of Ce(III), studies on the performance of the cell
ere also examined. The effects of applied current, temperature
f the solution, and the concentration of the nitric acid, on Ce(III)
xidation were studied. The optimization parameters for the cell
ere coulombic efficiency (CE), which is the percentage of the

otal current used for oxidation, and energy consumption (EC).
ength perpendicular to the electrolyte flow 14.5 cm
olume 70 cm3

nternal diameter of the ports 0.8 cm
embrane Nafion 324
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Fig. 6. It was observed that at 80 ◦C, CE was high while main-
taining low EC. From these results, it was concluded that 10 A
and 80 ◦C were observed to be the favourable conditions for
ig. 2. Calibration plots of Ce(IV)/Ce(III) redox couple for various composi-
ions at different temperatures ([Ce(III)] + [Ce(IV)] = 1.0 M in 3.0 M HNO3).

eactor was filled with Ce(IV) in nitric acid solution prepared
y the oxidation of the corresponding Ce(III) solution. The top
f the reactor contained four inlets each one for nitrogen purge,
emperature sensor, sampling port and condenser. The organic
eed solution was prepared by weighing specific quantities of
henol and dissolving in known volumes of high purity reverse
smosis water. The reaction was carried out under specific tem-
eratures using a thermostatic control. The organic feed solution
nd the MEO solution were mixed continuously by a magnetic
tirrer.

.2.3. Liquid phase analysis
The samples at different time intervals were taken and

nalysed for total organic carbon content using TOC ana-
yzer (Shimadzu TOC-5000A) containing high sensitivity TC
atalyst. The percentage of destruction was calculated based
n the initial and final TOC values. The concentration of
e(IV) ion in the solution during organic destruction was
easured from the redox potential. From the stoichiometric

mount of Ce(IV) consumed, extent of organic destruction was
alculated:

28Ce(IV) + C6H5OH + 11H2O → 28Ce(III) + 6CO2

+ 28H+

.2.4. Measurement of carbon dioxide
The concentration of carbon dioxide produced during the

rganic decomposition was measured continuously using a CO2
nalyser (Environmental Instruments, Anagas CD 98). Carbon
ioxide formed was purged by the carrier gas stream (nitrogen)
nd taken to the analyser. The flow rate of the carrier gas was
ept constant (2.0 L/m) throughout the experiment. The con-

entration of CO2 evolved in terms of ppm was continuously
ecorded and the values were then converted into volume and
sed to calculate the destruction efficiency in terms of CO2 pro-
uced.

F
a

ig. 3. Plots of conversion ratio of Ce(IV)/Ce(III) and redox potential vs. reac-
ion time at 80 ◦C with 10 A cell current ([Ce(III)]initial = 1.0 M in 3.0 M HNO3).

. Results and discussion

.1. Oxidation of cerium(III) in nitric acid medium

Fig. 3 shows the Ce(IV) yield and the change in redox poten-
ial against reaction time at 10 A. It was found that at about
0 min nearly 0.97 M Ce(IV) was obtained. Fig. 4 shows the
onversion ratio of Ce(IV) to Ce(III) with reaction time at var-
ous cell currents. Fig. 5 shows the CE and EC plotted against
pplied cell current. It was observed that at 10 A, CE was high
ith low EC, compared to other two values. The experiments
ere conducted at this 10 A current and at various temperatures

nd the CE and EC values were plotted against temperature in
ig. 4. Variation of conversion ratio of Ce(IV)/Ce(III) with time at different
pplied cell currents at 80 ◦C ([Ce(III)]initial = 1.0 M in 3.0 M HNO3).
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ig. 5. Dependencies of coulombic efficiency and energy consumption on the
pplied cell current at 80 ◦C ([Ce(III)]initial = 1.0 M in 3.0 M HNO3).

he production of Ce(IV) with better current efficiency. At these
onditions of 10 A and 80 ◦C concentrations of nitric acid were
aried from 2 to 3.5 M, and it was observed that the yield of
e(IV) increased with the increase in nitric acid concentration.
he similar pattern of Ce(IV) yield was obtained for the low
oncentration region of Ce(III) oxidation using GC electrode by
ei et al. and this was attributed to the high proton concentra-

ion which is electrochemically favourable for electron transfer
f the redox couple [12].

.2. Organic destruction by MEO process
.2.1. Effect of phenol concentration
Fig. 7 shows the variation of destruction efficiency based on

OC for various phenol concentrations at 80 ◦C at a fixed Ce(IV)
nd nitric acid concentration. It was observed that the degra-

ig. 6. Effect of temperature on the coulombic efficiency and energy consump-
ion with 10 A cell current ([Ce(III)]initial = 1.0 M in 3.0 M HNO3).
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ig. 7. Variation of destruction efficiencies vs. reaction time for different initial
oncentrations of phenol at 80 ◦C ([Ce(IV)]initial = 0.95 M in 3.0 M HNO3 and
Ce(III) + Ce(IV)] = 1.0 M).

ation of phenol takes place quickly during the initial stages
nd almost complete mineralization was achieved after 3 h. The
igher initial concentration of phenol was found to undergo
elatively lesser mineralization, whereas at the lower initial con-
entrations a near complete destruction with very little residual
arbon was achieved. It was also observed from TOC data that
aximum amount of phenol was destructed within 10 min in all

ases. A close proximity between these curves clearly shows the
estruction efficiency of MEO process in the wide range of high
rganic concentrations studied. The amount of CO2 formed was
ot sufficient to account for complete destruction even though
OC analysis indicated almost complete destruction of organ-

cs in the solutions. Similar observation was noted by Balazs et
l. [10] during the destruction of a range of organic materials
y Ag(II)-MEO process and was explained that this difference
ould arise due to the volatilization of organics before complete
estruction.

.2.2. Effect of temperature on phenol destruction
Figs. 8 and 9 show the destruction efficiencies against reac-

ion time at various temperatures based on CO2 and TOC mea-
urements, respectively, at a fixed initial phenol concentration.
n Fig. 8, the area under the curve should be proportional to the
otal volume of CO2 formed and also the degree of mineraliza-
ion [10,27]. The pattern of the curve shows concentration of
O2 goes through maximum within 5–10 min of reaction time
nd then decreases to zero and also the destruction was found to
e temperature dependent. At 50 ◦C, dark brown floating materi-
ls were observed on the solution surface resulting in incomplete
ineralization. A similar case was observed by Chiba [17] dur-

ng the destruction of trimsol oil by MEO process using silver
ediator ion at room temperature. From Fig. 8 it was seen that
he effect of temperature is much pronounced in the MEO pro-
ess and the volume of CO2 produced varies with temperature.

At higher temperatures of 70–90 ◦C the destruction was
igher compared to reaction at 50 ◦C, as seen in Fig. 9.
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ig. 8. Effect of temperature on CO2 evolution for 500 ppm phenol
[Ce(IV)]initial = 0.95 M in 3.0 M HNO3 and [Ce(III) + Ce(IV)] = 1.0 M).

articularly above 70 ◦C the added phenol completely disap-
eared within a short period, and no floating material was
bserved on the surface.

.2.3. Effect of cerium(IV) concentration
The effect of mediator ion concentration on phenol degra-

ation is given in Fig. 10. It can be seen that there was not
uch enhancement in the destruction efficiency between 0.5

nd 0.95 M Ce(IV) concentrations. The redox potential mea-
ured during the reaction showed a fast depletion of Ce(IV)
oncentration during the initial stages of reaction. This trend was
ound to corroborate the TOC and CO2 results that maximum
estruction takes place at the start of the reaction. The destruc-

ion efficiency calculated from the amount of Ce(IV) consumed
or the oxidation was compared with the TOC and CO2 data and
abulated in Table 2.

ig. 9. Effect of temperature on the destruction efficiency for 500 ppm phenol
[Ce(IV)]initial = 0.95 M in 3.0 M HNO3 and [Ce(III) + Ce(IV)] = 1.0 M).
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ig. 10. Variation of destruction efficiencies and redox potential vs. reac-
ion time for 0.5 and 0.95 M cerium(IV) in 3 M nitric acid at 80 ◦C
[Ce(III) + Ce(IV)] = 1.0 M and [phenol]initial = 500 ppm).

A brief study was carried out to check the degradation of phe-
ol at low concentrations of Ce(IV) at 80 ◦C. In this study, for
fixed phenol concentration, various concentrations of Ce(IV)

n the range 0.015–0.15 M were used as the oxidizing solution.
t was observed that a good destruction in the liquid phase was
chieved at the concentration of 0.15 M Ce(IV) and this corre-
ponds to the Ce(IV) and organic ratio of 15:1 as against the
heoretical ratio of 28:1. In our studies, a dark brown wax like

aterial was found floating at the top of the reactor solution
or low concentrations of Ce(IV). Therefore, it was concluded
hat though destruction was high in the solution this could not
ccount for complete conversion to CO2 because of the forma-
ion of some low-density organic compounds. This could justify
ur organic destruction studies with high initial concentration
f Ce(IV). Therefore, a high concentration of oxidizing solution
n the reactor could be employed for complete mineralization of
airly high concentration of organics.

.2.4. Effect of nitric acid concentration
Fig. 11 shows the effect of nitric acid concentration on phenol

egradation. The small variance in the destruction efficiency was

bserved within the range of nitric acid concentration studied.

Since Ce(IV) concentration was high and kept constant, it
trongly oxidizes any organic molecule by its highly favoured
lectron releasing tendency. The organic oxidizing ability of the

able 2
comparison of phenol destruction efficiencies from TOC, CO2 and redox

easurements at different temperatures in the MEO process (phenol, 500 ppm;
e(IV), 0.95 M; HNO3, 3.0 M; [Ce(III) + Ce(IV)] = 1 M)

emperature (◦C) Destruction efficiency (%)

TOC CO2 Redox

0 77.5 72.6 70.4
0 96.4 84.5 85.2
0 97.5 88.3 91.3
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ig. 11. Variation of destruction efficiencies and redox potentials vs. reaction
ime for different nitric acid concentrations at 80 ◦C ([Ce(IV)]initial = 0.95 M,
Ce(III) + Ce(IV)] = 1.0 M and [phenol]initial = 500 ppm).

edium would likely be the combined effect of both Ce(IV)
nd nitric acid and might not be solely from nitric acid, at least
ithin the range studied.

. Conclusions

Electro-oxidation of Ce(III) in nitric acid medium was carried
ut using the electrochemical cell developed in our laboratory.
he oxidation was found to be influenced by the applied cell
urrent, the temperature of the solution and the concentration of
itric acid. The current of 10 A and temperature of 80 ◦C were
ound to be favourable for better yields of Ce(IV). The increase
n the concentration of nitric acid increased the production of
e(IV). The MEO process was successfully tested for phenol
estruction in a batch reactor by taking the produced Ce(IV) and
itric acid as the mediator solution. Almost complete destruction
f high concentration of phenol was achieved with in the reaction
ime. The observed destruction trend in TOC was supported by
O2 and redox measurements as well. The mineralization of
henol was found to be high at and above 70 ◦C. The increase
n the concentration of Ce(IV) from 0.5 to 0.95 M increased the
estruction efficiency, though less significantly. Within the nitric
cid concentrations studied, it could be said that the oxidizing
bility of the medium over the organics is the combined effect of
oth Ce(IV) and nitric acid, but not solely from nitric acid. This
rocess is of great practical utility for a wide variety of organic
ompounds including POPs, and further experimental work is in
rogress for continuous organic destruction with simultaneous
e(IV) regeneration.
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